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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 the body
partmostcommonlyusedfor soundgeneration.Examples
arespeech,singing,andothernon-speechsounds.Thetonal
shapingof thehumanvoiceis to alargeextentcontrolledby
thetongue.Usingthetongueasaninputmodalityleverages
theskills humanhaveacquiredthoughspeaking,andhasthe
potentialfor sensitive andfine control. Othersystemsfor
musiccontrolusingthelips [6] haveshown suchproperties.

Looking at the role of the tonguein speechmodelling[2],
[5], [4], thevocal tractshapeis primarily controlledby the
tongue. In voice productionmodellingthe airspaceof the
vocal tract, from the glottis to the lips, canbe considered
asa linear filter. This filter actson input generatedby the
glottis, alsoknown astheexcitationfunction. This implies
strongpotentialfor usingthecontrolmechanismof thevo-
cal tract,startingwith thetongueshape,to controlanexter-
nal soundsynthesisdevice.

Existingphysicalinstrumentswhichmakeuseof thetongue
asa control mechanismincludereedinstruments,the har-
monica,and-I think themouthharpusesmorethanthe”tip”
of the tongue. Also, instrumentssuchasMouthesizerand
Talkbox usevariouselementsof the humanvocal tract to
control or modulatesound.“Mouthesizer”usesthe lips as
thesolemeansof input. “Talkbox” utilizesaspeakerplaced

in theperformer’smouth,which recordsthefiltering effect
of themouthusinganexternalmicrophone.Anotherrelated
musiccontroller, theVocoder, extractsfrom acousticvoice
signalsthe formantfrequencies.With the assumptionof a
singlelinearfilter model,theformantfrequencieswouldbe
theequivalentof thefilter coefficients.

Theproposedsystemis differentandnovel, in that instead
of acousticmeasurement,weuseanarticulatorymodelbased
on measurementof the physicalconfigurationof the vocal
tractin realtime. Thesemeasurementsareusedin anactive
senseto control a digital instrument,ratherthanthe more
passive embodimentfoundin Talkboxwheretheinterior of
the mouth is usedasa physicalacousticchamber. In the
presentproject,themappingof thevocal tract to thesound
output is reconfigurable.The goal of this study is not to
directly model the vocal tract asusedin everydayspeech,
but ratherto explorehow to leveragethefine motorcontrol
skills developedby thetonguefor expressivemusiccontrol.

Oursystemis composedof anultrasounddevice,positioned
underthe chin to provide continuousimaging of the per-
former’s tongue.Thetonguevideo is acquiredinto a com-
puterwith a videocapturecard,which extractswith anim-
ageprocessingalgorithma tonguemodelin real-time.The
mappingfrom the tonguemodelto the musiccontroller is
performedbycomputersoftwarethatanalyzestheinputvideo
andgeneratesthe tonguemodel,which drivessoundsyn-
thesisparameters.One advantageof this approachis the
relatively non-intrusive natureof the ultrasounddevice, as
comparedwith asystemsuchasTalkboxwheremechanical
hardwaremustbeinsertedinto theperformer’smouth.

TONGUE ’N’ GROOVE SYSTEM
Figure 1 shows 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
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profile in analogNTSC video format. Thirty framesper
secondareobtainedat 768x525resolution. The SSD-900
calibratestheultrasoundimagesothatimagedistancescor-
respondto scaledreal-world distances.Theintensityin dif-
ferentpartsof the imagedependson the ultrasonicreflec-
tivity of body parts. The tongue-airboundarylayer on the
uppersurfaceof thetongue,hashighreflectivepropertyand
thereforcreatesthemostintenseregionof theimage.

Theultrasoundimageis digitizedusingaLinux workstation
with a videocapturecard. A videocapturelibrary written
in C makes imagedataavailable to the Tongue’n’Groove
imageprocessingalgorithm.Two differentalgorithmshave
beentestedwith theTongue’n’Groovesofar. Onealgorithm
usesoptical flow, and is basedon Sidney Fels Iamascope
system[3]. It calculatestheamountof motionwithin each
of 10 vertical bandsof the tongueimage. The otheralgo-
rithm, describedin the next section,calculatesa vectorof
verticalpositionsalongthetonguesurface.

Theoutputof theimageprocessingalgorithmis usedto pro-
vide constantlyupdatedcontrol parametersto a synthesis
engine. The optical flow algorithmsendsMIDI signalsto
the PC internal soundcard, causingnotesto be triggered
when motion occurs. The 10 different bandscontrol 10
pitcheswithin a predefinedchord. The tongue-heightal-
gorithmsendsits outputvectorto theSingingPhysicalAr-
ticulatorySynthesisModel (SPASM) [1], wherethetongue
heightsaremappedto radii of cylindrical segmentsin the
virtual resonantchamber.

IMAGE PROCESSING
TONGUE CONTOUR RECONSTRUCTION
If the Tongue’n’Groove were intendedto 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 controlexpressive 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
top surfaceof the tongue. It doesnot attemptto measure
absolutepositionwithin the throator theshapeof thehard
palate.

