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Build-up and RGSEttlIl y of /
in Quiet and in Complex lone B

Thirteen experiments investigated thé dyll ni
1-6b used a similar method, where a same-frec :
repetitions of an identical pure tone) pmmoted aegrﬁgat;@n | & gubaequent !
test sequence (of alternating low- and high-frequency ftones). Experiments 1-2

sured streaming using a direct report of perception and a t@lﬁ@@m&dl&.@ﬁm;gaﬁm’i
respectively. Creating a single deviant hy altering the final . .
re Jlacemem with Sllence) redueed segregatlon often aubatantmﬂy‘ Al

streaming Judgements - plomotmg elther mtegratlo- regat
tening context. Experiment 7 found that same«frequency mducers were ocmm
more effective at promoting segregation than an alternat1ng~frequency mcluwr _
a trend for deviant-tone resetting was only apparent for the sam frequency. ¢
ing temporal-order judgments, experiments 8-9 demonstrafed the strear
of pure-tone-like percepts; evoked by sudden changes in amplitude o
difference for individual components of a complex tone. Active resefting w J

when a deviant was inserted into a sequence of these percepts (Ex xperiment 1
these experiments offer new insight into the segregation-promoting effect of
sequences, and the factors which can reset this effect -
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Chapter 1

Introduction

1.1 Auditory Scene Anal?fﬁls a.nd Stream %égr@gaf

happenlng around us, so we must aotlvely separa e the mlxture to rwuver
of distinct perceptual objects. In order to obtain accurate miorma“rmn?ea"
object must correspond to the acoustic event from which it originate

been termed auditory scene analysis (Bregman, 1990). Bregman (199
distinction between two 111t0r1111ked pmblemg tham ,Dur audltary sygtem




saunds from the\ s
than temporal prommlty must ;
sequential sounds into separate percapt
stream segregation (Bregman, l990)

Although the distinction between,
ful conceptually and experlmentaﬂy, thﬁl@’
lndeed in many cases, both aspe.

cesses.

is exammed in Chapter 9.

1.1.1  Auditory Stream Segragaﬂ:mn

segregation 18 often studled using 1solated ]

factors that influence groupmg are reasonabl

may be heard as two separate streams, Wlth each stream oorrc,spbnc '
these alternate properties (a percept which ig reierred L@ a& &egr@gam

They pres,en.ted a repeating LI’I sequ.@;r;c@f
frequency tones), and participants ad;;uated

were grouped as an integrated percept wh 4
was small, In contrast, at larger freque
heard as separate low- and 11ighsj§itchéd>a_:. f
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Segregated Percep‘r -

=

Freguency Separation

: g,h (H) 1requ@nc‘

grouping. r‘hefse al‘tema.twe perceptual;re]}r ent
are illustrated in Flgure 1. ] van Naarden '

»ﬁasmn Dau-ndary) Between Th@aﬁ twa ’b(:m
na pereept. dominates, and the se qqeﬁca ay he




~'or TRT). At a short TRT
asmaller Af In other WQl‘»d,S, :
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perception of a repeating LHL- sequence, E‘rei;’u’ﬁ
and presentatlon rate is measured in terms Qf-tan




1.3, For the pancls
panel 1, the low- and |

group together. Note that whilst Figure |
the visual effect of grouping by proximity
4, the time between tones is manipulated

Frequency

twa distmct grDupE (1 By aagwgafmn) incrﬁaﬂ g a@t freg)
is increased, Panels 3) and 4), stream sagragaffmnizgagémﬁg
presented at a faster rate. Adapted from Bregman .(»:;,_,agg) .

The grouping prineiple prmx.jm;fy @lﬁé}? ]
perception (Bregman, 1990), If we consider ¢




frequelley sepa.ratmn a.;ndv tone=rep@t;1,
sequence comprising large frequency

;ju.a_]_.gm@ms were muc.h mare duhcu. 1, »Thz@ genera] prmmpl
sitivity to temporal relationships more generally . o agmg

are difficult to detect), and this hag beém auccesafiilly ex it
various tone and sequence parameters an. strean




1.1, AUDITORY §C

& Raberts, 2000; Roberts et al,, 2002 2!08)_
measure of stream segreg,@tmn is dzscussed in more detaﬂ in (

ners. ecmld att@nd;; .

the ha nd (hoth melo d}@g " .;
could not be attended mmultaneously) When the two melc;cheﬁ @cc:up}@d the same range,
a meaningless jumble was heard. This effect of frequency differences on performaﬂce is
in good accord with the known effect of frequency separation on stream segregation (van . .
Noorden, 1975). -

1.1.3 Peripheral Channelling is not a Pr@aR@equiSif@ for S‘Lrﬁa
Segregation * -

So far, we have seen that the frequcncy separation Desten pufe t@n@% I8 & ﬁatraﬂg sz“
for stream segregation, However, perceptual pmpart}e& be/ 8s pi ’
streaming. For example, a range of studies usmg \
pitch and timbre differences can affect stream ségrega,lo , 7 , 19
Singh, 1987). This point was well illustrated by Singh and Bregman (]997) Who mea
sured the difference in fundamental frequency (F0) requlred for the segregaho;n ynf §
alternating harmonic complex tones. They observed that a smaller FO dlﬁer“éncew '
required for segregation when the complex tones also differed in amplnude e )
and fall times of 5 and 95 ms, or of 95 and 5 ms) than for when Lhc,
demonstrates that differences besides those in peripheral channel exc;mamn ca
segregation, but not that these cues are sufficient to promote S‘rreammg Cm Lh@l . QWIJ

ed “rhat atma,m @ag

More recent 1csearch has addressed this issue and dem: : strai

paasband For th;s alramrement, Lhe nofea af Lhe m '
were differentiated only by change&» in thb Fo Df




ferences will also impair performa;ace i Tim;
1999; Cusack & R@bams, OOO Roberts et _a,ll., 2@2?)1». - '

In a review of this literature, vM?oore &

].991; Beauvois & Meddls, 1996, 1997)‘ Desplte th;lﬁ;f' she
differences remain a very strong cue for stream S;egjr@g&tigm

1.2  The Build-up of Stream Ségfegation

commented on tlus eﬂect, but th.e first direct study of the bmld—up oi segregahaa @v@r—~- '
time was conducted by Bregman (1978). He varied the length of a “tane ;&akage” anq
measured perceived segregation (packages comprised either gf;lg 2% m’* 48 ‘mp@tm@z}%

each 1nd1v1dua1 package separated by four Seconds of , J
HL stimuli were repeated continuously with no interleaving s Iences Perccwod streaam};
segregation was measured by a process of titration?, ParthlPdﬂLS increased Lhe rate of
the sequence, from an initial tone-repetition-time of 600 ms, until segregation was hea}“d -
This rate was taken as a measure of segregation - an increased sequence mbe is kmm
to promote streamlng, and so hc,arlng segregatlon at a slowex rate is an mdlcamon,

increased, segregation was heard at slower sequence raftes. Thl&: is ewdua.ce.. Lh.,agt ;,aﬁ ‘,t
number of tones in a package increases, so too does the tendency for ﬁtre@lﬁi.ngj_‘go oo

cate e1ther mfeg: ation or segr egatmn, I‘or a,]] aaqueme&, teumd
heard, but the tendency to repom segregation built up over tluf._«;

1

When two factors promote stream segregation, the m]m‘i’@ 2 m‘i? i
can be measured hy the amount of the second fan:im e W@ﬂ;‘ T 8




a large Af or a rapid TRT) initial build-up Wa-s
of roportmg seglegamon was hlgher (see Flgure ,

to the rate of increase of streaming in Lhe ﬁrst feW seconds |
be observed in a relatwcly short sequence Anstis & Salda (1985) a,lsa dem

to track the threshold between 111tegrat10n and &Lgregatmn Thls thresho].d was ;nJ,tla:].ly -
. a fast rate, but over the course of the sequence, Lhe rate had to be mcreasmgly slowedf

a slower rate mdlcated an mcreased dlﬁ"s,cul ty tm hearmg mteg;rai:mn, Ther@fme, Arm
& Saida (1985) found consistent evidence that the tendency to hear segregation builde

up over the course of a sequence,




o
o

c
?Q

e

()

o

®

& 0.6

]

(1

T

O

-

T 04F

L

O

L0

()

L

Dvg B o . < 3 e
TRT = 250 ms

(tone repetition time = the onset-to-onset interval between succesgive tcmes) T
ability of segregation was calculated from the data of 5 listeners who each com
repetitions of each condition. Adapted from Anstis & Saida (1985). '

approximately 9 8. The exception fo this was that the |
gubstantially longer than all subsequent percepts (araun
ahserved led Pressnitzer & Hupé (2006) fo conclu




tone sequence is bi-stable?. They prop‘ that t 1d=
Saida (1985) occurred as an artefact of the analysis they ~uéed
ily dl"lvell by the moreased duration of the first 1ntegrated P

on both the rate and overall extent of buildéup (i

1.4).
This issue was addressed in a subsequent study by D@llh 2 ) ler (2(3@6) Tb;éy
presented a four minute LHL- sequence (tone duration = ms), and f@undf that as.

the frequency separation between tones was increased, the average duration of the first =
percept declined (from approximately 20 s at 4 ST to approximately 6 & at 10 8T), A

shorter initial integrated percept would correlate with a mare rapid build-up effect,
so this finding is consistent with the observed effect of frequency separation on t
of build-up (Anstis & Saida, 1985). Denham & Winkler (2006) alsa cl '

1086), Howcver, thm correla jon was appamently Wea[,

how the bi-stability hYpOtheSIS can be reconciled

dence seems to suggest that the huild-up of segregation is at ]east parL]V go.
an extended integrated percept at the onset of a sequence.

regation are not fully understood. Most explanations o
functioning of peripheral mechanisms (Beauvois & Medd!

-

The key characteristics of perceptual bi-stability, as define
(1898), are; 1) exclusivity (perceptual representations e m
representation may he perceived at a given time), 2) inevitability
will always occur) and 8) randomness (The succeseive duratior
Jated). Perceptual hi-stability has primarily been demanatrat
visual stimuli. (e.g., a Neckar cube = Naf'kar, 3&32, gr hin
10258).




Saida (1985) proposed a theory of build-up which was based on a aptation of frequ

motion detectors. However, there is now good evidence that stream :ﬁegregaﬁm‘l car
induced by a preceding sequence of same-frequency tones (see the next section), Based
on this, the notion of frequency-motion detectors cannot fully explain the bmldxup @f -
stream segregation.

other This evidence-accumulation process-is 1e1a,t1ve1y~ |
are reasonably conservative (in order to prevent excessive ﬁuctuatlons in Lbe percept Ala,lt v
organization of a sound sequence). This proposed mechanism is in good accord with the j"-
evidence that an initial integrated percept lasts substantially longer than all su'bseiq;
percepts (Pressnitzer & Hupé, 2006; Denham & Winkler, 2006). -

1.2.1 The Segregation-Promoting Effect Df a ‘SamewWQQ'l en;y‘.;

Induction Sequence




is somewhat similar to-that followmg an equwalen_ alfernatin
terms of the number of H-tone onsets), This finding mchcates that freq
are not required for the tendency to hear stream segregatmn o build
should be noted that no study has directly compaled bulldrup followmg same-fre
and alternating-frequency induction sequences, and 80 it is currently unclear exa ctly how -
alike these two processes aré (this issue is explored further in Chapter 8). '

Rogers & Bregman (1993) manipulated the tone 'denéiﬁy’aﬁci’ number of tone onsets
in a same-frequency induction sequence (tone density = 20% of sequence - and one onset
per 400 ms, 40% and 2 onsets, 60% and 3 onsets, ar 80% and 4 onsets). They found
that a same-frequency induction sequence was most effective at promoting segregation -
when the H tone density and number of onsets was matched to that in the test sequence
(the 60% density case). As induction tone density/number of onsets decreased from ’lﬁhia,
s0 too did reported segregation. In contrast, an increase in induction tone density did
not jncrease perceived segregation beyond that when the tone dengity was matched to
that of the test sequence. In a final condition, a single continuous induction tone (i.e., -
100% tone density and one onset) did not promote any segregation in the test sequence
(i.e., perception was statistically identical to that when the tesf sequence was heardin
the absence of any prior build-up). Based on this @Vldem;ﬂ, %ﬁg@rs & Bregman (1993)
concluded that the total duration of tones does not predi e egatmn—pr@motl g -

effect, but rather that most induction occurred when there

properties between the induction and test sequence tonessi

In a second experiment, the tone density and number of tone onéets; in the izm‘ductioﬁ): .
sequence was fixed, but the onset times and durations of the mdlwdual Lcme& wer
varied. Regular and temporally unpredictable induction sequences bath prome
same amount of stream segregation. In a third experiment, Rogers & Bmgm&m :
presented the test sequence to the right ear only. An HLH- type induction @equema W&%
effective at promoting segregation when it was also presem;ed to the right ear. H@WW@T@
much less build-up was observed when the induction sequence waﬁq presented t ‘ '
This reeult was attributed to the change in‘intensity (left eam) aznd pemaw&d

indicates that abrupt cha,ngef:. between the mductmn a.n,
build-up of segregation. The concept of resetting is ﬁhﬁﬂﬂ%ﬁ@‘

In a related condition, egregatlon was reduaed Whﬁn the &fandmd"‘




on the build-up of segregation.

1.3 The Decay and Resettiﬁg:; ' Stream S gregatjon -

So far, we have seen that the tendency to hear Se’gi”ega;ti'dﬁ*bﬁﬂds up aver the course of a

sequence. There is also clear evidence that, once stream segregation has built up, certain
changes to a sequence can cause grouping to revert back to an integrated percept. ' There
are two general ways in which this can occur; relatively gradually over a silent interval,
or suddenly after an abrupt change in the tonal properties of an on- gﬁmg sequencﬁ.

These two processes are considered separately below.

1.3.1 The Decay of Build-up during Silence

The decay of huild-up was first demonstrated hy Bregman (1978). By varying the length
of the silent intervals hetween successive tone packages (silences between 0 to 4 8 tone
sequences of 12 HL repetitions), he demonstrated that liste : ;

a faster presentation rate when the intervening Sllen bervals
a faster rate promotes segregation, this is evidence that longer si ,ent mtorva]s red*“
streaming in the tone sequences. The rate of this decay was rapid over the first
seconds of silence, but still apparent at the longest (4 s) silent interval t‘estéd,, Bre
(1978) also demonstrated that this decay of build-up occurred at the &&me“fd o
the intervening intervals were silent or filled with white noise. A similar stuc
vois & Meddis (1997) also demonstrated the gradual decay of build-up d

favent ﬁ'equanmam to, and tamparaliy ﬂfffsep ﬁam the vig ht A
sequence was designed fo “disguise” the rhythm of the r"”




111tervals tested D@cay was faster for the other hstener& Overe
(1997) concluded that the build-up and decay of stream segr i
a similar rate.

A somewhat more rapid decay of build-up was ohserved by Cusack et al, (200
who inserted a brief silence into an on-going LHIL- sequenc s found an failm P
full decay of stream segregation after the shortest silent / 1 that they tested (1 ,
s). Furthermore, as decay appeared almost complete after 1 s, the extent of decay was |

broadly consistent across the range of silent intervals that they mmsured (Ircsm 1to 10
s). These authors offered two explanations for their findings. Firgtly, following a mlﬁn@a;: ;
the continuation of a sequence may be heard as a new stream (for which no prior build-
up has occurred). Secondly, the silent interval may draw attention to the &u‘bS@qmnﬁ
sounds, and a change in attentional focus may have a vesetting effect, There is g0

support for this second argument from related literature, which is discussed in sectio
1.4, )

1.3.2 The Sudden Resetting of Build-up

Several studies have shown that a sudden change in an on-going sequence Ga;n‘,iﬁé
build-up. This was first observed by Anstis & Saida (1985 ), who appli | ( ; _
ation to the tonal properties of a repeating LH sequence Either the ear of prcsemauom
was changed, or an equal shift in frequency was applied to be:)th the L— and H- tones
A standard sequence was heard for four seconds (the adapt.lng stimulus), and then Lhe: ‘
tonal properticb were altered for one seﬁond (thc test stimulus) Thls ﬁve S(,cond ar

when the frequency change was outside the range from
the centre frequency of the adapting stimuli, Whilst this ’
handwidth of the auditory filter in this frequency reglcm (Gla,g
reason for the +1 semitone offset fram the adapting mm




in tonal properties between the two sequences, bui
quence resulted in listeners hearing the test sequence ¢

a change in inter-aural time or level dlﬂercucc aver lleadphone,, or Lhmugh a cha »

in location in a loudspeaker array). Also, a similar resetting effect was observed if the
induction sequence was 12 dB less intense than the test sequence (however, when the .
induction sequence was 12 dB louder than the test sequence, practically no resefting ac-
curred). Roberts et al. (2008) have demonstrated resetting hy abrupt changes in level, '
frequency, or lateralization in an on-going tone sequence when gtreaming was I d
using a temporal discrimination task. Their findings are broadly consistent wm _
studies which measured resetting through a direct report of perception (Anstis & Saida, ‘/
1985; Rogers & Bregman, 1993, 1998). A discussion of temporal discrimination as 8
measure of stream segregation, and a more detailed evaluation of R@b@rm et aJ, ‘g (‘?‘Dﬁfs) '
study is provided in Chapter 3 ’ '

Rogers & Bregman (1998) offered two plausible explanations fo the resetting effect .
of a sudden change. Firstly, build-up occurring in a tone sequence may be specific to
tones of those distinct properties - therefore build-up may fail to transfer between tones
with different characteristics. This explanation is compatible with Bregman's (. .
1990) functional explanation of build-up. If our auditory system compiles evider

(19%) propmed that resettmg may only occur When
as an increase in level could well indicate a new event, but a
other words, a newly perceived event may actively resel h

(1998) suggested that the perception of a‘new ever ool
to re-analyse the acoustic scene, resetting the evidence-a
1978, 1990). The active resetting effect of a sudden change
attentional factors, although this link has not heen clearly esta
tention in etreaming is discussed further in the next aec’zi;i@-}.{i \




Whilst these two explanations of resetting (failuze
may not neeessarily\be\mumally,exelusiife; to date no stuc

of the induction sequence, only marginal resetting o ;
the same changes were applied in one single transition, fo ] ,
effect was observed. This could be interpreted as evidenc y sudden change
promates resetting (i.e., active resetting). However, for ‘thafigrauduaelw:aha;nga‘é@nditmﬂs
only the first induction tone was set at the maximum differenc from the fest sequence
tones, and all subsequent induction tones became increasingly similar to those in the test
sequence. In contrast to this, in the sudden-change conditians all induction tones were

set at the maximum difference from the test sequence tones, Owing to this increaged |
similarity, reduced resetting in the gradual-change conditions could simply reflect
increased transferral of build-up between induction and test tones (a point acknowledged
hy the authors). .

