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Abstract

The presentpaperfocuseson the utilization of concatenative
speechsynthesis,aiming to determineandcomparethe in�u-
enceon thesynthesizedspeechquality whenvariousunit types
areusedin the unit selectionapproach.Thereareseveral unit
typeswhich canbeusedfor this purpose.This work dealswith
thosemostwidely used,i.e. halfphones, diphones, phones, tri-
phonesandsyllables. Speechwassynthesizedusingtheseunit
typesandtheoutcomewaslistenedto aby numberof listeners,
whosetaskwasto evaluatethequalityof syntheticspeech.The
resultof the listeningtestperformedfor theCzechlanguageis
presented.However, it canbe assumedthat the resultswould
be probablyequal for other languageswith similar structure,
aswemadeno language-dependentmodi�cation in theFestival
system.No researchof a similar characterhasbeenconducted
yet,sothisuniqueevaluationshouldsuggestwhatunit typesare
appropriatefor generalTTSsystems.
Index Terms: speechsynthesis,unit selection,various unit
types

1. Intr oduction
The unit selectionapproachis one of the possibilitiesof the
concatenative speechsynthesis. Today, the methodis exten-
sively useddue to its simplicity and the increasingquality of
thespeechproduced.

Themainprincipleof concatenativespeechsynthesisis the
concatenationof segmentsof naturalspeechsignal, which is
storedin aspeechcorpusin theformof utterances.It isassumed
thatspeechis composedof acoustical(speech) units. Thereal
speechsignalis by meansof automaticor hand-madesegmen-
tation divided into segmentswhich correspondto the speech
units. Thesesegmentsare storedin a unit inventoryas a list
of all units,which canbe usedfor synthesis.The synthesized
speechis producedasaconcatenationof appropriateunitsfrom
this inventory. It is evidentthatthesyntheticspeech,generated
in this way, reproducesthe voice of the speaker who recorded
thespeechcorpus.

As was mentionedabove, the cornerstoneof speechis a
speechunit. It is an absoluteterm for markingthe sametype
of speechsound.Thespeci�c realizationof thespeci�c unit is
calledcandidateof thespeech unit. However, thereis an issue
of what the lengthof the unit shouldbe. The maximumcov-
erageof coarticulationeffects and trouble-freeconcatenation
(neitherspectralnor prosodydiscontinuities)are the require-
mentsto meetin this task. In this respect,we would like to
chooselong units,e.g. wordsor sentences.On theotherhand,
we needto keeptheunit inventoryassmallaspossible,i.e. to
useonly a limited numberof differentunits. This requirement
makesususeshorterunits. In thecourseof choosingunit type,

a trade-off hasto bemade.
Althoughwehaveourown systemfor speechsynthesis[1],

TheFestivalSpeech SynthesisSystem1[2] wasusedin orderto
comparethespeechsynthesizedby variousunit types.It would
be moredif�cult to implementthe applicationof variousunit
typesinto our systemthan into the Festival system,which is
usedfor experimentslike this. Afterwards,we areplanningto
applytheachievedresultsand�ndings in oursystemaswell.

The Festival systemis an environmentwhich was devel-
opedat The Centrefor SpeechTechnologyResearchat The
University of Edinburgh. One of its purposesis to allow the
researcherto focusonhisown problemin termsof speechsyn-
thesisinsteadof developinga wholecomplex system.Festival
is composedof moduleswhich canbemodi�ed independently.
Weadaptedthosethatwereoriginally usedfor standarddiphone
unit selectionspeechsynthesisin sucha way that it allows the
applicationof four moreunit types.

First of all, in section2, a brief descriptionof the Festi-
val systemis stated. Section3 is dedicatedto the application
andimplementationof variousunit types(diphones,phones,tri-
phones,halfphonesandsyllables)in theFestival system.There
aredescribedmodi�cationswhichwereneededto beperformed
in orderto usetheseunitsin Festival andtheachievedresultsare
alsoshown. In section4, thesynthesizedspeechquality using
differentunit typesis evaluatedandcomparedby meansof a
listeningtest.

