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Abstract

Concatenatie synthesisis currently the favoured ap-

proachto text-to-speectsynthesisyetit hasfundamental
limitations. In thelongerterm, articulatorysynthesishas
much greaterpotential. Different approachedo artic-

ulatory synthesisare discussedn termsof the choices
madeconcerninghearticulatoryprocessemodelled the

simplifying assumptionsandthe datacollected.

1. Introduction

Concatenatie synthesiss now the leadingapproachin
speechsynthesisbasedon numbersof researcherpur-
suingthat approachand numbersof commercialspeech
synthesizersusing it. Many have also assertedthat
it delivers more natural speechthan formant synthesis
(thoughsomewould debatehatassessment)etauthors
of The Bell Labs Approach state:“We useconcatenatie
synthesisbecausethat is currently the best available
methodto producesyntheticspeechof consistentlyhigh
quality ... however, at the sametime we also believe
that in the long run concatenatie synthesisis not the
answer’[1, p.3].

The very first fully automatic text-to-speechsyn-
thesizerwas basedon an articulatory synthesizer2],
and articulatory synthesizersontinueto be developed,
primarily astools for researchinto fundamentabspects
of speechproduction. However, the first synthesizers
that wereintelligible enoughto be commerciallyuseful
werebasedn formantsynthesisandmorerecently even
formantsynthesisasgivenway to concatenatie synthe-
sis. This hasled to a generalisatiorabout“knowledge-
based"versus‘ignorance-basedsystemsvhich mirrors
that usedin the field of speechrecognition: whereasa
knowledge-basedystem(articulatoryor formantsynthe-
sis) would seemto be a betterapproachthe ignorance-
basedsystemgconcatenatie)appeato bemoresuccess-
ful. Onemight concludethatknowledgeis all very well
for understandinghe processof speechproduction,and
necessaryor studying,for instancedisorderedspeech,
but a hindrancefor synthesis.Is this becauseave do not
yet possesenoughknowledge, or becausean attempt
to mimic the humanmethodof producingsomethingso

comple is doomedBailly goessofarasto write: “One
couldclaimthatthis lack of theoreticabackgrounds the
key to the succes®f sub-symbolicapproaches speech
technology’[3, p. 160].

Syntheticspeechof “consistentlyhigh quality” may
not possesall the attributeswe are interestedin. The
idealsynthesizeshould:

1. beasintelligible asa humanbeing.
2. soundnatural.

3. beableto soundike mary differentspealertypes:
male,female;old, young,inbetween;low or high
voice.

4. beableto speakin ary language.

5. be ableto soundlike a specificspealer, not just a
generictype.

6. be able to soundlike an extraordinary spealer,
e.g.a singerwith a seven-octae voice range,or
someonewith disorderedspeechpr an alien with
extrasinuses.

7. beableto changeto anotherspealer type, or alter
thevoicequality of agivenspealer, withouthaving
to gothroughasmucheffort asrequiredfor thefirst
voice.

8. have parameterdomainsthat can be conceptu-
alised,sothatif it soundswvrong,intuition is useful
in fixing it.

9. teachus somethingand provide opportunitiesto

learnmoreaswe work to producea commercially
usablesystem.

A concatenatie synthesizewith a sufficiently large
databaseansatisfythefirst four attributes,andcanout-
performaformantsynthesizeonthethird. Both typesof
synthesizecouldsatisfythefifth if thatspecificspealer’s
voice hadbeenincorporated An articulatorysynthesizer
is clearly the way to achieve attributes6, 7, and8. Re-
garding 9, althoughary synthesisapproachteachesus



somethingwe know lessaboutparameterandprocesses
that are more internal and thereforeharderto obsenre,
and are thus likely to learn more through attempting
articulatorysynthesis.

Thislastpointimpliesthatknowl edge andignorance,
usedto classify approachego synthesis,form a false
dichotomy As Scully stated: “Any attemptto produce
syntheticspeechs basedon someview or modelof how
naturalspeechs made.Diphonesynthesisfor example,
exploits thefactthatsomeportionsof the acousticsignal
changelessrapidly and are lessinfluencedby phonetic
contet than others. Acoustic-basedynthesishasgen-
erally assumedhat there are sourcesof soundwhich
are separabldrom filter shapesand that the resonance
processetinking themarelinear” [4, p.151]. The basic
problemdn designingasynthesizecanthenbedescribed
asthreefold: 1) choosethe level of the basicparameter
set; 2) choosethe setof simplifying assumptionswhat
will beincluded,whatignored? 3) decidewhatkind of
dataareneededandhow the datashouldbe usedto build
adatabasegreaterules,and/ordevelopthe model.