1.4 The Role of Attention in Stream Segregation

In his influential book, Bregman (1990) proposed thats T Seg ‘
both bottom-up and top-down processes. He argued that percep : n of tone sequences
that fall below the fission boundary or above the temporal ceherence boundary is fully

determined by the stimulus properties and is attention-independent. In contrast, the l ,‘
perception of stimuli in the ambiguous region between these houndaries ia,-lgl,,c:),wn-ii’é
be affected by listening set (i.e., top-down, schema-based factors), These factors ar
assumed to be effortful, as they use limited attentional resources. It has proved |
to measure streaming in unattended sequences, as behavioural research is depe
listeners making responses to indicate their perception. To counter this problem,
hehavioural research has directed attention away from a sound sequence and mea

streaming indirectly.

1.4.1 Behavioural Studies

The presence of an irrelevant sound sequence can impai
anditory tasks (this is typically studied using a visual - /
is known as the irrelevant sound effect, or the 1SE (see Jmi@za ;
ie agsumed that the distracting sounds are unattended, ag atfen éxs"'@

the memory task. Importantly, the ISE is only obasrved wh
unattended sounds alternate; an unchanging repetitio




pair performance (Tremblay & Jones, 1998). =g et
rapidly alternating tone sequence on performance in a letter-re

quency separation between the tones was small, performanCe‘m th
This indicates that the sounds were grouped together, and heard a
percept. In contrast, at a larger Af performance wa, ccted by the presence of |

tone sequence, suggesting that the low and high fréqu,,/ ey tones were organized into.
separate streams of unchanging pitches. This finding SuggeSfS that the frequency sepa-.
ration between the unattended sounds influenced their grouping, i-i; the same manner as _
in an attended sequence (cf. van Noorden, 1975). Furthermore, an effect consistent V&f-}.tla,"
this account has been shown when the presentation rate of the tone sequence is varied,
For a fixed Af, the ISE was observed at a slow presentation rate, hut not af a faster
rate for which stream segregation would be expected to accur (Macken et al., 2003),
Whilst these studies suggest that attention is not required for stream @égraga,t‘im; itis
difficult to rule out the possibility that participants were paying some Ea.ttalfmiqn to the
hackground sounds. ‘ s

Carlyon et al. (2001) examincd the relaf mmalup between att enmon and gaqnen

tone sequence to the left ear, and higher- f] equency nmse burstg ta
noise bursts began at the sequence onset, but were onlf / ente
of the tone sequence. Participants were required either to ignore the noise bur%s a,nd
continuously indicate their perception of the tone sequence or to dlsullmmdte between
the amplitude envelopes of the noise bursts, and then switch to making streaming j ud& , |
ments once the noise bursts ended. When listeners continuously rated the tone sequence, .
build-up occurred at a rate consistent with previous studies (e.g., A‘nstis & Saida, 198t :
In contrast, when listeners switched from attending the noise bursts to making streamin
judgments, rated segregation was greatly reduced compared with the corres mnding time
in the “ 4gnore” condition. This finding suggests that build-up did not occur durir
unattended portion of the tone sequence. Consistent results with Carlyon ef al ’s (7’DQ
study were also found when listeners switched attention from a visual or Cngthﬁ
to making streaming JUdnglel’ltb (Larlyou et al., 2003) Whllst the@e m&uﬁ 8 ma:y in
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of the tone sequence (at least for tone frequene.y separ
finding contrasts with Carlyon et al.’s (2001) argument th:
an unattended tone sequence, although the reason for this dlscrepancy is uncleai

1.4.2 FElectrophysiological Studies

Several electrophysiological studies have also examined the relationship between atfen-
tion and stream segregation. These experiments have used the mismatch neg@ ivity
(MMN) component of event-related brain potentials as a measure of streaming, The
MMN is elicited when an element of a sound stimulus differs from an established pab |
tern. For this reason, the MMN component is thought to reflect a deviance d@t@ctmmj ‘
process which is based on the memory of the regularities occurring in an acoustic atim-
ulys (Nadtanen & Winkler, 1999). The MMN component typically occiurs 1\50 ms atter
the onset of a deviant sound, and it is primarily observed in the auditm’y cortex.
frequent changes in frequency, tone duration, spamal location or intensity can all e
an MMN component. Other violations of a repeating tone pattern an also generate an
MMN component (see Nadtanen et al., 2001, for a rev1ew) This component has proved
a useful tool in the study of unattended streaming because MMN ehc}.tatlon d.@ea not -
require the participant to attend or respond overtly to the sounds. Therefore, the MMN
component can be used to index the organization of a task-irrelevant SQ‘und_sequ@nce -'

when attention is directed to a separate task.

The MMN component has been used to test whether &trea.mmg Jm]dS up In
unattended sound sequence. Sussman et al, (2007) preaented rep@atmg HLL t
sequence at either a small (1 ST) or large (8 ST) frequancy separation. To avmd
across-trial buﬂd up effect, the inter-trial H-tone frequency W&g randammed WHL hin




heard as a deviation from the otherwise regul@r intensity H
should elicit the MMN component). In summary, the MMN'ch,
expected when the sequence was organized into separate low- and |
To ensure listeners did not attend the tone sequence, the priméi’
small intensity changes applied to an on-going ba 1w 3
Hz, which was presented to a different speaker in a 5 : Qnmerlt,_‘) f or the

frequency separation, the MMN component was not elicit hen the intensity deviation -
was applied to the 4™ H-tone, but it was when the deviation was applied to the 10”’
tone. No MMN component was ohserved for the smaller frequency separation. A second |
experiment demonstrated that a deviant 4 tone conld elicit & MMN component when
the H-tones were presented alone. These findings imply that streaming built up over the
caurse of the unattended sequence. This evidence is inconsistent with Carlyon et al.’s
(2001, 2003) suggestion that build-up only occurs in an attended sequence, Tt could be
that build-up did occur in the unattended portion of Carlyon et al.’s stimuli, hut that
the switch in attention had a resetting effect (as proposed hy Cusack et al., 2004, see
section 1.4.4). '

Generally, MMN research has indicated that attention is not required for fﬁﬁii! @ﬁmal
organization (Sussman et al., 1999; Ritter et al., 2000; kalar et al. 2003a). However,
many of these studies only controlled for attention by mstru su /jvects to either read
a book or watch a silent film. For both of these controls, it is dif ult to be conﬁdent \
that subjects did not at least intermittently attend the sound stimuli. A more robust
control of attention was employed by Winkler et al. (2003b), who measured MMN .elic,«j
itation when subjects either read a book, or performed a difficult n-back task, Whloh '
required participants to remember the position of previously prcsented visual st
(either 1- or 3-back task, see Watter et al., 2001). The properties of the task-i

were unpredictable in duration, and also in level). The deviant H tones only :6]_., »
an MMN component when there was a large frequency sep‘aratiéii hetween the L ;
H-tones. The MMN compoucnt was con‘%lstonﬂy observed Wh@n 11%;1@1301& read a hool o

with the attentional demandca of the primary task Suppar‘ra {
is attention- mdopendent This Condumon is also consister i
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ing, ascendmg frequency trlplets and these tmplets were 11kely t,
(the frequency variations within the L and M subsets were 311-C

entire sequence was unattended (i.e., participants watched a Sﬂenﬁ,ﬁ-lim),v changes to the
L, M, or H subsets all elicited an MMN component. This indicated that all subsets
formed separate streams. In contrast, when listeners were asked to repart the H tone
deviants, only those deviants elicited a MMN component - no MMN was abserved after
the L or M subset pattern deviations. The authors concluded that when the H suhset of
sounds was attended, the additional subsets were not organized into streams. A similar
finding was reported in a hehavioural experiment hy Brochard et al. (1999), For this
study, participants detected a temporal irregularity in a same-frequency tone sequence
Performance was impaired when this sequence was accompanied by a subset of different :
frequency tones. Impartantly, increasing the number of task-irrelevant tone subsets had
no further detriment on performance. These authors concluded that the fask-irrelavant
tone subsets were not organized into perceptual streams, -

1.4.3 Conclusions

Although no study has proved conclusive, the evidence suggests that stream segregatlﬁn
does occur even when all auditory stimuli are unattended (Jones et al., 1999; Mac >

et al., 2003; Sussman et al., 1999; Ritter et al., 2000; Winkler et al, 2003&, W
et al. 2003b). There is also some evidence that when attention is paid to one sub
of sounds, any additional, unattended sound subsets are not organized into pereﬁptua{.
streams (Sussman et al., 2005; Brochard et al., 1999). Carlyon et a] (2001 EDOB)

sequence. As Sussman et al. (2007) demon&tmted that bulld*
unattended tone sequence, it seems that a switch in attention towa,rdfs
trigger a substantial resetting effect (a similar conclusion was rea

2004, see the next section).

1.4.4 The Hierarchical Decomposition Model

Cusack et al. (2004) propaosed a moadel to explain the interac
stream segregation. Perceptual grouping has previously |




(see Bregman, 1990 Darwin & Carlyon 19
the role of attention into thls 111telpletat1on The mOdel i8 bes

road traffic. Cusack et al. (9004) argued that nutlaJ (and perh :
allows a listener to focus attention on a single event, ample Lh@ musie, Th oo

of attention allows for the attended source to be “elabarats ther - go that source- -
specific perceptual streams become available for segregation (for example the melody
played by the guitar). As previously, further elaboration becomes possible once this
source is attended to (the high guitar notes), and soon. = - S

This hierarchical decomposition model argues that only aftended streams can be
further elaborated. Furthermore, if attention is withdrawn from a source, these elabo-
rated streams become no longer perceptually salient. This argument is in good accord
with many of the observed effects of attentional switches on streaming (Carlyan et ‘al,
2001, 2003; Cusack et al., 2004). However, it remains unclear as to how this madel can
he reconciled with the electrophysiological evidence that unattended tone sequences are
arganized onto perceptual streams (for example, Sussman et al., 2008, 2007),- k

1.5 Questions for Research

It is widely accepted that the tendency for stream segregation builds up over the course of =
a sequence (Bregman 1978; Anstis & Saida, 1985), but that a sudden change in sequent:é. .
properties has a resetting effect (Anstis & Saida, 1985; Rogers & Bregman 1993, 1998;
Roberts et al., 2008). Whilst resetting has been demonstrated in a variety of studies, the
exact mechanisms responsible for this effect are currently unknown. Previous ﬁeSearéﬁ
has suggested that there are two potential explanations for resetting; 1) that build-ur
fails to transfer between tones sequences of different properties, or 2) that an abrupt
change has an active resetting effect (Rogers & Bregman, 1998). Relating ta this, there
is also some evidence that a switch in attention may trigger resetting (Cusack et al.,
2004). Several of the experiments presented in this thesis aim to differentiate betw
these alternative explanations of resetting, and to pravide a greater und@rzsta.h

this effect.

of different tone arrangements.
heen studied in an alternating-frequency sequence
1085), hut a repetition of a same-frequency tone (e.g, & repea

can also strongly promote segregation in a subsequent LF e
& Meddis, 1997; Roberts et al., 2008), Consistent fin




been shown to trigger resettlng; (Anstls & Salda, 1985 RQgerS
Roberts et al., 2008). Despite these apparent mmﬂamtled it
the segregation-promoting effect of a same-frequency
induced by an alternating-frequency sequence, The principal air of this thesis is D .
»xplore further the factors promoting the build-up. (and resettmg) of @tr@&m segreg@tmn A
arising from the presence of an induction sequence, This includes a comparison of the -
effects various types of inducer, and the use of subjective and ob hjective measures of -

stream segregation.

Streaming has most often been studied for sequences of isolated pure tones, As
briefly discussed earlier, normal listening environments often contain a mixture of hath
sequential and simultaneous grouping cues. In order to abtain an accurate percepty al
representation of the anditory scene, these cues can interact in a variety of ways (Breg- :
man, 1990). When listening to an on-going complex tone, an abrupt change in the
properties of a single frequency component may cause it fo stand ouf. from the afhers,

& Daniel, 1983; Bregman et al., 1994a; Kubovy et al., 1974). /lthough Lhese tonelllkic»
percepts are highly salient, their sequential organization has not: provmusly been investi-
gated. A further aim of this thesis is to determine whether a series of these pureﬁone«hkoi
percepts can be organized into distinct perceptual streams, and if so whether the effects
of build-up and resetting can be demonstrated in such a sequence. These topics ar

discussed in more detail in Chapter 9.

1.6 Summary of Experiments

The first set of experiments was designed to differentiate between two a;lmrnaﬁii@ (s
nations of the resetting effect of an abrupt change on the bu11d~up of stream %gmgm'
_ either that build-up fails to transfer between tane sequences o! I i

a same-frequency mducmn sequence (10 L~ cycles) &nd measyre
ina bmefer alternahng frequency test Bequenne (3 LHL- repem

a single deviant tone reduced reported ﬁﬁgregaﬁan in tl
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(sumlar to that used by Roberts et al., 2008) W hen the ﬁnal mduchon tone was ah;er@d:
in level or replaced with silence, a resetting effect was observed /(alt:h@ugh this effect
was only very slight for a deviant tone based on level), B@tll.‘rexperimellzts demonstrated
5 consistent resetting effect, but resetting was more evident in the subjective task of

Experiment 1.

Using the same subjective procedure as Experiment 1, Experiments 3a - 3b demon-
strated that the extent of resetting increased only slightly with an increase in the size of
a frequency change applied to the final inducer (so long as the change was noticeable).
As very small frequency changes were effective at triggering discernible resetting, it wasg
cancluded that resetting is not directly influenced by the likelihood of a new source he-
ing heard, but rather that any noticeable change can have an active reetting effect, By
varying the serial pasition of a deviant tone, Experiment 4a demonstrated that resetting
anly occurred when the final inducer was replaced with silence (there was no evidenee of
resetting when same change was applied to either the 48 OI‘V he 7*1 induction tone) -
indicates that the resetting effect of a single deviant tone cannot be explamed Slmply hy
fewer inducers contributing to the cumulative build-up during the induction SequenCL .
This finding was explained in Experiment 4b, which showed that build-up oceurs I‘apldly? ‘
during a same-frequency induction sequence. Based on this evidence, it was pmp@sod‘ |
that a same-frequency induction sequence may promote stream Segx'egaﬁtio‘n\by‘ captu
ing one subset of test-sequence tones into an on-going, pre-established stream (S.é@.y lea
Rogers & Bregman, 1993). ‘ =

Experiment 5 attempted to study the relationship between sequence pred]e@ ;szlrf
and resetting by randomizing the frequencies of the first nine induction tones (Wzthm 8
42 ST range, last inducer fixed at -2 ST). Reported segregation following the constral -
random induction was reduced by a similar extent to that for when only the final in

induction sequence in which all tones were set to -2 :
These ﬁndings were taken as an indication that mean stimulation freq
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effect on test sequence streaming judgements - both could promo
segregation, depending on listening context. .

same-frequency 1nduct1on sequence with the bulld—up thaj Occ;furs during an altematmg -
frequency sequence. It was found that same-frequency mgh;cers /pmmoted ﬁ@n&dembly ,
more segregation than did the alternating-frequency case. Indeed, at test- -sequence fre- -
quency separations of 6 and 9 ST, most segregation was heard immediately after the "
same-frequency induction sequence, and the extent of stream segregation declined dur-
ing the first seconds of the test sequence. Furthermore, deviant-tone resetting was only
clearly apparent when a change (in tone duration) was applied to the final tone of the
same-frequency induction sequence. There was no clear evidence of resetfing Whaj
same change was applied to a single tone of an on-going, alternating-frequency ¢ :
The results suggest that different mechanisms may be responsible for the increage n \
stream segregation following bhoth types of sequence, '

The final experiments (8 - 10) investigated the sequential grgupmg af pure-ton ‘
percepts, created by sudden changes in amplitude (Kubovy & Dar iel, 1983; Bregman
et al., 1994a), or interaural time difference (Kubovy et al., 1974) for | ,_d,lwdual compo- .
nents of a complex tone. By replicating the results of a temporal-discrimination measure
of the streaming of pure-tone sequences (Bregman & Rudnicky, 1975), experiments 8
and 9 demonstrated that these tone peréepts can be organized into distinct perceptual .
streams. Using the same method, Experiment 10 demonstrated that adc;tivewresettipg -
could be demonstrated when a deviant tone was inserted into a sequence of these ¢

percepts (evoked using amplitude increments).




Chapter 2

General Method for Experiments using
2AFC Subjective Measures

All of the experiments presented in this thesis used behavioural measures to examine
the dynamics of stream segregation. Several of these experiments used the same gen-
eral method (experiments 1, and 3a - Gb), and the tone sequences presented in these
experiments shared the same common properties. Therefore, for brevity, this section
will describe all of these common elements. In addition, the same two control conditions
he

were used in all these experiments and these are also described in this gection,
various specific conditions that distinguish the different experiments are described in

their appropriate chapters.

