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Abstract

The presentpaperfocuseson the utilization of concatenatie
speechsynthesisaiming to determineand comparethe in u-
enceon the synthesizedpeechquality whenvariousunit types
areusedin the unit selectionapproach.Thereare several unit
typeswhich canbeusedfor this purpose This work dealswith
thosemostwidely used,i.e. halfphonesdiphonesphonestri-
phonesandsyllables Speechwassynthesizedisingtheseunit
typesandthe outcomewaslistenedto a by numberof listeners,
whosetaskwasto evaluatethe quality of syntheticspeechThe
resultof thelisteningtestperformedfor the Czechlanguagés
presented.However, it canbe assumedhat the resultswould
be probably equalfor otherlanguageswith similar structure,
aswe madeno language-dependentodi cation in the Festizal
system.No researctof a similar charactehasbeenconducted
yet, sothis uniqueevaluationshouldsuggesthatunit typesare
appropriatdor generall TS systems.

Index Terms. speechsynthesis,unit selection,various unit
types

1. Intr oduction

The unit selectionapproachis one of the possibilitiesof the
concatenatie speechsynthesis. Today the methodis exten-
sively useddueto its simplicity andthe increasingquality of
thespeectproduced.

Themainprincipleof concatenatie speectsynthesiss the
concatenatiorof sggmentsof naturalspeechsignal, which is
storedn aspeeb corpusin theform of utteranceslt is assumed
thatspeechs composedf acoustical(speeb) units. Thereal
speectsignalis by meansof automaticor hand-madeegmen-
tation divided into sggmentswhich correspondo the speech
units. Thesesegmentsare storedin a unit inventoryasa list
of all units, which canbe usedfor synthesis.The synthesized
speechs producedasaconcatenationf appropriataunitsfrom
thisinventory It is evidentthatthe syntheticspeechgenerated
in this way, reproduceghe voice of the spealer who recorded
thespeectcorpus.

As was mentionedabove, the cornerstoneof speechis a
speechunit. It is an absoluteterm for marking the sametype
of speectsound.The speci c realizationof the speci c unitis
calledcandidateof the speeb unit. However, thereis anissue
of whatthe length of the unit shouldbe. The maximumcov-
erageof coarticulationeffects and trouble-freeconcatenation
(neitherspectralnor prosodydiscontinuities)are the require-
mentsto meetin this task. In this respectwe would like to
choosdong units, e.g. wordsor sentencesOn the otherhand,
we needto keepthe unit inventoryassmall aspossiblej.e. to
useonly a limited numberof differentunits. This requirement
malkesus useshorterunits. In the courseof choosingunit type,
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atrade-of hasto bemade.

Althoughwe have our own systenfor speectsynthesig1],
The Festival Speeh SynthesiSyster{2] wasusedin orderto
comparehe speectsynthesizedby variousunit types.It would
be moredif cult to implementthe applicationof variousunit
typesinto our systemthaninto the Festval system,which is
usedfor experimentdik e this. Afterwards,we areplanningto
applytheachiezedresultsand ndings in our systemaswell.

The Festval systemis an ervironmentwhich was devel-
opedat The Centrefor SpeechTechnologyResearchat The
University of Edinkburgh. One of its purposess to allow the
researcheto focuson his own problemin termsof speectsyn-
thesisinsteadof developinga whole complex system.Festval
is composedf moduleswhich canbe modi ed independently
We adaptedhosethatwereoriginally usedfor standaraliphone
unit selectionspeectsynthesisn suchaway thatit allows the
applicationof four moreunit types.

First of all, in section2, a brief descriptionof the Festi-
val systemis stated. Section3 is dedicatedo the application
andimplementatiorof variousunit types(diphonesphonestri-
phoneshalfphonesandsyllables)in the Festval system.There
aredescribednodi cationswhichwereneededo beperformed
in orderto usetheseunitsin Festval andtheachievedresultsare
alsoshawvn. In section4, the synthesizedpeechuality using
differentunit typesis evaluatedand comparedby meansof a
listeningtest.

