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Abstract

Concatenatie speechsynthesigjuality dependsn parton the

minimization of audible discontinuitiesbetweentwo succes-
sive concatenatedinits. This study focuseson humandetec-
tion of concatenatiomiscontinuitiesin syntheticspeech.Sta-

tistical analysescomparedor variousphoneticcatgoriesthe

resultsobsered in perceptuakestswith two voices— onefe-

maleandonemale. Neithera comprehensk phoneticanalysis
nor acomparisorof discontinuitydetectiorbetweervoiceshas
beenreportedpreviously. Althoughdiscontinuitiesveregener

ally moredetectabldor the femalethanthe malevoice, there
weremary similarities betweernresultsobtainedfrom the two

speakrs. A reliably higherrate of detectionof discontinuities
was obsered for diphthongsthan for monophthongvowels.

Post-wocalic consonantsnfluencedconcatenatiordiscontinu-
ities significantlymore than pre-vocalic consonantsand post-

vocalic sonorantsvere associatedvith higher detectionrates
thanpost-wcalicnon-sonorantsThedifferencesn discontinu-
ity detectiormmongvowelsandamongconsonantatontexts for

bothvoicesconsistentlysuggesthathighly audiblediscontinu-
ity is relatedto concatenatioin regionsof spectrachange.

1. Introduction

Concatenatie speech synthesis, in which small units of
recordedspeechareconcatenatetbgetherto generatenovel ut-
terancesijs anincreasinglypopularmethodfor text-to-speech
synthesis.Typically, diphoneconcatenatie synthesisnvolves
concatenatiorof diphoneunits in the approximatemiddle of
a phone. A diphoneis the last half of the first phoneandthe
first half of the secondphonein a sequence. A commonand
annging artifact of concatenatie synthesiss an audibledis-
continuity at concatenatiojpin points[1.

Humandetectionof concatenatiordiscontinuitiesin syn-
thetic speechhasrarely and only recentlybeenstudied. Only
oneotherstudy[2][3][4] hasdirectly focusedon this issue.In
thatstudy aswell asthe currentstudy listenergudgedwhether
or not a synthesizedestword containedan audible disconti-
nuity. A secondstudy[5] is somevhat related,but it focused
insteadon perceptuasimilarity judgmentswhich aremorerel-
evantto targetcostsasusedin unit selectionconcatenatie syn-
thesis. Tarmget costsareintendedto estimatethe similarity of a
givenunitin thespeecldatabaséo anidealunit. Concatenation
costsestimatethe detectabilityof concatenatiowiscontinuities
in unit selectionsynthesis Both targetcostsandconcatenation
costs,whensummedover all units thatform a syntheticutter
ance,determinethe sequenc®f unitsin a voice databasehat
is optimal for thatutterance Due to the designof the concate-
natedteststimuli in [5], listeners’ratingswould have beenin-
fluencedby severalfactors,makinginterpretatiorof theresults
somavhatambiguouwith respecto concatenatiodiscontinu-

ity detection: Using recordedCVC words, the secondhalf of

avowel takenfrom a differentconsonantatontext wasspliced
into anotherrecordedCVC word. The synthetictest stimuli

thereforehadtwo concatenatiompointsratherthanone,andin

addition, they containedpotentially conflicting cuesto several

featuresof thefinal consonanfonesetof cuesfrom thepreced-
ing splicedvowel andanothersetfrom thefinal consonanttself

—for adiscussiorof thistopic, se€[6]), whichwould alsoaffect
listeners’judgmentsof similarity betweerthe original recorded
word andthe syntheticconcatenatedersion.

Both previous studiesfocusedon usinghumanperceptual
resultsto evaluatepredictive algorithmsbasedon spectralrep-
resentation®f units at the concatenationpoint. We have also
reporteda similar analysiswith someof our perceptualdata
[7]. The currentstudy includesa more comprehense pho-
netic analysisof detectiondatafrom two voices: one female
andonemale. It is not knovn how concatenatiometectionre-
sultsgeneralizeacrossspealkrs, asno comparisonsave been
madepreviously.

