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ABSTRACT

Herewe proposea novel musicalcontrollerwhich acquires
imagingdataof thetonguewith atwo-dimensionamedical
ultrasoundscanner A computervision algorithm extracts
from theimagea discretetongueshapeto control, in real-

time, a musicalsynthesizeandmusicaleffects. We evalu-

atethe mappingspacebetweertongueshapeandcontroller
parameterandits expressve characteristics.
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INTRODUCTION

Musical controllersmay be activatedby different parts of
thebody. Eachcombinationof musicalcontrollerandbody
partresultsin a differentquality of control,expressionand
richnessof interaction. The humanvocaltractis the body
partmostcommonlyusedfor soundgeneration.Examples
arespeechsinging,andothernon-speeckoundsThetonal
shapingof thehumanvoiceis to alargeextentcontrolledby
thetongue.Usingthetongueasaninputmodalityleverages
theskills humanhave acquiredhoughspeakingandhasthe
potentialfor sensitve and ne control.

Looking at the role of the tonguein speechmodeling[3],

[6], [7], thevocaltractshapds primarily controlledby the
tongue.In voiceproductionrmodelingtheairspacef thevo-

caltract, from the glottis to thelips, canbe consideredsa
linear Iter. This lter actsoninputgeneratedy theglottis,
alsoknown asthe excitation function. This implies strong
potentialfor usingthe controlmechanisnof thevocaltract,
startingwith the tongueshapeto controlanexternalsound
synthesiglevice.

Existingphysicalinstrumentsvhich make useof thetongue
asa control mechanisninclude reedinstrumentsthe har

monica, and the mouth harp. Also, instrumentssuch as
Mouthesizerand TalkBox usevariouselementsof the hu-
manvocaltractto controlor modulatesound.The Mouthe-
sizer[8], createdoy MichaelLyonset al., usesthe lips as

Figure 1: Tonguecontour reconstructionalgorithm.

thesolemeansof input. The TalkBox [9], utilizesa spealer
placedin the performers mouth, which recordsthe Iter -
ing effect of the mouthusingan externalmicrophone.The
TalkBoxgotvery popularin the70's,andis playedby mary
performersuchasPeterFramptor[5].

Anotherrelatedmusiccontroller, the Vocoder(Voice Oper
atedreCorDER)[2], extractsfrom acoustiovoicesignalsthe
formantfrequenciesWith the assumptiorof a singlelinear
Iter model,the formantfrequenciesvould be the equia-
lentof the Iter coefcients.

The proposedsystemis differentandnovel, in thatinstead
of acousticmeasurementwe use an articulatory model
basedon measurementf the physicalcon guration of the
vocaltractin realtime. The principle of usingthetongueas
a musiccontrollerwas proposedoy David Wesselin [10].

Thesemeasurementare usedin an active senseo control
a digital instrument,ratherthanthe more passve embodi-
mentfound in TalkBox wherethe interior of the mouthis

usedasa physicalacousticchamberIn the presenproject,
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the mappingof the vocaltractto the soundoutputis recon-

gurable. Thegoalof this studyis notto directly modelthe
vocaltractasusedin everydayspeechbut ratherto explore
how to leveragethe ne motor control skills developedby
thetonguefor expressie musiccontrol.

Oursystems composeaf anultrasoundlevice, positioned
underthe chin to provide continuousimaging of the per

former'stongue. The tonguevideois acquiredinto a com-

puter with a video capturecard, which extracts a basic
tonguemodelin real-timewith animageprocessinglgo-

rithm. Thetranslationmappingfrom thetonguemodelinto

soundsynthesigparametersnakesour systema musiccon-

troller thatanalyzesheinputvideoasshowvn in Figureland
generateshe tonguemodel,which drives. Oneadwantage
of this approactis therelatively non-intrusie natureof the

ultrasounddevice,ascomparedvith a systemsuchasTalk-

Box wheremechanicahardware mustbe insertedinto the

performers mouth.

DESIGN CONSIDERATIONS

By building andtestingthe Tongue'n' Groove we hopeto
evaluatethe potentialof thetongueasanexpressve musical
controller We have identi ed mary factorsthatwill deter
minetheeffectivenes®of thiscontroller Ourdesignandtest
planattemptdo explorethefollowing issues:

Physical constraints on motion: The tongue moves
within a spatially limited region, and eachportion of the
tongueis elasticallyconnectedo neighboringregions. This
is oneof the mostuniqueaspect®f tonguecontrol.