All of theunitsin the presenpaperarenamedaccordingo
the Czechversionof SAMPA phoneticalphabet.

2. The Festival system
2.1. Intr oduction

The Festival systemis anernvironmentwhichis suitablefor the
developmentof speectsynthesizerslt is beingusedfor syn-
thesisin a numberof languagesbut the basicversioncontains
only datafor Englishand Spanish.The systemis intendedfor

3 groupsof users:

Userswho want to generatehigh quality speechfrom
generaltext without ary knowledgeof speecltsynthesis
andwithouta needto intervenein the process.

Userswhodesigndialoguesystemsr ary othersystems
andneedo usetheoutputof thespeectsynthesisin this
casesomechangeseedto be performede.g. particular
voiceor phrasingselection.

Researcherdevelopingnev methodsandapproacheto
speechsynthesis. Indeed,we are amongtheseusers,
aimingatimproving speectsynthesigjuality. We modi-
ed the Festval systemsothatwe couldreveal features
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which affectspeectgualityandmake changeso thepro-
cessof synthesign orderto be ableto testvariousunit
typesfor the purpose®f this paper

2.2. Unit selection

In the unit selectionapproachsyntheticspeechs producedby
concatenatingpeechunits selectedrom a unitinventory

Eachtarget speechunit hasits own list of candidateunits.
Thenaturalnessf the syntheticspeechs thenaffectedby both
unittypeschoserandcandidateselectedo build speechHow-
ever, oncea unit type is chosenit cannotbe varied (exceptfor
the useof hybrid units,whichis not our case) sothe only way
of controlling speechuality is the criterion of candidateselec-
tion. Usually, it consistof two costs.

The rst, called target cost re ects how eachcandidate
meetsthe requirementgor communicatiorfunction (what the
synthesizedphraseis supposedo expressor communicate),
which alsoincludesthe prosodicandphoneticcontect. Thedif-
ferencesdetweerthe desiredtargetunit andthereal featuresof
a candidateare crucial. In the Festival system,the following
featureswere chosento describethe communicatiorfunction:
emphasispositionin a syllable,positionin aword, positionin
a phrase left andright context. Eachof thesefeatureshasa
differentweight (weightsare determinedad hoc) andan over-
all costis calculated.lt is clearthatthe applicationof various
unit typesrequiresvariousfeatures.Someof thosementioned
above cannotbe usedfor all of the unit types.For example the
determinatiorof the feature'position in syllable' is absurdfor
syllableunitsand,thereforejt is uselessOtherunit typesneed
othermodi cationsin theunit selectioralgorithm,sowe hadto
make changego the Festival systemin orderto be ableto use
all of them,asdescribedn section3.

The secondone, join cost meanshow the candidateunit
meetsthe requirementsor perceptuabmoothnessThe differ-
encedetweerthefollowing featuresf two successie unitsaf-
fectthejoin costin the Festval system:FO andspectraldiscon-
tinuity (computedasEuclideardistanceof vectorscomposeaf
z-scorenormalized12 MFCC coefcients andenegy). These
featuresare also weightedunlikely. The spectralcharacteris-
tics aredeterminedn instantsof time whenthe rst unit of the
concatenatioendsandthe secondonebeginsin their original
utteranceslt is not guaranteedhatthe MFCC coefcients are
appropriatefor the characterizatiomf a unit or computingthe
join cost;however, they arestill widely usedfor speectsynthe-
sis. Thereis no proof of which featurescurrentlyexaminedare
the bestonesand could be usedinsteadof thesecoefcients.
Thus,we alsousedthemfor all unit typesin orderto be ableto
compareesultscorrectly

The bestsequencef unitsis thenfound usingthe Viterbi
algorithmthroughthe whole unit inventory It attemptgo min-
imize a costfunctionwhich combineghe two costsmentioned
above.