A phoneticanalysisof detectiornresultsis valuablebecause
it indicateswhichacoustideaturesareassociateavith theaudi-
bility of concatenatiomliscontinuities.Suchknowledgeis use-
ful in improving algorithmsor suggestingstrategjies to avoid
perceptibleconcatenationliscontinuitiesn speectsynthesis.

The only phoneticanalysisof concatenatiomliscontinuity
detectionreportedin the previous studieswaslimited to detec-
tion ratesamonga setof 5 Dutch vowels[2][3][4]. Vowelsare
importantasaninitial focusbecauseheir relatively higheren-
ey makesconcatenatiomliscontinuitieanoresalient.

Rigorouspsychophysicasignaldetection[§ methodswere
usedin the perceptuakxperiment. Theseincludea large num-
ber of testutterancesand the inclusion of amplefalse alarm
conditionsto provide for the calculationof d’, a standardpsy-
chophysicaindex of perceptuabetectability d’ is essentially
the normalizeddifferencebetweenthe meansof two distribu-
tionsalonga sensorydimension:in the caseof the presentex-
periment,onedistribution is conditioneduponthe presentation
of speechwith no discontinuity and the other distribution is
conditionaluponspeectwith discontinuity A highd’ thuscor-
responddo high detectabilityof concatenationliscontinuity

2. Methods

A psychoacoustiexperimentwas conductedon listeners’de-

tection of concatenatiordiscontinuitiesin a large numberof

testwords generatedy concatenatie synthesisusing speech
datafrom two spealers.



2.1. Test stimuli

A setof 2016 monosyllabictestwordsweregeneratedy con-
catenatre synthesisusingan acousticinventory of recordings
from oneadultfemalespealkr, andanequalnumberweregen-
eratedrom oneadultmalespealer. An experimentalersionof

the AT&T NextGen text-to-speechTTS) synthesizel9] was
usedto synthesizeheteststimuli.

Theacoustidnventoryusedfor synthesisonsistedentirely
of recordingof the 336 monosyllabicdestwordsthatconstitute
the Modified Rhyme Test (MRT)[10][11][12], a standarctest
of speechintelligibility [13]. The MRT is composedf 56 sets
of six similar words. The six wordswithin a setdiffer by ei-
thertheinitial consonant(sjsuchas“book, took, shook,cook,
hook,look™), or by thefinal consonant(sjsuchas"sing, sit, sin,
sip, sick, sill”), andall wordsin a setcontainthe samevowel
nucleus.Theformergroupof 28 6-word setswill bereferredto
asthelnitial Different/FinalSame(IDFS) group,andthe latter
groupof 28 6-word setswill be termedthe Initial Same/Final
Different (ISFD) group. In several instancessetscontaina
word or words that are either vowel-initial (suchas “oil, foil,
coil, bail, toil, soil”) or vowel-final (suchas “ray, raze,rate,
race,rake, rave”). A restricteddomainsystemfor eachvoice
wasbuilt with the MRT inventoryusingthe NextGenTTS sys-
tem.

For eachof the two voices, 2016 synthetic test stimuli
were synthesizedy concatenatiorof selectedoortionsof the
336 recordedwords containedin the acousticinventory Each
recordedvord in theinventorywasessentiallydividedinto two
parts,its initial andfinal halves. Theinitial half consistedf the
word-initial consonant(sfif ary) andthefirst half of the vowel
nucleus. The secondhalf consistedof the secondhalf of the
vowel nucleusandthe word-final consonant(sfif ary). From
each6-word set, 36 teststimuli weresynthesizedAll possible
combinationf the 6 initial halvesand6 final halveswithin a
setwere concatenatedb generate36 synthetictestwords. Of
the 36 testwords synthesizedrom each6-word set, 30 com-
binedthefirst half of aword with the seconchalf of a different
word, andthese30testwordshadthepotentialof containingde-
tectableconcatenatiomliscontinuities.Six of the 36 testwords
synthesizeger setwereresynthesizedersionsof the first and
seconchalvesof the sameword, andthey would be expectedto
containno detectableconcatenatiordiscontinuities. This pro-
cesswasrepeatedor eachof the 56 6-word sets yielding 2016
testwords.

