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ABSTRACT

Thispaperdescribesaperceptualdistancemeasurefor phasespec-
trum basedon resultsfrom a subjective experimentusingstimuli.
Thestimuli have flat amplitudespectrumand,in a particularfre-
quency band,have a certaingroupdelayvalue. The experiment
wasperformedusingstimuli with differentgroupdelaypeakval-
ueswherethe groupdelaycenterfrequenciesarefixed,andtheir
associatedgroup delaybandwidthsare also fixed. It was found
thatwhenthepeakvaluesof stimuli arebetween��� msand2 ms,
they areperceived to be zerophaseregardlessof their centerfre-
quenciesand bandwidths. Moreover, when the peakvaluesare
lessthan ��� ms or morethan10 msandthebandwidthsareless
than1 ERB,eachof thestimuli areperceivedto besimilar. Based
on theseperceptualsimilarity results,we introduceanellipsoidal
functionto estimatethesimilarity scoreswith asimpleequation.It
is foundthat theestimatedsimilarity scoreswell approximatethe
subjective similarity scores.

1. INTRODUCTION

In most analysis-synthesissystems,zero or minimum phasere-
constructionof speechis implemented[1] basedon the assump-
tion that, in humanauditoryperceptionphaseinformation is not
very important[2]. HondaandMoriya [3] haveproposedaspeech
coderusingphaseequalizationwherelow bit ratecompressionand
highqualityspeechwasobtained.However, in generalthesynthe-
sizedspeechfrom suchmethodsis reportedto have a buzziness
quality to it. Furthermore,mostof theseanalysis-synthesissys-
temshave a problemin makingvoiced/unvoiceddecisions.Deal-
ing with theseproblemshas beenone of the key issuesin the
speechsynthesisfield.

One of the most generalmethodsin speechcoding is to en-
codea residualof LPC called CELP [4]. The LPC residualin-
cludesphaseinformationandamplitudeinformationthat cannot
berepresentedby LPC coefficients. Thus,thequality of theLPC
residual-basedsynthesizedspeechis muchbetterthanthat of the
assumedzerophaseor minimumphasesynthesizedspeech.In ad-
dition, the residualbasedexcitation hasa merit that it doesnot
requirevoicing information. Therefore,the LPC residual-based
methodis widely usedin speechcoding. However, thebit rateis
inevitably quite morethanthat of the analysis-synthesissystems
becauseof difficultiesin dealingwith theresidualsignal.Further-
more,it is alsodifficult to applythismodelto speechmodification,
suchasin speechtransformationandspeechmorphing[5].

A speechmanipulationmethod,proposedby Kawaharaet al.
[6] namedSTRAIGHT provided anotherevidencethat phasein-
formationplaysanimportantrole in highqualityspeechsynthesis.

STRAIGHT is essentiallya channelVOCODERusingminimum
phaseimpulseresponsesto resynthesizespeech.However, each
impulse responseis modified using an all-passfilter which has
randomgroupdelaycharacteristicsin higherfrequency region. By
this randomizationof thegroupdelay, naturalnessof STRAIGHT
is muchimprovedwithout losing flexibility in thevocoder. Even
thoughSTRAIGHT provideshigh quality synthesizedspeech,it
is still possibleto discriminatethe differencebetweenthe origi-
nal speechandthe synthesizedspeech.STRAIGHT alsohasthe
voiced/unvoiceddecisionproblemastheotheranalysis-synthesis
methodsdo.

In a studyof auditoryperception,several researchersreported
thatthehumanauditorysystemis not deafto thephasedifference
[7, 8,9,10]. Pattersonalsoreportedthatandproposedamodelthat
simulateshumanauditoryperceptionproperly[11, 12]. However,
it is noteasyto applythis modeldirectly to speechgeneration.

Previously, wehaveproposedashort-timephaserepresentation
for applicationto speechcoding or speechtransformation[13].
This researchshowed that the proposedmethodcan effectively
reducethe phaseparameterin suchapplications. However, for
furtherreductionof thephaserepresentation,quantitativeanalysis
on thecharacteristicsin phasedifferenceperceptionis indispens-
able. In this paper, we proposea parametricrepresentationof the
phasespectrumbasedon a typeof groupdelayrepresentationand
measurehow phasedifferenceis perceivedby humansubjects.We
alsoproposeacomputationalmethodto estimateperceptualphase
distancemeasuresbetweena stimuli pair.