2.3. Unit inventory

In orderto usethe unit inventory it is necessaryo createit in
sucha form that the Festival systemneeds. In our approach,
automaticsegmentatior(se€[1] and[3]) is madeby usingHTK
tools. Moreover, we arealsotrying to improve it by new meth-
odssothatit is ableto determingheboundarie®f phonesnore
accuratelyf3]. Thecurrentsggmentatiorprocesgroduces le
thatis notdirectly usablen Festval. As its outputaresegments
in theform of triphones severalmodi cationshave to bemade,
andnew les (one le for oneutterancen a databaserecre-

ated. For the testingof variousunit types,it is easierto adapt
these les for all the desiredtypesratherthanto male signif-
icant modi cations in Festval, but somechangesn the unit
handlingmodulesin the systemarestill required.

Each le with anutterancénhasa speci c structureandcon-
tains the following items: phraseswords, syllablesand sey-
mentsfrom theutteranceandtherelationsbetweerthesatems
arealsosavedthere(e.g. which syllableis containedn which
word, etc.). Theseles arethenusedasa partof the unitinven-
tory. Exactlyin this form they canonly be usedfor triphones;
for the other unit typesthey have to be modi ed. Especially
segmentsneedto be renamedandtimesof their beginningand
endhave to bedeterminedaccordingo the unit type.

As mentionedabore, the MFCC coefcients are usedfor

join costcalculation,sothey have to beincludedin the unitin-
ventory For the synthesisthe LPC coefcients and residual
signalare used. Therefore,it is essentiako storethesecoef-
cients aswell. Thisis a standardsettingin the Festval sys-
tem; however, the applicationof differentcoefcients for join
costcomputatioraswell asdifferentcoefcients for storingthe
waveformcouldbeused.

Theunitinventoryfor every singleunit typecontainsall the
itemsmentionedandit is loadedby the Festval systembefore
thesynthesis.

3. Application of various unit typesin the
Festival system

The effort to improve the quality of synthesizedspeecheads
us to the questionwhich unit type is suitablefor speechsyn-
thesisandunderwhat conditions.Nowadays therearedebates
regarding the bestunit type selection. It is dif cult to deter
mine whattype is bestfor speectsynthesisn a TTS system,
eachhaving its own advantagesanddisadwantages.In this pa-
perwe attemptto conductsomeexperimentsandestablishthe
strengthsand weaknesseghus contrikuting to answeringthis
question.By comparingtheresultsachieved we shoulddrav a
conclusionwhat unit type appeargo be the bestone. Eventu-
ally, we couldtake advantageof every particularunit type and
suggestheuseof thistypein aspecialsystemge.g.ary speech
synthesizein a limited domain,which is alsoasvery current
topic. Thisresearchs uniquein comparingheunit typesunder
the sameconditions. For all unit types,thereis usedthe same
speecltorpusseggmentationfeaturefor costcomputationetc.

In orderto useall the belav-mentionedunit types,we had
to make someadditionalchangesn Festval. Oneof the major
modi cations consistdn the integrationof our systemof pho-
netic transcriptionfor the Czechlanguage. The other consid-
erablemodi cation wasaddinga syllabi cation algorithm[4].
Both thesechangesvereneededo be performedn orderto be
ableto processary Czechtext incominginto the Festial sys-
tem.

In the following subsectionsthe applicationof diphones,
phonestriphoneshalfphonesndsyllabless subsequentlpre-
sented.

3.1. Diphones

We useddiphonesn this experimentasit is acommonlyused
unit type in speechsynthesizers.Diphonesare alsothe basic
unitswhich areusedin the Festval systemrequiringminimum
amountof effort to implementthem.

A diphoneis a unit beginningin the middle of onephone
andendingin the middle of the subsequernphone.The bound-



ary of the diphoneis thenin the areawith stationarysignal,
which shouldimprove the quality of concatenationEachunit
containsa transitionbetweenphonestherebyalsoincluding a
coarticulatioreffectwhichis very importantfor the naturalness
of thesyntheticspeech.

