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ABSTRACT

Concatenatie speechsynthesissystemsattemptto minimize au-
dible signaldiscontinuitieshetweentwo successie concatenated
units. An objective distancameasuravhichis ableto predictaudi-
ble discontinuitieds thereforevery important,particularlyin unit
selectionsynthesis,for which units are selectedfrom amonga
largeinventoryatruntime. In this paperwe describea perceptual
testto measurgéhedetectiorrateof concatenationiscontinuityby
humansandthenwe evaluatel3 differentobjective distancemea-
suresbasedon their ability to predictthe humanresults. Criteria
usedto classifytheseadistancedncludethedetectiorrate theBhat-
tacharyyameasureof separabilityof two distributions, and Re-
ceiver OperatingCharacteristidROC) curves. Resultsshav that
the Kullback-Leiblerdistanceon power spectrehasthe higherde-
tectionratefollowedby the Euclideandistanceon Mel-Frequeng
CepstralCoeficients(MFCC).

1. INTRODUCTION

Mary speechsynthesissystemsoday are basedon non-uniform
unit concatenation.Iln an effort to minimize audible signal dis-
continuitiesatthe concatenatiopoints,thesesystemsry to select
units from large speectdatabases anoptimumway [1] [2] [3].
For instancejn [1], atargetcostanda concatenatiorcostare at-
tributed to eachcandidateunit. Target costis calculatedas the
weightedsum of the differencesbetweenprosodicand phonetic
parametersand contets of the target and candidateunits. Con-
catenationcostis intendedto achieve a smoothfit betweentwo
successie acousticunits. It is determinedby the weightedsum
of cepstraldistanceat the point of concatenatiomndthe absolute
differencesn log power and fo. Thetotal costfor a sequencef
unitsis the sumof the targetandconcatenatiorosts. Unit selec-
tion is thenperformedby a Viterbi searchor the lowestcostpath
throughthe lattice of candidateunits. Recentstudies [4] [5] have
attemptedto determinewhich concatenatiorcost distancemea-
suresarebestableto predictaudiblediscontinuities Unitsthatare
predictedto produceaudiblediscontinuitiesn concatenationvill
be assignedigherconcatenatiorcosts,andthusthey will beless
likely selected.

Distancemeasureshave mary applicationsin other speech
technologies.For speechcoding, they are appliedin the design
of vector quantizationalgorithmsand as objectve measuref
speechguality [6]. In speechandspealkr recognition,measuring
thespectradifferencebetweertwo speectpatterngs usedto com-
parepatternsand make similarity decisiong7]. A studycompar
ing severaldistancemeasuregrimarily for theabove speechech-
nologieswasconductedy GrayandMarkel [8]. Thebestperfor
mancewas obtainedwith the Root-Mean-Squaretog Spectral

Distance. Nocerinoet al. [9] found that perceptuallymotivated
warpedfrequeng scales(suchas Mel and Bark scales)did not
improve the performance®f speechrecognitionsystemswhile
Hermansk and Junqua[10] found the opposite. Currently the
mostwidely useddistancein speechrecognitionis the Euclidean
distancebetweerMFCCs.

Motivatedby speechrecognitionmethods somespeechsyn-
thesisunitselectioralgorithmg1] andoptimaljoin algorithmg11]
usethe EuclideandistancebetweerMFCCs. However, becausef
the differing objectives of speechsynthesisand speechrecogni-
tion or coding, a perceptuakvaluationof distancemeasuredor
concatenatie speechsynthesisand their ability to predict audi-
ble discontinuitieshave beeninvestigatedrecently Klabbersand
Veldhuis[4] foundthattheKullback-Leiblerdistancg12] onLPC
power spectrawas the bestpredictorof discontinuities. Wouters
and Macon [5] found that the Euclideandistanceon mel-scale
LPC-basedepstrakoeficientswasagoodpredictor