2. STIMULI DESIGN

In this research,the phasespectrumof stimuli is designedin the
groupdelaydomain,which allows thecontrolof theclosenessto
zero-phasemodelin thestimuli. All stimuli have a flat amplitude
spectrum.Thephasespectrumis computedfrom thegroupdelay
spectrumgivenby thefollowing singlepeakfunction,
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where,
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is thecenterfrequency,
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is theparameterthatdefines
bandwidth,and

���
is thegroupdelayvalueat thecenterfrequency.

If
� �

is equalto 0 at all frequencies,thestimulusbecomesa zero
phase(impulse)signal. Thebandwidthparameter


'"
is expressed

asa functionof ERB (EquivalentRectangularBandwidth)which
indicatesbandwidthof theauditoryfilter,
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Fig. 1. Group delay spectraof the stimuli when the group de-
lay value

� �
is variable, the centerfrequency


 �
is ��2!232 Hz or4 23232 Hz, andthebandwidthparameter

) +
is 1.0.

where,
)�+

is a setparameter. TheERB is computedasa function
of thecenterfrequency by

,.-0/5�76'498 :��;4�8 <=:3
��# ��232!2?>�� �$8 (3)

Figure1 shows groupdelayspectraof thestimuli whenthegroup
delayvalue

���
is variable,thecenterfrequency


��
is ��23232 Hz and

thebandwidthparameter
)�+

is 1.0.
The stimuli designis performedby the methoddescribedin

[14]. This methodrealizescausalgroupdelayfilters by cascading
second-orderall-passfilters. The delay componentcorrespond-
ing to the filter order is addedto the ideal group delay through
this procedure.Notethattherealizedgroupdelayis compensated
to remove thedelaycomponentassociatedwith all realizedgroup
delaysin this paper. Sincethegroupdelayis accuratewithin less
thanabout0.1ms,we ignoretheerrorfoundin thesefilters.

The generatedgroupdelayfilter is usedfor a singleperiodof
a stimulus. A stimulussignal is obtainedby overlap-addingthis
singleperiodsignal. The fundamentalfrequency of the overlap-
addition is chosento be 50 Hz. This quite low fundamentalfre-
quency is to enableeasierperceptionof phasedifferencesof the
stimuli, asdescribedin somereports[7, 9]. Thestimulushas5 ms
lineartaperat theriseandthefall of thewaveform.

3. EXPERIMENT: PERCEPTION OF PEAK GROUP
DELAY

Usingtheabove representationof stimuli by groupdelay, wehave
investigatedthe potentialof humanphaseperception.In this ex-
periment,both


��
and

) +
wereseta priori, and the group delay

peakvalue
� �

wasvariable.

3.1. Conditions

Pairsof thecreatedstimuli werepresentedto listenersin random
order. Listenersrespondedto the similarity of the stimuluspair
asoneof five gradesshown in Table1. Four listenerswith nor-
mal hearingparticipatedin this experiment. The testswereper-
formedundertheconditionslistedin Table2. Headphonespectral
characteristicswerecompensatedfor by usingtheinversefilter in

Table 1. Theevaluationmeasureon thehearingtest.
5 I cannotdiscriminatebetweenthestimuli at all.
4 Thestimuli areverysimilar.
3 Thestimuli arequitesimilar.
2 Thestimuli arenotsimilar.
1 Thestimuli arecompletelydifferent.

Table 2. Conditionsof creatingstimuli in Experiment.
Samplingfrequency ��@3232!2 Hz
Fundamentalfrequency A#2 Hz (

6 2 ms)
Duration

<
sec

Centerfrequency (

 �

) ��23232 Hz,
4 2!232 Hz

Bandwidthparameter(
)�+

) 0.6,2.0
Peakvalueof groupdelay(

� �
) ����@ msto ��@ ms

advance.Thevolumeof theheadphoneis adjustedsothatthemax-
imum soundpressurelevel at theentranceof anearcanalis equal
to 76dBA. Theinterval betweenthestimuli in eachtrial was1 sec-
ond.