Accurac y and Speed: The spatialaccurag of a tongue
controlleris limited on the humanside by the accurag of
tonguemotor control. Algorithms on the computerside
shouldbe designedo supportthis maximumspatialaccu-
ragy. Furthermorethe tehmporalresolutinoof the video
streamand software processinghouldbe adequateso that
timelag is notanobstacleo goodcontrol.

Learned abilities with the tongue: Peoplehave a pre-
existing setof skills from using their tonguesfor singing,
speaking gatingand caressing.They alsohave certainex-
pectationgegardingtherole of thetonguein soundproduc-
tion.

Intimac y/Emotional Connection:  Becauseof its situa-
tion in thebody, andits involvementwith intimateandcom-
municatize activities, a tonguecontrollermay heightenthe
performersemotionalconnectiorwith theproducedsound.

Sensor dimensionality: In our systemwe usea 2D ultra-
sounddevice. Our investigationstartswith imagingof the
mid-sagittattonguepro le. It maybediscoveredthatbetter
controlresultsfrom theuseof 3D or analternate2D plane.

SYSTEM DESIGN

Figure2shows the componentof the Tongue™n' Groove
system.An Aloka SSD-90Qultrasoundscanners usedwith

a small probe,similar in shapeto a microphone.The per

former presseshe probeagainstthe undersideof the jaw.

Sound-conductie gel may be usedto lubricatethe skin for

betterprobecontact.The probecanbeheldin hand,or used
with amicrophonestand.

The SSD-900produce-dimensionaimagesof thetongue
pro le in analogNTSC video format. Thirty framesper
secondare obtainedat 768x525resolution. The SSD-900
calibrategheultrasoundmagesothatimagedistancegor-
respondo scaledreal-world distancesTheintensityin dif-
ferentpartsof the imagedependson the ultrasonicre ec-
tivity of body parts. The tongue-aitboundarylayer on the
uppersurfaceof thetongue hashighre ectivity andthere-
fore createghe mostintenseregion of theimage.

Theultrasoundmageis digitizedusingaLinux workstation
with a video capturecard. A video capturelibrary written
in C makesimagedataavailableto the Tongue™n' Groove
imageprocessinglgorithm. Two differentalgorithmshave
beentestedwith the Tongue'n' Groove sofar. Onealgo-
rithm usesoptical o w, andis basedn Sidney Fels' lamas-
copesystem[4]. It calculateghe amountof motionwithin

eachof 10 vertical bandsof the tongueimage. The other
algorithmcalculatesa vectorof vertical positionsalongthe
tonguesurface.

The output of the image processingalgorithmis usedto
provide constantlyupdatedcontrol parameterso a synthe-
sis engineat the video framerate. The optical o w algo-
rithm sendsMIDI signalsto the PC internal soundcard,
causingnotesto be triggeredwhen motion occurs. The
10 differentbandscontrol 10 pitcheswithin a prede ned
chord. The tongue-heighalgorithm sendsits outputvec-
tor to the Singing PhysicalArticulatory SynthesisModel
(SRASM)[1], wherethetongueheightsaremappedo radii
of cylindrical segmentsin thevirtual resonanthamber

IMAGE PROCESSING

Tongue Contour Reconstruction

If the Tongue'n' Groove wereintendedto control realistic
humanvoice soundsit would beimportantto have accurate
readingsof tongue/hardpalatepositionsin orderto drive
a vocaltract model. However, our goal is broader:to use
the tongueto control expressie musicalsoundsjncluding
abstractvocal-typesoundsandnon-wocal sounds.As long
asa consistentmappingis applied,userscanlearntherela-
tionshipbetweertonguemotionandsoniceffect. Therefore
we have implementeda fairly simpleimage-processingl-
gorithm that outputsa vector of relative heightsalongthe
top surfaceof thetongue.
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Figure 2: Systemdiagram of the Tongue'n' Groove

It doesnot attemptto measureabsolutepositionwithin the
throator the shapeof the hardpalate.

In measuringthe con guration of the tongue,we acquire
anNTSCimagefrom the ultrasoundscannerTheintensity
levels of theimagearethennormalizedunderthe assump-
tion that the ambientintensity is inverselyproportionalto
a smallpower of the distancefrom the centerof the probe.
The actualexponent,computedby averagingover several
data-setsacquiredby the ultrasoundhasa value of about
2.2.