In this paper we presenta psychoacoustiexperimenton the
detectiorof signaldiscontinuitiedy humansn ourspeecltdatabase
of a femalevoice and an evaluation, basedon theseperceptual
data, of several measure®of spectraldistance. We conducteda
two-partexperiment. Thefirst phasewasa psychoacoustiexper
imenton listeners’detectionof concatenatiomiscontinuitiesn a
large numberof testwordsgeneratedy concatenatie synthesis.
In thesecondghasewe comparedoncatenatiogostestimatesle-
rivedfrom variousalgorithmswith thelisteners’detectionresults.
Sinceconcatenatiorostsareintendedto estimatethe perceptual
salienceof concatenatioriscontinuities,our experimentconsti-
tutesa rigorousevaluationof the validity of variousconcatenation
costalgorithmsusedfor unit selectionin text-to-speectsynthesis.

The paperis organizedas follows. Section2 describeghe
perceptualexperimentis described.In Section3 we presentthe
featurerepresentationandthe distanceshatwerecompared Re-
sultsfrom the perceptuakxperimentandan evaluationof various
distancemeasuresre presentedn Section4. A summaryanda
discussionof the obtainedresultsand of future work concludes
thepaper

2. PERCEPTUAL EXPERIMENT

2.1. Test Stimuli

A setof 2016monosyllabicestwordsweregeneratedby concate-
native synthesisusing an acousticinventory of recordingsfrom
oneadultfemalespeakr. An experimentalversionof the AT&T
Next-Generatiortext-to-speecTTS) synthesizef3] wasusedto
synthesizethe teststimuli. AT&T's TTS systemis basedon an
extensionof the unit selectionalgorithm of the CHATR synthe-



sissystem[1], andit is implementedvithin the framework of the
Festial SpeectBynthesisSystem[13].

The acousticinventory usedfor synthesisconsistedentirely
of recordingsof the 336 monosyllabictestwords that constitute
the Modified Rhyme Test (MRT)[14][15][16], a standardestof
speechintelligibility [17]. The MRT is composedf 56 setsof 6
similar words. The 6 wordswithin a setdiffer by eithertheinitial
consonant(sfsuchas“book, took, shook,cook, hook, look”) or
thefinal consonant(sjsuchas“dentbent,went,tent, rent,sent”),
andall wordsin asetcontainthe samevowel nucleus A restricted
domainvoicewasbuilt with the MRT inventoryfor theAT&T TTS
system.

The2016syntheticestwordsweresynthesizedby concatena-
tion of selectegortionsof the336recordedvordscontainedn the
acousticinventory Eachrecordedword in the inventorywases-
sentiallydividedinto two parts,its initial andfinal halves. Theini-
tial half consistedf theword-initial consonant(sandthefirst half
of thevowel nucleus.The secondhalf consistedf theseconchalf
of thevowel nucleusandthe word-final consonant(s)For eachof
the 56 6-word sets,36 teststimuli weresynthesizedAll possible
combinationsf the 6 initial halvesand6 final halveswithin a set
wereconcatenatetb generate36 synthetictestwords. Of the 36
testwordssynthesizedrom each6-word set,30 combinedhefirst
half of aword with the secondhalf of a differentword, andthese
30 testwordshadthe potentialof containingdetectableconcate-
nationdiscontinuities Six of the 36 testwordssynthesizegberset
wereresynthesizedersionsof the first and secondhalves of the
sameword, andthey would be expectedto containno detectable
concatenatiomiscontinuities.

An extremely simple concatenatioimethodwas usedby the
synthesizeto concatenat¢he first andsecondhalvesof wordsat
approximatelythe mid-point of the vowel. Using the rawv wave-
forms, the concatenatiopoint was determinecby a minimumin
the cross-correlatiorfunction calculatedover a narrav window
aroundthe vowel mid-points. In this way, concatenatiomiscon-
tinuities due simply to arbitrary abutmentof the two halveswas
avoided,andpitch periodcontinuitywasmaintained.