A very simpleconcatenatiomethodwasusedby the syn-
thesizerto concatenatehe first and secondhalves of words
at approximatelythe mid-point of the vowel. Using the raw
waveforms,the concatenatiopoint was determinedoy a min-
imum in the cross-correlatiorfunction calculatedover a nar
row window aroundthe vowel mid-points. In this way, con-
catenationdiscontinuitiesdue simply to arbitrary abutmentof
the two halves was avoided, and pitch period continuity was
maintained. The original fundamentafrequenciesf the two
constituentvord halveswasunaltered.

2.2. Procedure

Thefemalevoiceandmalevoicetestswereconductedndepen-
dently, but they followedthe sameprocedure Thelisteningtest
followed a simple singleinterval forced choice Yes/Nosignal
detectionparadigmcommonlyusedin psychoacoustiexperi-
ments.After hearingateststimulus,alistenerreportedvhether
or not (s)hehearda concatenatiordiscontinuity Each stim-
ulus was presentednce per listener The entire test battery

wasdividedinto a seriesof subtestseachsubtestontained72

teststimuli and normally took under10 minutesto complete.
Eachlistenerreceired a different randomizationof the stim-

uli in a subtest. Typically, a listenerwould participatein no

more thanone subtesta day Written instructionsto listeners
and one example of a stimulusfor eachresponsdype (a de-

tectableconcatenationiscontinuityandno discontinuity)were
providedatthe beginning of a subtestListenersvereautomat-
ically promptedf they did notcompleteary partof the subtest,
andtheircompleteresponseecordwasstoredin alog file iden-

tifiable by listenerandsubtest.

Listeningtestswere web-basedand interactive. Listeners
normally took the testsfrom workstationsor PCsin their quiet
private walled offices using the relatively high quality audio
equipmennormally availablethere. Listenersinitiatedthe pre-
sentationof eachstimulusby clicking anicon. Concatenation
detectionresponsesvere madeby clicking one of two button
icons(oneindicatingthata discontinuitywasdetectedandthe
other that no discontinuitywas detected).Listenerswere en-
couragedo useheadphonesandthe large majority indicated
thatthey did so. Thevolumewasadjustedo suit their individ-
ual preferencesStimuli weresamplecat 16 kHz.

2.3. Listeners

Eighteeradultvolunteelistenergparticipatedn atleastonelis-
teningsubtest:16 duringthe testwith thefemalevoiceand12
for the maletest. Ten sened aslistenersfor both voices. All
listenerswereemplgyeesor contractorsvorkingat AT&T Labs
Research. They representedliverse languagebackgrounds,
since native languagewas not consideredelevant for the au-
ditory task of detectingconcatenatiomiscontinuities. The hit
rate(correctdetections)falsealarmrate (falsedetections)and
corresponding!’ per subtestwere monitoredfor eachlistener
Rarely(5% of thetime for thefemaleand6% of thetime for the
malevoicetest),a listeners responsesvererejectedfor a par
ticular subtesif theird’ scorewassubstantialljlower thanthe
otherlisteners'd’ scoredor thatsubtestTherewereatleastfive
acceptabldistenersfor every stimulusword in thetestset,and
theaveragewas5.9 acceptabldistenergpersubtestvith the fe-
malevoice,and7.75permalevoicesubtestTherewere11,808
total acceptabl@bserationsin the femalevoice listeningtest,
and15,624in themaletest.

3. Results

Pooling all the acceptabldisteners’responsegor the female
test, the hit ratewas61.4%andthe falsealarmratewas6.1%.
The grouphit rate for the malevoice was54.2%andthe false
alarmrate was 7.4%. Theseresultsyield a d' scoreof 1.83
for the femalevoice,and1.57for the malevoice, representing
overall perceptuaperformanceResultsor only theteststimuli
for which the first and secondhalves were concatenatedtom
differentrecordedwordsare presentedn the remainderof the
paper

3.1. Overall analyses

Fig. 1is a plot comparingoverall detection(hit) rates,ISFD
group detectionrates,and IDFS group detectionratesfor the
femaleand malevoices. The higheroverall detectionrate ev-
ident for the femalethan for the male voice was statistically
significant(t = 6.0593, df = 1679, p < 0.0001). Therewas
alow but significantcorrelationbetweendetectionratesfor fe-
male and male voices (Pearsors product-momentorrelation
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Figurel: Detection rates for female and male voices.

r=0.27,t = 11.4844, df = 1678, p < 0.0001).

