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ABSTRACT

This paperdescribes perceptuatlistanceneasurdor phasespec-
trum basedon resultsfrom a subjectve experimentusingstimuli.

The stimuli have flat amplitudespectrumand,in a particularfre-

queng band,have a certaingroup delayvalue. The experiment
wasperformedusingstimuli with differentgroupdelaypeakval-

ueswherethe groupdelay centerfrequenciesarefixed, andtheir

associatedyroup delay bandwidthsare also fixed. It was found

thatwhenthe peakvaluesof stimuli arebetween—-1 msand2 ms,

they arepercevedto be zerophaseregardlesof their centerfre-

guenciesand bandwidths. Moreover, when the peakvaluesare
lessthan—8 ms or morethan10 msandthe bandwidthsareless
thanl ERB, eachof the stimuli arepercevedto be similar. Based
on theseperceptuakimilarity results,we introducean ellipsoidal
functionto estimatethe similarity scoreswith asimpleequation.it

is foundthatthe estimatedsimilarity scoreswell approximatehe
subjectve similarity scores.

1. INTRODUCTION

In most analysis-synthesisystems,zero or minimum phasere-
constructionof speechis implemented1] basedon the assump-
tion that, in humanauditory perceptionphaseinformationis not
veryimportant[2]. HondaandMoriya [3] have proposed speech
coderusingphaseequalizatiorwherelow bit ratecompressiomand
high quality speectwasobtained .However, in generathesynthe-
sizedspeechfrom suchmethodsis reportedto have a buzziness
quality to it. Furthermore mostof theseanalysis-synthesisys-
temshave a problemin makingvoiced/uwoiceddecisions.Deal-
ing with theseproblemshasbeenone of the key issuesin the
speectsynthesidield.

One of the mostgeneralmethodsin speechcodingis to en-
codea residualof LPC called CELP [4]. The LPC residualin-
cludesphaseinformationand amplitudeinformationthat cannot
berepresentethy LPC coeficients. Thus,the quality of theLPC
residual-basedynthesizedpeechs muchbetterthanthat of the
assumeaerophaseor minimumphasesynthesizedpeechln ad-
dition, the residualbasedexcitation hasa merit that it doesnot
requirevoicing information. Therefore,the LPC residual-based
methodis widely usedin speectcoding. However, the bit rateis
inevitably quite morethanthat of the analysis-synthesisystems
becausef difficultiesin dealingwith theresidualsignal. Further
more, it is alsodifficult to applythis modelto speechmodification,
suchasin speechransformatiorandspeechmorphing([5].

A speechmanipulationmethod,proposedoy Kawaharaet al.
[6] namedSTRAIGHT provided anotherevidencethat phasein-
formationplaysanimportantrole in high quality speeclsynthesis.

STRAIGHT is essentiallya channelVOCODERusing minimum
phaseimpulseresponseso resynthesizespeech.However, each
impulse responsdas modified using an all-passfilter which has
randomgroupdelaycharacteristicé higherfrequeng region. By
this randomizatiorof the groupdelay naturalnesef STRAIGHT
is muchimproved without losing flexibility in the vocoder Even
thoughSTRAIGHT provides high quality synthesizedspeechit
is still possibleto discriminatethe differencebetweenthe origi-
nal speechandthe synthesizedpeech.STRAIGHT alsohasthe
voiced/uwoiceddecisionproblemasthe otheranalysis-synthesis
methodgdo.

In a study of auditory perceptionseveral researcherseported
thatthe humanauditorysystemis not deafto the phasedifference
[7,8,9,10]. Pattersoralsoreportedhatandproposedmodelthat
simulateshumanauditoryperceptiorproperly[11, 12]. However,
it is noteasyto applythis modeldirectly to speectgeneration.