All of theunitsin thepresentpaperarenamedaccordingto
theCzechversionof SAMPA phoneticalphabet.

2. The Festival system
2.1. Intr oduction

TheFestival systemis anenvironmentwhich is suitablefor the
developmentof speechsynthesizers.It is beingusedfor syn-
thesisin a numberof languages,but thebasicversioncontains
only datafor EnglishandSpanish.Thesystemis intendedfor
3 groupsof users:

� Userswho want to generatehigh quality speechfrom
generaltext without any knowledgeof speechsynthesis
andwithoutaneedto intervenein theprocess.

� Userswhodesigndialoguesystemsor any othersystems
andneedto usetheoutputof thespeechsynthesis.In this
case,somechangesneedto beperformed,e.g.particular
voiceor phrasingselection.

� Researchersdevelopingnew methodsandapproachesto
speechsynthesis. Indeed,we are amongtheseusers,
aimingat improving speechsynthesisquality. Wemodi-
�ed theFestival systemsothatwe couldreveal features

1freedownloadathttp://www.cstr.ed.ac.uk/downloads/



whichaffectspeechqualityandmakechangesto thepro-
cessof synthesisin orderto be ableto testvariousunit
typesfor thepurposesof thispaper.

2.2. Unit selection

In theunit selectionapproach,syntheticspeechis producedby
concatenatingspeechunitsselectedfrom aunit inventory.

Eachtargetspeechunit hasits own list of candidateunits.
Thenaturalnessof thesyntheticspeechis thenaffectedby both
unit typeschosenandcandidatesselectedto build speech.How-
ever, oncea unit type is chosenit cannotbevaried(exceptfor
theuseof hybrid units,which is not our case),sotheonly way
of controllingspeechquality is thecriterionof candidateselec-
tion. Usually, it consistsof two costs.

The �rst, called target cost re�ects how eachcandidate
meetsthe requirementsfor communicationfunction (what the
synthesizedphraseis supposedto expressor communicate),
whichalsoincludestheprosodicandphoneticcontext. Thedif-
ferencesbetweenthedesiredtargetunit andtherealfeaturesof
a candidatearecrucial. In the Festival system,the following
featureswerechosento describethe communicationfunction:
emphasis,positionin a syllable,positionin a word, positionin
a phrase,left and right context. Eachof thesefeatureshasa
differentweight (weightsaredeterminedad hoc) andan over-
all costis calculated.It is clearthat the applicationof various
unit typesrequiresvariousfeatures.Someof thosementioned
above cannotbeusedfor all of theunit types.For example,the
determinationof the feature'position in syllable' is absurdfor
syllableunitsand,therefore,it is useless.Otherunit typesneed
othermodi�cationsin theunit selectionalgorithm,sowehadto
make changesto theFestival systemin orderto beableto use
all of them,asdescribedin section3.

The secondone, join cost, meanshow the candidateunit
meetstherequirementsfor perceptualsmoothness.Thediffer-
encesbetweenthefollowing featuresof two successiveunitsaf-
fect thejoin costin theFestival system:F0andspectraldiscon-
tinuity (computedasEuclideandistanceof vectorscomposedof
z-scorenormalized12 MFCC coef�cients andenergy). These
featuresare also weightedunlikely. The spectralcharacteris-
tics aredeterminedin instantsof time whenthe�rst unit of the
concatenationendsandthesecondonebegins in their original
utterances.It is not guaranteedthat theMFCC coef�cients are
appropriatefor the characterizationof a unit or computingthe
join cost;however, they arestill widely usedfor speechsynthe-
sis. Thereis no proof of which featurescurrentlyexaminedare
the bestonesandcould be usedinsteadof thesecoef�cients.
Thus,wealsousedthemfor all unit typesin orderto beableto
compareresultscorrectly.