As mentionedin section2.3, modi cation was neededo
be performedin the les with utterancedor this unit type. It
consistedn the renamingof the sggmentsfrom triphoneform
to the phoneform, becausd-estial is readyfor working with
diphonesimplicitly on the basisof phonenames. Festval is
ableto generataliphonenameswithin the system.

Figurel: Concatenatiomf two diphones originally non con-
secutve, but continuousn synthesizegpeech Waveformand
spectrogram.

In g. 1thewaveform of two concatenatediphoneqv _o]
and[o_p] is shavn. This concatenatiomasproducedasaresult
of synthesis.It seemgo be almostsmooth,in spite of the fact
thatthe units were selectedrom differentutterancesandthey
werenot originally consecutie. In the spectrogramthe point
of concatenatiors still visiblein theareaof higherfrequencies
(about4-5kHZ), but it wasnot percevedatall.

In g. 2, thereis presentechnotherconcatenatiorof two
diphones,[hn_a] and [a_#] ([#] denotespause). Again, they
wereselectedrom differentoriginal utterancesandwerenon-
consecutie. Thistime, the point of concatenatiofis extremely
visible in the waveform aswell asin the spectrogranand it
wasreportedto causespeechdegradationin the middle of the
phonela]. For solvingthis problem,thereshouldbe somecor-
rection(e.g. sometype of normalization)to ensurethat there
will be at leastapproximatelythe sameamplitudelevel. But
thereis no simplesolutionbecauséy amplifying the signalof
onediphonewe could needto amplify anotherandenegy ac-
cumulationcouldoccut

Oneof the advantageof diphoness their relatively small
amount. Takinginto accountthe factthat Czechlanguagehas
43 differentphonesplus 3 typesof pausegloud breath,break
andboundanbreak)andglottal stop,in thesumwe have 47 dif-
ferentphoneunits, it meanswve have 477 2200differentdi-
phoneunits. In addition,someof themdon't practicallyappear

Figure2: Concatenatiorf two diphonesoriginally non con-
secutve, visibly non continuousin synthesizedpeech Wave-
form andspectrogram.

in thecommontext, seetablel in sectiond.

We madeno changesn thetamgetcostandjoin costcompu-
tationalgorithmfor diphonessincethe Festval systemimplic-
itly treatsthemin thedesiredway.

3.2. Phones

A phoneis consideredo be one of the fundamentalphonetic
units of speech. The applicationof this unit type then could
seemto bevery natural.However, astheboundarie®f aphone
unit aredeterminedlirectly by segmentationit is necessarjor
the segmentationto be madevery accurately Otherwise,one
phoneis likely to containa partof anotherwhichis absolutely
undesirablendaffectsthe syntheticspeechyuality.

Since the triphone sggmentationwas used, as described
in 2.3, triphonelabelsneededo be renamedo phoneswhich
werethenstoredin Festival's utteranceles. Thistime,changes
were madealso in the Festval systembecauseotherwiseit
wouldn't be ableto interpretthe sggmentnamesproperly We
hadto editthe partof unit handlingmodulethatstoreshe units
in Festval's unitinventory

To illustratethe effect of sggmentatiorinaccuray, thereis
showvn a concatenatiof two units,[v] and[a], thatwerenon-
consecutiein theoriginalutterancan g. 3. The rst one([v])
hasadifferentright context in theoriginal utterancelt is phone
[0] andit is easyto seethatthis phoneaffectsthe unit chosen
for synthesis.The quality of the synthesizedpeectis worsen
by this effect. Apparentlyin this particularcasethecostpenal-
izing incorrectright context wasoutweighedoy othercosts.

