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ABSTRACT
Herewe proposea novel musicalcontrollerwhich acquires
imagingdataof thetonguewith a two-dimensionalmedical
ultrasoundscanner. A computervision algorithmextracts
from the imagea discretetongueshapeto control, in real-
time, a musicalsynthesizerandmusicaleffects. We evalu-
atethemappingspacebetweentongueshapeandcontroller
parametersandits expressivecharacteristics.
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INTRODUCTION
Musical controllersmay be activatedby differentpartsof
thebody. Eachcombinationof musicalcontrollerandbody
partresultsin a differentquality of control,expression,and
richnessof interaction.The humanvocal tract is thebody
partmostcommonlyusedfor soundgeneration.Examples
arespeech,singing,andothernon-speechsounds.Thetonal
shapingof thehumanvoiceis to alargeextentcontrolledby
thetongue.Usingthetongueasaninputmodalityleverages
theskills humanhaveacquiredthoughspeaking,andhasthe
potentialfor sensitiveand�ne control.

Looking at the role of the tonguein speechmodeling[3],
[6], [7], thevocal tractshapeis primarily controlledby the
tongue.In voiceproductionmodelingtheairspaceof thevo-
cal tract,from theglottis to thelips, canbeconsideredasa
linear�lter . This �lter actsoninputgeneratedby theglottis,
alsoknown astheexcitation function. This impliesstrong
potentialfor usingthecontrolmechanismof thevocaltract,
startingwith thetongueshape,to controlanexternalsound
synthesisdevice.

Existingphysicalinstrumentswhichmakeuseof thetongue
asa control mechanismincludereedinstruments,the har-
monica, and the mouth harp. Also, instrumentssuchas
MouthesizerandTalkBox usevariouselementsof the hu-
manvocaltractto controlor modulatesound.TheMouthe-
sizer[8], createdby Michael Lyonset al., usesthe lips as

Figure1: Tonguecontour reconstructionalgorithm.

thesolemeansof input. TheTalkBox [9], utilizesaspeaker
placedin the performer's mouth,which recordsthe �lter -
ing effect of themouthusinganexternalmicrophone.The
TalkBoxgotverypopularin the70's,andis playedby many
performerssuchasPeterFrampton[5].

Anotherrelatedmusiccontroller, theVocoder(VoiceOper-
atedreCorDER)[2], extractsfrom acousticvoicesignalsthe
formantfrequencies.With theassumptionof a singlelinear
�lter model,the formantfrequencieswould be theequiva-
lent of the�lter coef�cients.

Theproposedsystemis differentandnovel, in that instead
of acousticmeasurement,we use an articulatory model
basedon measurementof thephysicalcon�guration of the
vocaltractin realtime. Theprincipleof usingthetongueas
a musiccontrollerwasproposedby David Wesselin [10].
Thesemeasurementsareusedin anactive senseto control
a digital instrument,ratherthanthe morepassive embodi-
ment found in TalkBox wherethe interior of the mouthis
usedasa physicalacousticchamber. In thepresentproject,
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themappingof thevocaltractto thesoundoutputis recon-
�gurable. Thegoalof thisstudyis not to directlymodelthe
vocaltractasusedin everydayspeech,but ratherto explore
how to leveragethe �ne motor control skills developedby
thetonguefor expressivemusiccontrol.

Oursystemis composedof anultrasounddevice,positioned
underthe chin to provide continuousimaging of the per-
former's tongue.Thetonguevideo is acquiredinto a com-
puter with a video capturecard, which extracts a basic
tonguemodel in real-timewith an imageprocessingalgo-
rithm. Thetranslationmappingfrom thetonguemodelinto
soundsynthesisparametersmakesour systema musiccon-
troller thatanalyzestheinputvideoasshown in Figure1and
generatesthetonguemodel,which drives. Oneadvantage
of this approachis therelatively non-intrusivenatureof the
ultrasounddevice,ascomparedwith asystemsuchasTalk-
Box wheremechanicalhardwaremustbe insertedinto the
performer'smouth.

DESIGN CONSIDERATIONS

By building andtestingtheTongue`n' Groove we hopeto
evaluatethepotentialof thetongueasanexpressivemusical
controller. We have identi�ed many factorsthatwill deter-
minetheeffectivenessof thiscontroller. Ourdesignandtest
planattemptsto explorethefollowing issues:

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

Accurac y and Speed: The spatialaccuracy of a tongue
controller is limited on the humansideby the accuracy of
tonguemotor control. Algorithms on the computerside
shouldbe designedto supportthis maximumspatialaccu-
racy. Furthermore,the tehmporalresolutinoof the video
streamandsoftwareprocessingshouldbe adequateso that
time lag is notanobstacleto goodcontrol.

