0F

Δ

Δ

Δ

Δ

0

0

0

0

0

0

0

ABSTRACT

1 INTRODUCTION

A neural cancellation model of -guided sound separation.

F

F F

F

within

F F

F

Stimulus target

spectral spectrotemporal

Alain de Cheveigné alain@linguist.jussieu.fr Laboratoire de Linguistique Formelle, CNRS/Université Paris 7, 2 place Jussieu, 75251, Paris, France.

Listeners were presented with pairs of concurrent vowels and requested to report one or two vowels. The was either 0 or 6%, and RMS levels before mixing were either the same or different by 10 or 20 dB. Responses for each vowel within a stimulus were classified according to relative level (-20, -10, 0, 10, 20 dB) and (0 and 6%). Identification was better at =6%, and this effect was greatest when the target was weak (-20 and -10 dB). This outcome is difficult to account for with current models, but can be explained by invoking a within-channel neural cancellation filter. A model of concurrent vowel identification based on this filter is consistent with our experimental data, and agrees with results that show that the auditory system segregates harmonic sounds by cancelling the harmonic background.

The harmonic structure of voiced speech plays an important role in our ability to understand speech in a speech background. Identification is degraded when that cue cannot be used, for example when target and interference voices have the same fundamental frequency ( ) [14, 2, 25, 1, 11, 19]. In this paper we present experimental and modeling efforts that lead to somewhat counterintuitive conclusions: a) The harmonic nature of a sound does not protect it from interference. Instead, the harmonic nature of the interference makes it easier to ignore. b) The selectivity of the basilar membrane may play a secondary role in segregation of sounds based on harmonicity: a temporal model of segregation based on filtering auditory channels accounts for our data better than a spectrotemporal model that chooses among channels separated by peripheral filtering.

Improvements in identification when an difference ( ) is introduced are usually attributed to a segregation mechanism that exploits the harmonic structure of voiced speech, and fails when target and background have the same . A question that arises is whether the harmonic structure of the target, that of the interference, or both, determine segregation [5]. Summerfield and Culling [26] found that masked thresholds for vowels were lower when the masker was harmonic rather than inharmonic, and that target harmonicity made no significant difference. Lea [18] found better identification when the background vowel was voiced rather than whispered, but the voicing state of the target vowel had no significant effect. de Cheveigné et al. [7] found better identification for harmonic than inharmonic backgrounds, but also, paradoxically, that identification was better for inharmonic rather than for harmonic targets. A later experiment yeilded no effect of target [9]. Overall, there is little evidence that the auditory system enhances harmonic targets, and strong evidence that it cancels harmonic interference. Other results are congruent with these findings. Zissmann et al. [28] presented subjects with co-channel speech in which the masker could be attenuated when either the target or the background was voiced. Intelligibility was better in the latter case. Harmonic cancellation was also more effective to reduce co-channel speech interference in a speech recognition system [6], possibly because natural speech is not sufficiently stationary for harmonic enhancement to be effective [5].

The lack of evidence for harmonic enhancement is disturbing, as it implies that the harmonic structure of voiced speech does not protect it from interference. Harmonicity of interference is useful, but this doesn’t solve the problem of speech in non-harmonic noise. Many models and methods exploit target harmonicity to enhance or group target components [10, 4, 17, 15, 16], and it plays an important role in Auditory Scene Analysis [3]. harmonicity, rather than harmonicity, might have the important effect of signaling a single source. Classic double-vowel experiments are blind to to this aspect because they force listeners to report two vowels for every trial. We use a modified task in which a subject may report one or two vowels.

F0-guided segregation has been explained by models inspired from Parsons’ work [24], and models in the vein of Weintraub’s system [27].

They differ in the degree of selectivity required of peripheral analysis: sufficient to resolve individual components for the former, sufficient to isolate spectral zones reflecting each vowel for the latter. Assmann and Summerfield [1] argued that peripheral selectivity is insufficient to support a purely spectral model. Meddis and Hewitt [22] proposed a successful spectro-temporal model that partitions the population of peripheral filter channels on the basis of the periodicity of their response. Segregation occurs be- 1

2.0

1.5

1.0 number of vowels reported

30 20 10 0 relative level, dB � �

6% 0%

1.0

0.5

0.0 target correct

20 0 -20 relative level, dB

6% 0%

Δ

Δ

Δ

Δ

Δ

Δ

0

0

0

0

0

0

0

0

12 EXPERIMENT

Methods

Results ral r ofvowels reported per stimulusas a func-

ofrelativelevelbetweenvowels, at unison(filledsymand F = 6% (open symbols).Triangle at right is r single vowels.fication rate as a function of the level of the rget relative to the interfering vowel, at unison (filled and F =6% (open symbols).Triangle at right for single vowels. Crosses represent data obtained at dB in another experiment withthe same subjects.