The bestsequenceof units is thenfound usingthe Viterbi
algorithmthroughthewholeunit inventory. It attemptsto min-
imize a costfunctionwhich combinesthetwo costsmentioned
above.

2.3. Unit inventory

In orderto usetheunit inventory, it is necessaryto createit in
sucha form that the Festival systemneeds. In our approach,
automaticsegmentation(see[1] and[3]) is madeby usingHTK
tools. Moreover, we arealsotrying to improve it by new meth-
odssothatit is ableto determinetheboundariesof phonesmore
accurately[3]. Thecurrentsegmentationprocessproducesa�le
thatis notdirectlyusablein Festival. As its outputaresegments
in theform of triphones,severalmodi�cationshaveto bemade,
andnew �les (one�le for oneutterancein a database)arecre-

ated. For the testingof variousunit types,it is easierto adapt
these�les for all the desiredtypesratherthanto make signif-
icant modi�cations in Festival, but somechangesin the unit
handlingmodulesin thesystemarestill required.

Each�le with anutterancehasaspeci�c structureandcon-
tains the following items: phrases,words, syllablesand seg-
mentsfrom theutterance,andtherelationsbetweentheseitems
arealsosaved there(e.g. which syllableis containedin which
word,etc.).These�les arethenusedasapartof theunit inven-
tory. Exactly in this form they canonly beusedfor triphones;
for the otherunit typesthey have to be modi�ed. Especially
segmentsneedto berenamedandtimesof their beginningand
endhave to bedeterminedaccordingto theunit type.

As mentionedabove, the MFCC coef�cients areusedfor
join costcalculation,sothey have to beincludedin theunit in-
ventory. For the synthesis,the LPC coef�cients and residual
signalareused. Therefore,it is essentialto storethesecoef-
�cients aswell. This is a standardsettingin the Festival sys-
tem; however, the applicationof differentcoef�cients for join
costcomputationaswell asdifferentcoef�cients for storingthe
waveformcouldbeused.

Theunit inventoryfor everysingleunit typecontainsall the
itemsmentionedandit is loadedby theFestival systembefore
thesynthesis.

3. Application of various unit typesin the
Festival system

The effort to improve the quality of synthesizedspeechleads
us to the questionwhich unit type is suitablefor speechsyn-
thesisandunderwhatconditions.Nowadays,therearedebates
regarding the bestunit type selection. It is dif�cult to deter-
mine what type is bestfor speechsynthesisin a TTS system,
eachhaving its own advantagesanddisadvantages.In this pa-
perwe attemptto conductsomeexperimentsandestablishthe
strengthsandweaknesses,thuscontributing to answeringthis
question.By comparingtheresultsachievedwe shoulddraw a
conclusionwhat unit type appearsto be the bestone. Eventu-
ally, we could take advantageof every particularunit typeand
suggesttheuseof this typein a specialsystem,e.g.any speech
synthesizerin a limited domain,which is alsoasvery current
topic. Thisresearchis uniquein comparingtheunit typesunder
thesameconditions.For all unit types,thereis usedthesame
speechcorpus,segmentation,featuresfor costcomputation,etc.

In orderto useall thebelow-mentionedunit types,we had
to make someadditionalchangesin Festival. Oneof themajor
modi�cations consistsin the integrationof our systemof pho-
netic transcriptionfor the Czechlanguage.The otherconsid-
erablemodi�cation wasaddinga syllabi�cation algorithm[4].
Both thesechangeswereneededto beperformedin orderto be
ableto processany Czechtext incominginto the Festival sys-
tem.

In the following subsections,the applicationof diphones,
phones,triphones,halfphonesandsyllablesis subsequentlypre-
sented.

3.1. Diphones

We useddiphonesin this experimentasit is a commonlyused
unit type in speechsynthesizers.Diphonesarealso the basic
unitswhichareusedin theFestival system,requiringminimum
amountof effort to implementthem.