3.1.1. Detection rates by vowel

Tablel listsdetectiorratesfor eachof 11 vowelsfor femaleand
malevoices(DARPAbetsymbolsareusedto representhe vow-

els). Therewasno significantdifferencebetweenthe two dis-
tributions(x? = 110, df = 100, p < 0.2322). For eachvoice,
detectiorratesfor threeclassesf vowelswerecompareddiph-
thongs(/ey, ow, oy/), long monophthong¢/aa,ae,ao,iy/), and
shortmonophthongg/ah, eh, ih, uh/). For both voices,detec-
tion ratesfor diphthongsweresignificantlyhigherthanfor long
vowelsor for shortvowels (FemaleDiphthongvs. Long Vowel:

t = 4.448,df = 833, p < 0.0001; FemaleDiphthongvs.
ShortVowel: t = 6.6442, df = 1168, p < 0.0001; Male Diph-
thongvs. Long Vowel: ¢ = 9.6265,df = 833, p < 0.0001;

Male Diphthongvs. ShortVowel: t = 7.2564,df = 1168,

p < 0.0001). Comparingong andshortmonophthongghere-
sultswereinconsistentfor thefemalevoice, detectiorfor long
vowels washigherthanfor shortvowels, but the oppositewas
true for the male voice. In [2][3][4], the Dutch vowel /a/ had

[ Vowel | Example] N Words | Female% | Male % |

aa cot 100 48 38
ae cat 165 66 50
ah cut 215 61 57
ao caught 35 75 57
eh pet 180 59 45
ey Kate 240 72 66
ih kit 420 55 56
iy key 210 60 45
ow coat 55 79 72
oy coy 30 65 92
uh cut 30 23 40

Table1: Detection rates and number of test words by voice for
11 vowels

the lowestdetectionrate (17%) obsered. In the currentstudy
its AmericanEnglishcounterpartfaa/had considerablyhigher
ratesfor bothspealkers,but nonethelesit hadthesecond-lavest

detectionratesobsered. The lowestratesobseredin the cur
rentstudywerefor /uh/, whichwasnotincludedamongthefive
vowel Dutch set. Of the remainingthreevowels includedin
bothstudiesthe AmericanEnglishversionshadslightly higher
discontinuity detectionratesfor /iy/ and/ah/, and equivalent
ratesfor /ih/. In the Dutch study consonantatontets were
equatedor all five vowelsstudied howeverin thecurrentstudy
they were not the samefor eachvowel. It is possible,there-
fore, thatdifferentconsonantatontets could have influenced
detectabilitydifferencesamongthe vowels.

3.2. Initial Same/Final Different (ISFD) test words

As is evidentin Fig. 1, concatenatiordiscontinuitiesare sig-
nificantly more perceptiblein ISFD testwords thanin IDFS
words for both voices(Female: ¢ = 11.4835, df = 1678,
p < 0.0001; Male: ¢t = 5.0981, df = 1678, p < 0.0001). For
ISFD words,a significantlyhigherdetectionratewasobsered
for the femalethanfor the malevoice (¢ = 9.1933, df = 839,
p < 0.0001). No strongor consistenteffects of pre-vocalic
consonanbn detectionof discontinuitywereobsered.

3.2.1. Effectsof word endings on discontinuity detection in pre-
ceding vowel

For both spealers’ ISFD test words, if the coda (final con-
sonantor consonantluster) of either of the two constituent
wordscontainedasonoran{/l, r, m, n, ng/) or eitherconstituent
wasvowel-final, discontinuitydetectiorratesweresignificantly
higherthanif they did not (Female:t = 16.0504, df = 838,

p < 0.0001; Male: ¢t = 9.9398, df = 838, p < 0.0001). Table
2 lists for bothvoicesthe discontinuitydetectiorratesfor these
two classesFor thesonorantodasetof ISFD testwords,there

[ Class | NWords | Female% | Male% |
Sonorant 476 86 68
Non-Sonorant 364 52 46

Table2: Female and Male Concatenation Discontinuity Detec-
tion Rates and Number of Test Words for |SFD Test Words with
Sonorant and Non-Sonorant Classes of Word Endings

wasa significantlyhigherdetectionratefor the femalethanfor
the malevoice (¢t = 10.8628, df = 475, p < 0.0001). For
the non-sonoranset,the femalevoice alsohada higherdetec-
tion rate,but the differencebetweerfemaleandmalerateswas
muchsmaller(t = 2.3928, df = 363, p < 0.0172).