21 General Structure of the Stimuli

The structure of the stimuli used in experiments 1, and 3a - Gb, was similar fo that
used by Rogers & Bregman (1993). On each trial, participants reported their perception
of a test sequence, which for the majority of trials was preceded by a longer induction
sequence. The induction and test sequences combined to form a single, cantinuous ge--
quence (i.e., without any intermittence). Also, the border hetween the two &eq&u@meé
was not indicated to the participants. The properties of the induction sequence were
experimentally varied, and the effect on a constant set of test sequences were measured
(each of the induction sequences was tested across a uniform range of frequency sepa- .
rations for the test-sequence tones). Therefore, any difference in the perception a;
set of test sequences can be directly attributed to the effect of the preceding mduc j
sequence. Given that perceptual grouping was anly measured in the fest gec '
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LHL- triplets).

2.2 Experimental Design

2.2.1 Properties of the Test Sequence

The test sequence comprised three LHL- triplets (L = low-frequency tone, H = high-
frequency tone, and - = silent interval). This type of arrangement was first used by van
Noorden (1975), and is widely used to study stream segregation. For such a sequence,
there is a clear difference in rhythm depending on the perceptual grouping of the tones.
When all tones form a single, integrated perceptual stream, a clear gallop-like rhythm
is heard. In contrast, when the low and high frequency tones segregate, two separate
streams are heard, each with a monotonous rhythm. For the current experiments, par-
ticipants were required to report their perception of the final LHL- triplet of the test

sequence as either integrated or segregated, in a two-alternative forced-choice (2AFC)

procedure.

Although the test sequence was used to measure the effect of various induction se-
quences, streaming will also be influenced by the tonal properties within the test se-
quence itself. For example, the frequency separation between tones is known strongly to -
influence grouping (van Noorden, 1975). Above a certain frequency separation, stream
segregation is always perceived (the temporal coherence boundary, or TCB), and sim-
ilarly, below a certain frequency separation, integration is always heard (the fission
boundary). In between these two boundaries there is an ambiguous frequency region,
in which either percept may be perceived. In order to compare effectively the effects
of different induction sequences on streaming, the properties of the test sequence must
primarily fall within this ambiguous region. To ensure this, the test sequence tones
were presented at a variety of frequency separations. Pilot studies confirmed that the
frequency range tested fell predominantly within the ambiguous region. The extreme
frequency separations were typically heard as strongly integrated or segregated; this en-
sured that participants were regularly presented with clear examples of these percepts.
This range of frequency separations in the test sequence also provided a measure of
whether participants were conforming to well-established response patterns (i.e., report-

ing more segregation with increasing frequency separation).

The frequency separation between tones in the test sequence was measured in semi-
tones (ST), a frequency ratio of approximately 1:1.06. Low frequency tones were fixed
at 1 kHz, whilst the frequency of the high tones was varied. The smallest fréquen,cy

separation tested was 4 ST (high tone = 1260 Hz), which increased in two-semitone
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steps (6 ST / 1414 Hz, 8 ST / 1587 Hz, 10 ST / 1782 Hz, 12 ST / 2000 Hz) to the
maximum separation of 14 ST (2245 Hz). Tone duration was set to 100 ms, including
10 ms raised cosine ramps at the tone onset and offset. Within each LHL- triplet, there
was no inter-tone silent interval. The silence at the end of each triplet lasted 100 ms
(i.e., equivalent to the duration of one tone). Therefore, the overall duration of the test
sequence was 1.2 s (3 LHL- triplets, with each triplet lasting 0.4 s). All tones were
presented diotically and at 70 dB SPL.

2.2.2 Properties of the Induction Sequences

Two control induction conditions were presented in each experiment. The standard
induction sequence comprised 10 L- repetitions. The tones shared identical properties
to the L tones in the test sequence, and the inter-tone silent interval was set to 100
ms (i.e., the total duration of the standard induction sequence was 2 s). Therefore,
this induction sequence matched the L tones of the test sequence in both tempo and
frequency. A schematic illustration of the standard induction sequence paired with a test
sequence is shown in Figure 2.1. A similar same-frequency induction sequence was used
by Rogers & Bregman (1993) - the only difference was that these authors used H-only
induction tones, and measured perception in an HLH- test sequence. They found that

this type of induction arrangement promoted a strong perception of segregation in the

subsequent test sequerce.

L fones = | kHz, H tones = +4 to +!14 semifones

-
o
=
c
o 5 -— - - .
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3 | | |
g r | |
C Standard Induction Sequence Test Sequence
(T (10 L— repetitions) (3 LHL~ repetitions)
1 i 1
0 2 3.2
Time (s)

Figure 2.1: Illustration of a standard induction sequence paired with a test sequence.

For the second control condition, the test sequence was not preceded by any induc-
tion sequence. This was referred to as the no-induction condition. This condition was
included to measure streaming within the test sequence alone. Rogers & Bregman (1993,
1998) used a similar condition, in which the test sequence was preceded by a continuous

burst of broadband white noise. As continuous white noise is known not to promote
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streaming (Bregman, 1978), Rogers & Bregman’s (1993, 1998) condition is isomeWhat ’
comparable to the current no-induction arrangement. Whilst neither induction arrange-
ment would be expected to promote test-sequence streaming, the current no—_i_nduc;t@ )
condition resulted in the immediate onset of the test sequence at the beginning of the
trial. This contrasts with the standard induction condition and the various experimental
conditions in which the test-sequence onset occurred typically 2 seconds after the trial
onset. Due to this, for the no-induction condition trials the onset of the test sequence
would occur earlier than anticipated - especially as the presentation order of trials was
randomized within blocks (see the general procedure). This issue is further considered

in the context of the results from Experiment 1 (Section 3.2.3).

Despite this issue, when taken together, the two control conditions should demon-
strate the effect of a strong segregation-promoting induction sequence, and perception
of the test sequence in the absence of any prior build-up, respectively. The experimen-
tal induction sequences were all variations of the standard induction sequence (see the
summary of experiments in Chapter 1 for more details). Generally, most of the exper-
imental conditions were expected to reduce stream segregation relative to the standard
induction case (i.e., by resetting the build-up of segregation). Therefore the extent of

any resetting effect could be directly measured by the extent of return to the results for

the no-induction condition.

2.3  General Procedure

On each trial, a single combination of an induction sequence and a test sequence was
presented. Listeners were required to report their perception of the final LHL- triplet of
the test sequence. Participants were asked to avoid trying to listen specifically for either
integration or segregation, but rather simply to report which of the two percepts was
most dominant (i.e., neutral listening instructions). For an ambiguous tone sequence,
van Noorden (1975) noted that it was relatively easy to hear segregation when instructed,
but that it was more difficult to hear integration on request. Based on this observatidn,
Rogers & Bregman (1993, 1998) asked subjects to attempt to hear integration when
rating their perception of a test sequence. Whilst listening set can strongly affect group-
ing, pilot studies for this thesis confirmed that listeners made appropriate responses to
changes in frequency separation without being primed to listen for a specific percept.
Participants pressed either «17 or “9” on a computer keyboard to indicate a perception
of either integration or segregation, and then confirmed their selection by pressing “.J”
(to reduce the chance of an erroneous response being made). After this confirmation,
there was a three second pause before the next trial began (to allow any build-up of

streaming to decay before the onset of the next stimuli). This was shorter than the 5 -
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6 s silent intervals used by Rogers & Bregman (1993, 1998). However, their experiments |
used considerably longer induction sequences (4.8 s), which would bel likely to promote a
stronger tendency to hear stream segregation. Furthermore, there is evidence to ind-ic_a"té\g
that much of any build-up decays in the first second or two of silence (Bregman, 1978;
Cusack et al., 2004). Therefore, a shorter silent interval was chosen to reduce the overall

duration of the experiment.

For each experiment, the trials were organized into blocks. A trial block comprised a
combination of each induction sequence with each of the six frequency separations for the
test sequence. As the number of induction sequences tested varied across experiments,
0 t00 did the number of trials in each trial block. Typically, experiments tested either
five or six induction conditions, which resulted in either 30 or 36 trials per trial block
(i.e., 5 or 6 induction conditions x frequency separations in the test sequence). The

“order of trial presentation within a block was fully randomized, and the randomization

was performed anew for each repetition of a trial block.

After a verbal explanation of streaming, participants were presented with an ex-
ample of clearly integrated and segregated LHL- test sequences. Once familiar with
these stimuli, participants then completed a training session which comprised two trial
blocks. This training was given to familiarize participants with responding to the stimuli
_ there were no criteria for acceptance into the main experiment!. The main experiment
comprised 20 trial blocks (i.e., 20 repetitions of each possible stimulus). As some exper-
iments contained different numbers of induction conditions, the overall duration of each
experiment varied. Typically, a participant took between 2 and 2% hours to complete
an experiment, which was usually split into two separate sessions. Eight participants

contributed to the final data set for each experiment.

2.4 Apparatus

All stimuli were synthesized with 16-bit resolution using MITSYN (Henke, 1997) and
stored on disk. The stimuli were played back via a Turtle Beach Santa Cruz sound
card at 20 kHz sampling rate. The stimuli were presented over Sennheiser HD480-13-11
earphones; the overall output level of the sound card was set using the on-board analog

attenuator (for coarse adjustment) and digital multiplication (for fine adjustment). The

1

However, data from two participants in Experiment 1 and one participant in Experiment
5 were rejected. After analysis of the full data set, neither of these participants displayed
the typical response pattern of reporting increased segregation with increasing frequency
separation in the test sequence. As this was only observed in two listeners, no formal

criteria for acceptance were set.
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setup was calibrated using a sound-level meter (Briiel & Kjaer, type 2209) coupled to

the earphones by an artificial ear (type 4153).

The experiments were run using a specially created program which was made using
the Visual Basic programming language (Visual Studio, 2003, version 6.0), incorporating
Direct X commands. Participants completed the experiment in a quiet listening envi-
ronment - either in a double-walled sound-attenuating chamber (Industrial Acoustics
1201A), or in a single-walled chamber (Industrial Acoustics 401A) housed within a quiet

rYooml.




Chapter 3

Subjective and Objective Measures of
the Resetting Effect of a Single

Deviant Tone

3.1 Introduction

The two experiments presented in this chapter examined whether a single deviant tone
in a sequence can reset the build-up of stream segregation. Previous studies have demon-
strated that resetting can occur when the acoustic properties of an on-going sequence are
suddenly altered (Anstis & Saida, 1985; Rogers & Bregman, 1993, 1998; Roberts et al.,
2008). Each of these studies used slightly different sequence arrangements and measures
of streaming, but all of them promoted build-up using some form of induction sequence
and then measured streaming in a subsequent, briefer test sequence. Resetting has been
observed when the test sequence differs from the induction sequence in frequency or ear
of presentation (Anstis & Saida, 1985), and in perceived location or level (Rogers &
Bregman, 1998). Similar resetting effects have also been demonstrated in a temporal

discrimination task (Roberts et al., 2008 - see Experiment 2 in this chapter).

The reason for this resetting effect is not currently known. Build-up is thought to re-
flect a gradual accumulation of evidence in favour of two separate acoustic sources being
present (Bregman, 1978, 1990). If this evidence-accumulation process is specific to the
sequence being heard, any increased tendency to hear segregation should not transfer to
a subsequent sequence comprising tones with different characteristics. In other words,
build-up may fail to transfer between tone sequences with different properties. Whilst
this explanation seems plausible, Rogers & Bregman (1998) observed that a sudden in-
crease in tone level (+12 dB) during a sequence had a substantial resetting effect, but
that a similar decrease in level (-12 dB) did not. This finding indicates that reduced

43



1 INTRODUCTION

segregation cannot solely be explained by a difference in sequence characteristics, but
that the properties of the transition itself must also influence resetting. If we consider
a natural acoustic environment, certain sudden changes are likely to signify the onset of
a new acoustic event (such as a sudden increase in loudness). Any indication of a new
event may trigger a re-analysis of the auditory scene, which could result in a resetting
of the evidence-accumulation process. This hypothesis is capable of explaning why re-
setting is influenced by the direction of a change, as a decrease in loudness is unlikely

to indicate a new acoustic event (Rogers & Bregman, 1998).

Relating to this theory, Rogers & Bregman (1998) compared resetting following ei-
ther an abrupt or a gradual change (i.e. the same change was applied over the course of
several tones, rather than in a single transition). They found that only sudden changes
resulted in substantial resetting. This finding could indicate that resetting only occurs
when a new acoustic event was anticipated (as a gradual change is more likely to be per-
ceived as a change in an on-going sound source). However, a direct comparison of the
sudden and gradual change conditions was confounded as the mean properties of the two
induction sequences differed. If an otherwise identical change is applied gradually rather
than in a single transition, the mean tonal properties of the two sequences will inevitably
differ. In Rogers & Bregman’s (1998) study, when compared with the sudden change
case, the mean tonal properties of the gradual change conditions were more similar to
those of the test sequence. Owing to this unavoidable problem, increased segregation in
the gradual change conditions may have been due to an increased transferral of build-up
(a point acknowledged by the authors). This issue is particularly difficult to address,
as to do so would require knowledge of the relative contribution of each induction tone
to the overall segregation-promoting effect of the induction sequence. As pointed out
by Roberts et al. (2008), there is no such model to weight the contribution of each
individual inducer, and so any attempt to do so would be mainly speculative. For this
reason, evidence from gradual change conditions cannot differentiate between the two

explanations of resetting (failure to transfer vs. active resetting).

More recent research has indicated that attentional factors may influence resetting.
Evidence from mismatch negativity (MMN) studies suggests that unattended tone se-
quences are organized nto perceptual streams (Sussman et al., 1999; Ritter et al., 2000;
Winkler et al. 2003a, 2003b). Furthermore, Sussman et al. (2007) provided evidence
that the build-up of stream segregation may occur in an unattended tone sequence. In
contrast, Carlyon et al. (2001, 2003) found that when attention was switched from a
separate task towards an on-going tone sequence, there was no evidence that build-up
occurred in the unattended portion of the sequence. Similarly, Cusack et al. (2004)

demonstrated that streaming was greatly reduced after a brief switch in attention away
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from an on-going tone sequence. These results seem to suggest that build-up may oc-
cur in an unattended sequence, but that a switch in attention to the sequence has a

substantial resetting effect on this build-up.

Rogers & Bregman (1998) Design

(4.8 s repeating HLH- induction sequence)

el s == -— =
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Figure 3.1: Comparison of Experiment 1 with Rogers & Bregman’s (1998) experimental
design. Both experiments measured perception in a 3 X LHL- / HLH- test sequence.
Rogers & Bregman (1998) promoted build-up using a 4.8 s HLH- induction sequence,
whereas Experiment 1 used a 2 s L-only induction sequence. Rogers & Bregman (1998)
demonstrated resetting by altering the properties of the entire induction sequence from
those of the test sequence. Experiment 1 aimed to demonstrate resetting when only a

single induction tone was changed.

For the current experiments, a same-frequency induction sequence was used to pro-
mote stream segregation in a test sequence (see Chapter 2). In the critical condition,
resetting was measured when the properties of the last induction tone were altered, but
all prior induction tones were identical to the L tones of the test sequence. As the ma-
jority of the induction tones matched the test sequence tones, any transferral of build-up
should be relatively unaffected by the presence of a single changed tone. Therefore, any
reduction in streaming following a deviant tone can be attributed with confidence to
the change having an active resetting effect. Figure 3.1 shows an illustration of how

the design of Experiment 1 contrasts with Rogers & Bregman’s (1998) earlier study of
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resetting

3.2 Experiment 1

3.2.1 Method

Participants

Eight listeners took part in Experiment 1, including the author. Note that the author
participated in experiments 1 and 2, but not in any of the subsequent experiments.
Participants were drawn from a university student population, and all reported normal
hearing. Two of them were replaced because their results did not show clearly the well
established dependence on LH frequency separation for their streaming judgments (see,

e.g., van Noorden, 1975).

Stimuli and Conditions

Each trial comprised an induction sequence and a subsequent test sequence (the test se-
quence comprised three LHL- triplets). As described in the previous chapter, a standard
induction condition was designed to promote segregation in the test sequence. This stan-
dard induction sequence comprised 10 L- repetitions, where the L tones were matched
to those of the test sequence in terms of frequency and tempo (L tones = 1 kHz, 70
dB SPL, tone duration and inter-tone silences = 100 ms). To test resetting, a range of
alterations were applied to the last tone of the standard induction sequence (all prior
tones were unaltered, see Figure 3.1). This deviant tone was changed either in frequency,
level, or duration. With the exception of the specific alteration, all other deviant tone
properties were identical to those of a standard L tone. In a final condition, the last
induction tone was replaced with an equivalent-duration silent interval. The specific

details of the deviant-tone conditions were:

1. Deviant lowered in frequency - or - Deviant(-8 ST)

Anstis & Saida (1985) demonstrated that a sudden shift in the centre frequency of
an LH sequence could substantially reset build-up. Resetting was only observed
following frequency changes greater than -1 to +3 ST from the centre frequency of
the tone sequence (although it is offset from 0 ST, this range is broadly similar to
the bandwidth of the auditory filter in this frequency region; Glasberg & Moore,
1990). For the current condition, the last induction tone was lowered in frequency

(from 1 kHz) by 3 ST (i.e. the tone was presented at 841 Hz).

Deviant increased in level - or - Deviant(+12 dB)

o

Rogers and Bregman (1998) found that a sudden increase in level between the

induction sequence and the test sequence (+12 dB) substantially reset build-up.
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For the current condition, the same change was applied only to the deviant tone
(standard induction tone = 70 dB SPL, deviant induction tone = 82 dB SPL).