3.2. Results and Discussion

Figure2 shows therelationshipbetweenthegroupdelaypeakval-
uesandthesimilarity measure,whenthegroupdelaypeakvalue
of a stimulusis closeto zero,that is, thestimulusis closeto zero
phase.Thecenterfrequency of this figure is ��232!2 Hz. Although
thereis no figurewherethecenterfrequency is

4 2!232 Hz, thefig-
ureof thatcaseshowsalmostsametendenciesasthe ��2!232 Hz case.
In this figure,eachplot correspondsto thesimilarity betweenthe
stimuluswith a specificpeakvalueandthe stimuluswith a peak
value indicatedin the horizontalaxis. The similarity meansthe
subjective similarity of thestimuli in MOS.

Fromthis figure,it canbeconcludedthatstimuli areperceived
to besimilar regardlessof


'�
and

) +
, whenthestimulushassmall

delay( ��� ms B � � B 6
ms). Furthermore,it is deducedthat the

differencebetweenzerophasestimulusandthestimuluswith large
delay(

� � B5��� ms
& ��2 ms B � � ) is easilyperceivedregardlessof
 �

and
)�+

. Theseresultsindicatethatthehumanauditorysystemis
quitesensitive to thedifferencebetweenzerophaseandnon-zero
phasestimuli.

Figure3 shows the relationshipbetweenthe groupdelaypeak
valuesand the similarity, when the groupdelaypeakvalueof a
stimulusis far from zero,thatis, thestimulusis non-zerophase.

Fromthisfigure,thedifferencebetweenthestimuluswith large
delay(

��� BC��� ms
& ��2 ms B ��� ) andthestimuluswith smallde-

lay ( ��� ms B � � &�� � B 6
ms)caneasilybeperceptuallydiscrim-

inated.Thus,it alsocanbeconcludedthat theauditorysystemis
quitesensitive to thedifferencebetweenzerophaseandnon-zero
phase.

Moreover, when the bandwidthparameters
) +

is 0.6, all the
stimuli with long delayareperceived to be similar. This means
thattheauditorysystemis lesssensitive in phasediscriminationof
non-zerophasecomponentswith narrow groupdelaybandwidths.
On theotherhand,thecasewhere

) +
is 2.0showsa lower similar-

ity thanthecasewhere
)�+

is 0.6.
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Fig. 2. Relationshipbetweenthegroupdelaypeakvalue
���

andthe
similarity measurewhere

)�+E� 2 8 @ (top) and
)�+F�G6H8 2 (bottom).

In bothpanels,
���

is closeto 0 msand

��I� ��2!232 Hz.

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

Theaboveexperimentshowedthatwhenthegroupdelaypeakval-
uesof stimuli arebetween��� ms and2 ms, they areperceived
to be zerophaseregardlessof their centerfrequenciesandband-
widths. Is alsoshowed that the zerophasestimuli is not similar
to thenon-zerophasestimuli. Moreover, whenthestimuli is non-
zerophaseandthebandwidthsare0.6 ERBs,eachstimuli pair is
perceivedto besimilar.

Basedontheseperceptualsimilarity results,weintroduceanel-
lipsoidalfunctionto explain suchfindingswith a simpleequation.
Wereferto thisellipsoidalfunctionasthesimilarity ellipse shown
in Figure4. Stimuli areassignedto the ellipseboundaryat un-
even intervalsaccordingto thepeakvaluesof thestimuli. In this
ellipse,zerophasestimuli areassignedto aroundzeroradian,and
non-zerophasestimuli areassignedto around � radian. Stimuli
with positive groupdelayandnegative groupdelayareassigned
to upperhalf areaandlower half area,respectively. Thesimilarity
canbeestimatedby theEuclideanclosenessbetweenlocationson
theellipseboundary. Limiting theperceptualsimilarity measures
of thestimuli to anellipsoidalboundaryformulatestheframework
for ourstudy.