The choice made regarding the level of the basic
parameterset will determinethe dimensionalityof the
system,andalso how easyit will beto gatherdata[5].
Thechoiceof simplifying assumptionwill determinghe
degreeto whichonecanconceptualistheinnerworkings
of the synthesizerits degreeof matchto the realworld,
and also how easyit is to know what to fix whenthe
syntheticspeechsoundsunintelligible or unnatural. It
will alsoaffect the degreeof flexibility andthe extentto
which the synthesizercan be generalised. The datato
be obtainedfollow asa consequencef the otherchoices
made. For concatenatie synthesisthe synthesizeis to
a large extent as flexible and as naturalasits database.
For formantor articulatory synthesisthe datagathered
chiefly seneto refinethemodels.

In this paper we considerthe threeproblemsdefined
above in termsof articulatory synthesis describingthe
progresamadeandthe merits of variouschoicesin each
case. We then summarisewhat seemto be the most
fruitful directions,and considera few aspectshat have
receved scantattention by thoseinterestedin speech
synthesisFinally, we conclude.

2. Approachesto Articulatory Synthesis

In this section, we do not attempta full review of
articulatorysynthesisput ratherexplore the choicesthat
have beermadeandtheproblemsencounteredsaresult.

2.1. Choice of basic parameter set

Articulatory parameterdiave an advantagein that they
describethe systemthat producesthe soundratherthan
theresultof thatprocessThus,extrapolatingparameters
beyond normal boundsshouldstill producea “correct”

sound (e.g. the way an eight-foot tall human would

sound),whereasextrapolatingthe acousticresultsmay
createan unnaturaleffect (e.g. lowering a front-cavity

resonancithoutallowing for thesudderchangevhena

sublingualcavity comesinto existence).In concatenatie

synthesisthe sameprinciple is at work, asexemplified
by the burbling soundscreatedby akutting segments.In

formant synthesis,interpolationin the acousticdomain
amountsto a model of coarticulationthatis fundamen-
tally flawed. Articulatory synthesisshouldhandlecoar

ticulation correctly sincethe articulatorsthemselesare
objectsfollowing the laws of physics.But becausehere
is an essentiallyendlesssequenceof causeand effect,

onecanalwaysfind somemechanisnthat hasnot been
itself modelled

Within the domainof articulatory parametersthere
arestill choicego bemaderegardingthelevel of thebasic
parametesset. The line analoguemodel,asusedin, for
example,the DAVO synthesizef6], usescross-sectional
areaalong the tract to determinethe transmission-line
parameters.Sinceit differs very little from a terminal
analoguemodel, in which the resonanceare modelled,
the line analoguecould be consideredto be at a level
closestto formantsynthesisIn theline analoguenodel,
however, thereis a clear correlatewithin the modelto
distancealong and area acrossthe vocal tract; noise
sourcesareinsertedbetweersectionsandthusalsohave
aclearspatialreferent.

While mary synthesizersuse an area function-to-
transfer function module that corverts the vocal tract
shapeto anacousticfilter, the areafunctionis generated
in a variety of ways. In somecases,vocal tract mea-
surementareuseddirectly to generatehe areafunction
(e.g.[7]). In othercases,articulatorymodelsgenerate
a midsagittal profile that is then corvertedto an area
function. Thesediffer in termsof the parametersised
(althoughall of themuseapproximatelynine), the theo-
retical basisfor that definition, andthe degreeto which
interactionbetweerstructuress modelled[8, 9, 10].

At a further remove from formants, EMG signals
were usedas a basisfor articulatory modelling. The
initial assumptionwas that a correspondencexisted
betweenthe phonemeandthe EMG signals. According
to Harris [11], this was a mistale. EMG signalsare
relatedto the distanceandtime neededor a muscleto
move—notto the phoneme. SubsequenEMG studies
alsorevealedlarge variationin the signalsfrom tokento
token. ThoughEMG proved not to be a useful level at
whichto definea parameteset,thatwork combinedwith
recentadvancesin medicalimaging have led to recent
approachesn which muscles, rather than articulator
positions, are modelled. Dang and Honda [12] have
modelledthetonguetissue,‘roughly replicatingthefiber
orientationof the genioglossusnuscle”; eachsectionof
thetonguemodelis drivenby muscleactivation patterns.



Wilhelms-Tricarico[13] is generatingan exact modelof
every muscle bone,andotheranatomicstructuresbased
ontheVisible Humandatasets.Theresultingsynthesized
speechshould be an exquisite example of attribute 5,
depictionof a specificspealer;it remaingo be seerhow
generalisablé is to otherspealers(i.e. attribute 7).