Theseemingadvantagds the countof the phoneunits. For
the Czechlanguagewe have 47 phones,as was mentionedin
the previous section. However, this meanshatthereis a huge
amountof candidatedor the target unit. Therefore,the enu-
merationof thebestcandidatesequencé computationallywery
exactingandtime-consumingOntheotherhand,in avery spe-
cializedlimited domainspeectsynthesizefe.g.onthe basisof



Figure 3: Transitionbetweennon-consecwie phones. Right

contet of the[v] unitwas[o] in theoriginal utterancewhereas
in the sythesizedspeecht is phone[a]. Thisis alsovisible in

thewaveform.

sentenceinittype),thephonesnaybeadwantageouo beused
for connectinghe sentences a meaningfulway. In thatcase,
diphoneswvould beinappropriatedueto their quantity

We madeagain no changesn the target costcomputation
algorithmbut a modi cation wasmadein thejoin costcompu-
tation. Measurementf thedifferencebetweerf0in thejoint of
two unitshassensenly in sucha casethatwe concatenatenvo
voicedor contrariwisewo urvoicedunits (wherethedifference
shouldbezeroaswell asthevaluesof FO). Sothealgorithmwas
editedaccordingly Whenthereis a concatenatiomf a voiced
unit with anurnvoicedone,this costis setto zero.

3.3. Triphones

On the basisof goodexperiencewith this unit typein the AR-
TIC speechsynthesizefl], [5], we includedit in this research
aswell. By its principle,it shouldsuppresshedisadwantage®f
phonegegardingthetransitionbetweerunits; however, thereis
still the sggmentatiorproblem.

Boundariesof a triphonearethe sameasfor a phone,but
theunit includesinformationaboutits contect. Thus,insteadof
consideringe.g. phone[o], we considettriphone[l-o+r], which
meansghe phone[o] is precededy phone[l] andfollowed by
phone]r].

For this unit type, no modi cations weremadein the les
with utterances.These les alreadycontainthe namesof the
segmentsasit is requiredfor the applicationof this unit type.
Ontheotherhand,a modi cation hadto beimplementedn the
Festval systemin orderto be able to readthe unit inventory
fromthe les correctly

It is clearthatby usingthis approactwe have alarge num-
berof differenttriphoneunits. In theplaceof 47 phoneunitswe
have47®  100000triphoneunits. As well asin thecaseof di-
phonesnotall the unitsappeaiin the real utterance However,
it is still agreatdealof triphonesandit is almostimpossibleto

have sucha unit inventorythat would containall of them. To

avoid this problem,thereis an algorithmthat groupstogether
theunitswith similar contet. It is madeby virtue of theacous-
tic similarity.

In orderto nd outwhichunitsshouldbein thesamegroup,
we needto take a look at their acousticsignalanda phonetic
similarity. Well-suitedcombinatiorof thesetwo aspectslivides
thephonedor potentialleft contet into 15 groups andfor right
context into 14 groups.

For example,phonedp], [t] and[k] arein the samegroup
for theleft contet. For theright context, thesephonesarealso
in the samegroup,but, in addition,therearealsophoneqt_s],
[t_S] andall 3 typesof pauseslongwith them.

Using this grouping we have only approximately
10.000units, but it is still possiblethat during the synthesis
therewill be a missingunit. In the Festival system,so-called
bacloff rules (see[2]) can be used. Theserules enablethe
replacemenbf a unit which is not in the inventoryby another
unit which is similar to the missingone. It is obvious that
this method can be applied mainly to triphones. For other
unit types, this kind of replacementould changea senseof
synthesizeditterances.

The target cost computationdid not needto be modi ed.
In the join costcomputationalgorithm, the samechangesas
describedn previoussectionfor determinatiorof FO difference
wereperformed.

3.4. Halfphones

The applicationof halfphoneswas presentecby AT&T Labs
in [6] andtheresultsshavn therearevery promising.Thus,we
attemptedo comparealsothis unit typewith the othersin order
to prove or disprove their qualities.

Halfphonesareunitswhich startatthebeginningof aphone
(or in themiddleof it) andendin the middle of the samephone
(or atthe endof it) - they are createdby cutting a phoneinto
two halves. Thus,the phone[a] is divided into a sequencef
two halfphones[al] and[a2].