3. Deviant eztended in duration - or - Deviant(+50 ms)

For this condition, the duration of the last induction tone was increased from 100
ms to 150 ms. The following inter-tone silence was reduced to 50 ms, to preserve
the rhythm of the tone onsets. It has previously been demonstrated that an H-tone-
only induction sequence is most effective at promoting segregation when it roughly
matches the tone density of the corresponding high-frequency test-sequence tones
(Rogers & Bregman, 1993). Using a temporal-discrimination task, Roberts et
al. (2008) demonstrated that an induction sequence comprising tones of a longer
duration than those of the test sequence was largely ineffective at promoting stream
segregation (where induction tones = 150 ms, test-sequence tones = 50 ms). The
current condition examined whether a single change in tone duration would have

an active resetting effect.

4. Deviant replaced with silence - or - Deviant(silent)

For the final deviant condition, the last induction tone was simply replaced by an

equivalent-duration silent interval (i.e. 100 ms). The onset times of the neighbour-
ing tones were unchanged. This resulted in a 300-ms silent interval between the gth
induction tone and the 1% test-sequence tone. Some research has suggested that
it takes several seconds for the majority of build-up to decay in a silent interval
(Bregman, 1978; Beauvois & Meddis, 1997). In contrast to these findings, Cusack
et al. (2004) found that a range of silent intervals (between 1 - 10 s) all substan-
tially reset build-up. The reason for this discrepancy is unclear. Notwithstanding
this issue, the silent interval presented in the current condition was briefer than
any previously tested, and so any evidence of resetting would extend Cusack et

al.’s (2004) previous observation.

Procedure

For each trial, listeners rated the last LHL- triplet of the test sequence as either inte-
grated or segregated (in a 2AFC procedure). Trials were organized into blocks. A trial
block comprised a combination of each induction condition with every tone frequency
separation for the test sequence (6 x 6). This resulted in 36 trials per block, and in each
block the trials were presented in a new randomized order. Each participant completed
20 trial blocks (or 720 trials). Chapter 2 provides a more detailed description of the

experimental procedure.
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3.2.2 Results

For each listener, responses to each condition were averaged separately, giving a pro-
portional measure of reported stream segregation. Responses across all participants
were then averaged to give an overall indication of streaming for each separate con-
dition (i.e. the percentage heard as segregated across listeners). These mean values
are shown in Figure 3.2. The mean percentage of trials heard as segregated for fre-
quency separations of 4, 6, 8, 10, 12, and 14 ST were 3.8%, 20.8%, 41.4%, 67.3%, 77.6%,
and 92.1%, respectively. The mean percentage of trials heard as segregated following
the standard, no-, deviant(-3 ST), (+12 dB), (+50 ms), and (silent) induction condi-
tions were 60.4%, 39.0%, 52.0%, 53.1%, 51.7%, and 46.8%, respectively. Data were
analysed using a two-way, repeated-measures analysis of variance (ANOVA). The two
independent variables were the six frequency separations for the test sequence (0, 4,
6, 8, 10, 12, or 14 ST), and the six induction conditions (standard induction, no in-
duction, or 4 x deviant inductions). The partial eta-squared value (7772)) was used as a
measure of effect size. The ANOVA confirmed significant main effects of frequency
separation [F'(3,35) = 44.141, p < 0.001, 2 = 0.863], and of induction condition
[F(5,35) = 6.616, p < 0.001, 72 = 0.486]. The interaction between these two variables
was also significant [F(25,175) = 2.485, p < 0.001, n; = 0.262]. This interaction was
probably driven primarily by the floor and ceiling effects at the two extreme frequency

separations.
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Figure 3.2: Results from Experiment 1. The effects of induction condition, and frequency
separation in the test sequence on reported segregation. Each point represents the per-
centage of trials reported as segregated (averaged from 8 listeners). The insert identifies
the different induction conditions tested (deviant refers to the change applied to the last
tone in a standard induction sequence). Error bars represent k1 inter-subject standard
error. As for all subsequent graphs of experimental results, the data are slightly offset
(along the abscissa) to allow the reader to distinguish clearly between separate data points

and error bars.

The standard induction condition promoted the greatest amount of stream segrega-
tion, and the least was heard in the no-induction condition. However, a careful inspection
of Figure 3.2 reveals that the functions relating to reported segregation and frequency
separation differed slightly between these two control conditions. For the standard induc-
tion condition there was a negative acceleration of reported segregation with increasing
frequency separation, whereas a positive acceleration was observed for the no-induction
condition. This trend is relatively slight in Experiment 1, but it is also apparent in
the subsequent experiments which tested the same conditions using the same method.
Therefore, this observation will be further considered in the discussion of this current

experiment.
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For all of the deviant-tone conditions, reported segregation was reduced away'from
that for the standard induction condition and towards that for the no-induction case.
This shift is represented in Table 3.1, where the data are transformed into a measure of
the extent of resetting. The figures quoted in Table 3.1 represent a proportional shift on
a scale defined by the standard induction condition representing no change (0.00), and
the no-induction condition representing a maximum change (1.00). When subsequently

discussed, this measure is referred to as the extent of resetting.

For any given test-sequence frequency separation, it is important to note that the
relative extent of resetting values will be influenced by the magnitude of the difference
between the standard and the no-induction conditions. For a small difference between
these control conditions, any two experimental conditions which differ only slightly in
absolute terms will promote largely different extent of resetting values. This was com-
pensated for in two ways. Firstly, as clear floor and ceiling effects were observed at
the two extreme frequency separations (4 and 14 ST), these data were excluded from
the extent of resetting analysis. Secondly, a weighting system was applied when aver-

aging the extent of resetting across the remaining frequency separations. The weight

applied to any given frequency separation is calculated as the difference between re-
ported segregation® in the standard and the no-induction conditions as a percentage of
the total difference between these two conditions when reported segregation is summed
across all applicable frequency separations (i.e., 6, 8, 10, and 12 ST). Therefore, the

welaht applied to an individual frequency separation can be expressed as:
(@) o

std, — N0y

(c;g}?sw sid(,ﬁ)) - (6312312 10(z))

weight, = 100

Where: 2 = test sequence frequency separation (in semitones), std = mean reported seg-

regation in the standard induction condition, and 70 = mean reported segregation in the

no-induction condition.

Therefore, the weight applied to the 6 ST test-sequence frequency separation for the

current results was calculated as:

1.88 — 9.3 5
31.88 908)210()(2300

S ) = 19,359
261.3 — 145 116.30) 0.357%

w@ight(()‘gﬂ = 100 <

1

Reported segregation refers to the percentage heard as segregated (see the first para-
graph of the current results section, and Figure 3.2).
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Table 3.1: Results from Experiment 1. Reported segregation in the deviant-tone condi-
tions was compared with that in the standard induction case. Values are expressed as a
proportional shift away from the standard induction condition towards the no-induction
condition. This serves as a metric for the extent of resetting. In order to provide a
stable measure of resetting, the 4 and 14 ST frequency separation conditions were ex-
cluded from this analysis, and the across-frequency separation means were weighted (see
the main text). Note that only the across-frequency means are weighted; each individual

value represents the extent of resetting prior to the application of any weight.

Two-tailed pairwise comparisons were performed on the original (1.e., untransformed)
data set using the restricted least-significant-difference (LSD) test (Snedecor & Cochran,
1967). As floor and ceiling effects were observed for the 4 and 14 ST frequency separation
conditions, these data were excluded from the pairwise analyses. From this reduced data
set, each pairwise comparison is reported with a percentage measure of the difference in
reported segregation between the two conditions. There was a significant difference in
reported segregation between the standard and the no-induction conditions |difference
= 21.4%, t(7) = 6.019, p < 0.001]. Compared with the standard induction condition,
stream segregation was significantly lower in three of the deviant conditions [-3 ST: 8.4%,
t(7) = 2.756, p < 0.05], [+50 ms: 8.8%, t(7) = 3.755, p < 0.01], and [silent: 13.7%,
t(7) = 6.972, p < 0.001]). There was no significant difference between the standard
induction condition and the deviant(+12 dB) condition [7.3%, (7) = 1.510, p > 0.05]].
When compared with each other, there were no significant differences between any of

the deviant conditions (p > 0.05 in all cases).

In summary, the results show that reported segregation was highest following the
standard induction sequence. Reported segregation was significantly reduced when the

last induction tone was changed in either frequency or duration, or when it was replaced
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with an equivalent-duration silent interval (a non-significant reduction in segregation
was observed when the deviant tone was increased in level). The size of the reduction -
observed across the set of deviant conditions (i.e., the extent of resetting) was a loss of

build-up evoked by the induction sequence in the range one-to-two thirds.

3.2.3 Discussion

For Experiment 1, reported stream segregation rose as the frequency separation between
the tones in the test sequence was increased. This finding is in good accord with the pre-
vious literature (e.g. Miller & Heise, 1950; van Noorden, 1975). For all of the induction
conditions, the standard induction sequence promoted the greatest amount of reported
segregation, whilst the least segregation was observed in the no-induction condition.
This is also largely consistent with earlier studies (Rogers & Bregman, 1993), and is
an indication that the tendency to report segregation built up over the course of the
standard induction sequence. As noted in the results section, the functions relating to
reported segregation and test-sequence frequency separation differed following the stan-
dard and the no-induction conditions. For the standard induction condition, there was
a negative acceleration of reported segregation as a function of increasing test-sequence
frequency separation, whereas a positive acceleration was observed for the no-induction
condition (a similar pattern of results was also present in the subsequent subjective ex-

periments which tested the same conditions).

This trend was not observed by Rogers & Bregman (1993), who tested similar control
conditions. A plausible explanation for this difference may be that the no-induction-of-
segregation’ condition employed by Rogers & Bregman (1993) was a continuous burst
of white noise which was equivalent in duration to the other induction conditions (white
noise is known not to promote stream segregation; Bregman, 1978). For the current
no-induction condition, the test sequence was presented in the complete absence of any
prior induction sequence, and so the test sequence began immediately at the start of
the trial (see Chapter 2). As the order of trials was randomized within blocks, listen-
ers would not have been able to anticipate the earlier onset of the test sequence in the
no-induction conditions. This unexpected change in the timing of the test-sequence on-
set may have influenced participants responses in some way. Despite this issue, there
remains a clear difference in reported segregation following the two control conditions,
and this pattern of responses is largely consistent with previous studies. Also, the mean
values obtained from the extent of resetting measure were weighted to compensate for
the different functions of the control conditions (see the results section for a more de-
tailed description of this analysis). Therefore, the currently employed control conditions

were considered suitable for use in the subsequent experiments..
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When compared with the standard induction condition, reported segregation was
reduced for all the deviant-tone conditions (although this decrease was not significant
for the deviant(+12 dB) case). Overall, reduced segregation in these conditions is evi-
dence that a sudden change in tonal properties resets the build-up of stream segregation.
Furthermore, the extent of resetting was substantial and broadly similar for all of the
deviant-tone conditions tested, although it is perhaps noteworthy that the greatest re-
setting effect was observed when the final inducer was replaced with silence (albeit that
this trend was non-significant). This issue aside, the current results generally suggest
that any salient, abrupt change to a single tone has a substantial and broadly compa-
rable resetting effect. However, it is difficult to compare the results directly across the
different deviant-tone conditions, as all of the changes to the last inducer tone were ap-
plied to different acoustic dimensions. Therefore, a systematic examination of whether

resetting is affected by the size of a change is conducted in Chapter 4.

Previous studies have demonstrated that resetting occurs when all induction sequence
tones differ from those of the test sequence (i.e. in frequency, ear of presentation, per-
ceived location, or loudness, Anstis & Saida, 1985; Rogers & Bregman, 1993, 1998).
For the current experiment, similar resetting effects were observed when the first nine
induction tones were identical to the L tones of the test sequence, but the properties of
the last (10*") induction tone only were altered. This finding suggests that the abrupt
change associated with a single deviant tone had an active resetting effect. As Rogers &
Bregman (1998) used a relatively similar method to the current experiment, it is possible
to compare the extent of resetting found in both these studies?. From their reported
means, one can calculate the extent of resetting using the same scale to that for the
current experiment (where no change from the standard induction sequence = 0.00, and
a complete shift to the no-induction case = 1.00, see Table 3.1). Rogers & Bregman
(1998) found that when the entire induction sequence was presented at +12 dB from the
test sequence, the extent of resetting caused by this change was 0.64. For the current

experiment, as shown in Table 3.1, the same change applied to the last induction tone

2

It should be noted that Rogers & Bregman (1998) used a different method from the
current study to measure reported stream segregation. Listeners rated the test sequence
as either integrated or segregated in a basic adaptive staircase procedure. Each integrated
response by the listener increased the frequency separation between the tones by 1 ST,
and each segregated response reduced the frequency separation by the same amount. The
final frequency separation at the termination of the staircase was taken as a measure of
streaming. Despite this difference, these authors used similar control conditions to the
current experiment, and so it is possible to calculate the extent of a resetting effect in the
same way as for the current experiment (see results section). Note that because of the
adaptive procedure Rogers & Bregman (1998) employed, the across-frequency-separation
weighting system used in the current analysis is not applicable to their results.
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resulted in an resetting index of 0.36 (which was also non-significant). Furthermore,
Rogers & Bregman (1998) also found that sudden changes in perceived lateralization
(from extreme right to extreme left) had resetting effects. Substantial resetting was ob-
served when the induction sequence differed from the test sequence in either interaural
level difference (or ILD, resetting = 0.45), or in interaural time difference (or ITD, reset-
ting = 0.47). Although neither of these cues was manipulated in the current experiment,
the values reported by Rogers & Bregman (1998) closely resemble the mean resetting
effect of the various deviant-tone conditions (0.45, on average, see Table 3.1) which were
tested here. This suggests that a single change in one tone at the end of the induction
sequence can account for a large part of the resetting which was observed in Rogers &
Bregman’s (1998) study. One exception to this is their finding of a full extent of resetting
(=~ 1.00) when the location of a sequence was changed using a loudspeaker arrangement.
Anstis & Saida (1985) also found seemingly large resetting effects when a sequence was
changed in frequency or ear of presentation. However, these authors did not provide
a measure of perception in the absence of any build-up, and so one cannot calculate
the proportional extent of resetting observed by Anstis & Saida (1985). Despite this, it
would appear that the majority of the resetting effect observed in these previous studies
can be replicated when only a single tone is changed. The implication of this finding is

considered in the general discussion of the current chapter.

The current experiment also showed that replacing the last induction tone with si-
lence had a substantial resetting effect. This change, in effect, resulted in a 300-ms silent
interval between the 9 inducer and the 1% test-sequence tone. As the resetting effect
of a similar silent interval was also measured in Experiment 2, the current finding is

evaluated more fully in the general discussion at the end of this chapter.

In conclusion, Experiment 1 demonstrated that a variety of changes to a single de-
viant tone all substantially reset the build-up of reported segregation. There is strong
evidence from the literature that streaming can also affect the ability of listeners to
perform a range of pattern recognition tasks. Therefore, the subjective resetting ef-
fect observed in Experiment 1 should be replicable using a performance measure. This
hypothesis was tested in Experiment 2, where streaming was measured in a temporal

discrimination task.
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3.3 Temporal Discrimination as a Measure of Stream
Segregation

The stream segregation of sounds can reduce a listener’s sensitivity to their temporal
relationships. Generally, it is difficult to report the sequential order of sounds which
are organized into separate streams (Warren et al., 1969; Bregman & Campbell, 1971).
As discussed in Chapter 1, Bregman & Campbell (1971) demonstrated that listeners
were easily able to report the sequential order of within-stream tones, but not the or-
der of across-stream tones. Related to this, van Noorden (1975) measured the effect
of streaming on the detection of delayed L tones in an HLH-HLH-HLH sequence (i.e.
L tones were delayed from the mid-point between successive H tones - see Figure 3.3).
The smallest detectable delay was measured in two conditions. The three delayed L
tones were either included at the end of a long HLH- sequence, or they were part of
an isolated 3 x HLH- sequence. Following a long sequence, the frequency separation
between the tones strongly affected the detection threshold for the delayed tones - larger
frequency separations resulted in an increased threshold. In contrast, when the delayed
HLH- triplets were presented in isolation, performance was relatively unaffected by the
frequency separation between the tones. These observations are consistent with the
evidence that streaming builds up over time, and that the detection of temporal rela-
tionships is impaired when tones are heard as segregated. Both Neff et al. (1982) and

Vliegen et al. (1999) have also reported similar findings.

It should be noted, however, that the results from these types of temporal discrimi-
nation task are not directly analogous to those from experiments where subjects directly
report their perception. van Noorden (1975) demonstrated that, at certain frequency
separations, tone sequences were always rated as either integrated or segregated (i.e.
tone frequency separations below the fission boundary or above the temporal coherence
boundary). However, these distinct boundaries are not apparent in temporal discrimi-
nation tasks. Instead, performance gradually and smoothly worsens with an increasing
tone frequency separation. There are no sudden changes in performance which would
signify the presence of either the fission or temporal coherence boundary. Vliegen et
al. (1999) speculated on several possible explanations for this difference. Firstly, they
proposed that there may only be an indirect relationship between temporal discrimina-
tion and stream segregation (i.e. both are affected by the frequency separation between
successive tones). However, van Noorden (1975) demonstrated that temporal discrim-
ination was impaired when the delayed tones were preceded by a long tone sequence.
If temporal discrimination was solely governed by tone frequency separation, the pres-
ence of a prior tone sequence would not affect performance thresholds. Therefore, van

Noorden’s (1975) finding suggests that organizational factors do affect temporal discrim-
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ination. Vliegen et al.’s (1999) second explanation was that, when listeners are trying
to hear integration, there may not be an absolute boundary at which integration ceases
and segregation occurs. Rather, the likelihood of perceiving integration progressively de-
creases with an increasing frequency difference between tones. These issues suggest the
need for some caution when comparing the results of subjective and objective measures

of stream segregation.
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Figure 3.3: The effect of stream segregation on the detection of delayed L tones. Segregated
Percept: When the sequence is heard as two streams, the change in rhythm is very difficult
to detect. Integrated Percept: When tones are heard as a single stream, the rhythmic
difference between the isochronous and the anisochronous (delayed) sequence is highly

salient.