2.2. Perceptual Test Procedure

The listeningtestfollowed a simple singleinterval forcedchoice
(Yes/No)signal detectionparadigm[18] commonlyusedin psy-
choacousti@xperiments.After hearinga teststimulus,a listener
reportedwhetheror not (s)hehearda concatenatiomiscontinuity
Eachstimuluswaspresente@nceperlistener The entiretestbat-
tery wasdivided into a seriesof subtestspachsubtestcontained
72 teststimuli and normally took under10 minutesto complete.
Eachlistenerreceveda differentrandomizatiorof thestimuliin a
subtestTypically, alistenerwould participaten no morethanone
subtesta day Written instructionsto listenersand one example
of a stimulusfor eachresponsdype (a detectableconcatenation
discontinuityandno discontinuity)wereprovidedatthebeginning
of a subtest. Listenerswere automaticallypromptedif they did
not completeary partof the subtestandtheir completeresponse
recordwasstoredin alog file identifiableby listenerandsubtest.
Listeningtestswereweb-basedndinteractie. Listenersnor
mally took the testsfrom workstationsor PCsin their quiet pri-
vate walled offices using the relatively high quality audio equip-
ment normally available there. Listenersinitiated the presenta-
tion of eachstimulusby clicking anicon. Concatenatiouletection
responsesvere madeby clicking one of two radio buttons(one

indicating that a discontinuity was detected,and the other that
no discontinuitywasdetected).Listenerswereencouragedo use
headphonesgndthelargemajority indicatedthatthey did so. The
volumewasadjustedto suit their individual preferences Stimuli
weresampledat 16 kHz.

2.3. Listeners

Sixteenadult volunteerlistenersparticipatedin at leastone lis-
tening subtest. The averagenumberof subtestger listenerwas
10. All listenerswereemployeesor contractoravorking at AT&T
LabsResearch.They representedliverselanguagebackgrounds,
sincenative languagevasnot consideredelevantfor theauditory
taskof detectingconcatenatiomliscontinuities.The hit rate,false
alarmrate,andd’ [18] (anindex of detectability)persubtestvere
monitoredfor eachlistener Rarely (5% of thetime), a listeners
responsewererejectedor aparticularsubtestf theird’ scorewas
substantiallylower thanthe otherlisteners’d’ scoredor thatsub-
test. Therewereatleastfive acceptabléistenerdor every stimulus
word in the testset,andthe averagewas5.9 acceptabldisteners
per stimulus. Therewere 11,808total acceptablebserationsin
theentirelisteningtest.

3. SPECTRAL DISTANCE MEASURES

Thedistancemeasuresisedin this papemwerethefollowing:

1. The EuclideandistancebetweenLog Paver Spectracom-
putedfrom a) FFT (D1), b) LPC (D2) and c) Perceptual
LinearPrediction,PLP[19], (D3).

2. The EuclideandistancebetweenLine SpectrumFrequen-
cies(LSFs)computedrom a) LPC (D4) andb) PLP (D5).

3. The WeightedEuclideandistancebetweencepstralcoefi-
cientscomputedrom a) LPC (D6) andb) PLP(D7).

4. The EuclideandistancebetweenMel-Frequeng Cepstral
Coeficients(MFCC) (D8).

5. TheKullback-LeiblerdistancebetweerPowver Spectracom-
putedfrom a) FFT (D9), b) LPC (D10) andc) PLP(D11).

6. TheKullback-Leiblerdistancebetweer SFscomputedrom
a)LPC (D12)andb) PLP(D13).

We testedvariousotherfeaturesanddistancesvith lessinteresting
resultsthanthe oneslisted in the paper For example,we tested
thesineparameter¢arcsin(k;), wherek; arethereflectioncoef-
ficients)andthe Log Area parameters.Otherdistancesverethe
Coshdistancethe Itakura-Saital and2, andthe ltakuradistance.
TheKullback-Leiblerdistancg Dk 1.) is usedto computethe dis-
tance(or divergence)betweerntwo probability distributions. Here
we useit in away similar to [4]; for instancejf P(w) and@(w)

aretwo power normalizedspectrathen Dk, is definedas:

D= [P - Qg gt ds

The weightsfor the cepstralcoeficients obtainedfrom LPC
(LPCC)werethewarpingparametergivenin [7] (Table4.3,p.189)
which warpthelinearfrequeny scaleto Bark scale.Theweights

for cepstralcoeficientsobtainedfrom PLP (PLPCC)werean ex-
ponentialcepstralifter, asdescribedn [10]; thisis to weighteach
cepstralcoeficient, ¢;, with 7°, wheres wassetto 2.0 [10] (oth-
erwisereferedto asgroupdelaydistortionmeasure) The MFCC



were computedin the way describedn [7] (pp. 186-189). The
first cepstrakoeficient from all the cepstraformats(i.e., MFCC,
LPCC and PLPCC)was excludedfrom the distancecalculation.
Theorderof LPCCandMFCC was20 while theorderof PLPCC
was 5. For eachunit, one speechframe of 40ms. at the con-
catenatiorpoint wasobtainedandan FFT of size1024wascom-
puted.All speectframeswerenormalizedbeforeary transforma-
tion ((i.e., LPC, FFT, etc.) wasapplied. The distancegD1-D13)
wereonly computedfor testwordsin which the first and second
halvesweretaken from differentwords, sincein the caseof con-
catenatedhalvesof the sameword, thesedistancesreeitherzero
or notdefined(Dxky.).

The evaluationof the distancemeasuresvas basedon three
criteria:

1. Thedetectiorate,Pp, whenthefalsealarmrate, Pr 4 was
setto 5%.

2. TheBhattacharyyalistance B4[20]:
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which is a measuref the separabilityof two distributions
(notnecessarilfor normalonly distributions).

3. TheRecever OperatingCharacteristi¢ROC) curve

For eachdistancemeasureDz, two probability densityfunc-
tions,p(Dz|0) andp(Dz|1) werecomputeddependingnthere-
sultsfrom the perceptuatest; if the syntheticsentencevas per
ceivedascontinuoug0) or discontinuougl) by thelisteners Then
thedetectiorratefor thatdistance Dz, is computedas:

Pp(y) = / p(Dz|1)dDz 3)
v
wherevy is definedby:
Pra(y) = / p(Dz|0)dDz = 0.05 4
Y

A plot of pairs{Pp (), Pra(y)} for all valuesof  constitutes
anROC cune.

4. RESULTS

4.1. Perceptual Test Results

Poolingall the acceptabldisteners’responsesthe group correct
detectionrate was 61.4% and the falsealarm rate (the incorrect
detectionrate for testwords concatenateérom the first and sec-
ond halves of the sameword) was6.1%. Theseresultsyield a d’
scoreof 1.83,representingverall humanperceptuaperformance.
Note thatthe natureof the detectiontestwas somevhat different
for evaluatingthe distancealgorithmsthanit wasfor humans For
the purposeof the distancemeasureevaluation, the humande-
tectionrate definedwhethera testword did or did not containan
audiblediscontinuity Thatis, the 61.4%detectionrateby human
listeneravasequivalentto a 100%detectiorrateby thealgorithms.
The 38.6%of testwordsconcatenatetfom differentwordsbut for
whichlistenerscouldnotdetectdiscontinuitiesvereusedto deter
minefalsealarmstatisticsfor algorithmevaluation.

4.2. Evaluation of Concatenation Cost Estimation Algorithms

In Tablel the evaluationof the distancemeasuredy thefirst two
criteria(Pp and By) is reported. The distancesare sortedin de-
scendingorderby thedetectiorrate. Notethatthefalsealarmwas
setto 5%. As seenin Tablel, noneof thedetectiorratesarevery

Distance| Pp % By

D9 37.162| 0.237
D8 35.811| 0.187
D1 28.764| 0.208
D7 25.579| 0.154
D6 23.263| 0.088
D12 23.166 | 0.077
D11 22.780| 0.137
D2 21.429| 0.070
D5 21.139]| 0.141
D3 20.946 | 0.137
D13 19.305| 0.157
D10 18.243| 0.105
D4 9.749 | 0.025