For the applicationof this unit type, we hadto adaptboth
the unit inventoryin the form of les with utterancesandalso
the Festival system. The main modi cation was renamingof
segmentdn theunitinventoryandeditingFestival sothatit was
ableto usethis unit type.

The tendeng to use the halfphoneunits could partially
replace the application of hybrid diphone-phone(diphone-
triphone)unit types. Whenthe halfphoneswhich are selected
during synthesigime, were originally consecutie in an utter
ance, it meansthat they could be concatenatednto phones,
diphonesor even longer units. The point of concatenatioris
sometimesn the middle of a phoneandsometime®n the bor-
der As it is notedin [6], the halfphonesshouldbe promising
unitsbecaus¢hey couldmaintaintheadantage®f phonesand
diphonesHowever, they alsohave disadwantagesOneof them
is thefactthatthey arevery short,soin asynthesizeditterance
thereis alargenumberof concatenationsAs it is known, atthe
point of concatenatiotherecouldarisemary problemswhich,
however, werenotreportedn [6].

The numberof halfphoneunits shouldbe doubledascom-
paredo thenumberof phoneunits,but wedidn't cutinto halves
the unitsrepresentingpauseslt meanghatthereare91 differ-
entunits. This simpli cation shouldnt affect the nal quality
of thesyntheticspeech.

At computationof target costfor theseunits, thereis an
anomaloussituation. One of the costswhich penalizediffer-



entleft or right context will alwaysbezero(exceptpauseunits,
becausehey aretreatedasphoneunits). The unit [al] will al-
wayshave the unit [a2] asits right context andvice versa,[a2]
will alwayshave [al] asits left context. Thealgorithmcomput-
ing this costcouldalsobe modi ed in suchaway thatit would
considerasa context one more unit following (precedingthe
immediateneighbouringunit. The otherfeaturesaffectingthe
targetcostremainedhe sameasfor previousunit types.In the
join costcomputatioralgorithm,therewasmadeamodi cation
in orderto measurd-0 differencemeaningfully asdescribedn
section3.2.

3.5. Syllables

Syllablesaretakenin this experimentasthe only representatie
of longerunit types. It is interestingto confrontthe previous
phone-lite unit type with syllables,which include more than
onephone(atypical Czechsyllablehas2-3 phones).

Syllablesare often consideredthe phonologicalbuilding
blocksof wordswith boundarieslignedto phonesThereagain
canarisethe problemof segmentatiorinaccurag.

For thisunittype,the les with utteranceslidn't needto be
edited. Sggmentswere ignoredand only syllableswere used.
The modi cation of the Festival systemwasin this casemore
extensie thanbefore. Firstly, we neededo adaptthe system,
sothatit could acceptthe correctnamesfor syllable units. It
wasperformedthe sameway asit wasperformedfor previous
unit types,by editingthe unit handlingmodule.

In addition, somechangesn the target cost computation
wereneededo becarriedout, especiallytheleft andright con-
text penalization. It is not necessaryo take into accountthe
wholesyllableadjacento thetamgetunit. It is assumedhatthe
whole syllablewhich formsthe context doesnt affectit. Thus,
only thelastphoneof the precedingsyllablewastreatedasthe
left context andthe rst phoneof the following syllable was
treatedasthe right context. Moreover, thesephoneswere di-
videdinto groupsin thesameway aswasdonefor left andright
part of triphonenamein section3.3. The reasonis the high
numberof differentsyllableunits.

Thenext thingto changean thetargetcostcomputationvas
thefeaturecalledpositionin asyllable.It wasremovedbecause
it is pointlessto usethis feature.

As well asfor the previousunit type, thejoin costcomputa-
tion algorithmwasmodi ed. The FO differencewasmeasured
only in suchcasesvhenit wasmeaningful,i.e. whenthe con-
catenatioroccurredn thetransitionbetweertwo voicedor two
urvoicedphones.