Previously, we have proposeda short-timephaserepresentation
for applicationto speechcoding or speechtransformation[13].
This researchshaved that the proposedmethod can effectively
reducethe phaseparameteiin suchapplications. However, for
furtherreductionof the phaserepresentatiorguantitatve analysis
on the characteristicén phasedifferenceperceptions indispens-
able. In this paper we proposea parametriaepresentationf the
phasespectrunbasedn atypeof groupdelayrepresentatioand
measurénow phaselifferences percevedby humansubjects We
alsoproposea computationafethodto estimateperceptuaphase
distancemeasurebetweera stimuli pair.

2. STIMULI DESIGN

In this researchthe phasespectrumof stimuli is designedn the
groupdelaydomain,which allows the control of the closenesso
zero-phasenodelin the stimuli. All stimuli have a flat amplitude
spectrum.The phasespectrums computedrom the groupdelay
spectrungivenby thefollowing singlepeakfunction,

D(f) = moexp(=n((f = fe)/ f5)*); @

where, f. is the centerfrequeng, f; is the parametethatdefines
bandwidth andry is thegroupdelayvalueatthecenterfrequeng.
If 7o is equalto O at all frequenciesthe stimulusbecomes zero
phase(impulse)signal. The bandwidthparameterf, is expressed
asa function of ERB (EquivalentRectangulaBandwidth)which
indicatesbandwidthof the auditoryfilter,

fb = CEERB7 (2)
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Fig. 1. Groupdelay spectraof the stimuli when the group de-

lay value 7y is variable, the centerfrequeng f. is 1000 Hz or

4000 Hz, andthe bandwidthparametet. is 1.0.

where,c. is a setparameterThe ERB is computedasa function
of thecenterfrequeny by

ERB = 24.7(4.37£./1000 + 1). ©)

Figurel1 shows groupdelayspectreof the stimuli whenthe group
delayvaluery is variable the centerfrequeny f. is 1000 Hz and
thebandwidthparameter, is 1.0.

The stimuli designis performedby the methoddescribedin
[14]. This methodrealizescausalgroupdelayfilters by cascading
second-ordeall-passfilters. The delay componentcorrespond-
ing to the filter orderis addedto the ideal group delay through
this procedure Notethattherealizedgroupdelayis compensated
to remove the delaycomponentssociatedvith all realizedgroup
delaysin this paper Sincethe groupdelayis accuratewithin less
thanabout0.1 ms,weignoretheerrorfoundin thesefilters.

The generatedyroup delayfilter is usedfor a single period of
a stimulus. A stimulussignalis obtainedby overlap-addinghis
single period signal. The fundamentafrequeny of the overlap-
additionis chosento be 50 Hz. This quite low fundamentafre-
gueng is to enableeasierperceptionof phasedifferencesof the
stimuli, asdescribedn somereports[7, 9]. Thestimulushas5 ms
lineartaperattheriseandthefall of thewaveform.

3. EXPERIMENT: PERCEPTION OF PEAK GROUP
DELAY

Usingtheabove representationf stimuli by groupdelay we have
investigatedhe potentialof humanphaseperception.In this ex-
periment,both f. andc. wereseta priori, andthe group delay
peakvaluery wasvariable.

3.1. Conditions

Pairs of the createdstimuli were presentedo listenersin random
order Listenersrespondedo the similarity of the stimulus pair
asoneof five gradesshavn in Table 1. Four listenerswith nor
mal hearingparticipatedin this experiment. The testswere per
formedunderthe conditionslistedin Table2. Headphonepectral
characteristicsverecompensatetbr by usingtheinversefilter in

Table 1. The evaluationmeasuren the hearingtest.
| cannotdiscriminatebetweerthe stimuli atall.
Thestimuli arevery similar.

The stimuli arequite similar.

Thestimuli arenot similar.

The stimuli arecompletelydifferent.

RN W o

Table 2. Conditionsof creatingstimuli in Experiment.