een but not within channels, and thus its success deon whether peripheral filtering excludes each vowel at least some channels, from which the other vowel be salvaged. In a third class, models, segoccurs within channels and peripheral selectivis therefore less critical [5]. We develop such a model on a hypothetical neural cancellation filter that reves certain spikes from spike trains carried by the aunerve.

japanese subjects were presented with stimuli conof either a single vowel or the sum of two difvowels. For each stimulus the subjects had to aner either one or two vowel names. They thus simultajudged the number of vowels present within each and identified them. The vowels were steadysynthetic tokens of five Japanese vowels (/a/, /e/,

/o/, /u/) produced at two s (125 Hz and 132.5 Hz), equal RMS signal level. Double vowel stimuli were by scaling one of the vowel waveforms by a fac-

(-20, -10, 0, 10 or 20 dB), adding them, and scaling sum to an RMS level that was the same for all stimuli.

stimuli were presented to subjects via headphones at sound pressure level between 63 and 70 dBA. Stimuli ere 200 ms in duration with 20 ms raised-cosine onset offset ramps. The stimulus set for each session com-

600 double vowels and 240 single vowels, and each bject performed 5 sessions.

vowel stimuli were scored once. The vowel as deemed identified if its name appeared among the owel(s) reported. Double vowels were scored twice, each owel in turn being considered a target and the other owel a background (interference). Identification rates ere calculated as a function of the nature of the target, of the interference, and their mutual relation ( , e level). In addition, the average number of vowels per stimulus was recorded for each condition.

experiment differed from classic double vowel xperiments in four ways: a) the stimulus set included sinvowels, b) subjects were allowed to answer one or two owels, c) the relative level between vowels in a pair was aried rather than fixed, d) the scoring method measured et-correct’ rates instead of ’both-correct’ rates.

number of vowels reported per stimulus is plotted in

1. At unison, subjects reported two vowels quite often both constituents had the same level, no doubt bethe composite spectrum did not resemble that of any vowel. When either consituent was stronger, they one vowel more often. Single vowels evoked ble responses on about 10% of all trials (triangle to the but that proportion varied widely between subjects to 27%). The target-correct identification rate is plotin Fig 2. Identification was better at =6% than at especially when the target was weak (-20 or -10 relative to the interfering vowel. At higher levels the fect was small.

the target is weak, estimation of its should difficult while that of the interference should be easy.

e effects for weak targets thus support the hyof harmonic cancellation, at the expense of that harmonic enhancement. The latter mechanism might effective when targets are strong, but any benefit it is masked by the ceiling effects. The pattern of revaried somewhat between vowel pairs. Fig 3 shows

1.0

0.5

0.0 target correct

-20 0 20 relative level, dB

/o/: 6% 0%

/u/: 6% 0%

5 7.5 10 12.5 15 17.5 20 22.5 25

ERB

-20 -10 0 10 20 level of /o/ relative to /u/, dB

u1 u2

o1 o2

/u/ dominant /o/ dominant

0

0

0

0

0

0

Δ

Δ

Δ

Δ

Δ ΔMODELS

34Meddis andHewitt’s model

Neural harmonic cancellation filterfication

rateof/o/(ascending lines) and/u/lines) within an/o/+/u/ pair,asafunction oflevelof/o/relativ eto/u/,atunison

(filled symbols) and=6%

(open symbols).

riodicity thatdominates channels asafunction relativ elevelinMeddis andHewitt

’smodel.

Totheleftthecrooked linethedominant modulation is125HzTotheright itis132.5

Hz(/o/).

Arrows indicate thetwoformants ofeachvowel.foroneparticular pair(/o/+/u/).

Wenotethatforvowelstheeffectofisstrong when thevowelis-20dB.Thisresult willbeusedtocompare ourmodel thatofMeddis

[22].model ofMeddis

[22]exploits thehar-structure ofonlyonevowel,thedominant one.thetargetisweak,thebackg round isdominant, andmodel thusperforms cancellation.

Inthisrespect itiswithourresults.

Meddis show edtheirspectro-temporal wassuperior tothatofandSummerfield

[1],which inturnhadbeen tobesuperior topurely spectral

(place) models.