As discussed, van Noorden (1975) demonstrated that the build-up of stream segrega-
tion can impair the discrimination of the relative timings of tones in an HLH- sequence.
Therefore, the factors known to trigger a resetting of build-up (Anstis & Saida, 1985;
Rogers & Bregman 1993, 1998) should improve performance in a similar temporal dis-
crimination task. This hypothesis was tested in a series of experiments by Roberts et
al. (2008). They measured build-up and resetting using an induction/test sequence
design in which listeners performed a temporal discrimination task on the test sequence

(which comprised an LHLHLH tone arrangement). Listeners were presented with two
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repetitions of an identical stimulus, except that the H tones were delayed in one of the
test sequences but not the other (cf. Figure 3.3). Participants were required to identify
which interval contained the delayed H tones, and listeners’ sensitivity to this delay was
measured in an adaptive procedure (for which the duration of the delay was varied). The
threshold was taken as an indication of streaming (i.e. an ability to detect a small delay
was an indication that a sequence was easily heard as integrated). Similar to Rogers
& Bregman’s (1993) studies, a repeating L- induction sequence was used to promote
segregation in the test sequence (see also Experiment 1). Roberts et al. (2008) found
that, following this induction sequence, the temporal-discrimination threshold increased
rapidly with the frequency separation between the test sequence tones. In contrast, when
the test sequence was heard in isolation (with no prior induction sequence), temporal
discrimination thresholds rose more gradually with increasing tone frequency separation.
This is consistent with van Noorden’s (1975) earlier finding, and an indication that the
repeating L- induction sequence was effective at promoting segregation in the test se-

quence.

To measure resetting, Roberts et al. (2008) varied the tone properties of the in-
duction sequence from those of the test sequence. As for the earlier studies by Rogers
& Bregman (1993, 1998), these changes were applied to all the tones in the induction
sequence. The changes tested were: number of tone onsets (several short tones or one ex-
tended tone), tone/silence ratio (standard or extended-duration tones), frequency, level,
and interaural time difference. All of these changes reduced thresholds towards those
for the case when no induction sequence was presented. The resetting effects of these
changes were broadly consistent with previous studies of reported perception (frequency
- Anstis & Saida, 1985; an increase in level, or a change in perceived location - Rogers
& Bregman, 1998). However, the extent of resetting observed was much greater in the
temporal discrimination task than for these earlier subjective experiments. Roberts et
al. (2008) found an almost full resetting effect following changes in frequency, I'TD, or an
increase in level, whereas Rogers & Bregman (1998) only observed an (approximately)
50% reduction in rated segregation following similar changes in level or perceived loca-
tion. Also, an abrupt decrease in level produced around 50% resetting in the temporal
discrimination task, but the same change had no resetting effect in a subjective task
(Rogers & Bregman, 1998). Similarly, increasing the duration of the induction tones
resulted in near-full resetting in the temporal discrimination experiment, but had very

little effect on reported stream segregation (Rogers & Bregman, 1993).

In conclusion, the resetting effect demonstrated in a temporal discrimination task
appears to be stronger, and to be triggered by a greater variety of changes than for

tasks where listeners report their perception of stream segregation. The reason for this
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discrepancy is unclear, but it could potentially be explained by the different types of
induction sequences used in these experiments. Roberts et al. (2008) used a relatively
short (2 s) repeating L- induction sequence, whereas Rogers & Bregman (1998) used a
longer (4.8 s) HLH- induction sequence. It is likely that the longer induction sequence
would promote more build-up, and so it is conceivable that more segregation transferred
from the induction sequence to the test sequence (as suggested by Roberts et al., 2008).
The contrast in results may also indicate a difference in the segregation-promoting effect
of L-only and HLH- type induction sequences (see Chapter 8). Nonetheless, resetting
demonstrated in the temporal discrimination task cannot be attributed to a disruption
of timing judgments caused by a distracting effect of a sudden change in tonal properties,

because the sudden changes resulted in improved performance.

3.4 Experiment 2

Overall, Roberts et al. (2008) concluded that a sudden change in sequence properties
triggers resetting and that this can improve subsequent temporal discrimination. Exper-
iment 1 used a subjective measure and demonstrated that a single deviant tone can reset
the build-up of segregation. Based on Roberts et al.’s (2008) findings, one would also
expect this resetting effect to be apparent when performance is measured in a temporal

discrimination task. This hypothesis was tested in Experiment 2.

3.4.1 Method

Participants

Eight listeners successfully completed the training procedure and took part in Experi-
ment 2. All reported normal hearing. Listeners were trained and screened prior to the
main experiment (see procedure; two failed this training). Seven of the eight partici-
pants who completed the experiment had also taken part in Experiment 1 (including

the author).

Stimuli and Conditions (Test Sequence)

Tone properties were generally similar to those used in the subjective experiments (see
Chapter 2), except that the standard tone duration was reduced from 100 ms to 60 ms
(including 10-ms raised cosine ramps at onset and offset). Standard tone onset-to-onset
times were preserved by introducing a compensating 40-ms silence between consecutive
L and H tones. Tones were presented diotically and at 70 dB SPL. . The test sequence
comprised 3 LH repetitions plus a final L tone added at the end of the sequence. The
frequency of the L tones was fixed at 1 kHz, and the H tones were set to be either 0,
4. 8, or 12 semitones higher (1000, 1260, 1587, or 2000 Hz, respectively). As in the
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subjective experiments, the onset-to-onset time of the L tones was 200 ms (resulting in
a 140-ms inter-tone interval). For the regular sequence, H tones were inserted at the
temporal mid-point between successive L tones (i.e. 40 ms inter-tone silence between
successive L & H tones). For the target sequence, the H tones were delayed from this
mid-point (see procedure). H tones were delayed rather than advanced, as van Noorden
(1975) demonstrated that listeners are more sensitive to that change. The reason for the
additional L tone at the end of the test sequence was to ensure that the overall duration
of the test sequence was constant irrespective of whether or not the H tones were delayed

(i.e. all test sequences lasted 660 ms).

This tone presentation rate and the range of frequency separations used are broadly
equivalent to those used by Roberts et al. (2008). These authors found that these pa-
rameters were suitable for a similar temporal discrimination task. The test sequence

properties used here are also similar to those used in Experiment 1.

Stimuli and Conditions (Induction Sequences)

The effects of four different induction sequences on temporal discrimination in the test
sequence were measured. These induction conditions were broadly similar to four of
the conditions used in Experiment 1. Two conditions measured performance after the
presence or absence of a standard segregation-promoting induction sequence. The other
two induction conditions measured the resetting effect of a single deviant tone inserted at
the end of the induction sequence. Whilst all of the deviant tones tested in Experiment
1 had a broadly similar resetting effect, there was some variance between conditions.
Most noticeably, the +12 dB deviant resulted in the least resetting measured (a 0.36
extent of resetting — Table 3.1), whilst replacing the final inducer with silence resulted
in the most (0.64). These two conditions were replicated in Experiment 2, to explore
whether a similar trend in the results would be observed using a temporal-discrimination

measure.
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Figure 3.4: Nlustration of a standard induction sequence paired with a target (irregular)
test sequence in Experiment 2. The arrows indicate the induction tone which was altered

for the deviant-tone conditions.

1. Standard induction condition

The standard induction sequence chnprised 10 L- repetitions. These L tones

were identical to those in the test sequence (as described above). As in the test

sequence, the L tones were separated by an inter-tone silence of 140 ms (each L-
cycle = 200 ms, total induction sequence length = 2 s). Therefore, the induction
tones matched the L tones of the test sequence in both frequency and tempo.
This induction sequence was expected to promote stream segregation in the test
sequence. An illustration of the standard induction sequence paired with a test

sequence is shown in Figure 3.4.

o

No-induction condition
For this condition, the test sequence was presented alone, with no preceding in-
duction sequence. This was used as a measure of performance in the absence of

any prior build-up effect.

3. Deviant increased in level - or - Deviant(+12 dB)
For this condition, the last tone of the standard induction sequence was altered.
The level of this tone was increased from 70 dB to 82 dB SPL. Any resetting
offect associated with this change should improve performance relative to that for

standard induction condition.
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4. Deviant replaced with silence - or - Deviant(silent)

For this condition, the last tone of the standard induction sequence was replaced
with an equivalent-duration silent interval. Any resetting effect associated with
this change should improve performance relative to that for standard induction
condition. Given that this change had the greatest resetting effect in Experiment
1, the improvement in performance may be even greater than that for the De-

viant(+12 dB) condition.

Procedure

The apparatus used was identical to that which is described in Chapter 2. On each
trial, participants were presented with two stimuli. One interval contained a regular test
sequence, and the other contained a target test sequence in which the H tones were de-
layed. The size of the delay imposed on the H tones was varied adaptively. The order of
the stimulus presentation within each trial was randomized. Participants were required
to detect which interval contained the stimulus with delayed H tones, in a 2I-2AFC
procedure. Visual feedback was given after each trial (indicating either a correct or an
incorrect response). Runs were initiated, and trial responses were made, via a computer
keyboard. Within each trial, a 1-s silence was inserted between the two stimuli, and
successive trials were separated by a minimum of a 3-s silence (i.e. 3 s from a response
being made). These silent intervals were chosen to ensure that the majority of build-up
would decay between successive stimuli (Bregman, 1978; Cusack et al., 2004), but also to

keep the overall duration of the experiment as short as possible (cf. Roberts et al., 2008).

The smallest detectable H-tone delay was estimated using a 3-up 1-down adaptive
staircase procedure (Levitt, 1971). This provides a measure of the 79.4% correct point
on the psychometric function. The maximum delay imposed on the H tones was 40 ms
(any larger delay would have resulted in the H tones overlapping with the L tones, see
Figure 3.4). From this maximum, the delay was adjusted on a logarithmic scale - the
initial step size was 1.414, but after 2 turn points this was reduced to 1.189. The step
size was then held constant for four further turn points (i.e. runs were ended after a
total of six turn points). The geometric mean of the delay at the last 4 turn points was
taken as the threshold for temporal discrimination. If a participant made six incorrect
responses at the maximum (40 ms) delay, the run was terminated and 40 ms was taken
as the threshold estimate (this occurred for 12.6% of runs). These criteria for the adap-

tive procedure are similar to those used previously by Roberts et al. (2002, 2008).

Before the main experiment, participants attended a combined training and screen-

ing session. First, participants were presented with examples of regular and of clearly
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delayed sequences. Once listeners were confident of the rhythmic differences between
the two sequences, the session began. The training started with three runs of a stimulus
which was expected to result in good temporal discrimination performance (no induc-
tion sequence, frequency separation in the test sequence = 0 ST). In order to proceed
to the main experiment, listeners were required to detect the delay at a mean threshold
of 20 ms or less (two participants failed to meet this criterion). Successful listeners then
completed a training session comprising eight runs which were selected to reflect the
variety of conditions used in the main experiment. The stimuli for this training session
were presented in a fixed order, indicated in terms of induction sequence condition and
test-sequence frequency separation, which was: standard induction (0 ST), no-induction
(4 ST), standard induction (4 ST), deviant(silent) (4 ST), deviant(+12 dB) (8 ST), no-
induction (12 ST), deviant(silent) (8 ST, and standard induction (12 ST).

The main experiment was made up of three blocks of trials. Each block comprised
a single run of each induction sequence combined with each test-sequence frequency
separation (4 x 4). This resulted in 16 runs for each trial block (and 48 runs for the
whole experiment). The order of presentation within each trial block was randomized
anew. The geometric mean of the three estimates was taken as the threshold for each
condition. However, if the standard deviation of these three log values was greater than
0.2 (approximately 27.3% of the data), the participant completed an extra run, and the
outlying threshold estimate was excluded from the data set. Any additional runs were
completed at the end of the main experiment, and were presented in their original or-
der. The total duration of the experiment was approximately 6 hours, and participants

typically completed the experiment in three 1% - 2 hours sessions.

Apparatus

The apparatus was identical to that which is described in Chapter 2.

3.4.2 Results

The results from Experiment 2 are displayed in Figure 3.5. Each point represents the
mean temporal discrimination threshold for a given condition (each average was calcu-
lated from the data for eight listeners). The graph shows that performance worsened as
the frequency separation between the tones in the test sequence increased. The geomet-
ric mean thresholds for frequency separations of 0, 4, 8, and 12 ST were 8.8 ms, 15.0 ms,
923 ms, and 26.5 ms, respectively. Performance was also affected by the type of induc-
tion condition - the geometric mean thresholds for the standard, no-, deviant(+12 dB),
and deviant(silent) conditions were 18.9 ms, 14.1 ms, 17.7 s, and 16.6 ms, respectively.

The results were analysed using repeated-measures ANOVA. The independent variables
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were induction condition (standard induction, no induction, and 2 x deviant-tone in-
duction conditions) and frequency separation (0, 4, 8, and 12 ST). The main effects of
frequency separation [F'(3,21) = 50.045, p < 0.001, ij, = 0.877] and induction condition
[F(3,21) = 9.155, p < 0.001, 7, = 0.567] were both significant. The two-way interac-
tion between these variables was also significant [F'(9,63) = 3.067, p < 0.005, 775 =
0.305]. The significant interaction term primarily reflects the finding that thresholds
were similar for all induction conditions only in the absence of an HL frequency differ-
ence. This is as expected, because differences in the build-up of the tendency for stream
segregation cannot be revealed in practice unless there is a difference in frequency be-
tween the H and L tones. For the no-induction condition, there was a gradual increase
in temporal discrimination thresholds with increasing test-sequence frequency separa-
tion. Thresholds rose more rapidly in the other three conditions. It is likely that this

difference also would have contributed to the significant interaction observed.
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Figure 3.5: Results from Experiment 2. The effects of induction condition and frequency
separation in the test sequence on temporal discrimination. Each point represents the
average threshold for the detection of delayed H tones for eight listeners. The largest
possible delay was 40 ms. The insert identifies the different induction sequences tested
(deviant refers to the change applied to the last tone in an otherwise standard induction

sequence). Error bars represent +1 inter-subject standard error.
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From Figure 3.5, it is apparent that the highest temporal discrimination thresholds
were recorded for the standard induction condition. In contrast, performance was best
in the no-induction condition. A two-tailed pairwise comparison (a restricted LSD test,
Snedecor & Cochran, 1967) on the previously described data set confirmed that the
predicted difference between the standard and no-induction conditions was significant
[difference in mean threshold = 4.8 ms, #(7) = 4.257, p < 0.005]. Furthermore, when
compared with the standard induction condition, performance was somewhat improved
for both the deviant(+12 dB) and deviant(silent) conditions. Pairwise comparisons
indicated that performance for the deviant(silent) condition was significantly better than
for the standard induction condition 2.3 ms, #(7) = 3.902, p < 0.01], but performance
in the deviant(+12 dB) condition was not [1.2 ms, #(7) = 1.348, p > 0.05].

R Deviant Condition -~
+12dB | Csilent o | < [Geometrie
, i Mean
o 4ST
I ‘(27‘49%) 0.21 0.51 0.33
> = -
0 o 8ST
5 .% (36.‘75%’):’ 0.18 0.53 0.31
5 El 12'ST
o3
L% 8| wsrom 0.12 0.29 0.19
11 weighted .
Mean 0.17 0.44 0.27
| Extent of resetting =:standard‘induction:(0:00):

Table 3.2: Results from Experiment 2. Average thresholds for the two deviant-tone
conditions were compared to those for the standard induction case. Values are expressed
as a proportional shift away from the (log) standard induction threshold towards the
(log) no-induction threshold (the extent of resetting). As results for the 0 ST condition
were non-differentiating, these data were excluded from this analysis. Also, the across-
frequency-separation means were weighted in a manner consistent with the results of
Experiment 1 (see main text). As for Table 3.1, only the across-frequency means are

weighted. Each individual value represents the unweighted extent of resetting.

Finally, the data were used to calculate an extent of resetting for the deviant-tone
conditions (a measure analogous to that used in Experiment 1, see Table 3.1). This
was achieved by calculating the proportional return in threshold from the standard
(0.00) towards the no-inducer case (1.00) in geometric space. In order to compensate for
differences between the standard and the no-induction conditions across test-sequence
frequency separations, a weighting system was applied to these means. These weights
were determined using the same procedure as that employed in Experiment 1, except

that the values were calculated in geometric space. These values for each deviant-tone
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condition at each frequency separation are displayed in Table 3.2. Also note that data

from the 0-ST frequency separations are excluded from this table.

3.4.3 Discussion

Experiment 2 found that, as the HL frequency separation was increased, temporal dis-
crimination thresholds rose most rapidly when the test sequence was preceded by the
standard induction sequence. The most gradual rise in thresholds was observed for the
no-induction condition. As higher thresholds are associated with increased stream seg-
regation, this indicates that streaming built up over the course of the standard induction
sequence. This finding is in good accord with Roberts et al.’s (2008) previous tempo-
ral discrimination study. The two deviant-tone conditions tested in Experiment 2 were
chosen from those which demonstrated the greatest and least extent of resetting in the
subjective task used in Experiment 1. These conditions were when the deviant tone was
replaced with silence, or was increased in level - for Experiment 1, the extent of resetting
for these cases was 0.64 and 0.36, respectively (see Table 3.1). For the current study,
thresholds were significantly lower for the deviant(silent) condition when compared with
the standard induction condition. This indicates that partial resetting occurred when
the last induction tone was replaced with an equivalent-duration silent interval. This
observed resetting effect of a brief silence is consistent with that shown in Experiment
1. Only a modest (and non-significant) trend towards resetting was found when the
final induction tone was increased in level by 12 dB. This was also reflected in the pro-
portional extent of resetting from the standard to the no-inducer case caused by each
deviant case when averaged over the non-zero test-sequence frequency separations (see
Table 3.2). These values for the silent and 412 dB deviants were 0.44 and 0.17, respec-
tively. Although these values suggest a smaller tendency for resetting than was found in
the subjective task used in Experiment 1, it is notable that the relative extents of reset-
ting are broadly comparable for these deviant types across both experiments. Indeed, in
both experiments the effect of the deviant(+12 dB) fails to reach significance. Regard-
less of the apparent differences in the overall extent of resetting for equivalent changes
in the two experiments, reduced thresholds for the deviant-tone conditions cannot be
attributed to a disruption of timing judgments, as performance in these conditions was

improved relative to that for the standard induction case.