Samplingfrequeny 16000 Hz
Fundamentafrequeny 50 Hz (20 ms)
Duration 3 sec
Centerfrequeny (f.) 1000 Hz, 4000 Hz
Bandwidthparametefc.) 0.6,2.0
Peakvalueof groupdelay(rp) | —16 msto 16 ms

adwance.Thevolumeof theheadphonés adjustedsothatthemax-
imum soundpressurdevel at the entranceof anearcanalis equal
to 76 dBA. Theinterval betweerthestimuliin eachtrial was1 sec-
ond.

3.2. Resultsand Discussion

Figure2 shavstherelationshipbetweerthe groupdelaypeakval-

uesandthe similarity measurewhenthe groupdelay peakvalue
of a stimulusis closeto zero,thatis, the stimulusis closeto zero
phase.The centerfrequeng of this figureis 1000 Hz. Although
thereis no figure wherethe centerfrequeng is 4000 Hz, thefig-

ureof thatcaseshavsalmostsameendenciessthe1000 Hz case.
In this figure, eachplot correspondso the similarity betweerthe
stimuluswith a specificpeakvalue andthe stimuluswith a peak
valueindicatedin the horizontalaxis. The similarity meansthe
subjectve similarity of thestimuliin MOS.

Fromthisfigure, it canbe concludedhat stimuli areperceved
to besimilar regardlesof f. andc., whenthe stimulushassmall
delay(—1 ms < 79 < 2 ms). Furthermoreijt is deducedhatthe
differencebetweerzerophasestimulusandthestimuluswith large
delay(ro < —8 ms, 10 ms< 7o) is easilypercevedregardlesf
fec andce. Theseresultsindicatethatthehumanauditorysystems
quite sensitve to the differencebetweerzerophaseandnon-zero
phasestimuli.

Figure 3 shaws the relationshipbetweerthe groupdelay peak
valuesandthe similarity, whenthe group delay peakvalue of a
stimulusis far from zero,thatis, the stimulusis non-zergphase.

Fromthisfigure,thedifferencebetweerthe stimuluswith large
delay(ro < —8 ms 10 ms < 1) andthe stimuluswith smallde-
lay (—1 ms < 79,70 < 2 ms)caneasilybe perceptuallydiscrim-
inated. Thus, it alsocanbe concludedthatthe auditory systemis
quite sensitve to the differencebetweerzerophaseandnon-zero
phase.

Moreover, when the bandwidthparameters:. is 0.6, all the
stimuli with long delay are perceved to be similar. This means
thattheauditorysystemis lesssensitve in phasediscriminationof
non-zerophasecomponentsvith narrav groupdelaybandwidths.
Ontheotherhand,thecasewherec, is 2.0 shavs alower similar-
ity thanthe casewherec, is 0.6.
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Fig. 2. Relationshifbetweerthegroupdelaypeakvaluery andthe
similarity measurevherec. = 0.6 (top) andc. = 2.0 (bottom).
In bothpanels;r is closeto 0 msand f. = 1000 Hz.

4. PERCEPTUAL DISTANCE MEASURE OF PHASE
SPECTRUM BASED ON AN ELLIPSOIDAL MAPPING

Theabore experimentshavedthatwhenthegroupdelaypeakval-
uesof stimuli are between—1 ms and2 ms, they are perceved
to be zerophaseregardlesof their centerfrequenciesand band-
widths. Is alsoshaved that the zero phasestimuli is not similar
to the non-zeragphasestimuli. Moreover, whenthe stimuli is non-
zerophaseandthe bandwidthsare 0.6 ERBs,eachstimuli pair is
percevedto besimilar.