[23]tested itwithphysiological datarecorded in8thnerveoftheguinea piginresponse todoublevow-andfound itplausible.

Themodel comprises astageperipheral filtering, follow edbyhaircelltransduction, edbythecalculation ofanautocorrelation func-

(ACF) eachchannel.

ACFs ofallchannels added toobtain asummary function

(SACF) andtheestpeak ofthisfunction isusedtoestimate thedomiperiod.

Thispartofthemodel issimilar tothesame

’pitch perception

[21].

Theperiodicity ofchannel isthenexamined, andapartition ismade eenchannels thathaveapeak atthedominant pe-andthose thatdonot.SACFs arecalculated forbothroups, andtheshort-lag portion

(below

4.5ms)ofeachisusedtoidenti fythetwovowelspresent.

Atuni-allchannels respond withthesame period andsoaisimpossible, which explains whyidenti fication lessgood thanwhen there isa.istheassumption thatperipheral filtering videssome thatarenotcompletely domibythestrong ervowel.Ifallchannels aredominated thesame vowel,nopartition ispossible, andthemodel noeffect.Thesituation might arise vowelisstrong erthantheother, asinourexperiment.

’smodel wasapplied toourstimuli.

Atlevels(-10to10dB)thepartition occured asxpected, butat-20or20dBsome pairs ednopartiasillustrated byFig.4forthepair/o/+/u/.

Thepro-ofchannels dominated by/o/increases withrela-elevel,andat20dBithasreached

100%.

predicts noeffectfor/u/atthatlevel.Ourxperimental results aclear forthesame con-(Fig.

3),thatthemodel thuscannot explain.

Tobeadiferent choice offiltershape

(deeper skirts) orofcriterion

(lessstring ent)might allow themodel workoverawider range.Nevertheless itisworthinves-whether segregation beperformed inwhich casecharacteristics ofperipheral fil-wouldbeoflessimportance.

thateachchannel

(groupoffibers ofsimilar charisprocessed byaneuron thatisdrivenviatwoays,onedirect andexcitatory, andtheother delay edinhibi tory(Fig.

5).Suppose further thateveryspike travelsalong thedirect pathistransmitted arriv es,within acertain timewindow, along thede-edpath.

Thefilterwillthusweedoutallinterv alsofequal tothedelay from thespike train.

Itturns

delay = T inhibitory synapse

excitatory synapse

400

200

0 spikes/s

25 20 15 10 5 channel frequency, ERB unfiltered filt. 7.6 ms filt. 8 ms

u1 | o1 | o2 | u2 |

5x10^3 4 3 2 1 0 spikes/s

10 8 6 4 2 0 ms unfiltered filt. 8 ms filt. 7.6 ms

0

− − o t M AX ; i t i t T

( ) = (0 ( ) ( ))

Δ567Place

TimeConcurrent

vowel identi

filter.rgeprobabilit yasafunction fre-onanERB scale.

Thick lineisbeforethecancelfilter,thinlines areaftercancellation of/o/(dots) r/u/(dots

&dashes).

rerootsumma ryautoco rrelation function.

lineisbeforethecancellation arercancellation or/u/(dots thatthisissufficient tosuppress thecorrelates ofoneowelifthefilteristuned tothatvowel’speriod

[5].effectofthefiltermaybecrudely approximated i(t)ando(t)arerespectiv elythedischarg eprobattheinput andoutput ofthefilterandTistheTheMAX operation reflects thefactthatprobacannot benegativ e.Thefilterwasapplied toeachchannel ofagammatone-filterbank/hair-cell

,13]withinput consisting ofthestimuli usedintheex-Allfilters weretuned toacommon equal theperiod ofonevowel,andtheoutputs wereanalyzed evidence oftheother vowel.Thearray offiltered dis-eprobabilit iesmaybeinterpreted andexploited inveralways,twofwhich areillustrated below.

6represents discharg eprobabilit offrequency

(onanEquiv alent

Rectangular

Bandscale) inresponse tothedoublevowel/o/+/u/ at0relativ eleveland=6%.

Thethick continous linetheoutput ofthehaircellmodel.

Thethindotted lines theoutput ofthecancellation filterwhen itistuned totheperiod ofeither vowel.When thefilteristotheperiod of/o/(7.6ms),peaks stand outatthetwoformants of/u/.When ofa’hump’ seems toreflect thefirsttwoformants of/o/.ofratevsplace, thecancellation filteroutput mayinterpreted asatimedomain pattern, forexample bythesummary autocorrelation

Fig.7thesquare rootoftheSACF asforFig.6(thesquare rootcompensates forthenature ofautocorrelation andimpro vesintellityoftheplot).