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

Intimac y/Emotional Connection: Becauseof its situa-
tion in thebody, andits involvementwith intimateandcom-
municative activities, a tonguecontrollermayheightenthe
performer'semotionalconnectionwith theproducedsound.

Sensor dimensionality: In oursystemweusea2D ultra-
sounddevice. Our investigationstartswith imagingof the
mid-sagittaltonguepro�le. It maybediscoveredthatbetter
controlresultsfrom theuseof 3D or analternate2D plane.

SYSTEM DESIGN

Figure2shows the componentsof the Tongue`n' Groove
system.An Aloka SSD-900ultrasoundscanneris usedwith
a small probe,similar in shapeto a microphone.The per-
former pressesthe probeagainstthe undersideof the jaw.
Sound-conductivegel maybeusedto lubricatetheskin for
betterprobecontact.Theprobecanbeheldin hand,or used
with amicrophonestand.

TheSSD-900produces2-dimensionalimagesof thetongue
pro�le in analogNTSC video format. Thirty framesper
secondareobtainedat 768x525resolution. The SSD-900
calibratestheultrasoundimagesothatimagedistancescor-
respondto scaledreal-world distances.Theintensityin dif-
ferentpartsof the imagedependson the ultrasonicre�ec-
tivity of body parts. The tongue-airboundarylayer on the
uppersurfaceof thetongue,hashigh re�ectivity andthere-
fore createsthemostintenseregionof theimage.

Theultrasoundimageis digitizedusingaLinux workstation
with a video capturecard. A video capturelibrary written
in C makesimagedataavailableto theTongue`n' Groove
imageprocessingalgorithm.Two differentalgorithmshave
beentestedwith the Tongue`n' Groove so far. Onealgo-
rithm usesoptical�o w, andis basedonSidney Fels' Iamas-
copesystem[4]. It calculatestheamountof motionwithin
eachof 10 vertical bandsof the tongueimage. The other
algorithmcalculatesa vectorof verticalpositionsalongthe
tonguesurface.

The output of the imageprocessingalgorithm is usedto
provide constantlyupdatedcontrolparametersto 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 different bandscontrol 10 pitcheswithin a prede�ned
chord. The tongue-heightalgorithmsendsits outputvec-
tor to the Singing PhysicalArticulatory SynthesisModel
(SPASM)[1], wherethetongueheightsaremappedto radii
of cylindrical segmentsin thevirtual resonantchamber.

IMAGE PROCESSING

Tongue Contour Reconstruction

If theTongue`n' Groove wereintendedto control realistic
humanvoicesounds,it wouldbeimportantto haveaccurate
readingsof tongue/hardpalatepositionsin order to drive
a vocal tract model. However, our goal is broader:to use
the tongueto control expressive musicalsounds,including
abstractvocal-typesoundsandnon-vocalsounds.As long
asa consistentmappingis applied,userscanlearntherela-
tionshipbetweentonguemotionandsoniceffect. Therefore
we have implementeda fairly simpleimage-processingal-
gorithm that outputsa vectorof relative heightsalongthe
topsurfaceof thetongue.
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Figure2: Systemdiagram of the Tongue`n' Groove

It doesnot attemptto measureabsolutepositionwithin the
throator theshapeof thehardpalate.

In measuringthe con�guration of the tongue,we acquire
anNTSCimagefrom theultrasoundscanner. Theintensity
levelsof the imagearethennormalizedundertheassump-
tion that the ambientintensity is inverselyproportionalto
a smallpower of thedistancefrom thecenterof theprobe.
The actualexponent,computedby averagingover several
data-setsacquiredby the ultrasound,hasa valueof about
2.2.

Sincetheprobeis heldunderthechin,thetongueis approx-
imatelyin thesamepositionrelative to theproberegardless
of theuser. Theregion of interestin theultrasoundscanis
therefore�x ed. This region is scannedfor maximumpixel
intensitiesacrossthe�eld of theimage.Thesevaluescorre-
spondto thedistancefrom theprobeto thelowercontourof
thetongue.Sincethehardpalateis �x ed,thesevaluesgive
all therequiredinformationto estimatethecon�gurationof
this portionof thevocaltract.