3.3. Initial Different/Final Same (IDFS) test words

As illustratedin Fig. 1, for IDFS testwordstherewasno sig-
nificant overall differencebetweendetectionratesfor female
andmalevoices(t = 0.2609, df = 839, p < 0.7943). No
large or consisteneffectson detectionrateswere obsered for
variousclasse®f onsetgword initial consonanter consonant
clusters).

However, even thoughthe codasof IDFS testword con-
stituentswerealwaysthe same detectionratesfor IDFS words
with sonorantcodaswere significantly higherthanthosewith
non-sonoranicodasfor both voices (Female: t = 8.4208,
df = 838, p < 0.0001; Male: t = 11.5763, df = 838,
p < 0.0001).

Detectionratesfor IDFS test words with sonorantcodas
did not differ betweenfemaleand male voices(t = 0.7485,



df = 449, p < 0.4545), nor did detectiorratesfor IDFS words
with non-sonorantodas(t = 1.2791, df = 389, p < 0.2016).
Table3 lists for bothvoicesthediscontinuitydetectiorratesfor
thesetwo classesn IDFS words.

[ Class | NWords | Female% | Male % |
Sonorant 450 60 62
Non-Sonorant 390 39 36

Table3: Female and Male Concatenation Discontinuity Detec-
tion Rates and Number of Test Words for IDFStest words with
Sonorant and Non-Sonorant Classes of Word Endings

4. Summary and Discussion

Concatenatiordiscontinuitieswere significantly more audible
overall for the femalevoice, for which 61.4% of the discon-
tinuities were detected,than for the male voice, for which
54.2% were detected. For both voices,diphthongshad a sig-
nificantly higherdiscontinuitydetectionratethanlong or short
monophthongrowels. Concatenatiomliscontinuitieswvere sig-
nificantly moreperceptible€or bothvoiceswhenthefinal halves
of theconstituent®f testwordsdiffered(Female:71.2%;Male:

58.5%)thanwhenthe initial halvesdiffered (Female:50.5%;
Male: 50.0%).In theformercase(ISFD) for bothvoices,if ei-

therof thetwo constituenivordscontaineda postwcalic sono-
rantor either constituentwas vowel-final, discontinuitydetec-
tion ratesweresignificantlyhigherthanif they did not. Evenin

thelattercasewhenthe codasof testword constituentsverethe
samedetectiorratesfor IDFS wordswith sonorantodaswere
significantlyhigherthanthosewith non-sonorantodasor both
voices. Pre-\ocalic consonantdhad little effect on detection
ratesgenerally Detectionratesfor the femalevoice werecon-
sistently higher than the male voice for ISFD testwords, but
therewasno significantoverall differencebetweerfemaleand
maledetectionratesfor IDFS testwords.

Becauseliphthongsarevowelswith two successie targets,
they arenot marked by a relatively steady-statenid-vowel re-
gion asis the casefor monophthonggvowelswith a singletar
get). Sinceall vowelsin the studywerebisectedand concate-
natedat their mid-points, diphthongswere cut at a spectrally
dynamicpoint during their transitionfrom the first to the sec-
ondtarget. Monophthongsin contrastwerecutwithin atarget
region with a relatively stablespectrum. Thesedifferencesn
spectralchangeat the concatenatiompoint betweendiphthongs
andmonophthonggrobablyaccountfor the concatenationle-
tectabilitydifferenceobseredbetweerthetwo classe®f vow-
els.