When thefilteristuned

/o/(7.6ms),theSACF hasashape characteristic of/u/apeak atitsperiod

(8ms).When to/u/instead, theSACF

/o/.thissection thesecond scheme

(time-domain) isde-eloped intoamodel ofconcurrent vowelidenti fica-andcompared withexperimental results.

Wefa-orsimplicity rather thanrealism indetails ofprocessordecision process, theaimbeing todemonstrate within-channel neural canbeaneffec-esegregation mechanism.

Stimuli wereprocessed bybasilar-membrane/hair-cell

[13]withchannels venlyspaced theERB scale

(4channels perERB). 2.0

1.5

1.0

number of vowels reported

30 20 10 0 dB

6% 0% �

1.0

0.5

0.0 target correct

20 0 -20 dB �

6% 0%

•

•

Δ

Δ

Δ

Δ

Δ

Δ

0

0

0

0

0

0 089DISCUSSION

rofvowelsreportedbysubjects

(symbols) predicted bythemodel

(lines) ofrela-elevel,atunison symbols, thick line)andF=(open thinlines).

Point atright isforsingle els.ficatio nrateforsubjects andpre-bythemodel ofrelativ elevel,unison line)andF=6%(open vowels.SACF pattern wascalculated anestimate thedominant wasderiv ed.Thiswasusedtotunearray ofcancellation filters, ofwhich second

SACF ed.TheaverageRMS nputratio(residue) filterwascalculated.

Based onthese elements, twothreshold

T1andT2,andasetoftemplate

SACFs repreindiv idualvowels,themodel thenumber vowelsreported andtheiridentity.

Thealgorithm isastheresidue islessthanT1,themodel discards andmatches theunfiltered totemplates.

Twopossibiliti es:a)Ifthera-ofEuclidean distances tothebestandsecondtemplates isgreater thanT2,themodel reports ovowels;b)IftheratioislessthanT2,themodel onevowel:thebestmatch.

theresidue thanT1,themodel notes wasnotperfect andreports twowels.Thefirstisthebestmatch totheunfiltered

Thesecond isthebestmatch tothefiltered thatmatch produces vowelthefirst,inwhich casethemodel chooses thematch

(thisruletheconstraint thatsubjects must ferent vowels).wereadjusted agood match tonumber ofvowelsreported atunison

(T2=0.5)andat(T1=0.1).Fig.8shows ofvow-reported bysubjects andpredicted bythe(lines).

Fig.9shows similar dataforidenti fica-rates.

Foridenti fication, isgood atuni-butlessgood at6%:themodel over-estimates per-atlowlevels(-20dB)andunder-estimates per-atintermediate levels(0,10dB).Nevertheless correctly astrong effectat-20-10dBasobserv edinourexperimental data.

Overallmatch isquite close.

Oneshould notmake toomuch thisfact,however,because themodel, besides being isdeterministic andwastested ononly20difer-vowelpairs.

Thefactthatthepattern ofresults onthissetmatched theprobabilisti coutcome oftheexperisnodoubttheresult ofluck.

Theimportant result thatwithin-channel canprovideeffectiv eregation evenwhen thetargetisweak.experiment reproduced theclassic effectofonfication ofmixedvowels,andshow edthatitpersists thetargetvowelisweak.Asimilar conclusion wasintheresults ofSummerfield andCullin g[26]found thatavowel’smasking threshold

(at71%cor-fellfrom

1dBto-16dBwithandiference ofosemitones.

Ontheother hand

McKeown

[19]found effects tended tovanish atlowtargetlevels,pos-because ofaflooreffect.Ourresults supported theofharmonic cancellation, butoffered littlev-thattargetharmonicity wasbeing used.

Neverthetheydidrevealaclear effectofharmonicinthatdoublevowelsatunison consistently evoked erresponses thanmistuned doublevowels(orthanin-single vowels[8]).segregation providesanalternativ etoselection asusedbyMeddis

’s[22]other models

[10,4].Culling andSummerfield

’sfiedEqualization-Cancellation

’model, thatsuc-accounts formany binaural effects, alsocarries aform ofwithin-channel

[12].

Withinbeexploited inavariety

ofwledgements rence sofwhichtheconcurrent

vowelperception anexample.

experimental workwascarried outatATRHu-information

Processing

Laboratories, under are-collaboration agreement withtheCentre

National laRecherche

Scienti fique.