Thecurrentlyimplementedalgorithmdoesnot compensate
for shiftingandrotationof theentireultrasoundimage.This
allows theuserto changethevectorof outputsby changing
position and pressureof the ultrasoundprobeagainstthe
throat.Weview thisasadesirablefeature,sincetheusercan
learnto employ theprobeasasecondcontroller, modifying
thesoundoutputin uniqueways.

Dueto its simplicity, thealgorithmis capableof 30 frames
per secondoutput on a 800MHz Pentium-II Workstation.
As canbe seenfrom Figure1, the algorithmis subjectto

a signi�cant amountof noiseanderror, which causesunin-
tended�uctuationsin themusicaloutput.

We areimproving thecurrentalgorithmwith methodssuch
asoutlier removal andsimplesplineandpolynomialcurve
�tting, to increasethe accuracy within our real-timecon-
straint. With thealgorithmimprovementswe predictmore
precisecontrol and improved expressive potential for the
Tongue`n' Groove. We plan to investigatetheapplication
of more computationallyexpensive methods,suchas dis-
cretesnakesandKalman�ltering, in thespatialandtempo-
ral domainfor this real-timeconstraintproblem.

Optical Flow Extraction
Thesecondimageprocessingalgorithmfor this application
extractsoptical �o w. Insteadof analyzingthe tongue's po-
sition, this algorithm analyzesthe tongue's motion in ten
horizontally-spacedsegments. The �o w extraction algo-
rithm computesthe motion intensity by taking the differ-
encebetweenconsecutive imageframes.

SOUND SYNTHESIS
We planto implementmusicsynthesisalgorithmsasoutput
for the Tongue`n' Groove. We believe that an important
factorin determiningthesuccessof atongue-to-musicmap-
ping is thesimilarity betweenthearti�cial controlmapping
and the naturalfrequency-shapingfunction of the tongue.
On this basis,we have identi�ed threebroadcategoriesof
instrumentto beimplementedandcompared:

1. Thetongueimagedatacanbeusedto controltheresonant
tubeshapein a physicallymodeledhumansingingvoice
synthesizer.

2. The tongue image data can be used to control �lter -
shapingparametersin a non-vocalinstrument.

3. Thetongueimagedatacanbeusedto controlasetof non-
�lter -relatedparametersin anon-vocalinstrument.

Currently, the two instruments,Tongue-SPASM and the
Tongue-Scope,we have implemented�t Categories1 and
3 respectively.

Tongue­SP ASM
The Tongue-SPASM instrumentis basedon PerryCook's
Singing PhysicalArticulatory SynthesisModel (SPASM).
SPASM simulateshumanvoicesounds,by modelinga vo-
calexcitationfunctionand�ltering it throughavirtual vocal
tubewith varyingcross-section.TheTongue-SPASM maps
tongueheightsto radii of cylindrical segmentsin thevirtual
resonanttube.

We adoptedtheLinux versionof SPASM to allow for real-
time control. The original codeis designedto readvocal
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tractradii valuesfrom ascript�le, changingtheradii values
at certain intervals as de�ned in the script. We modi�ed
SPASM to readradii vectorsfrom anUnix �le descriptorto
updatethesimulatedvocaltracton inputchanges.

TheTongue-SPASM algorithmis capableof readingin new
control vectorsandchangingthe sonicoutputat a rateof
at least30signals/second,correspondingto thevideoframe
rateto theultrasoundsignal.

Tongue­Scope
TheTongue-Scopeinstrumentis basedon themusicalout-
put codeof Sidney Fels' Iamascopesystem.Thealgorithm
proceedsat a constantrate througha prede�ned, looped,
chordsequence.Eachchordcontains10 possiblepitches
thataretriggeredasynchronouslyby detectedmotionin the
correspondingtongue-imagesegment. Notesare play-ed
throughthe internalMIDI synthesizerof a PC soundcard.
The instrumentsoundchangesperiodicallyaccordingto a
prede�nedcycle.

Future Instruments
Hereareourfuturedesignconceptsfor alternateTongue'n'
Grooveinstruments:

Squeezab le Sax A saxophoneinstrumentfrom Synthe-
sis Tool Kit will be modi�ed so that the resonanttubeof
thesaxophonetakesondifferentradii valuesalongdifferent
portionsof its length.Theseradii valueswill becontrolled
by theincomingvectorof tongueheights.