Basedontheseperceptuasimilarity resultsweintroduceanel-
lipsoidalfunctionto explain suchfindingswith a simpleequation.
We referto this ellipsoidalfunctionasthesimilarity ellipse shavn
in Figure 4. Stimuli are assignedo the ellipse boundaryat un-
evenintenals accordingto the peakvaluesof the stimuli. In this
ellipse,zerophasestimuli areassignedo aroundzeroradian,and
non-zerophasestimuli are assignedo arounds radian. Stimuli
with positive group delay and negative group delay are assigned
to upperhalf areaandlower half arearespectiely. The similarity
canbeestimatedyy the Euclideanclosenesbetweerocationson
the ellipseboundary Limiting the perceptuakimilarity measures
of thestimuli to anellipsoidalboundarnyformulatesheframevork
for our study

A similarity scorein our experimentbetweerastimuli paircan

be estimatedhy
s(m1,2) =5—d(m,m2), 1<s(n,m)<5 4

where,r; andr; arepeakvaluesof two stimuli, respectrely and
d(1, 12) is adistancebetweerthe stimuli givenby

d(m1,m2) = |w(n) - :13(T2)|, 0<d(ri,m) <4 (5)
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Fig. 3. Relationshipbetweenthe groupdelay peakvalue o and
thesimilarity measureneasurevherec. = 0.6 (top)andce = 2.0
(bottom). In bothpanels;r is farfrom 0 msand f. = 1000 Hz.

Here, z(7) is a vectoron an ellipse boundaryas a function of a
groupdelayvalue,describedy

z(7) = (acos ¢(7),bsin (7)),

where,a andb are parameterslefining the shapeof the ellipse.
The function ¢(7) is a nonlinearfunction mappinga changein
group delay varying between—n and «, wherer is limited be-
tween—16msto 16ms. This functionis basedon the sigmoidal
functiongivenby

a,b>0 (6)

_ 2
T 14 exp(—(1 — u)/v)

¢(T) -, u, v > 0 (7)

where,u describeshe horizontalshift andv the slopeof thefunc-
tion.
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Fig. 4. The similarity ellipse for the estimationof experimental
similarity scores.



Table 3. Optimumparameteraluesanderrors.

Stimulitype || a b U v Error
(1) 15/04| 04| 42] 031
2 19] 08| 03] 6.2 0.30
3) 18] 04| 10| 58] 0.27
4 22[07] 08| 68| 031

The parameters:, b, v and v were optimized basedon the
minimum leastsquareerror criterion for s(r1, 72) to fit with the
similarity scoresobtainedby the subjectve experiment.The opti-
mizationwas performedin the following casesndependently(1)
fe = 1000 Hz andc. = 0.8, (2) f. = 1000 Hz andc. = 2.0, (3)
fe = 4000 Hz andc. = 0.8, and(4) f. = 4000 Hz andc, = 2.0.
Table3 shows the optimumparameteranderrorsbetweerthe es-
timatedsimilarity scoresandthesimilarity scoreobtainedoy sub-
jective experiments.The error obtainedis about0.3 in similarity
scoreas shavn in this table. This erroris quite small consider
ing that the maximumsimilarity scoreis five andthe subjectve
experimenthasaninherentvarianceassociateavith them.

Figure5 shaws the resultantsimilarity scorerepresentatioiy
this optimizationmethodandthe similarity scoresobtainedby the
subjectve experiment. It is found that the estimatedsimilarity
scoresvell approximatehesimilarity scoresobtainedby the sub-
jective experiment. Theseresultsimply that the humanauditory
systempercevesthe phasespectraldifferencesasedon a simple
ellipsoidalfunction.

5. CONCLUSIONS

A subjectve experimentfor investigatingthe characteristiof hu-

man phaseperceptionwas performedusing stimuli that have flat

amplitudespectraand variousgroup delay valuesonly in a par

ticular frequeny band. It was clarified that the humanauditory
systemis sensitve to the differencebetweenzero and non-zero
phase.It wasalsoclarified thatthe humanauditory systemis in-

sensitve to the the differenceamongthe non-zerophasestimuli

whenthe group delay bandwidthof the stimulusis 0.6 ERB. To

explain thesefindings with a simple equation,we introducedan
ellipsoidalfunction. The similarity scoresestimatecby usingthe
function well approximatethe similarity scoresobtainedby sub-
jective experiments.Futurework includesthe establishmentf a
perceptuatlistancemeasurdor phasespectrumwhichis applica-
ble to speeclprocessing.
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