The problemof the applicationof syllablesis the amount
of units. It is not easyeven to male a list of all syllablesin
the Czechlanguage. We usean automaticsyllabi cation [4],
which is performedfor the phoneticallytranscribedtext, and
somesyllablesaretherebydifferentfrom thecasewhenit would
be implementedor orthographicaform of the sametext. In
addition, the syllabi cation is not always unambiguousn the
Czechlanguage.

In spite of these problems, the list containing about
14.000syllableswhich shouldbe includedin the unit inven-
tory wasgeneratedTherehave to beall possibleunits,andthis
requirements almostimpossibleto achieve. In the application
of thesyllableunits, thebacloff rulesincludedwith the Festizal
systemareunusable.Soin areal TTS system therehasto be
anotherway of synthesizingutterancesontainingunavailable
syllables,e.g. somecombinationof shorterunits. However,
like phonesa limited domainsynthesicanpro t from the ad-

vantageshatsyllableshave.

4. Conclusion

In orderto comparethe resultsof applicationof variousunit
types, we usedour speechcorpusfor synthesizinga listen-
ing test. The corpus, recordedin a consistentnews-like
style by a semi-professionalemale spealer with someradio-
broadcastingxperience containsapproximatelyl2.5hoursof
naturalspeechstoredin 5000utterancesDuring synthesissta-
tistical dataaboutunitswerecollectedandarepresentedhere.

Units Numberof differentunits
Diphones 1528

Phones 47

Triphones 3023
Halfphones 91

Syllables 5684

Table 1: Numberof differentunitsin unit inventoryfor each
unit type

In table1, thereis the numberof differentunitsin the unit
inventory for eachunit type. It canbe seenthatin our fairly
large corpus,we coveredonly 70% of diphones,30% of tri-
phonesand40%of syllables.phonesandhalfphonesverecov-
eredcompletely becausehe numberof differentunitsis very
low for theseunit types. Whensynthesizinghe sentencesye
encounteread problemwith missingunitsfor triphonesandsyl-
lables. Therefore we hadto choosesuchsentence$o synthe-
sizewhich containonly the unitswe have. For this experiment
it is concevableaswe aimedto prove the behaiour of units,
not to build a real TTS systemwhere this would have to be
solved by anothemway. For example,in the Festival systenthe
bacloff rulescouldbemoreadaptedo this problemwhenusing
triphonesor ary typeof hybrid synthesizef4] couldbeusedfor
syllables.

Units Maximum | Minimum | Average
number of | number of | number of
candidates| candidates| candidates

Diphones | 5004 3 1519

Phones 38451 309 17618

Triphones | 9994 15 552

Halfphones| 38451 309 17693

Syllables 3317 1 788

Table 2: Statisticsaboutunits usedduring the synthesisof ut-
terancedor thelisteningtest

In table2, thereis statedmaximum,minimumandaverage
numberof candidatedor eachunit type usedduring the syn-
thesis.You cansee thatphonesandhalfphonesave the high-
estmaximumand minimum numberof candidatesand these
numbersare the samefor both of them. The averagenumber
differs becausén our approachwe usedthe samepauseunits
for phonesaswell asfor halfphoneswe didn't cut theminto
halves. Although the resultsdisplaythe statisticsobtainedfor
units usedfor synthesiof the testingsentenceghe resultsfor
wholecorpuswill bevery similar.