A similarity scorein ourexperimentsbetweenastimuli paircan
beestimatedby

J �;�3K�&�� % �L� AM�ON �;�3K�&�� % �$& ��P J �;�!K�&�� % � PQA (4)

where,
� K

and
� % arepeakvaluesof two stimuli, respectively and

N �;�3K�&�� % � is adistancebetweenthestimuli givenby

N �;� K &�� % �L�SR TI�;� K � � T��;� % ��R & 2UPVN �;� K &�� % � P 498 (5)
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Fig. 3. Relationshipbetweenthe groupdelaypeakvalue
���

and
thesimilarity measuremeasurewhere

)�+�� 2 8 @ (top)and
)�+��*6H8 2

(bottom).In bothpanels,
���

is far from 0 msand

���� ��2!232 Hz.

Here,
TW�;�
�

is a vectoron an ellipseboundaryasa function of a
groupdelayvalue,describedby

TW�;�
�L�C�;X(Y�Z3[
\]�;�
�$&_^
[�`ba?\]�;�
���$&cX
&�^?d 2 (6)

where,
X

and
^

areparametersdefining the shapeof the ellipse.
The function

\L�;�e�
is a nonlinearfunction mappinga changein

group delayvarying between��� and � , where
�

is limited be-
tween ����@ ms to ��@ ms. This function is basedon the sigmoidal
functiongivenby

\]�;�
�]� 6 �
��> �����f� � �;� �hg �� 'i����O�

& g &�i1d 2 (7)

where,g describesthehorizontalshift and
i

theslopeof thefunc-
tion.
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Fig. 4. The similarity ellipse for the estimationof experimental
similarity scores.



Table 3. Optimumparametervaluesanderrors.
Stimuli type

X ^ g i
Error

(1) 1.5 0.4 0.4 4.2 0.31
(2) 1.9 0.8 0.3 6.2 0.30
(3) 1.8 0.4 1.0 5.8 0.27
(4) 2.2 0.7 0.8 6.8 0.31

The parameters
X
,
^
, g and

i
were optimized basedon the

minimum leastsquareerror criterion for J �;� K &j� % � to fit with the
similarity scoresobtainedby thesubjective experiment.Theopti-
mizationwasperformedin thefollowing casesindependently, (1)
 � � ��232!2 Hz and

)�+M� 2 8 � , (2)

 � � ��23232 Hz and

)�+M�56k8 2 , (3)
�����4 2!232 Hz and
) + � 2 8 � , and(4)


�����4 232!2 Hz and
) + �*6H8 2 .

Table3 shows theoptimumparametersanderrorsbetweenthees-
timatedsimilarity scoresandthesimilarity scoresobtainedby sub-
jective experiments.The errorobtainedis about0.3 in similarity
scoreasshown in this table. This error is quite small consider-
ing that the maximumsimilarity scoreis five and the subjective
experimenthasaninherentvarianceassociatedwith them.

Figure5 shows the resultantsimilarity scorerepresentationby
this optimizationmethodandthesimilarity scoresobtainedby the
subjective experiment. It is found that the estimatedsimilarity
scoreswell approximatethesimilarity scoresobtainedby thesub-
jective experiment. Theseresultsimply that the humanauditory
systemperceivesthephasespectraldifferencesbasedon a simple
ellipsoidalfunction.

5. CONCLUSIONS

A subjective experimentfor investigatingthecharacteristicof hu-
manphaseperceptionwasperformedusingstimuli that have flat
amplitudespectraandvariousgroupdelayvaluesonly in a par-
ticular frequency band. It wasclarified that the humanauditory
systemis sensitive to the differencebetweenzero and non-zero
phase.It wasalsoclarified that thehumanauditorysystemis in-
sensitive to the the differenceamongthe non-zerophasestimuli
whenthe groupdelaybandwidthof the stimulusis 2 8 @ ERB. To
explain thesefindings with a simpleequation,we introducedan
ellipsoidalfunction. Thesimilarity scoresestimatedby usingthe
function well approximatethe similarity scoresobtainedby sub-
jective experiments.Futurework includesthe establishmentof a
perceptualdistancemeasurefor phasespectrumwhich is applica-
ble to speechprocessing.
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