Mouth Cathedral The tonguewill be usedto control the
parametersof anecho-chambereffect,giving theuserafeel-
ing of controlling a large resonantroom with the spaceof
the mouth. This mappingis appealingsinceit extendsthe
intuitively correctconceptof themouthasresonantcham-
ber: by extendingthe time scaleof the resonance,an echo
operationis achieved insteadof a �lter operation,but per-
hapsanintuitivesenseof controlwill remain.

Marble­Mouth Thetonguewill beusedto controla num-
ber of virtual, bouncingsphereswithin the mouth. Each
sphereoccupiesa �x edhorizontalpositionandbouncesup
anddown betweenthe tonguesurfaceandan arbitraryup-
persurface.As thetonguepositionsincreasein height,the
periodof bouncingdecreases.Eachspherecreatesadistinc-
tive pitch, while timbredependson thevelocity of impact.
The resultinggestaltof repeated,tonal/percussive sounds
shouldhave aneffect similar to a gamelanensemble.This
mappingis interestingbecauseit leveragespeople'sexperi-
enceof usingthetongueto manipulateobjectsin themouth,
asin theactof eating.

OBSERVATIONS
After completingthecurrentprototypeof Tonguè n' Groove,
we performedsomepreliminary testing by playing each

instrument,Tongue-Scopeand Tongue-SPASM ourselves.
Hereareourobservations:

Tongue­Scope Given the currentmapping,playing the
Tongue-Scopeonly remainedinterestingfor a few minutes.
Tonguemotionresultedin soundoutput,but thecontroldid
not seemintuitive or precise.This couldperhapsbeuseful
for a basicwalk-updemo.

Tongue­SP ASM Tongue-SPASM producedaricherexpe-
rience than the Tongue-Scope.Despitethe strong noise
originatingin theimageextractionalgorithm,it seemedthat
patternsof tonguemotioncouldberepeatedto form musi-
cal phrases.We found it intuitively satisfyingto mapthe
tongueasaspectralcontroller. Dueto thepresenceof noise,
therewassigni�cant variation in the tonguepositionvec-
tor from one readingto the next, which causeda grainy,
rhythmic segmentationin the audio. However, this led to
theunplanneddiscovery thataddinganautomaticrhythmic
componentto the output increasesthe musical interestof
playingtheTonguè n' Groove(aneffectwemaypurposely
employ in thenext generationof instruments).Overall the
tongueandsoundfeelingwasappealing.

PROPOSED EVALUATION
Our �rst methodof testingthe Tongue`n' Groove will be
basedon usersurveys andqualitative observation. Partici-
pantswill try eachinstrument,andanswerquestionssimilar
to thefollowing:

� Wasit easyto understandtherelationshipbetweentongue
movementandmusicalresult?

� Wereyou ableto shapethe soundaccordingto your in-
tentions?

� Does the musical output sound aestheticallypleasing,
and/or musicallyexpressive?

Non-performinglistenerswill also be surveyed regarding
the musicalityof the output. Comparingthe threeinstru-
mentswill allow usto makeinferencesaboutwhichtypesof
musicalmappingaremostappropriatewith atongue-pro�le
basedcontroller.

We arealsodevelopingtestsof a quantitative nature,to be
performedastimepermits:

� Simplemeasurementsfrom thecapturedimagestreamto
determinemaximumtonguevelocityandrangeof motion.

� ”Producethe samemusical phraserepeatedly”teststo
measurevariationof tonguemotion.

� ”Mimic a suppliedmusicalphrase”teststo measuresub-
ject'sunderstandingof thecontrolspace.

� Teststo comparetheprecisionandexpressionof tongue
controlwith thecontrolaffordedby otherbodyparts.We
envisionasimpleimplementationof acontrollerbasedon
videocaptureof a handviewed from theside. Sincethe
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handsharesthesamephysicalconnectivity constraintas
thetongue,thetwo controllerscouldbecomparedwith a
varietyof tasks.

� The”sing-alongtest”. If atsomepointanimage-processing
algorithmis implementedthatestimatesavectorof tongue-
to-hardpalatedistanceswith low error, wewill comparea
fully scripted,arti�cially controlledsongpassage(aspro-
ducedby theoriginalSPASM) with thesamepassagecon-
trolledby theTonguè n' Groove.Userswill singalongin
realtimewith ascriptedtime-varyingsequenceof source
excitationsandconsonantsounds,controllingonly the�l-
terparameters.A comparisonwill bemadeof whichout-
put soundsmostnaturalandexpressive.
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