A diphoneis a unit beginning in the middle of onephone
andendingin themiddleof thesubsequentphone.Thebound-



ary of the diphoneis then in the areawith stationarysignal,
which shouldimprove the quality of concatenation.Eachunit
containsa transitionbetweenphones,therebyalsoincludinga
coarticulationeffectwhich is very importantfor thenaturalness
of thesyntheticspeech.

As mentionedin section2.3, modi�cation was neededto
be performedin the �les with utterancesfor this unit type. It
consistedin the renamingof the segmentsfrom triphoneform
to the phoneform, becauseFestival is readyfor working with
diphonesimplicitly on the basisof phonenames. Festival is
ableto generatediphonenameswithin thesystem.

Figure1: Concatenationof two diphones,originally non con-
secutive, but continuousin synthesizedspeech.Waveformand
spectrogram.

In �g. 1 thewaveformof two concatenateddiphones[v o]
and[o p] is shown. Thisconcatenationwasproducedasaresult
of synthesis.It seemsto bealmostsmooth,in spiteof the fact
that the units wereselectedfrom differentutterancesandthey
werenot originally consecutive. In the spectrogram,the point
of concatenationis still visible in theareaof higherfrequencies
(about4-5kHZ), but it wasnotperceivedatall.

In �g. 2, thereis presentedanotherconcatenationof two
diphones,[hn a] and [a #] ([#] denotespause). Again, they
wereselectedfrom differentoriginal utterancesandwerenon-
consecutive. This time, thepoint of concatenationis extremely
visible in the waveform as well as in the spectrogramand it
wasreportedto causespeechdegradationin the middle of the
phone[a]. For solvingthis problem,thereshouldbesomecor-
rection(e.g. sometype of normalization)to ensurethat there
will be at leastapproximatelythe sameamplitudelevel. But
thereis no simplesolutionbecauseby amplifying thesignalof
onediphone,we couldneedto amplify another, andenergy ac-
cumulationcouldoccur.

Oneof theadvantagesof diphonesis their relatively small
amount.Taking into accountthe fact that Czechlanguagehas
43 differentphones,plus3 typesof pauses(loud breath,break
andboundarybreak)andglottalstop,in thesumwehave47dif-
ferentphoneunits, it meanswe have 472 � 2200differentdi-
phoneunits. In addition,someof themdon't practicallyappear

Figure2: Concatenationof two diphones,originally non con-
secutive, visibly noncontinuousin synthesizedspeech.Wave-
form andspectrogram.

in thecommontext, seetable1 in section4.
Wemadenochangesin thetargetcostandjoin costcompu-

tationalgorithmfor diphonessincetheFestival systemimplic-
itly treatsthemin thedesiredway.

3.2. Phones

A phoneis consideredto be oneof the fundamentalphonetic
units of speech. The applicationof this unit type then could
seemto beverynatural.However, astheboundariesof aphone
unit aredetermineddirectlyby segmentation,it is necessaryfor
the segmentationto be madevery accurately. Otherwise,one
phoneis likely to containa partof another, which is absolutely
undesirableandaffectsthesyntheticspeechquality.

Since the triphone segmentationwas used,as described
in 2.3, triphonelabelsneededto be renamedto phoneswhich
werethenstoredin Festival'sutterance�les. Thistime,changes
were madealso in the Festival systembecauseotherwiseit
wouldn't be ableto interpretthe segmentnamesproperly. We
hadto edit thepartof unit handlingmodulethatstorestheunits
in Festival'sunit inventory.

To illustratetheeffect of segmentationinaccuracy, thereis
shown a concatenationof two units,[v] and[a], thatwerenon-
consecutive in theoriginalutterancein �g. 3. The�rst one([v])
hasadifferentright context in theoriginalutterance.It is phone
[o] andit is easyto seethat this phoneaffectsthe unit chosen
for synthesis.Thequality of thesynthesizedspeechis worsen
by thiseffect. Apparently, in thisparticularcase,thecostpenal-
izing incorrectright context wasoutweighedby othercosts.