While researcteffort on completearticulatorymod-
els haswaxed and waned, that on articulatory models
of vocal fold oscillation has been much more steady
Modelshave variedin level: the one-masg14] andthe
two-massmodel[15] both capturethe grossmechanical
andaerodynamicharacteristicef vocal-foldoscillation.
Multi-mass modelshave beenexplored (e.g. [16]) that
could vibrate in other modal patternsobsenred in real
vocalfolds, but with a greatincreasen compleity (and
reductionin conceptuapower). Beammodelswith three
degreesof freedomin their motion [17] and models
thatincorporatawo-dimensionapositioningof thevocal
folds [18] are more recent approacheshat generate
morecomple patternf vibration,without substantially
increasinghe numberof parameters.

Noisesourcehaverecevedmuchlessattention.Un-
likethevoicesourcewherethemechanicalaerodynamic
andacousticinteractionclearly mustbe incorporatedn
the model, noise sourceshave often beenconstructed
separatelyand insertedinto an articulatory model that
is otherwiselimited to acoustics. Fant [7] took this
approach,and more recentwork basedon mechanical
models[19, 20] hasrefinedthe choiceof ‘off-the-shelf
noise sourcesavailable. Flanaganand Ishizaka [21]
insteaddevelopeda modelthat generatedts own noise
sourcesvherever thelocal Reynoldsnumberroseabove
athreshold.Scully’s synthesizef4] likewise determined
in theaerodynamienodulewheresourceshouldbe,and
their strength for usein the acousticmodule. Recently
Sinder Krane and Flanagan[22, 23] have developeda
model that computesits own noise sources. While it
is still limited to very simple tract shapes,it is much
more flexible and shouldgeneralisefar betterthan ary
parametricapproach

Finally, the aerodynamicsof the tract as a whole
has beenmodelledin variousways. Solutionsto the
Navier-Stokes equationwere attemptedwhen comput-
ing power roseto a point where that becamefeasible
(e.g.[24, 25)]), but this approachhaslargely beenaban-
doned. The methodusedby Kraneet al. [23] of mod-
elling vortices and their soundproductionmechanisms
seemgromising

2.2. Choice of simplifying assumptions

Consideratiorof noise-sourcanodelling above is diffi-
cult to separatdrom issuesof the simplifying assump-
tionsmadein a givensystem.In concatenatie synthesis
a modular approachis used; each module is visited
only once [1]. While it is true that the processof

soundgenerationhas alreadyoccurred,and the results
arecontainedn the speechunitsin the databasethe ex-
tractionof theexcitation,its modificationandsubsequent
reassemblyembodyan assumptiorof source-filtersepa-
ration. In articulatorysynthesislik ewise,theassumption
is often madethat aerodynamicg&an be separatedrom
theacoustics.

Clearlythis assumptiorof separatiorcannotbe used
for vocalfold oscillation,nor for trills; vocalfold models
were discussedabove, and trills have been elegantly
modelled[26]. But even when source-filterinteraction
is not essentialjt may still be important. For instance,
it is possibleto put a vocal-fold module that includes
mechanical-aerodynamic-aasticinteractioninto a sys-
tem that excludesinteractionbetweenvocal fold oscil-
lation and vocal tract impedance. Yet doing so affects
the naturalnesof the resulting synthetic speech[27].
Lik ewise,generatingnoisesourceparametricallyincor-
poratesaerodynamicinformation, but certainly is less
flexible andcanresultin woefully inadequatdricatives.
Even a relatively subtle effect, the modulation of the
noise sourcein voiced fricatives, appearsto occur by
meansof a combinedacousticand aeroacoustienecha-
nismthatcould not easilyberecreatedn a modelwhere
aerodynami@ndacoustionodulesareseparat¢28].

Fantestablishedhattheareafunction,ratherthanthe
detailedcross-sectionahapeof the tract, wassufficient
to modelspeechsoundq7]. At thetime of hiswork, and
for mary yearsafter, it was difficult even to obtainan
accuratareafunction: muchresearchwentinto deriving
the areafrom sagittaldistancesobtainedby X-ray. Now
thatit is possibleto obtainthe areafunction accurately
via magneticresonancémaging (MRI), thefirst priority
has beento rerun the models predicting the acoustic
outputfrom the areafunction,on the assumptiorthatthe
articulatorydatawasthe wealestlink.