Tablel: Evaluationof Concatenatiol€ostEstimationAlgorithms

high. Thehighestrateis obtainedoy theKullback-Leiblerdistance
on the FFT-basedpower spectra(D9), followed by the Euclidean
distancebetweerMFCC (D8). If we look only atthe power spec-
tra, we seethatthenon-parametriéorm (FFT-based)s thewinner
in bothdistancegKullback-Leibler(D9) andEuclideanD1)), fol-
lowedby the Kullback-Leiblerdistanceon PLP-basegower spec-
tra (D11) and asfourth is the Euclideandistanceon LPC-based
spectra(D2). The Kullback-Leiblerdistanceon the normalized
LPC-basedspectra(D10) is amongthe poorerperformerson the
list. Therefore,althoughthe Kullback-Leiblerdistancepredicts
betterthanthe Euclideandistancefor FFT-basedpowver spectrajt
is worsethanthe Euclideandistanceor LPC-basegbower spectra.
Among variousparametridorms of power spectrathe Euclidean
distanceof MFCC (D8) yieldsthe bestscore,andit’s a closesec-
ondto theoneobtainedby the Kullback-Leiblerdistancefor FFT-
basedower spectraThesecondestparametridorm is the PLP-
basedcepstrakoeficients(D7) while very closeto this oneis the
LPC-basedcepstralcoeficients (D6). For thesetwo parametric
forms,theweightedEuclideandistancgD7) performssimilarly to
the Kullback-Leiblerdistance(D11). In additionto the distance
measureseportedhere,we alsotestedthe absolutedifferenceof
pitch aroundthe concatenatiomoints, which hada detectionrate
of 19.981%.

The ROC curwesfor thefirst threebestdistancesaredepicted
in Figure.1. For comparisonpurposesthe worst distance(D4)
is also shavn. Although the resultsobtainedin this paperare
basedon different speechdatathanthoseusedin other experi-
ments[5] [4], it is interestingto compareour resultswith previ-
ously publishedresearch.Our results(exceptfor the Itakuradis-
tance)seemto be in accordancevith thoseobtainedby Wouters
andMacon[5], in thatthe Euclideandistancefor MFCC performs
very well. On the otherhand, our resultsare partially in agree-
mentwith thoseobtainedby KlabbersandVeldhuis[4], sincethe
Kullback-Leiblerdistanceis a good predictorfor audible signal
discontinuities However, in our study it performssimilarly to the
Euclideandistancefor MFCC, in contrastto what was obsered
in [4]. Furthermorethis only holdsfor the FFT-basedower spec-
tra; the Kullback-Leibler distancebasedon LPC-basedspectra
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Figure1: ROC curwesfor thefirst threedisancedD9 (circle), D8
(square)andD1 (x). For comparisonthe worst distance D4, is
alsodepicted(triangle).

(D10) performsworsethanthe correspondindeuclideandistance
(D2).

It is obviousfrom the above resultsthatthe evaluatedspectral
distancemeasuresannotpredictvery well the resultsfrom hu-
mans.Thebestdistancemeasureredictsonly 37%of theaudible
signaldiscontinuities Therefore thereis a needfor furtherinves-
tigationsof new distancesandnew features.It will beinteresting
to alsoexplorevariouscombinationf distances.

5. SUMMARY AND CONCLUSIONS

This paperhas presenteda two part experiment. First, a psy-

choacoustiexperimentwasconductedn the detectabilityof sig-

nal discontinuitiesin concatenatie speechsynthesishy humans.
Basedon the perceptuakesultsobtained,we have comparedhe

ability of mary distancemeasurego predict audible signal dis-

continuities. We have found that the Kullback-Leiblerdistance
betweerFFT-basedrower spectraandthe Euclideandistancebe-

tweenMFCC have the highestpredictionrates.However, eventhe

bestobtainedprediction scorecannotbe consideredhigh. Fur-

ther investigation(with additional datafrom more spealrs) of

new distancer combinationsof distancesandan explorationof

new speechfeaturesbettercharacterizinghe phenomenaluring

the concatenatiorof two unitsis of considerablémportancefor

a high quality speechsynthesissystem. The study also hasim-

plicationsfor extendingour understanding@f the humanauditory
perceptiorof speech.
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