Theseemingadvantageis thecountof thephoneunits.For
the Czechlanguagewe have 47 phones,aswasmentionedin
theprevioussection.However, this meansthat thereis a huge
amountof candidatesfor the target unit. Therefore,the enu-
merationof thebestcandidatesequenceis computationallyvery
exactingandtime-consuming.Ontheotherhand,in averyspe-
cializedlimited domainspeechsynthesizer(e.g.on thebasisof



Figure 3: Transitionbetweennon-consecutive phones. Right
context of the[v] unit was[o] in theoriginalutterance,whereas
in the sythesizedspeechit is phone[a]. This is alsovisible in
thewaveform.

sentenceunit type),thephonesmaybeadvantageousto beused
for connectingthesentencesin a meaningfulway. In thatcase,
diphoneswouldbeinappropriatedueto their quantity.

We madeagain no changesin the target costcomputation
algorithmbut a modi�cation wasmadein thejoin costcompu-
tation.Measurementof thedifferencebetweenF0in thejoint of
two unitshassenseonly in suchacase,thatweconcatenatetwo
voicedor contrariwisetwo unvoicedunits(wherethedifference
shouldbezeroaswell asthevaluesof F0). Sothealgorithmwas
editedaccordingly. Whenthereis a concatenationof a voiced
unit with anunvoicedone,thiscostis setto zero.

3.3. Triphones

On thebasisof goodexperiencewith this unit type in theAR-
TIC speechsynthesizer[1], [5], we includedit in this research
aswell. By its principle,it shouldsuppressthedisadvantagesof
phonesregardingthetransitionbetweenunits;however, thereis
still thesegmentationproblem.

Boundariesof a triphonearethe sameasfor a phone,but
theunit includesinformationaboutits context. Thus,insteadof
consideringe.g.phone[o], weconsidertriphone[l-o+r], which
meansthephone[o] is precededby phone[l] andfollowedby
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.
On theotherhand,amodi�cation hadto beimplementedin the
Festival systemin order to be able to readthe unit inventory
from the�les correctly.

It is clearthatby usingthis approachwe have a largenum-
berof differenttriphoneunits. In theplaceof 47phoneunitswe
have473 � 100000triphoneunits.As well asin thecaseof di-
phones,not all theunitsappearin therealutterance.However,
it is still a greatdealof triphonesandit is almostimpossibleto

have sucha unit inventorythat would containall of them. To
avoid this problem,thereis an algorithmthat groupstogether
theunitswith similarcontext. It is madeby virtueof theacous-
tic similarity.

In orderto �nd outwhichunitsshouldbein thesamegroup,
we needto take a look at their acousticsignalanda phonetic
similarity. Well-suitedcombinationof thesetwo aspectsdivides
thephonesfor potentialleft context into 15groups,andfor right
context into 14groups.

For example,phones[p], [t] and[k] arein thesamegroup
for theleft context. For theright context, thesephonesarealso
in thesamegroup,but, in addition,therearealsophones[t s],
[t S] andall 3 typesof pausesalongwith 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
backoff rules (see[2]) can be used. Theserules enablethe
replacementof a unit which is not in the inventoryby another
unit which is similar to the missing one. It is obvious that
this methodcan be applied mainly to triphones. For other
unit types, this kind of replacementcould changea senseof
synthesizedutterances.

The target cost computationdid not needto be modi�ed.
In the join cost computationalgorithm, the samechangesas
describedin previoussectionfor determinationof F0difference
wereperformed.

3.4. Halfphones

The applicationof halfphoneswas presentedby AT&T Labs
in [6] andtheresultsshown thereareverypromising.Thus,we
attemptedto comparealsothisunit typewith theothersin order
to proveor disprove theirqualities.