But the three-dimensionahigh-resolutionMRI data
are not being fully exploited. Tract asymmetriesare
revealedin normal spealers; someof theseappearnot
to matteracoustically but the extremeasymmetrieghat
werealreadyknown to exist in, for example,cleft-palate
spealersdo matter How canwe decidewhenthe area
aloneis not enough? Clearly the details of the shape
downstreamof the constrictionaffect noise generation.
Evidencealso exists that regions of large articulatory
variability (e.g. palatevault depth) are handleddiffer-
ently, adaptvely, by spealersin orderto producesmaller
acousticvariability [29]. In such a case, should the
articulatoryvariability beincludedin a model,or should
a typical palate shapeand tongue contact pattern be
adopted,with the assumptiorthat for normal spealers,
ontheaveragetheacousticresultwill bethe same?The
answemaywell dependon whetherwe wantto modela
particularspealer, disorderedspeechpr simply generic
normal spealers. Whatever the answerin a particular



case,we no longerneedto, andcanno longerafford to,
male the blanket assumptiorthat an areafunction is a
sufficient descriptionof the vocaltractshape.

Many algorithmsexist for corverting the areafunc-
tion to a transferfunction. They differ in whetherthey
operatein thetime or frequeny domain,or both;in the
modelsof lossused whetheryielding walls areincorpo-
ratedandhow, andhow sidebranchesaretreated.Most
usea setof assumptiongmplicit in therepresentationf
anacousticsystemasanelectricalanalogue Onesystem
thatrelaxessomeof theseassumptionsy OAC [30], also
useshydraulic radiusin additionto areafunction, thus
incorporatingsomeinformationaboutthe cross-sectional
shape.

Particular studieshave addressedhe acousticeffect
of the bendin the tract and the consequencesf an
elliptical versuscircular cross-sectiorf31]. Tradition-
ally, cross-modeshave been neglected, assuringthat
the acousticoutput will be lessaccurateabove 5kHz.
But recently they have beenincorporatedvia parallel
transmissiorines [32], thoughthe conceptualpower of
theelectricalanaloguas thenconsiderablyeduced.

2.3. Data collection

With formantsynthesiscontrol of prosodyseemso be

the wealestlink. With articulatorysynthesisyocaltract

shapedataseemedo be one of the chief problems,but

with the advent of MR, thatis lesstrue. We now have

high-resolutionthree-dimensionathapedata that very

few acousticmodelsusefully. Tract-internalacoustic
andaerodynamisignalsarenearlyasdifficult to acquire
as 3D shapedata, but can sene as usefulintermediate
signals with which to check the performanceof the

synthesizefaswasdoneby Scully [4]).

Although X-rays can no longer be condonedon
safety grounds,other types of vocal tract imaging ex-
ist. MRI was a big adwance, despitethe dravbacks
of long image acquisitiontimes and the difficulty of
getting bone, especiallythe teeth, to appeardifferent
from air. Methodsfor outlining theteethhave hadsome
successas have fusing the imageswith thoseof dental
impressions.The acquisitiontimeskeepimproving, and
differenttechnique$iave beendevelopedo allow images
taken of moving articulatorsto be recombinedto yield
much shorter effective frame rates[33, 34, 35]. The
numerousrepetitionsrequired, however, meanthat the
speecttannotbe saidto be natural.

Otherimagingtechniqueslo allow for more natural
speech: articulographyand X-ray microbeam,which
image midsagittalpoints on the tongue, electropalatog-
raphy which imagestonguecontacton the palate,and
ultrasoundof the tongue,which imagesary givenplane
of the tongue. While none of thesehas high spatial
resolutionor includesthe completevocal tract, together
they have provided essentialinformation abouttiming,

control,andtonguemovement.

In vivo measurement®f aerodynamicparameters
are far more primitive. The Rothenbeg maskand in-
traoral pressuremeasurementare useful and relatively
nonirnvasive. Subglottalpressureandlung volume have
beenmeasuredmostly for studiesof respirationand of
singing, by invasie and/orlessaccuratemethods. Hot
wireshave beenusedn thetractto measurdlow velocity,
but it is a hostile environmentfor hot wires; they are
muchbetterusedin mechanicaimodelswherethey can
be calibratedandpositionedaccurately

A variety of methodshasbeendevelopedfor mea-
suring variousvocal fold parametersrangingfrom the
noninvasive laryngoscopeto high-speedfilming of the
vocalfolds. While MRI cannotcapturethe moving vocal
folds, it hasbeenusedto explore larynx movementin
relationto f, control.

3. Other Pointsto Consider

Doesthe choserform of theinputlimit the synthesizes
flexibility? For text-to-speechsynthesis,the input is
invariably some form of text (e.g. a phonemicstring
with stressmarkings). Yet this automaticallyrules out
non-speechutterancesthat may be not only possible
but natural (e.g. “Mm-hmm, unh-unh; yawning), less
naturalbut possibleutterancesuchasa place-changing
continuumfrom /s/ to /f/, and natural-soundindput im-
possibleutterancesuchasa seven-octae sungscale,or
avowel producedvhile thevocaltractsteadilylengthens.
Thesecould be straightforvardly specifiedin terms of
articulatory parameters,so the input to the synthesis
‘module’ should not be so text-orientedas to preclude
them.