Sincethe probeis heldunderthechin, thetongueis approx-
imatelyin the samepositionrelative to the proberegardless
of theuser Theregion of interestin the ultrasoundscanis
therefore x ed. Thisregion is scannedor maximumpixel
intensitiesacrosghe eld of theimage.Thesevaluescorre-
spondto thedistancerom the probeto thelower contourof
thetongue.Sincethe hardpalateis x ed,thesevaluesgive
all therequiredinformationto estimatethe con guration of
this portionof thevocaltract.

The currentlyimplementedalgorithmdoesnot compensate
for shiftingandrotationof theentireultrasoundmage.This
allows theuserto changehevectorof outputsby changing
position and pressureof the ultrasoundprobe againstthe
throat. We view thisasadesirabldeature sincetheusercan
learnto employ theprobeasa seconctcontroller modifying
the soundoutputin uniqueways.

Dueto its simplicity, the algorithmis capableof 30 frames
per secondoutput on a 800MHz Pentium-II Workstation.
As canbe seenfrom Figure 1, the algorithmis subjectto

a signi cant amountof noiseanderror, which causesinin-
tended uctuationsin the musicaloutput.

We areimproving the currentalgorithmwith methodssuch
asoutlier removal andsimplesplineand polynomialcurve
tting, to increasethe accurag within our real-timecon-
straint. With the algorithmimprovementswve predictmore
precisecontrol and improved expressve potentialfor the
Tongue'n' Groove. We planto investigatethe application
of more computationallyexpensve methods,suchas dis-
cretesnalesandKalman Itering, in the spatialandtempo-
ral domainfor this real-timeconstraintproblem.

Optical Flow Extraction
Thesecondmageprocessinglgorithmfor this application
extractsoptical o w. Insteadof analyzingthe tongues po-
sition, this algorithm analyzesthe tongues motion in ten
horizontally-spacedegments. The ow extraction algo-
rithm computesthe motion intensity by taking the differ-
encebetweerconsecutieimageframes.

SOUND SYNTHESIS

We planto implementmusicsynthesisalgorithmsasoutput
for the Tongue'n' Groove. We believe that an important
factorin determininghesucces®f atongue-to-musienap-
pingis thesimilarity betweerthearti cial controlmapping
and the naturalfrequeng-shapingfunction of the tongue.
On this basis,we have identi ed threebroadcateyoriesof
instrumento beimplementedandcompared:

1. Thetongueimagedatacanbeusedto controltheresonant
tubeshapein a physicallymodeledhumansingingvoice
synthesizer

2. The tongue image data can be usedto control lter -
shapingparameterfn a non-vocalinstrument.

3. Thetongueimagedatacanbeusedto controlasetof non-

Iter -relatedparameter@ a non-vocalinstrument.

Currently the two instruments,Tongue-SRSM and the
Tongue-Scopewe have implementedt Catagoriesl and
3 respectiely.

Tongue-SP ASM

The Tongue-SRSM instrumentis basedon Perry Cook's
Singing PhysicalArticulatory SynthesisModel (SFASM).
SFASM simulateshumanvoice soundsby modelinga vo-
calexcitationfunctionand ltering it throughavirtual vocal
tubewith varyingcross-sectionThe Tongue-SRSM maps
tongueheightsto radii of cylindrical sggmentsn thevirtual
resonantube.

We adoptedhe Linux versionof SFASM to allow for real-
time control. The original codeis designedo readvocal
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tractradii valuesfrom ascript le, changingheradiivalues
at certainintervals as de ned in the script. We modi ed

SFASM to readradii vectorsfrom anUnix le descriptorto

updatethe simulatedvocaltractoninputchanges.

TheTongue-SRSM algorithmis capableof readingin new
control vectorsand changingthe sonic outputat a rate of
atleast30 signals/second;orrespondingo thevideoframe
rateto theultrasoundsignal.

Tongue-Scope

The Tongue-Scop@strumentis basedon the musicalout-
put codeof Sidney Fels' lamascopeystem.Thealgorithm
proceedsat a constantrate througha prede ned, looped,
chord sequence.Eachchord contains10 possiblepitches
thataretriggeredasynchronouslpy detectednotionin the
correspondingongue-imagesegment. Notesare play-ed
throughtheinternalMIDI synthesizenf a PC soundcard.
The instrumentsoundchangeseriodicallyaccordingto a
prede nedcycle.

Future Instruments
Hereareour futuredesignconceptdor alternatefTonguen’
Grooveinstruments:

Squeezable Sax A saxophonénstrumentfrom Synthe-
sis Tool Kit will be modi ed so that the resonantube of
thesaxophongakeson differentradii valuesalongdifferent
portionsof its length. Theseradii valueswill be controlled
by theincomingvectorof tongueheights.