Roberts et al. (2008) measured resetting in a temporal discrimination study that was
similar to the current experiment. These authors demonstrated that substantial resetting
occurred when an induction sequence differed from a test sequence either in frequency,
level, lateralization, or temporal characteristics. The current experiment found that

this resetting effect could be partially replicated when only the final induction tone was
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increased in level or replaced with silence. However, the resetting effect of a deviant
tone was relatively modest in this experiment. In contrast, Roberts et al. (2008) found
a much larger resetting effect when the entire induction sequence was changed from the
test sequence (near 100% resetting). Indeed, these authors demonstrated that the effect
of resetting on temporal discrimination performance was much greater than for that
when listeners directly reported their perception (Rogers & Bregman, 1993, 1998). As
previously described, the opposite effect was observed in the current experiments. The
reason for the discrepancy between Experiment 2 and Roberts et al.’s (2008) previous
finding is unclear. Nonetheless, the findings of Experiment 2 are broadly consistent with
Experiment 1, in that both of these studies demonstrated that a single deviant tone can

cause the build-up of stream segregation to be partially reset.

3.5 General Discussion

Previous studies have demonstrated that the build-up of stream segregation can be re-
set when the properties of an on-going sequence are suddenly altered (Anstis & Saida,
1985: Rogers & Bregman, 1993, 1998; Roberts et al., 2008). Rogers & Bregman (1998)
offered two explanations for resetting; that build-up may fail to transfer between tone
sequences of different characteristics, or that an abrupt change in sequence properties
may actively reset build-up. Experiments 1 and 2 have both demonstrated that a single
deviant tone can partially reset the build-up of segregation. For the deviant-tone con-
ditions, the first nine induction tones were identical to the L tones of the test sequence,
and only the properties of the last induction tone were altered. As the majority of the
induction tones matched the test sequence tones, any transferral of build-up should be
relatively unaffected by the presence of the single deviant tone. Therefore, any reset-
ting observed for these conditions can be taken as an indication that the abrupt change
actively resets build-up. Substantial resetting was most clearly shown in the subjective
task of Experiment 1. The temporal-discrimination measure used in Experiment 2 was
broadly consistent with the results of Experiment 1, but the observed resetting effect
was rather smaller in the former case than in the latter. These results are somewhat
inconsistent with previous research which has shown that abrupt changes at the in-
ducer/test boundary can strongly affect temporal discrimination performance (Roberts
et al., 2008). Although the reason for this difference is unclear, 1t would appear that
resetting arising from a single deviant tone can be demonstrated more effectively using
a subjective task. This method is also much more time-efficient than the adaptive pro-
cedure that was used in Experiment 2. For these reasons, the experiments presented in

chapters 4 - 7 all used the same general method as for Experiment 1.

Whilst the evidence from experiments 1 and 2 appears to indicate that a sudden
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change has an active resetting effect, there is a possible alternative explanation for these
results. Rogers & Bregman (1998) suggested that build-up may not transfer between
tone sequences of different characteristics. If so, a deviant tone may not contribute to
the cumulative build-up occurring within an induction sequence. Consequently, reduced
segregation for the deviant-tone conditions may simply indicate that less build-up oc-
curred (in comparison to the standard induction case). This seems unlikely given that
only a single tone was altered, but stream segregation was greatly reduced (at least for
Experiment 1). One would not expect such a large reduction if the altered tone merely
did not contribute to build-up. However, this explanation cannot be fully dismissed, as
a review of the literature suggests that the rate of build-up within a repeating L- type
induction sequence has never been directly measured. Therefore, these issues are ex-
plored further in Chapter 5. For the current discussion, it is assumed that the observed
effect was due to the deviant tone actively resetting build-up caused by the earlier tones

in the induction sequence.

The active resetting effect of an abrupt change has several implications for Bregman’s
(1978, 1990) functional explanation of build-up. His theory proposed that build-up rep-
resents a gradual accumulation of evidence in favour of two separate sound sources
being present (so as to avoid excessive fluctuations in perceptual organization). Rogers
& Bregman (1998) suggested that certain abrupt changes are likely to indicate the on-
set of a new sound source, and that the perception of a new acoustic event may reset
the evidence-accumulation process. If this theory is correct, resetting should only occur
when a changed tone is perceived to originate from a separate sound source. A change
which is heard as a continuation of an existing stream should not have a resetting effect.
However, for some of the conditions tested in Experiment 1, the deviant tone would
be unlikely to segregate from the on-going induction-tone stream (e.g. when a tone
was changed only in duration). Despite this, substantial resetting was still observed for
these conditions. Similarly, a change in the ITD of an on-going sequence can have a
substantial resetting effect (Rogers & Bregman, 1993; Roberts et al., 2008), but ITD
differences are not themselves a strong cue for stream segregation (Boehnke & Phillips,
2005). Based on this evidence, it would seem that any salient change has a resetting
effect - irrespective of whether the changed tone is heard as a separate acoustic event.

This hypothesis is further considered in Chapter 4.

Both experiments 1 and 2 also measured the resetting effect of replacing the final
induction tone with silence. Bregman (1978) provided evidence that build-up gradually
decays during a silent interval after the termination of a tone sequence. He manipulated
the silent interval between four-tone packages (package-silence-package-silence etc...),

and asked listeners to increase the rate of tone presentation until segregation was heard.
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Generally, longer silent intervals caused listeners to hear stream segregation at a slower
rate (indicating a stronger perception of integration). More specifically, the results in-
dicated that the decay of segregation was relatively rapid over the first 1.5 seconds of
silence, but that the effect was still apparent after 4 s. Beauvois & Meddis (1997) also
reported a broadly similar observation. These authors used a similar sequence structure
to that used in Experiment 1, but inserted a silent interval of varying length between
the induction sequence and the test sequence. For musically experienced listeners, they
found a gradual, and somewhat linear decay of build-up over the range of intervals tested
(0-8 ). A lesser, but more rapid, decay was observed for non-musical listeners. For both
sets of participants, very little decay was observed at the shortest silence they measured
(500 ms).

In contrast to these studies, the current experiments found that reported segregation
was greatly reduced when the final induction tone was replaced with an equivalent-
duration silent interval (i.e. a 300-ms silence between the 9*" induction tone and the
first test-sequence tone). Whilst it is difficult to compare directly between studies, the
extent of resetting currently observed was clearly much greater than the decay of stream
segregation previously assoclated with a similar duration of silent interval (Bregman,
1978; Beauvois & Meddis, 1997). This suggests that whilst decay may have partially
contributed to the current pattern of results, this effect would have been minimal, and so
cannot explain fully the observed reduction in reported segregation. Therefore, it is con-
cluded that the 300-ms silent interval must have also had an active resetting effect, and
this accounted for the majority, if not all, of the decrease in segregation. The difference
between the currently observed results and those of previous studies may be because the
current design allowed for a more sensitive measure of resetting. For example, Beauvois
& Meddis (1997) used a very long (10 s) induction sequence, which may have had a
stronger segregation-promoting effect. Therefore, a longer silent interval may have been

required for the decay /resetting of stream segregation to occur.

Notwithstanding this, the current findings are consistent with a study by Cusack
et al. (2004). These authors showed that when a range of silent intervals (Is-10s)
was inserted into an on-going LHL- sequence, all intervals had a similar (and substan-
tial) resetting effect. This also relates to the studies of Carlyon et al. (2001, 2003),
who demonstrated that switching attention from a separate task to an on-going tone
sequence resulted in no evidence of any prior build-up before the switch in attention.
These authors explained this finding in terms of the hierarchical decomposition model.
Briefly, this model proposes that in a multi-source listening environment, there may be
some form of automatic stream segregation, but only the attended source is subject to

a detailed perceptual representation (see also Brochard et al., 1999). Based on this,
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Cusack et al. (2004) offered two explanations for the resetting effect of a brief silence.
Firstly, they proposed that the tones occurring after a silence may be heard: as a new
acoustic event, for which no prior build-up has occurred. Alternatively, they suggested
that resetting may occur when a listener’s attentional focus is changed. Following a
silent interval, a listener may pay increased attention to the subsequent onset of the
sequence, and this could result in an increased tendency to hear integration. For the
current stimuli, deviant-tone resetting may be due to the changed tone temporarily
drawing attention away from the on-going sequence. Note that this explanation of re-
setting is equally applicable to the variety of deviant tones currently tested, and not just

to the silent-tone case.
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Chapter 4

The Effect of the Size of the Change to

the Deviant Tone on Resetting

4.1 Introduction

Experiments 1 and 2 demonstrated that a single, abrupt change to one tone In an
on-going sequence can have a partial, and often substantial, resetting effect. In the
subjective task used in Experiment 1, participants reported significantly less stream
segregation in the test sequence (3 LHL- triplets) when the final tone of the induction
sequence (10 L- repetitions) was either lowered in frequency (- 3 ST, standard tone = 1
kHz) or extended in duration (+50 ms, standard tone = 100 ms). A similar resetting ef-
foct was observed when the final inducer was replaced with an equivalent-duration silent
interval. The resetting effect of a silent interval was also confirmed in the temporal-
discrimination task of Experiment 2. There is also evidence from both experiments of a
trend towards resetting produced by an increase in tonal level (+12 dB, standard tone =
70 dB SPL). The wide range of changes tested in Experiment 1 all resulted in a broadly
similar amount of resetting. This finding could be taken as evidence that any salient
change, or perhaps even any noticeable change, to an on-going sequence can have an
equivalent resetting effect (at least for a subjective task). Whilst this conjecture appears
plausible, it is important to note that all of the changes tested were applied to different
tonal dimensions (frequency, level, duration, or replacement with silence). The cur-
rent experiments were designed to examine systematically the relationship between the
size of a change applied to a deviant tone and the associated resetting effect. This was

tested by manipulating the size of the change across a single dimension (tone frequency).

Bregman (1978, 1990) proposed that build-up represents a gradual accumulation of
evidence in favour of two separate sound sources being present. He suggested that at

the onset of an alternating tone sequence (e.g., a LH arrangement), the auditory system
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assumes that both tone subsets have originated from the same acoustic event, and so
integration is perceived. Gradually over time, evidence is gathered which indicates that
the two subsets of tones are of consistently different properties. From this evidence,
the stream-formation mechanism becomes increasingly likely to segregate the sounds on
the basis of their continued difference from each other. The relative slowness of this
process ensures that perception does not rapidly fluctuate between alternative percep-
tual organizations. Rogers & Bregman (1998) attempted to expand this theory also to
encompass the resetting of build-up. These authors demonstrated that an induction
sequence which differed from a subsequent test sequernce in either perceived location or
in level was relatively ineffective at promoting stream segregation in the test sequence.
Rogers & Bregman (1998) offered two explanations for these findings; (1) that build-up
does not transfer between tone sequences of different characteristics, and (2) that an
abrupt change may indicate the onset of a new acoustic event. They proposed that the
perception of a new event may trigger a re-analysis of the auditory scene, which in turn

may reset any build-up which had previously occurred.

As only a single deviant tone can have a large resetting effect (see experiments 1 &
2), resetting cannot solely be explained as a failure of build-up to transfer between tone
sequences of different characteristics. Therefore, the current experiments were designed
to explore Rogers & Bregman’s (1998) second hypothesis in more depth. If resetting
only occurs when a listener perceives the presence of a new sound source, one would
expect a relationship between the size and/or the direction of a change and the asso-
ciated resetting effect. More specifically, if a certain change is not heard as signilying
the onset of a new event, then it should not have a resetting effect. Rogers & Bregman
(1998) reported some evidence that was consistent with this concept. Specifically, an
increase in level (+6 dB from 65 dB SPL) at the induction/test sequence boundary had
a large resetting effect, whilst a similar decrease in level (-6 dB) had practically no effect
on build-up. They concluded that this was because a sudden Increase in loudness can
indicate the presence of a new sound source, whereas a sudden decrease canmnot. Using
a temporal-discrimination task, Roberts et al. (2008) tested similar conditions to those
examined by Rogers & Bregman (1998). They found that although a decrease in level
at the induction/test boundary did have a noticeable resetting effect (as measured by
changes in temporal discrimination thresholds), nevertheless it was rather less than for
an equivalent increase in level. In summary, there 1s evidence suggesting that the direc-
tion of a level change can influence the extent of resetting - changes which may signify a
new acoustic event have a much larger resetting effect than changes which are less likely

to indicate a new acoustic source.

If resetting only occurs when a new source is perceived, one would also expect some
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relationship between the size of a change and the associated resetting effect. If we
consider naturally occurring sounds, a sudden, but small change along any given tonal
dimension would be unlikely to indicate a new source, whereas a larger abrupt change
would (Bregman, 1990, see also Chapter 1). Therefore, one would expect a greater reset-
ting effect as the size of a change is increased. Anstis & Saida (1985) presented evidence
which is largely consistent with this argument. These authors applied abrupt frequency
changes to an on-going tone sequence. Streaming was induced in a 4-s alternating HL
sequence (frequency separation = 2 ST, centre frequency of sequence = 1 kHz, see the
next paragraph for a more complete description of these stimuli) and the centre fre-
quency of a subsequent 1-s test sequence was manipulated (range = £ 0 to 12 ST'). This
5-s arrangement was repeated throughout a 90-s sequence. For the induction sequence,
the tone onset-to-onset time was fixed at 125 ms. Participants adjusted the rate of the
test sequence so that the perceptual border between integration and segregation was
heard. The mean rate over the final 30 s of the sequence was taken as a measure of
the threshold between integration and segregation. A slow rate was required when the
centre frequency of the test sequences was shifted within a range of -1 to +3 ST from the
induction sequence. As slow rate indicates a difficulty in hearing integration, this finding
was taken as evidence that build-up successfully transferred between the induction and
test sequences in these conditions. In contrast, the larger frequency changes resulted in
listeners hearing the same threshold at a faster rate which did not greatly vary as the
size of the frequency change was further increased (i.e., the test sequences were more
easily heard as integrated). This suggests that the changes in centre frequency outside

of a -1 to +3 ST range all reset the build-up of stream segregation.

Anstis & Saida (1985) observed a finely tuned range in which no resetting occurred
(changes within -1 to +3 ST from 1 kHz), and this range was considerably larger than
the smallest detectable difference in this frequency region (approximately 2-3 Hz, Moore,
2003; Sek & Moore, 1995). Note however that Anstis & Saida (1985) created alternating-
frequency tone sequences by applying a square-wave frequency modulation (FM) to a
continuous carrier tone. Based on this, the lack of observed resetting following small
changes in (carrier) frequency may have been influenced in some way by the adaptation
of specialized frequency-modulation sensitive channels (Kay & Matthews, 1972; Green
& Kay, 1973; Gardner & Wilson, 1979). Anstis & Saida’s (1985) induction sequences
comprised a 1 kHz carrier, frequency modulated at a rate of 4 Hz (i.e., a 125-ms onset-
to-onset time between low- and high-frequency tone components). Subjects manually
adjusted the test sequence modulation rate - to between 3 and 5 Hz on average (and the
carrier frequency was varied across conditions). Green & Kay (1973) also used a 1 kHz
carrier frequency and similar modulation rates, and they reported evidence of adaptation

to frequency modulation. Specifically, after exposure to a FM tone (12 s), thresholds for
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detecting subsequent FM at the same carrier and modulation frequencies were elevated
in comparison to control conditions (see also Regan & Tansley, 1979). However, it is
important to note that a wide range of subsequent studies have clearly demonstrated
build-up and resetting in sequences of discrete pure tones (Bregman, 1978; Rogers &
Bregman 1993, 1998: Carlyon et al., 2001; Roberts et al., 2008). Therefore, it would
seem unlikely that these effects can be explained simply in terms of adaptation to FM.
Despite this, adaptation to FM may have had some influence on Anstis & Saida’s (1985)

findings regarding the resetting effects of abrupt changes in carrier frequency.

It is interesting to note that Anstis & Saida (1985) found that frequency changes
which failed to trigger resetting broadly fell within the bandwidth of the auditory filter
at that frequency region (where 1 ERBx ~ 1 ST, Glasberg & Moore, 1990) - except that
the boundary for resetting was offset by +1 ST. This offset can potentially be explained
by the properties of the induction sequence. As the induction sequence modulation rate
was fixed, the final ’tone’ before the test sequence was always an H-tone, and the test
sequence always began with an L-tone. This would result in a smaller frequency change
between the final induction tone and the first test tone when the centre frequency of
the test sequence was increased than when it was decreased by the same amount. One
might speculate that this subtle difference may have influenced the continuity between
the induction and test sequence, and so may have also influenced the extent of reset-
ting. When evaluating Anstis & Saida’s (1985) study, it is also important to note that
the presentation rate could vary between the induction and test sequence (as the rate
of the test sequence was adjusted by the listener). There is evidence that a change in
the number of tonal onsets per unit time may affect the dynamics of build-up (Rogers
& Bregman, 1993), and that a sudden change in tonal duration can have a resetting
effect (Roberts et al., 2008; Experiment 1). Therefore, it is difficult to assess the relative
contributions of the change in centre frequency and the change in presentation rate on

the resetting effect observed by Anstis & Saida (1985).

The current experiments were designed to explore further the relationship between
the size of a change to a single tone and the associated resetting effect. Specifically,
only the last induction tone was lowered in frequency, and streaming was measured in
a subsequent test sequence. As the frequency of the deviant tone was only lowered n
comparison to the standard L-tones, the current experiments did not address the effect
of the direction of a frequency change. This decision was made to avoid a potential
confounding effect. Namely, a frequency increase applied to the deviant tone would
often result in an increased similarity between the deviant tone and the test-sequence
H-tones. As there appears to be a complex relationship between the direction of a fre-

quency change and resetting (see Anstis & Saida, 1985), this issue was considered to be
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bevond the scope of the current experiments.