Halfphonesareunitswhichstartatthebeginningof aphone
(or in themiddleof it) andendin themiddleof thesamephone
(or at the endof it) - they arecreatedby cutting a phoneinto
two halves. Thus,the phone[a] is divided into a sequenceof
two halfphones,[a1] 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
segmentsin theunit inventoryandeditingFestival sothatit was
ableto usethisunit type.

The tendency to use the halfphoneunits could partially
replace the application of hybrid diphone-phone(diphone-
triphone)unit types. Whenthehalfphones,which areselected
during synthesistime, wereoriginally consecutive in an utter-
ance, it meansthat they could be concatenatedinto phones,
diphonesor even longerunits. The point of concatenationis
sometimesin themiddleof a phoneandsometimeson thebor-
der. As it is notedin [6], the halfphonesshouldbe promising
unitsbecausethey couldmaintaintheadvantagesof phonesand
diphones.However, they alsohavedisadvantages.Oneof them
is thefactthatthey areveryshort,soin a synthesizedutterance
thereis a largenumberof concatenations.As it is known, at the
point of concatenationtherecouldarisemany problemswhich,
however, werenot reportedin [6].

Thenumberof halfphoneunitsshouldbedoubledascom-
paredto thenumberof phoneunits,but wedidn't cutinto halves
theunitsrepresentingpauses.It meansthat thereare91 differ-
ent units. This simpli�cation shouldn't affect the �nal quality
of thesyntheticspeech.

At computationof target cost for theseunits, thereis an
anomaloussituation. Oneof the costswhich penalizesdiffer-



entleft or right context will alwaysbezero(exceptpauseunits,
becausethey aretreatedasphoneunits). Theunit [a1] will al-
wayshave theunit [a2] asits right context andvice versa,[a2]
will alwayshave [a1] asits left context. Thealgorithmcomput-
ing this costcouldalsobemodi�ed in sucha way thatit would
considerasa context onemoreunit following (preceding)the
immediateneighbouringunit. The otherfeaturesaffecting the
targetcostremainedthesameasfor previousunit types.In the
join costcomputationalgorithm,therewasmadeamodi�cation
in orderto measureF0differencemeaningfully, asdescribedin
section3.2.

3.5. Syllables

Syllablesaretakenin thisexperimentastheonly representative
of longerunit types. It is interestingto confront the previous
phone-like unit type with syllables,which include more than
onephone(a typicalCzechsyllablehas2-3phones).

Syllablesare often consideredthe phonologicalbuilding
blocksof wordswith boundariesalignedto phones.Thereagain
canarisetheproblemof segmentationinaccuracy.

For thisunit type,the�les with utterancesdidn't needto be
edited. Segmentswere ignoredandonly syllableswereused.
The modi�cation of the Festival systemwasin this casemore
extensive thanbefore. Firstly, we neededto adaptthe system,
so that it could acceptthe correctnamesfor syllableunits. It
wasperformedthesameway asit wasperformedfor previous
unit types,by editingtheunit handlingmodule.

In addition, somechangesin the target cost computation
wereneededto becarriedout,especiallytheleft andright con-
text penalization. It is not necessaryto take into accountthe
wholesyllableadjacentto thetargetunit. It is assumedthatthe
wholesyllablewhich formsthecontext doesn't affect it. Thus,
only thelastphoneof theprecedingsyllablewastreatedasthe
left context and the �rst phoneof the following syllable was
treatedas the right context. Moreover, thesephonesweredi-
videdinto groupsin thesamewayaswasdonefor left andright
part of triphonenamein section3.3. The reasonis the high
numberof differentsyllableunits.

Thenext thingto changein thetargetcostcomputationwas
thefeaturecalledpositionin asyllable.It wasremovedbecause
it is pointlessto usethis feature.

As well asfor thepreviousunit type,thejoin costcomputa-
tion algorithmwasmodi�ed. TheF0 differencewasmeasured
only in suchcaseswhenit wasmeaningful,i.e. whenthecon-
catenationoccurredin thetransitionbetweentwo voicedor two
unvoicedphones.