Mouth Cathedral Thetonguewill be usedto controlthe
parametersf anecho-chambesffect,giving theuserafeel-
ing of controlling a large resonantroom with the spaceof
the mouth. This mappingis appealingsinceit extendsthe
intuitively correctconceptof the mouthasresonantham-
ber: by extendingthe time scaleof the resonancean echo
operationis achievedinsteadof a Iter operation,but per
hapsanintuitive senseof controlwill remain.

Marble-Mouth  Thetonguewill be usedto controla num-

ber of virtual, bouncingsphereswithin the mouth. Each
sphereoccupiesa x edhorizontalpositionandbouncesup

anddown betweenthe tonguesurfaceandan arbitrary up-

persurface. As thetonguepositionsincreasdn height,the

periodof bouncingdecreasesfachspherecreates distinc-

tive pitch, while timbre depend®on the velocity of impact.
The resulting gestaltof repeatedtonal/percussie sounds
shouldhave an effect similar to a gamelanensemble. This

mappingis interestingoecauseét leveragegpeoples experi-

enceof usingthetongueto manipulateobjectsin themouth,
asin theactof eating.

OBSERVATIONS
After completinghecurrentprototypeof Tongue n' Groove,
we performedsome preliminary testing by playing each

instrument, Tongue-Scop@and Tongue-SRSM oursehes.
Hereareour obsenations:

Tongue-Scope  Given the current mapping, playing the
Tongue-Scopenly remainednterestingfor a few minutes.
Tonguemotionresultedn soundoutput,but the controldid
not seemintuitive or precise.This could perhapse useful
for abasicwalk-updemo.

Tongue-SPASM Tongue-SRSM producedaricherexpe-
rience than the Tongue-Scope. Despitethe strong noise
originatingin theimageextractionalgorithm,it seemedhat
patternsof tonguemotion could be repeatedo form musi-
cal phrases.We found it intuitively satisfyingto mapthe
tongueasaspectratontroller Dueto thepresencef noise,
therewas signi cant variationin the tonguepositionvec-
tor from one readingto the next, which causeda grairy,

rhythmic sggmentationin the audio. However, this led to

theunplannediiscorery thataddingan automaticrhythmic
componento the outputincreaseshe musicalinterestof

playingtheTongue'n' Groove (aneffectwe maypurposely
employ in the next generatiorof instruments).Overall the
tongueandsoundfeelingwasappealing.

PROPOSED EVALUATION

Our rst methodof testingthe Tongue'n' Groove will be
basedon usersuneys andqualitative obsenation. Partici-
pantswill try eachinstrumentandanswermquestionsimilar
to thefollowing:

Wasit easyto understandherelationshipbetweertongue
movementandmusicalresult?

Wereyou ableto shapethe soundaccordingto your in-
tentions?

Does the musical output sound aestheticallypleasing,
and/or musicallyexpressie?

Non-performinglistenerswill also be surweyed regarding
the musicality of the output. Comparingthe threeinstru-
mentswill allow usto makeinferencesaboutwhichtypesof
musicalmappingaremostappropriatevith atongue-pro le
basedcontroller

We arealsodevelopingtestsof a quantitatve nature,to be
performedastime permits:

Simplemeasurementsom the capturedmagestreamto
determinenaximumtonguevelocityandrangeof motion.
"Producethe samemusical phraserepeatedly”teststo
measurevariationof tonguemotion.

"Mimic asuppliedmusicalphrase’teststo measuresub-
ject'sunderstandingf the controlspace.

Teststo comparethe precisionand expressionof tongue
controlwith thecontrolaffordedby otherbody parts.We
ervisionasimpleimplementatiorof acontrollerbasecn
video captureof a handviewed from the side. Sincethe
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handshareghe samephysicalconnectvity constraintas 3
thetongue thetwo controllerscouldbe comparedvith a
variety of tasks.

The"sing-alongtest”. If atsomepointanimage-processing
algorithmisimplementedhatestimatesvectorof tongue-
to-hardpalatedistancesvith low error, we will comparea
fully scriptedarti cially controlledsongpassagéaspro- 5
ducedby theoriginal SFASM) with thesamepassageon-

trolled by theTongue'n' Groove. Userswill singalongin

realtime with a scriptedtime-varyingsequencef source 6.

excitationsandconsonansoundsgontrollingonly the |-
ter parametersA comparisorwill be madeof which out-
put soundsmostnaturalandexpressve.
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