The muchlarger effect of post-wcalic consonantshan of
pre-wocalic consonant®n the detectionof concatenatiordis-
continuitiesin the vowel indicatesthat anticipatory(right-to-
left) coarticulationhas a larger effect than retentve (left-to-
right) coarticulation.Thatis, phoneghatfollow a given phone
influenceits articulationmore or over a longer interval than
phonesghatprecedst in time (see[14] for a discussiorof this
topic). Sonorantconsonanthave a particularly strong coar
ticulatory influenceon the precedingvowel, which gradually
changesiuring muchof its duration. Thus, the mid-pointof a
vowel precedinga sonorantconsonants relatively lessspec-
trally stablethanthe mid-point of a vowel precedinga non-
sonorantonsonant.

The differencesin discontinuity detectionamongvowels
and amongconsonantatontets consistentlysuggesthat au-
dible discontinuityoften resultsfrom concatenationn regions
of spectrakchange.

5. References

[1] A. Conkie and S. Isard, “Optimal coupling of di-
phones?, in Progress in Speech Synthesis, R. Van Santen,
R.SproatJ.Hirschbeg, andJ.Olive, Eds.1996,pp. 293—
304,SpringerVerlag.

[2] E.KlabbersandR. Veldhuis, “On the reductionof con-
catenatiorartefactsin diphonesynthesis, International
Conference on Spoken Language Processing ICSLP 98,
pp-1983-1986,1998.

[3] EstherKlabbers, Segmental and Prosodic Improvements
to Speech Generation, Ph.D.thesis PO, Centerfor User
Systeminteraction,2000.

[4] E.KlabbersandR. Veldhuis, “Reducingaudiblespectral
discontinuities, |EEE Trans. on Speech and Audio Proc.,
vol. SAP-09,n0.01, pp. 39-51,Jan2001.

[5] J.WoutersandM. Macon, “Perceptuakvaluationof dis-
tancemeasuredor concatenatie speechsynthesis, In-
ternational Conference on Spoken Language Processing
ICSLP 98, pp.2747-27501998.

[6] A. K. Syrdal, “Perceptionof consonanplaceof articu-
lation; in Speech and Language: Advancesin Basic Re-
search and Practice, N. J.Lass,Ed.,vol. 9, pp. 313-349.
AcademicPress1983.

[7] Y. Stylianouand A. K. Syrdal, “Perceptualand objec-
tive detectionof discontinuitiesin concatenatie speech
synthesis, Proc. IEEE Int. Conf. Acoust., Speech, Sgnal
Processing, 2001.

[8] J.A.SwetsSgnal detection and recognition by human ob-
servers. Contemporary readings, PeninsulePress;1988.

[9] M. Beutnagel,A. Conkie, J. SchroeterY . Stylianou,
andA. Syrdal, “The AT&T Next-GenTTS Systent, in
Proc. Joint Meeting of ASA, EAA, and DEGA, Berlin,
March 1999, ASA, EAA, and DEGA, p. SASCA_4,
http://www.research.att.com/projects/tts/pubs.html.

[10] A. S.House,C.E. Williams, M. H. L. Hecler, andK. D.
Kryter, “Psychoacoustispeechests:A Modified Rhyme
Test; Tech.Doc. Rept. ESD-TDR-63-403,U. S. Air
Force SystemsCommand,HanscomField, Electronics
SystemdDivision, Junel963.

[11] A. S.House,C. E. Williams, M. H. L. Hecler, andK. D.
Kryter, “Articulation testingmethods: Consonantadlif-
ferentiationwith a closed-responsset, J. Acoust. Soc.
Amer., vol. 37, pp. 158-166,1965.

[12] E. J.Kreul, J. C. Nixon, K. D. Kryter, D. W. Bell, J. S.
Lang, andE. D. Schubert, “A proposedclinical test of
speectdiscrimination, J. Soeech and Hearing Research,
vol. 11, pp.536-552,1968.

[13] AmericanNationalStandardsnstitute, “Method for mea-
suring the intelligibility of speechover communication
systems, Revised StandardsReportANSI S3.2-1989
A revision of ANSI S3.2-1960AmericanStandardsAs-
sociation,New York, 1989.

[14] R. D. KentandF. D. Minifie, “Coarticulationin recent
speectproductionmodels; J. Phonetics, vol. 5, pp. 115—
133,1977.