While so mary avenuesare being explored, eval-
uation of systemsis not straightforward. If the goal
is commercialapplications,then the synthesizermust
be able to producecompletesentencesand the output
shouldbe evaluatedon customeracceptancentelligibil-
ity, etc. But articulatorysynthesiss still far from that
goal. A systemthat producesworse-qualitysynthesis,
but is designedn suchaway asto make it moreflexible,
may well be the bettersystemoverall. It is important
to considerall of the attributesof anideal system,even
if only someof them are of importancefor the current
application.Lik ewise, it is importantto allow somesteps
to produceworseresultsin orderto explore pathsthat
mayallow for bettersynthesisn theend(cf. theargument
of Bourlard,Hermansl andMorgan[36] in the context
of speechrecognition). Finally, systemsbasedon an
entirelydifferentsetof assumptionsnaybevery difficult
to compare Varyingonemodulewhile leaving othersin a
standardstate(e.g. usingdifferentarticulatorymodelsto
producean areafunction,anda singlemodelto produce
atransferfunction) may not alwaysbea valid method.

It is fruitful to considemusicsynthesisFirst, mary



of the stagesof the researchhave beensimilar. The
initial stagesfocussedon imitation of existing acoustic
instruments. The better a syntheticviolin, the more
control was demonstrated Then, new instrumentswere
synthesizedhat are not physically realisable,or would

take too long to learnto play, or could be madebut with

greatlabour.

Secondthe acousticproblemsare harder while the
‘articulatory’ problemsare easier(most musicalinstru-
ments,with the exceptionof the singing voice, have a
constantshape). Thereare instrumentswith harmonic,
andsomewith inharmonic,partials. Nonlinearacoustics
is included in models much more often, since mary
musical instrumentsrequireit. Since eachinstrument
demandshatthe type of modelandthe setof appropri-
ate assumption$e approachednav, thereis a greater
variety in modelling. Oneresultis thatwhensingingis
synthesizedthe assumptiongommonlymadein speech
synthesisarenot necessarilyassumedo hold.

Third, in speechsynthesisthe priorities are first to
make the synthesizeintelligible, andthenmake it sound
morenatural. In music,the ‘information content’ (pitch,
duration,amplitude,as specifiedin the score)is simple
to control with a synthesizerand the expressvenesss
relatively moreimportant:it is permissibleo usevibrato,
ritardando, even to sing a different vowel from that
in the libretto, if thesedeparturesare done artistically.
We can benefitfrom researchdone on how musicians,
particularly singers,achieze such expressveness. For
example,singersallow subglottalpressureo vary more
widely, and larynx positionto vary lessthanin speech,
controlling fo andamplitudein waysthatproduceamore
beautiful and sustainablgone (voice quality) [37]. We
can also considerbaffling aspectsof speechsynthesis
from a musical point of view: could intonationon a
paragrapHevel be treatedashaving a musicalstructure?
Studieson different singing styles and expressveness
may be usefullytappedfor speectsynthesisvith arange
of voice qualitiesandemotionalstates.

4. Conclusions

The detailedconsideratiorof the attributesof an ideal
speectsynthesizerandof thecurrentstateof articulatory
modelsandsynthesisdevelopedin this paperleadusto
thefollowing conclusions.

¢ Ultimately, concatenatie synthesids not the an-
swer In the long term, articulatory synthesis
has more potential, not only for extending our
knowledgeof speechscienceput for high-quality
speectsynthesis.

e Choosingthe optimal level on which an articula-
tory synthesizewould operates oneof the major
problems.

o Although a pipelinedsetof independentnodules
malkes evaluation much more straightforvard, a
realistic articulatory synthesizerdemandsinter-
connectionsand feedbackas well asfeedforward
paths.Choosingthe interconnectionso includeis
oneof themajorproblems.

e Lousyspeechcanbea goodthing. Thatis to say
insisting that all changeanustleadto immediate
improvementmay preventmomentarystepsback-
wardsthatallow for majorimprovement.

e We needmoreknowledgeaboutmary fields: mo-
tor control, vocal tractimagingandimagesof the
tract during speech,aeroacousticsspeechdisor
ders,singing, emotionalstatesandtheir effect on
speech.

In thelongrun, efforts devotedto concatenatie synthesis
may be efforts wasted.
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