John

Culling providedsoft-areforstimulus generation andmodelization.

Hideki ahara,

Kiyoaki

Aikaw a,Minoru

Tsuzaki,

Stephen

JeanLaroche andCecile

Marin contribut edtodesign oftheexperiment,

Rieko

Kubosuperised.RayMeddis gaveuseful comments onthemodel.

Assmann,

P.F.andSummerfield,

Q.(1990).

"Modeling vowels:Vow elswithdifer-fundamental frequencies."

J.Acoust.

Soc.Am.,

88,Brokx,

J.P.L.andNooteboom,

S.G.(1982).

"Intonation theperceptual separation ofsimultaneous voices," ofPhonetics

10,23-36.

Bregman,

A.S.(1990).

Auditory scene analysis.

Came,Mass.,

MITPress.

Brown,

G.J.(1992),

"Computational auditory analarepresentational approach.,"

SheffieldUniv ersity blished doctoral dissertation.

deCheveigńe,A.(1993).

"Separation har-sounds

:Fundamental frequency estimation andacancellation ofauditory processing

,"Acoust.

93,3271-3290.

deCheveigńe,A.(1994).

"Strategies forvoiceseparation onharmonicity,"

Proc.

ICSLP,

Yokohama,

1071- deCheveigńe,A.,McAdams,

S.,Laroche,

J.andRosen-

M.(1995).

"Identi inharmonic vowels:Atestofthetheory ofharmonic andenhanceme nt,"J.Acoust.

97,deCheveigńe,A.,Kaw

H.,Tsuzaki,

M.anda,K.(1996a).

"Concurrent vowelsegregation

I:fectsofrelativ elevelandF0diference," inpreparation.

S.,Marin,

M.(1996).

"Con-

II:effectsofphase, harmonicity task,"

Cooke,

M.P.(1991),

"Modelling andSheffieldUniv unpu

Culling,

J.F.andDarwin,

C.J.(1993).

"Perceptual sepavowels:Within andacross-formant rouping byF0,"J.Acoust.

93,3454-3467.

J.F.andSummerfield,

Q.(1995).

regation speech sounds:

absence ofygrouping bycommon interaural delay."

Acoust.

Soc.Am.98,785-797.

J.F.(1996).

"Signal softw areforandresearch inpsycholinguistics."

Beha viorRe-Methods,

Instruments, andComputers inpress.

Darwin,

C.J.(1981).

grouping ofspeech ntsdifering infundamental andQJEP

33A,

185-207.

Graph,

J.,HubingN.(1993).

"Dynamic timewarped comb fortheenhance ment degraded bywhite noise,".

IEEE-IC

ASSP,

339-342.

Green,

P.D.,

M.P.,andCrawford,

M.D.

(1995).

analysis andhidden marko vmodel innoise,"

Hardwick,

J.,Yoo,

C.D.,

Lim,

J.S.(1993).

"Speech en-ntusing thedualexcitation model,"

367-370.

Lea,A.(1992).

"Auditory ofvowelperception," dissertation,

Nottingham.

McKeown,

J.D.(1992).

"Perception vow-Theeffectofvarying theirrelativ elevel,"Speech

11,1-13.

Meddis,

R.(1986).

"Simulation ofmechanical toneural intheauditory receptor,"

Soc.Am.702-711.

R.,Hewitt.

M.J.(1991).

"Virtual pitch andphase ityofacomputer oftheauditory periph-

I:pitch fication."

Soc.Am.89,2866-

M.J.(1992).

theidenti fica-ofconcurrent vowelswithdiferent fundamental fre-,"J.Acoust.

91,233-245.

Palmer,

A.R.(1992).

"Seg oftheresponses tovowelsintheauditory nerveoftheguinea-pig us-autocorrelation", in"Audition andlanguag e",byM.E.H.

Schouten,

Berlin,

Mouton-DeGruyter,

Parsons,

T.W.(1976).

interbymeans selection."

Am.60,911-918.

Schef fers,M.T.M.

(1983),

"Sifting vowels,"Gr̈oning enersity

Summerfield,

Q.andCulling,

J.F.(1992

)."Periodicity ofnottargetsdetermines easeofperceptual segre-using diferences frequency".

124th oftheASA

[J.Acoust.

Soc.Am.92,2317

(A)].

Weintrau b,M.(1985),

"Atheory andcomputational monaural sound separation,"

Stanford

Zissmann,

M.A.

andWeinstein

C.J.(1989).

"Speech-state-esimulation ofco-channel talker interference sup-Proc.

361-364.