In measuringtheconfigurationof thetongue,weacquirean
NTSC imagefrom the ultrasoundscanner(type). The in-
tensity levels of the imageare thennormalizedunderthe
assumptionthat the ambientintensity is inverselypropor-
tional to asmallpowerof thedistancefrom thecenterof the
probe. The actualexponent,computedby averagingover
severaldata-setsacquiredby theultrasound,hasa valueof
about2.2.

Figure 1: System diagram of the Tongue & Groove con-
troller.

Figure 2: Tongue contour reconstruction algorithm.
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Sincetheprobeis heldunderthechin,thetongueis approx-
imatelyin thesamepositionrelative to theproberegardless
of theuser. Theregion of interestin theultrasoundscanis
thereforefixed. This region is scannedfor maximumpixel
intensitiesacrossthefield of theimage.Thesevaluescorre-
spondto thedistancefrom theprobeto thelowercontourof
thetongue.Sincethehardpalateis fixed,thesevaluesgive
all therequiredinformationto estimatetheconfigurationof
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
persecondoutputon a 800MHzPentium-IIPC.As canbe
seenfrom figure2, thealgorithmis subjectto a significant
amountof noiseanderror, which causesunintendedfluctu-
ationsin themusicaloutput.Wearecurrentlytestingsimple
techniques,suchasoutlierremoval, to increasetheaccuracy
of the algorithm. This will allow moreprecisecontrol and
improve the expressive potentialof the Tongue’n’Groove.
Furtherwe are investigatingthe applicationof morecom-
putationalexpensive methods,suchasdiscretesnakesand
Kalman filtering, in the spacialand temporaldomain for
this real-timeconstraintproblem.

OPTICAL FLOW EXTRACTION
Thesecondimageprocessingalgorithmfor thisapplication
extractsopticalflow. Insteadof thetonguespositionaspre-
viously, this algorithmanalyzesthe tonguesmotion in ten
horizontalsegments. The flow extractionalgorithm com-
putesthemotionintensityby takingthedifferencebetween
consecutive imageframes.

MAPPING OF SYNTHESIS PARAMETERS
TheTongue’n’Grooveisaflexiblemusicalcontroller, which
will be testedwith several differentvirtual instrumentsas
output.Thinkingaboutthemappingfrom avectorof tongue
positionsinto a vector of musicalcontrol parameters,we
haveidentifiedthreebroadcategories,moving from adirect
mappingto amoreabstractmapping:

1. Thevectorof vocal-tractsegmentheightscanbeusedto
control the equivalent vector of heightsin a physically
modelledhumansingingvoicesynthesizer.

2. Thevectorof vocal-tractsegmentheightscanbeusedto
controlfilter shapingparametersin anon-vocalvirtual in-
strument.

3. The vector of vocal-tractsegmentheightscan be used
to control a setof non-filter-relatedparametersin a non-
vocalvirtual instrument.

In ourapplicationweimplemented,two instruments:Activ-
ity soundtrigger andsingingvoice,which matchthe prior
indicatedfirst andthird category.

SINGING VOICE
Using the SynthesisToolkit (STK) codeasa base,at least
one virtual instrumentfrom eachcategory will be imple-
mentedandtestedwith theTongue’n’Groove.Themapping
dependson the synthesizer, but somemappingprinciples
applyacrossall forms.

Whenthetonguecontrolleris usedto controla realisticvo-
cal tractmodel,it is importantto have accuratereadingsof
tongue/hardpalatepositions.However, whentonguemove-
mentsare usedto control anotherinstrument,the precise
measurementof tongueposition becomesless important.
As long asa consistentmappingis applied,userswill learn
the relationshipbetweentonguemotion and sonic effect.
For this reason,a fairly simpleimage-processingalgorithm
may be adequatefor many typesof musicalcontrol. This
allows for real-timeimplementationusinga standardUnix
personalcomputer. In this caseI thetonguepositioncanbe
mappedin vocaltractdiameter.

Baseson the noisy ultrasoundimageandminimized pro-
cessinga fuzzy mappinginto the combinestemporaland
spacialmightbeanotherwayof approachingtheproblem.

ACTIVITY SOUND TRIGGER
This instrumentsintendedfor novice performerstriggers
sendnoteinformationto aMIDI softwaresynthesizernotes
get triggered,whenexceedinga threshold,with a velocity
of the input parameter. Eachof the parametersmapsto a
different note in an octave and after a numberto triggers
the currentactivatedoctave changesto a differenceactive
octave.

CONCLUSION
Webuild auniqueultrasound-video-basedtonguemusiccon-
troller, which can be adoptedfor a variety of instruments
by choosinga Imageprocessingto extract tonguefeatures
and map them to synthesisparameters. One of the two
image processingalgorithmsextracts temporal, the other
positionalchanges.We incorporatedtwo instruments,the
singingsynthesizerSPASM andtheMIDI activity Notetrig-
ger, to becontrolledby thetongue.Musicalperformertried
our systemandreportedits wasfun andcompellingto per-
form. A ultrasoundvideo display was found to improve
tonguecontrollabilityfor performancenovicesandenhanced
theperformanceexperiencefor spectatorstoo.
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