The problemof the applicationof syllablesis the amount
of units. It is not easyeven to make a list of all syllablesin
the Czechlanguage.We usean automaticsyllabi�cation [4],
which is performedfor the phoneticallytranscribedtext, and
somesyllablesaretherebydifferentfromthecasewhenit would
be implementedfor orthographicalform of the sametext. In
addition, the syllabi�cation is not alwaysunambiguousin the
Czechlanguage.

In spite of these problems, the list containing about
14.000syllableswhich shouldbe includedin the unit inven-
tory wasgenerated.Therehave to beall possibleunits,andthis
requirementis almostimpossibleto achieve. In theapplication
of thesyllableunits,thebackoff rulesincludedwith theFestival
systemareunusable.So in a realTTS system,therehasto be
anotherway of synthesizingutterancescontainingunavailable
syllables,e.g. somecombinationof shorterunits. However,
like phones,a limited domainsynthesiscanpro�t from thead-

vantagesthatsyllableshave.

4. Conclusion
In order to comparethe resultsof applicationof variousunit
types, we usedour speechcorpusfor synthesizinga listen-
ing test. The corpus, recorded in a consistentnews-like
style by a semi-professionalfemalespeaker with someradio-
broadcastingexperience,containsapproximately12.5hoursof
naturalspeech,storedin 5000utterances.Duringsynthesis,sta-
tistical dataaboutunitswerecollectedandarepresentedhere.

Units Numberof differentunits
Diphones 1528
Phones 47
Triphones 3023
Halfphones 91
Syllables 5684

Table1: Numberof differentunits in unit inventory for each
unit type

In table1, thereis thenumberof differentunits in theunit
inventory for eachunit type. It canbe seenthat in our fairly
large corpus,we coveredonly 70% of diphones,30% of tri-
phonesand40%of syllables.phonesandhalfphoneswerecov-
eredcompletely, becausethe numberof differentunits is very
low for theseunit types.Whensynthesizingthesentences,we
encounteredaproblemwith missingunitsfor triphonesandsyl-
lables. Therefore,we hadto choosesuchsentencesto synthe-
sizewhich containonly theunitswe have. For this experiment
it is conceivableaswe aimedto prove the behaviour of units,
not to build a real TTS systemwherethis would have to be
solvedby anotherway. For example,in theFestival systemthe
backoff rulescouldbemoreadaptedto thisproblemwhenusing
triphonesor any typeof hybrid synthesizer[4] couldbeusedfor
syllables.

Units Maximum
number of
candidates

Minimum
number of
candidates

Average
number of
candidates

Diphones 5004 3 1519
Phones 38451 309 17618
Triphones 9994 15 552
Halfphones 38451 309 17693
Syllables 3317 1 788

Table2: Statisticsaboutunits usedduring the synthesisof ut-
terancesfor thelisteningtest

In table2, thereis statedmaximum,minimumandaverage
numberof candidatesfor eachunit type usedduring the syn-
thesis.You cansee,thatphonesandhalfphoneshave thehigh-
est maximumandminimum numberof candidates,and these
numbersarethe samefor both of them. The averagenumber
differs becausein our approachwe usedthe samepauseunits
for phonesaswell as for halfphones,we didn't cut theminto
halves. Although the resultsdisplaythe statisticsobtainedfor
unitsusedfor synthesisof the testingsentences,theresultsfor
wholecorpuswill beverysimilar.