Taking into accountthe numberof unitsin a synthesized
sentencewhich was approximately150, the numberof pos-
sible concatenationgor phones,diphonesand triphonesis



aboutn?®®°

particularunit types. For halfphonesit is approximatelyn
becaus¢henumberof unitsin thesynthesizeditterances dou-
bled. Finally, for syllablesit is aboutn®. It is evidentthatfor
phonesandhalfphonesthe algorithmcomputingthe bestunits
sequenceeeddo performlots of operationandthewholepro-
cessof synthesizings highly computationallyexacting. The
synthesi®f oneutterancdor thelisteningtestusingphonesand
halfphonegakesapproximately24 hours. Thefactthatit takes
the sametime for both unit types,in spite of therebeingmore
possibleconcatenation$or halfphonesmay be explained by
ary kind of optimalizationusedby the Festval system,which
needsto be moreveri ed. The synthesisusingthe other unit
typestakesonly a few minutes,but it wasstill out of realtime.
However, it doesnot matterfor our experimentbecausave ex-
aminedqualitiesof unit typesratherthanpossibilitiesof speech
synthesisacceleration.

The samecorpus,asdescribeckarlier wasusedto synthe-
sizealisteningtest. It consistof 5 sentencesachof themwas
synthesizedn 5 variousversions. The versionsweredifferent
in theunit typethatwasusedfor synthesisThesentencewere
notoriginally in the corpusandthey wereselectedrom news-
paperarticles.

The listenerswere asled to evaluatethe synthesizedsen-
tencesin all versionsby marks1 to 5 (optimally to sortthem
by quality from the worst one to the bestone), wherethe 5
meansthe best, this mark always having to be usedfor the
best sentencen terms of naturalness,uency, intelligibility
andprosodicconsisteng. Sentencesvhich seemedo beequal
could be evaluatedby equalmark. Afterwards,normalization
was performedin orderto take advantageof the whole scale.
Theresultingaveragemarksandstandardleviationsareshavn
in table3.

, Wheren is the averagenumberof candidatedor
300

Units Averagemark | Standardieviation
Diphones 3.61 1.22
Phones 1.88 0.91
Triphones 3.57 1.40
Halfphones 3.81 1.35
Syllables 2.24 1.33

Table3: Theaveragemarksandstandardieviationsfor various
unittypes

Halfphoneswith the averagemark 3.81 were evaluatedas
the bestunit type. Diphonesandtriphoneshave moreor less
equalmarks,aswhencomparedn [5]. However, afterperform-
ing a staticticalone-way analysisof variance(ANOVA), it was
provedthatthereis no signi cant differencebetweertriphones,
diphonesandhalfphones.During statisticalcomparisorof the
resultsof thesethree unit types, the p-value for the null hy-
pothesisthatthereis no differenceamongmeansreachedhe
value0.65.

Syllableswith theaveragemark2.24wereratedalittle bet-
ter than phoneswhich wereidenti ed asthe worst oneswith
the averagemark 1.88. This occurseven thoughthe algorithm
looking for the bestphonesequencéeheoreticallyhadthe best
opportunityto selecthemostappropriateinitsdueto the high-
estnumberof candidates.However, in this caseaswell, the
differencebetweenthe meansof the marksfor thesetwo unit
typesis not statistically signi cant, which was proved by the
ANOVA test. The p-valuewasdeterminedas0.094.

On the other hand, betweenthesetwo groups(diphones,
triphonesandhalfphonesn oneside,andphonesandsyllables

on the otherside)a signi cant differencewasdetected.The p-
valueswere equalor nearequalto zerowhencomparingunit
typesfrom onegroupwith thosefrom the othergroup.

There are further factorswhich affect unit selectionand
which canbechangedOneof themareweights,usedfor com-
putationof the targetcostandthejoin cost. In this experiment,
Festval implicit settingof theseweightswasapplied. Thebal-
ancingof theweightsshouldin uencethe nal syntheticspeech
quality andthis settingmight be dissimilarfor eachunit type.
However, we attemptedo maintainequalconditionsfor all the
testedunit typesandin thatway achie/e a consistentesult.

The conclusionmay suggesthathalfphonesdiphonesand
triphonesare comparableegardingthe syntheticspeechqual-
ity. However, taking into accountthe fact that the synthesis
using halfphoneswas multiple with respectto computational
compleity, the applicationof diphonesor triphonesseemso
bemorepro table.
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