4.2 Experiment 3a

4.2.1 Method

The general method and procedure for Experiment 3a is described fully in Chapter 2.
On each trial, participants heard an induction sequence which was immediately followed
by a test sequence (test sequence = 3 x LHL- triplets, L-tone = 1 kHz, H-tone = +4
to +14 ST, tone duration = 100 ms, inter-triplet silence = 100 ms). Participants were
required to indicate their perception of the final LHL- triplet as either integrated or

segregated in a 2AFC procedure.

Participants
Eight listeners took part. Four of these participants had previously taken part in Ex-

periment 1, and all reported normal hearing.

Induction Conditions

Both the standard induction condition and the no-induction condition were used in
this experiment (these conditions are described in detail in Chapter 2). The standard
induction sequence comprised 10 L- repetitions (L tone = 1 kHz, tone duration = 100
ms, inter-tone silence = 100 ms). All five experimental conditions were a modification
of this standard induction sequence. For these conditions, the final induction tone was
lowered to one of a range of different frequencies (see Figure 4.1). Except for this change
in frequency, the deviant tone was otherwise identical to a standard L-tone. The deviant
tone was set either to 0.5, 1, 3, 6, or 12 ST lower than the standard 1-kHz tone (972,
944, 841, 707, and 500 Hz, respectively). This range of frequency changes was chosen
as it was similar to that previously tested by Anstis & Saida (1985). Note that the
bandwidth of the auditory filter centred on 1 kHz is approximately 133 Hz (Glasberg &
Moore, 1990). Therefore, for the current experiment, the frequency changes of -0.5 and
-1 ST both fell within 1 ERBy of the standard 1-kHz tone, but the others did not.
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Figure 4.1: Illustration of the induction conditions tested in experiment 3a. A standard
induction sequence is paired with a subsequent test sequence. The arrow denotes the

induction tone that was lowered in frequency.

Procedure and Apparatus

The procedure and apparatus used for the current experiment were fully described in
Chapter 2. In summary, trials were organized into blocks; each block comprised 42
trials - a combination of each of the seven induction conditions with each of the six
test-sequence frequency separations. For the main experiment, each participant was

presented with 20 trial blocks in total (i.e., 840 trials).

4.2.2 Results

The results were averaged to give a single measure of the percentage of trials which
were heard as segregated for each combination of induction condition and frequency
separation. Responses from all participants were then averaged to give an overall per-
centage of trials which were heard as segregated. These data are presented in Figure
4.9. The mean percentages reported as segregated for frequency separations of 4, 6,
8, 10, 12, and 14 ST were 7.1%, 22.9%, 71.4%, 80.7%, 85.0%, and 96.4%, respectively.
The means for the standard, no-, deviant(-0.5 ST), (-1 ST), (-3 ST), (-6 ST) and (-12
ST) conditions were 60.8%, 30.9%, 52.9%, 53.0%, 52.7%, 50.8%, and 48.5% respec-
tively. Results were analysed using a two-way, repeated-measures ANOVA. The two
independent variables were the six frequency separations for the test sequence (4, 6, 8,
10, 12, or 14 ST), and the seven induction conditions (standard induction, no induc-
tion, or 5 x deviant-tone induction). The ANOVA confirmed significant main effects
of frequency separation [F(5,35) = 76.003, p < 0.001, 72 = 0.916], and of induction
condition [F(6,42) = 22.047, p < 0.001, 7;,1?) = (0.759]. The interaction between these
two variables was also significant [F(30,210) = 5.395, p < 0.001, 7 = 0.435], probably

due mainly to floor and ceiling effects at the two extreme frequency separations.
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Figure 4.2: Results from Experiment 3a. The effects of induction condition, and fre-
quency separation in the test sequence on reported segregation. Each point represents
the percentage of trials reported as segregated (averaged across 8 listeners). The insert
identifies the different induction conditions tested (deviant refers to the change applied
to the last tone in an otherwise standard induction sequence). Error bars represent =41

inter-subject standard error.

Overall, the standard induction condition promoted the greatest amount of stream
segregation, whilst the least was heard in the no-induction condition (see Figure 4.2).
As for experiments 1 and 2, the shift away from the standard induction condition was
calculated as an extent of resetting. This extent of resetting was calculated on a propor-
tional scale defined by the standard induction condition representing no change (0.00),
and the no-induction condition representing a maximum change (1.00). These values
are displayed in Table 4.1. In a manner consistent with Experiment 1, the extent of re-
setting is not calculated for test sequence frequency separations of 4 and 14 ST, and the
mean values are weighted to compensate for the across-frequency-separation differences
in the magnitude of the difference between the standard and the no-induction conditions.
Conditions in which there was a smaller difference between reported segregation in the
standard and in the no-induction conditions made a reduced contribution to the across-

frequency-separation mean (for further details see the results section of Experiment 1;
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Table 4.1: Results from Experiment 3a. Reported segregation in the deviant-tone con-
ditions was compared to that in the standard induction case. Values are expressed as a
proportional shift away from the standard induction condition towards the no-induction
condition (the extent of resetting). As floor and ceiling effects was observed for the 4 and
14 ST conditions, these data were excluded from this analysis. Also, the across-frequency
separation means were weighted to reflect the magnitude of the difference between the
standard and the no-induction conditions at each test-sequence frequency separation. As
in tables 3.1 and 3.2 individual values are displayed as unweighted, as only the across-

test-sequence-frequency means are weighted.

An inspection of Table 4.1 reveals that there was some interaction between the mag-
nitude of deviant-tone resetting and the test-sequence frequency separation. For all
deviant tone conditions, the extent of resetting decreased as the test-sequence frequency
separation increased - from a large resetting effect at 6 ST (a 0.63 extent of resetting on
average) to much less resetting in the 12 ST conditions (extent of resetting = 0.08). For
the no-induction condition, there was a strong positive acceleration of reported segrega-
tion with increasing test sequence frequency separation - in clear contrast to the negative
acceleration observed in all other conditions (see Figure 4.2). This pattern of results was
considered in the discussion of Experiment 1, and is likely to have contributed to the
currently observed variance in the extent of resetting as a function of test-sequence fre-

quency separation.

Two-tailed pairwise comparisons were performed on the original (i.e., untransformed)
using the restricted LSD test (Snedecor & Cochran, 1967). Owing to floor and ceil-
ing effects, the data from the 4 and 14 ST frequency separations were excluded from

these pairwise comparisons. There was a significant difference between the standard
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and the no-induction conditions |difference = 29.9%, ¢(7) = 7.561, p < 0.001]. When
compared with the standard induction condition, reported segregation was significantly
lower in all of the deviant-tone conditions (p < 0.01 in all cases). When compared
with each other, there were no significant differences between most of the deviant-tone
conditions (p > 0.05 in most cases). The one exception was the significantly greater seg-
regation observed for the deviant(-12 ST) than for the deviant(-1 ST) condition [4.5%,
t(7) = 2.492, p < 0.05].

In summary, the resﬁlts show that the standard induction sequence was highly ef-
fective at promoting stream segregation in the test sequence, and that the extent of
segregation was significantly reduced when the last induction tone was lowered in fre-
quency. These findings are in good accord with those of Experiment 1, as both ex-
periments demonstrated that a frequency change can have a substantial resetting effect
(both experiments tested a -3 ST change — see discussion). Despite the fact that only
two of the deviant-tone conditions produced changes in reported segregation that were
significantly different from each other, there was a clear trend for the extent of resetting
to rise as the size of the frequency change imposed on the deviant tone was increased,

particularly beyond -3 ST (see Figure 4.2, and also Table 4.1).

4.2.3 Discussion

The results of Experiment 3a are consistent with the known effect of frequency separation
on the stream segregation of pure-tone sequences (Miller & Heise, 1950; van Noorden,
1975). The finding that the standard induction sequence promoted the greatest amount
of streaming, whilst the least segregation was reported in the no-induction condition is
also consistent with earlier studies (Rogers & Bregman, 1993; Experiment 1), and is
evidence that the tendency to hear segregation built up over the course of the standard
induction sequence. When compared with the standard induction condition, reported
segregation was significantly reduced for all the deviant-tone conditions. This active
resetting effect of a single deviant tone is consistent with that found in Experiment 1.
Indeed, both experiments 1 and 3a tested the same deviant-tone condition, for which
the final inducer was lowered in frequency by 3 ST. Although this change had a clear
and significant resetting effect in both of these experiments, the resulting proportional
extent of resetting was somewhat larger in Experiment 1 (0.38) than in Experiment 3a

(0.29 - see tables 3.1 and 4.1, respectively).

Experiment 3a was designed to measure whether resetting varied with the size of
the frequency change applied to the deviant tone (changes from -0.5 ST to -12 ST). Al-

though only two of the deviant-tone conditions produced significantly different reported
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segregation from each other, there was nevertheless a clear trend for a gradual increase
in the extent of resetting as the size of the frequency change was increased. The extent
of resetting rose from 0.27 for a -0.5-ST frequency change to 0.42 for the -12-ST case
(see Table 4.1). The only exception to this trend was the -1 ST condition (extent of
resetting = 0.25), in which reported segregation was marginally reduced in comparison
to the smaller change in the -0.5 ST case (0.27). These findings are considered further

in the general discussion of this chapter.

Irresepective of this issue, these current findings clearly contrast with those reported
by Anstis & Saida (1985). These authors observed that substantial resetting only oc-
curred when the centre frequency of an on-going HL sequence was shifted by a value
greater than -1 to +3 ST (HL frequency separation = 2 ST, initial centre frequency
= 1 kHz). Changes within this frequency range did not have any resetting effect, and
all larger changes had a broadly similar resetting effect (range tested = 0 to +/- 12
ST). Any frequency change that fell within the same auditory filter bandwidth as the
initial sequence did not have a resetting effect (as 1 ERBy &~ 1 ST, Glasberg & Moore,
1990). The current findings differ from those of Anstis & Saida’s (1985), as frequency
changes that fell unequivocally within the same auditory filter bandwidth as the on-
going sequence did have a significant resetting effect (i.e., changes of -0.5 and -1 ST).
The reasons for these differences from Anstis & Saida’s (1985) results are considered in
the general discussion for this chapter. It is interesting to note that even the smallest
change tested (-0.5 ST) produced a reasonably large extent of resetting (0.27). This
could be evidence that any noticeable frequency change can reset build-up, even if the
change is only very slight. Experiment 3b was designed to test this idea further by
examining whether even very small frequency changes can have a discernible resetting

effect.

4.3 Experiment 3b

4.3.1 Method

Experiment 3b used the same subjective procedure as for Experiment 3a. On each
trial, listeners were required to indicate their perception of the final LHL- triplet of
a test sequence as either integrated or segregated (test sequence = 3 LHL- triplets).
For the majority of trials, the test sequence was preceded by an induction sequence,
the properties of which were varied systematically. The full details of this method are

described in Chapter 2
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Participants
Eight listeners took part, four of whom had previously taken part in Experiment 3a. All

reported normal hearing.

Stimuli and Conditions

Both the standard and no-induction conditions were used in this experiment (see Chap-
ter 2). The standard induction sequence comprised 10 L- repetitions (L tone = 1 kHz,
tone duration = 100 ms, inter-tone silence = 100 ms). Each of the four experimental
induction conditions was a modification of the standard induction sequence. As with
Experiment 3a, the final induction tone was lowered in frequency for the experimental
conditions, but otherwise identical to a standard L-tone (see Figure 4.1 for an illustra-
tion of a similar condition). Relatively small frequency changes were tested, and so the
values are expressed in Hz rather than in semitones. Specifically, the last tone was set
either to 997.5, 995, 990, or 980 Hz. Note that all of these frequency changes are smaller
than those previously tested in Experiment 3a, where the smallest change used (-0.5
ST) corresponded to a frequency of 972 Hz. Therefore, all of the changes tested in the
current experiment well fell within 1 ERBy of the standard 1 kHz tone (Glasberg &
Moore, 1990).

Procedure and Apparatus

The procedure and apparatus used for the current experiment were fully described in
Chapter 2. Each trial block comprised a combination of each of the six induction con-
ditions with each of the six frequency separations for the test sequence (i.e., 36 trials).
For the main experiment, each participant was presented with 20 trial blocks (i.e., 720

trials in total).

4.3.2 Results

Responses for each combination of induction condition and test-sequence frequency sep-
aration were averaged to give an overall indication of streaming for each separate condi-
tion (i.e., the percentage heard as segregated). These mean values are shown in Figure
4.3. The mean percentages reported as segregated for frequency separations of 4, 6,
8, 10, 12, and 14 ST were 10.2%, 19.5%, 46.8%, 79.9%, 89.2%, and 97.3%, respec-
tively. The means for the standard, no-, deviant(997.5 Hz), (995 Hz), (990 Hz) and
(980 Hz) conditions were 65.0%, 30.9%, 64.3%, 64.2%, 60.7%, and 57.7% respectively.
The data were analysed using a two-way, repeated-measures ANOVA. The two inde-
pendent variables were the six frequency separations for the test sequence (0, 4, 6, 8,
10, 12, or 14 ST). and the six induction conditions (standard induction, no induction,

or 4 x deviant-tone induction). This analysis confirmed a significant main effect of
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frequency separation [F'(5,35) = 46.152, p < 0.001, 1772) = 0.868], and of induction con-
dition [F(5,35) = 15.816, p < 0.001, 7, = 0.693]. Once again, the interaction between
these two variables was also significant [F(25,175) = 8.534, p < 0.001, 7772J =-0.549].
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Figure 4.3: Results from Experiment 3b. The effects of induction condition, and fre-
quency separation in the test sequence on reported segregation. Each point represents
the percentage of trials reported as segregated (averaged across 8 listeners). The insert
identifies the different induction conditions tested (deviant refers to the change applied
to the last tone in an otherwise standard induction sequence). Error bars represent +1

inter-subject standard error.

On average, the standard induction condition promoted the greatest amount of
stream segregation, whilst the least was heard in the no-induction condition (see Figure
4.3). As for the earlier experiments, the resetting effect of the deviant-tone conditions
was calculated as a proportional extent of resetting from the standard induction condi-
tion towards the no-induction case (i.e., where standard induction represents 0.00 and
the no-induction condition represents 1.00 on the scale). These values are displayed
in Table 4.2. For this table, the extent of resetting is not calculated for test sequence
frequency separations of 4 and 14 ST. Also, the mean values are weighted to reflect the

magnitude of the difference between the standard and the no-induction conditions at
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the various test-sequence frequency separations (see Experiment 1).
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Table 4.2: Results from Experiment 3b. Reported segregation in the deviant conditions
are expressed as a proportional shift away from the standard induction condition towards
the no-induction condition (the extent of resetting). See the main text, or the caption for
Table 4.1 for more details on this measure. Note that a (small) negative value represents a
case where there is a shift away from the no-induction sequence (i.e., reported segregation
was greater than for the standard induction condition). Note that only the across-test-

sequence means are weighted.

Two-tailed pairwise comparisons were performed on the original (i.e., untransformed)
data set using the restricted LSD test (Snedecor & Cochran, 1967). As before, the data
from the 4 and 14 ST frequency separations were excluded from these pairwise compar-
isons. There was a significant difference between the standard and the no-induction con-
ditions [difference in reported segregation = 31.4%, £(7) = 2.773, p < 0.001]. Compared
with the standard induction condition, reported stream segregation was significantly
lower only in the deviant(980 Hz) condition |7.3%, t(7) = 2.773, p < 0.05], and in the
deviant(990 Hz) condition [4.3%, ¢(7) = 5.286, p < 0.05]. For the smaller changes In
frequency imposed on the deviant tone, the reduction in segregation compared with the
standard induction condition was not significant [995 Hz: 0.8%, #(7) = 0.552, p > 0.05];
[997.5 Hz: 0.7%, t(7) = 0.973, p > 0.05].

4.3.3 Discussion

The general pattern of the results from Experiment 3b for increasing HL frequency
separation was again consistent with previous studies (e.g.. Miller & Heise, 1950; van
Noorden, 1975). As for the previous subjective experiments, the standard induction

sequence promoted a strong perception of stream segregation in comparison with the
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no-induction case. This finding is taken as clear evidence that the tendency to report

segregation built up over the course of the standard induction sequence.

For the deviant-tone conditions, only changes of 10 or 20 Hz (i.e., deviant tone =
990 or 980 Hz) had a significant resetting effect, and this effect was quite small (in
the range 0.12 — 0.21; see Table 4.2). The smaller changes in frequency (deviant tone
— 995 or 997.5 Hz) did not produce a significant resetting effect. It should be noted
that this may be due to listeners not detecting these small frequency changes. Several
studies have measured frequency discrimination thresholds for pure tones; for a tone
presented at a frequency of 1 kHz (at 60 - 70 dB SPL), the smallest noticeable difference
is approximately 2 to 3 Hz (Moore, 2003; see also Sek & Moore, 1995). Considering that
for the current experiment, participants were not required actively to detect the deviant
tone, it seems very likely that the smallest frequency changes used (2.5 and 5 Hz) may
simply not have been noticed by the listeners. If so, the current finding suggests that
any noticeable frequency change applied to the final induction tone can partially reset the

build-up of stream segregation. This idea is considered further below.