Taking into accountthe numberof units in a synthesized
sentence,which was approximately150, the numberof pos-
sible concatenationsfor phones,diphonesand triphones is



aboutn150 , wheren is the averagenumberof candidatesfor
particularunit types. For halfphones,it is approximatelyn300

becausethenumberof unitsin thesynthesizedutteranceis dou-
bled. Finally, for syllablesit is aboutn60 . It is evident that for
phonesandhalfphones,thealgorithmcomputingthebestunits
sequenceneedsto performlotsof operationsandthewholepro-
cessof synthesizingis highly computationallyexacting. The
synthesisof oneutterancefor thelisteningtestusingphonesand
halfphonestakesapproximately24 hours.Thefactthat it takes
thesametime for bothunit types,in spiteof therebeingmore
possibleconcatenationsfor halfphones,may be explainedby
any kind of optimalizationusedby the Festival system,which
needsto be moreveri�ed. The synthesisusing the otherunit
typestakesonly a few minutes,but it wasstill out of real time.
However, it doesnot matterfor our experimentbecausewe ex-
aminedqualitiesof unit typesratherthanpossibilitiesof speech
synthesisacceleration.

Thesamecorpus,asdescribedearlier, wasusedto synthe-
sizea listeningtest.It consistsof 5 sentences,eachof themwas
synthesizedin 5 variousversions.Theversionsweredifferent
in theunit typethatwasusedfor synthesis.Thesentenceswere
not originally in thecorpusandthey wereselectedfrom news-
paperarticles.

The listenerswereasked to evaluatethe synthesizedsen-
tencesin all versionsby marks1 to 5 (optimally to sort them
by quality from the worst one to the bestone), where the 5
meansthe best, this mark always having to be usedfor the
best sentencein terms of naturalness,�uency, intelligibility
andprosodicconsistency. Sentenceswhich seemedto beequal
could be evaluatedby equalmark. Afterwards,normalization
wasperformedin order to take advantageof the whole scale.
Theresultingaveragemarksandstandarddeviationsareshown
in table3.

Units Averagemark Standarddeviation
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: Theaveragemarksandstandarddeviationsfor various
unit types

Halfphoneswith the averagemark 3.81wereevaluatedas
the bestunit type. Diphonesandtriphoneshave moreor less
equalmarks,aswhencomparedin [5]. However, afterperform-
ing a staticticalone-way analysisof variance(ANOVA), it was
provedthatthereis nosigni�cant differencebetweentriphones,
diphonesandhalfphones.During statisticalcomparisonof the
resultsof thesethreeunit types, the p-value for the null hy-
pothesis,that thereis no differenceamongmeans,reachedthe
value0.65.

Syllableswith theaveragemark2.24wererateda little bet-
ter thanphones,which were identi�ed asthe worst oneswith
theaveragemark1.88. This occurseven thoughthealgorithm
looking for the bestphonesequencetheoreticallyhadthe best
opportunityto selectthemostappropriateunitsdueto thehigh-
est numberof candidates.However, in this caseas well, the
differencebetweenthe meansof the marksfor thesetwo unit
typesis not statisticallysigni�cant, which was proved by the
ANOVA test.Thep-valuewasdeterminedas0.094.

On the other hand,betweenthesetwo groups(diphones,
triphonesandhalfphonesononeside,andphonesandsyllables

on theotherside)a signi�cant differencewasdetected.Thep-
valueswereequalor near-equalto zerowhencomparingunit
typesfrom onegroupwith thosefrom theothergroup.

There are further factorswhich affect unit selectionand
whichcanbechanged.Oneof themareweights,usedfor com-
putationof thetargetcostandthejoin cost. In this experiment,
Festival implicit settingof theseweightswasapplied.Thebal-
ancingof theweightsshouldin�uencethe�nal syntheticspeech
quality andthis settingmight be dissimilarfor eachunit type.
However, we attemptedto maintainequalconditionsfor all the
testedunit typesandin thatwayachieveaconsistentresult.

Theconclusionmaysuggestthathalfphones,diphonesand
triphonesarecomparableregardingthe syntheticspeechqual-
ity. However, taking into accountthe fact that the synthesis
using halfphoneswas multiple with respectto computational
complexity, the applicationof diphonesor triphonesseemsto
bemorepro�table.
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