4.4 (General Discussion

Experiments 3a and 3b have both provided evidence consistent with the notion that
a noticeable change in pitch on the final induction tone can significantly, and in some
cases substantially, reset the build-up of stream segregation. Experiment 3b measured
the resetting effect of small frequency changes, and found that changes of only 10 or 20
Hz from 1 kHz (i.e., 1% or 2%) had a modest, but significant resetting effect. Smaller
frequency changes (2.5, or 5 Hz) did not trigger any discernible resetting - this was
probably due to these changes being undetected by the listener (Moore, 2003; Sek &
Moore, 1995). For Experiment 3a, a range of larger frequency changes (range; -0.5 to -12
ST from 1 kHz) all had a significant and often large resetting effect. The majority of these
frequency changes were not significantly different from each other, although there was a
trend for the largest frequency changes (-6 and -12 ST') to promote the greatest extent of
resetting (see Table 4.1). Indeed, if we examine the combined results of experiments 3a
and 3b. there is evidence for a general increase in the extent of resetting as the frequency
of the deviant tone was progressively lowered. These results are reproduced in Figure
4.4, where each data point represents the mean proportional resetting effect of a deviant
tone for each separate size of frequency change. Figure 4.4 shows that for frequency
changes above 10 Hz (Experiment 3b), the extent of resetting generally increased as a

function of the (log) frequency change applied to the deviant tone.
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Figure 4.4: Summary of the results from Experiment 3a and 3b (see insert). The mean
resetting effect of a deviant tone (the extent of resetting) is shown as a function of the
size of the frequency change for the deviant tone. Data are reproduced from Tables 4.1
& 4.2. Each data point represents the weighted extent of resetting across test-sequence
frequency separations of 6, 8, 10 & 12 ST (data from 4 & 14 ST are excluded, see text).
A linear regression line is fitted to illustrate the relationship between the (log) frequency

change and the extent of resetting.

The results of experiments 3a and 3b contrast with those of Anstis & Saida (1985)
in two ways. Firstly, for the current studies, frequency changes which fell within the
same auditory filter bandwidth as the on-going induction sequence could partly reset the
build-up of stream segregation (standard L-tone = 1 kHz, 1 ERBy ~ 1 ST, Glasberg &
Moore, 1990). Secondly, the extent of resetting mainly rose in a linear fashion as the size
of the frequency change was increased on a log scale (see Figure 4.4). In comparison,
Anstis & Saida (1985) found that changes in centre frequency which fell within roughly
the same filter bandwidth as the initial sequence did not appear to trigger any resetting,

and larger changes all resulted in a broadly similar (and large) resetting effect.

There are three possible explanations for these differences in results. First, in the

current studies, only a single deviant L-tone was changed in frequency whereas Anstis
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& Saida (1985) shifted the frequency of the entire test sequence away from that of the
induction sequence. Given that none of the induction tones matched the frequencies of
the test-sequence tones, this could mean that Anstis & Saida (1985) observed a more
complete resetting effect (see also Chapter 6). However, because these authors did not
measure test-sequence streaming in the absence of any prior build-up, it is difficult to
calculate the actual extent of the (seemingly large) resetting effect which they observed.
A second reason why the two sets of results differ could be that Anstis & Saida (1985)
measured streaming by asking listeners to adjust the presentation rate of the test se-
quence, whilst the rate of the induction sequence was kept constant. The resulting
change in rhythm at the induction/test sequence boundary may have in itself have af-
fected subsequent perception, as a change in temporal properties such as tone duration
can have a substantial resetting effect (Roberts et al., 2008; see also Experiment 1).
Finally, the current studies promoted test-sequence segregation by presenting a same-
frequency induction sequence (i.e., 10 L- repetitions), whereas the induction sequences
used by Anstis & Saida (1985) comprised an alternating-frequency tone sequence (i.e.,
a 4-s repeating HL arrangement). Although both of these types of induction sequence
are effective at promoting subsequent stream segregation (cf. Rogers & Bregman, 1993,
1998), it remains unclear exactly how alike these two processes are. This issue is con-

sidered further in chapters 5 and 8.

The current experiments were primarily undertaken to test Rogers & Bregman’s
(1998) hypothesis that resetting occurs only when a new sound source is perceived. If
this theory were correct, one would expect only relatively large frequency changes on
the deviant tone to have an appreciable resetting effect. This is because small frequency
changes can commonly occur in a natural sound source, whereas abrupt large changes
are more likely to originate from a separate acoustic event (Bregman, 1990). Whilst this
general trend was observed in experiments 3a and 3b - the largest frequency changes
did appear to have an increased resetting effect - the current results are not entirely
consistent with Rogers & Bregman’s (1998) hypothesis. This is because the increase in
resetting with the size of the frequency change was relatively gradual, and very small
(but noticeable) frequency changes did have some resetting effect. If resetting only oc-

curs when a new source 1s detected, one would not expect this pattern of results.

From the current experiments, it is quite apparent that the resetting process must be
independent of the process of stream formation. van Noorden (1975) demonstrated that,
below a given tone frequency separation, an on-going LHL- sequence is always perceived
as integrated (the fission boundary, see Figure 1.2). Generally, sequences where the tones
are separated by less than 3 ST should exclusively be heard as integrated (although the

fission boundary does vary slightly with the presentation rate of the sequence). However,
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for the current experiments, frequency changes which fell far below the fission boundary
have been shown to have an appreciable, and sometimes substantial, resetting effect. If
resetting only occurs when there is sufficient evidence to form a new stream, then any
frequency change below the fission boundary should not have a resetting effect. Instead,
it would appear that resetting is not directly influenced by the likelihood of the deviant

tone being heard as segregated from the induction tone stream.

Roberts et al. (2008) also noted that the resetting effect of a sudden change in a par-
ticular tonal property appears to be relatively unrelated to the ability of that property
to establish stream segregation in the first place. For example, abrupt changes in per-
ceived location arising from ITD cues at the induction/test sequence boundary can have
a large resetting effect (Rogers and Bregman, 1998, Roberts et al, 2008). However, there
is evidence indicating that ITD cues are a relatively weal cue for stream segregation.
For example, Boehnke and Phillips (2005) measured the stream segregation of noise
bursts in an on-going left-right-left-right sequence. These authors used two measures
of streaming - a subjective report of perception (the proportion of time for which the
sequence was heard as segregated, cf. Anstis & Saida, 1985), and a measure of temporal
discrimination (cf. Roberts et al., 2002). The noise bursts were lateralized by presen-
tation to different ears, or through ILD (15 dB), or ITD (0.5 ms) cues. In both tasks,
differences in ear-of-presentation were an effective cue for segregation, as were ILD cues.
In comparison, ITD cues failed to promote stream segregation - performance/reported
segregation in these conditions was largely the same as that when the noise bursts were

presented diotically.

In conclusion, the current experiments have demonstrated that any noticeable fre-
quency change which is applied to the final induction tone can partially reset the build-up
of stream segregation. The size of this frequency change does have a slight influence on
the extent of resetting - there is some evidence non-significant trend for larger frequency
changes to have a greater resetting effect. This evidence is partially consistent with
Rogers & Bregman’s (1998) hypothesis that resetting may be triggered when a new
acoustic event is perceived. However, because very small changes in frequency (10 or
20 Hz) result in partial resetting, it would seem unlikely that these changes would be
perceived as a separate (new) event. Instead, it would appear that any noticeable change

to a sequence can trigger some resetting.
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Chapter 5

The Effect of the Serial Position of a

Deviant Tone on Resetting

5.1 Introduction

So far, the experiments presented in this thesis have demonstrated that a salient de-
viant tone can substantially reset the build-up of stream segregation. This effect has
been shown in experiments 1 - 3b, where build-up was promoted in a repeating, same-
frequency induction sequence and then measured in a subsequent test sequence. For
Experiment 1, stream segregation generally was reduced substantially when the final
induction tone was noticeably altered (in frequency, duration, or level, or when the final
tone was replaced with a silence). For these conditions, the mean extent of resetting was
0.45 (see Table 3.1). So far, this finding has been interpreted as evidence that a salient,
abrupt change can actively reset the build-up of stream segregation. However, there
are two alternative, but related, explanations for the observed decrease in segregation
following a deviant tone that merit consideration. The build-up of stream segregation
is relatively gradual (Bregman, 1978, Anstis & Saida, 1985), and Rogers & Bregman
(1998) suggested that this process may be quite specific to the tone sequence which is
currently heard. If so, build-up may fail to transfer between sequences that comprise
different tonal characteristics (e.g., in frequency, level, or perceived location, see Rogers
& Bregman, 1998, Roberts et al., 2008). This hypothesis is of relevance to the previous
studies of this thesis for two reasons. First, if the deviant tone does not contribute to
the build-up occurring during the induction sequence, then the loss (real or effective)
of the 10" induction tone increases the time interval between the end of the induction
sequence and the first L-tone of the test sequence. Any increase in the interval between
the induction and test sequence should also result in some decay of build-up (Bregman,
1978; Beauvois & Meddis, 1997). However, the decay of segregation typically occurs

over several seconds, and the loss of the final inducer would have only resulted in a 300-
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ms interval between the 9*"inducer and the first test tone. Therefore, the large extent
of resetting observed following a single deviant-tone in experiments 1 - 3b cannot-be
fully explained in terms of a gradual decay of segregation (see the general discussion of
Chapter 3).

The second explanation relates to this issue, but is somewhat more difficult to dis-
miss. If build-up does not transfer between tone sequences of different characteristics,
a single deviant tone would be unlikely to contribute to the cumulative build-up caused
by the other tones during an induction sequence. Therefore, reduced segregation for the
deviant-tone conditions of experiments 1 - 3b may simply reflect the fact that less build-
up occurred in these induction sequences (as opposed to increased decay of build-up or

to the deviant tone having an active resetting effect).

Experiments 1 and 2 provide a clear example of this argument, as both included
a condition in which the final induction tone was replaced with an equivalent-duration
silent interval. This actually reduced the number of induction tones from ten to nine. As
the number of tones in the sequence was decreased, one might predict that less build-up
would occur. By extension, any single deviant tone would effectively reduce the number
of identical induction tones from ten to nine. However, as build-up is most rapid dur-
ing the nitial portion of a tone sequence (Bregman, 1978, Anstis & Saida, 1985), one
would not expect such a large decrease in segregation simply if the final inducer in a
set of ten did not contribute to build-up. Despite this, the hypothesis cannot be fully
dismissed, as these previous studies have only measured the rate of build-up occurring
in a repeating LH type sequence (Bregman, 1978, Anstis & Saida, 1985). In contrast,
experiments 1 - 3b all measured build-up and resetting in a repeating, same-frequency
induction sequence (i.e., 10 L- repetitions). Whilst such a sequence can have a strong
segregation-promoting effect, the rate of build-up has never been directly studied for this
type of configuration®, and it may not necessarily be equivalent to that for a sequence
of tones which alternates in frequency. The two experiments presented in this chapter

were designed to address these issues.

1

Rogers & Bregman (1993) manipulated the tone rate (the number of tone onsets) in a
same-frequency induction sequence of constant overall duration. These authors found an
H-tone induction sequence which matched the tone rate of the test-sequence H-tones was
highly effective at promoting test-sequence segregation. Slower induction tone rates were
less effective at promoting streaming, and faster tone rates were no more effective than the
matched rate. Whilst this study may offer some insight into the rate of build-up in a same-
frequency induction sequence, for most induction conditions there was also a noticeable
change in H-tone density (and therefore rhythm) at the induction/test sequence boundary.
This abrupt change may have also affected streaming by having a resetting effect (Roberts
et el., 2008; see also Jones et al., 1981).
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Experiment 4a presented induction sequences in which a single tone was replaced
with a silent interval of equivalent-duration (which is referred to as a “silent tone” for
convenience). Experiments 1 & 2 demonstrated that when this change was applied to
the last induction tone, stream segregation was substantially reduced (see Chapter 3).
For Experiment 4a, the serial position of a silent tone within an induction sequence
was varied. If the decrease in test-sequence segregation was simply due to the presence
of fewer tones, a similar decrease should be apparent irrespective of the position of
the silent tone. Alternatively, if the silent tone reduced stream segregation by actively
resetting build-up, the serial position of the silent tone should strongly affect how the
test sequence is perceived. More specifically, one would expect resetting to be most
evident when the silent tone occurs near to the onset of the test sequence. A silent
tone that occurs earlier in the induction sequence is less likely to have such an apparent

resetting effect, as build-up should re-occur owing to the subsequent induction tones.

5.2 Experiment 4a

5.2.1 Method

The method used in Experiment 4a was identical to that described in Chapter 2. In
summary, on each trial listeners were presented with a combination of an induction se-
quence and a subsequent test sequence (test sequence = 3 LHL- triplets, L tone = 1
kHz, H tone = +4 to +14 ST, tone duration = 100 ms, inter-triplet silence = 100 ms).
In a 2AFC procedure, listeners were required to indicate their perception of the final

LHL- triplet as either integrated or segregated.

Participants
Eight listeners took part in this experiment, all of whom reported normal hearing. Four
of these participants had also taken part in at least one of the previous subjective ex-

periments.

Induction Conditions

Both the standard induction condition and the no-induction condition were used in
this experiment (these are described in detail in Chapter 2). The standard induction
sequence comprised 10 L- repetitions (L tone = 1 kHz, tone duration = 100 ms, mter-
tone silence = 100 ms). All three experimental conditions were a modification of this
induction sequence. For these conditions, a single tone was replaced with a silent interval
of equivalent duration. This so-called “silent tone” could replace either the 4th 7t oy

10t (i.e., the last) tone of the induction sequence (see Figure 5.1). For each of these
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5.2. EXPERIMENT 4A

conditions, the properties of all the other induction tones were identical to those of the
standard induction case - therefore a silent tone resulted in a 300-ms silence between the
two neighbouring L tones. Note that the condition in which the 10" tone was replaced
with silence was identical to a condition tested in Experiment 1 (and it was also very

similar to a condition tested in the temporal discrimination task used in Experiment 2).

< indicates tone which may be replaced with silence
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(3 LHL— repetitions)
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Figure 5.1: Illustration of the induction conditions tested in Experiment 4a. A standard
induction sequence is paired with a subsequent test sequence. The three arrows indicate
the set of induction tones from which one tone was selected and replaced with a silent

interval of equivalent duration.

Procedure and Apparatus

The procedure and apparatus used were identical to that described in Chapter 2. The
stimuli were organized into trial blocks. Each block comprised a combination of each
of the five induction conditions with each of the six frequency separations in the test
sequence (i.e., 30 trials per block). For the main experiment, each participant was

presented with 20 trial blocks in total (i.e., 600 trials).

5.2.2 Results

For each listener, responses to cach condition at each separate frequency separation were
averaged to vield a measure of reported segregation. Responses across all participants
were then averaged to give an overall indication of streaming for each combination of
induction sequence and frequency separation (i.e., the percentage heard as segregated
across listeners). These mean values are shown in Figure 5.2. The mean percentage
reported as segregated for frequency separations of 4, 6, 8, 10, 12, and 14 ST were 1.3%,
10.4%, 30.3%, 57.3%, 63.9%. and 88.5%, respectively. The means for the standard, no-
. 4t _gilent, 7*%-silent, and 10%-silent induction conditions were 51.0%, 23.0%, 51.1%,

50.2%, and 34.2%, respectively. Data were analysed using a two-way, repeated-measures
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5.2. EXPERIMENT 4A

ANOVA. The two independent variables were the six frequency separations for the test
sequence (4, 6, 8, 10, 12, or 14 ST), and the five induction conditions (standard induction,
no induction, or 3 x deviant induction). The ANOVA confirmed a significant main effect
of both frequency separation [F(5,35) = 49.071, p < 0.001, 772 = 0.875] and induction
condition [F'(4,28) = 37.401, p < 0.001, n; = 0.842]. There was also a significant
interaction between these two variables [F(20,140) = 9.753, p < 0.001, 777% = (.582].
This interaction is likely to be due in part to floor and ceiling effects at the 4 ST
and the 14 ST frequency separations (respectively), but also due to the overall positive
acceleration of reported segregation with increasing frequency separation observed for the
no-induction and 10*-silent conditions (in comparison to the more negative acceleration

observed for the other induction conditions).
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Figure 5.2: Results from Experiment 4a. The effects of induction condition and fre-
quency separation in the test sequence on reported segregation. Each point represents
the percentage of trials which were reported as segregated (averaged across 8 listeners).
The insert identifies the different induction conditions tested. The error bars display +1

inter-subject standard error.

As shown in Figure 5.2, the standard induction, the 4'-silent, and the 7*"-silent

conditions all promoted a strong tendency for listeners to report stream segregation. For
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the 10"-silent condition, reported segregation was decreased relative to the standard
induction case towards that for the no-induction case. As for the earlier subjective
experiments, the shift away from the standard induction condition associated with the
experimental conditions was calculated as an extent of resetting. Data from the 4 ST and
14 ST frequency separation conditions were excluded from this analysis, and a weighting
system was applied to the calculation of the across-test-sequence-frequency mean values
(see Chapter 3). This weighting system was devised so that frequency separations at
which there was a smaller difference between reported segregation in the standard and in
the no-induction conditions made a reduced contribution to the mean. This procedure
is described in detail in the results section of Experiment 1. These values are displayed
in Table 5.1. From both Table 5.1 and Figure 5.2, it is clear that resetting was only

apparent when the 10%" (i.e., final) induction tone was replaced with silence.

| Deviant Condition
4th silent Zthsilent | 10thsilent U
'f;(;;To/ ;: 0.13 0.44 0.75 0.44
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o 128T
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[}
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w W;gg:ed 0.02 0.03 0.61 0.22
| Extent of resetting = standard induction (0.00).— :no-induction:(1.00) -

Table 5.1: Results from Experiment 4a. Reported segregation in the deviant conditions
was compared with that in the standard induction case. Values are expressed as a pro-
portional shift away from the standard induction condition towards the no induction case
(the extent of resetting). In order to provide a stable estimate of resetting, the data from
the 4 ST and 14 ST test-sequence frequency separation conditions are excluded from this
analysis. As described in the main text, a weighting system was applied to the calculation
of across-frequency means, but each individual value represents the extent of resetting
prior to the application of any weight. A negative value indicates a shift away from the
no-induction case (i.e., reported segregation was greater than for the standard induction

condition).

Two-tailed pairwise comparisons (restricted LSD test, Snedecor & Cochran, 1967)
were conducted on the original, untransformed da