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ABSTRACT

In thispapemwve proposdifferentapproachew controlareal-time
physicalmodelof abowedstringinstrument.Startingfrom acom-
mercially available device, we shav how to improve the gestural
controlof themodel.

1. INTRODUCTION

Real-timephysicalmodelsof musicalinstrumentsbecomeinter-
estingwhenplayedusingexpressie controllersthatallow for ex-
plorationof all thesonoritiesandnuanceshatthemodelscancre-
ate.

In this paperwe examinethe behaior of differentcontrollers
when usedto drive a real-time waveguide physicalmodel of a
bowed stringinstrument.

The physicalmodelis driven mainly by the parametershata
bowed string player can control with his right handi.e. bow ve-
locity, bow positionandbow force, plus pitch variationsobtained
by changingthe lengthof the delaylinesin the digital waveguide
simulationof the strings.

We furthermoreextendedthe modelin orderto createsonori-
ties that cannotbe obtainedwith a real instrument. This allows
us to simultaneouslyincreasethe numberof parameterghat the
controlleris ableto manipulate,andto createinterestingsonori-
ties, especiallyin the caseof the Metasaxophoneasdescribedn
detailsbelow.

2. CONTROLLING THE MODEL USING A GRAPHICAL
TABLET

Our first attemptto drive the modelin real-timeconsistedf us-
ing a graphicaltablet provided by Wacom. The tablethassome
nice propertieslik e thefactthatthe penprovided hasroughly the
samedayreesof freedomasthe bow in contactwith the string.
Thetablet,in fact,is ableto detectthe horizontalandvertical po-
sition of the pen,which we mappedo bow velocity andposition
respectiely, andthe pressuref the penwhichwe mappedo bowv

pressure. It is also possibleto usetwo transducersat the same
time on the tablet, which alsoallowed us to control the left hand
of the player responsiblemainly of pitch changesyibrato, and
glissando.Thepenprovidedwith thetablet,however, lacksanim-

portantcharacteristiof expressie musicalcontrollers,i.e. force
feedback.As shawn in [3], force feedbackcontrollersgreatlyin-

creaseplayability of virtual instrumentsuchasbowedstrings.
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Figurel: Auditory andtactilefeedbackor aviolinist.

3. AHAPTIC FEEDBACK CONTROLLER FOR THE
VIRTUAL BOWED STRING

The term "haptic; derived from the Greekword "haptesta”(to

touch), refersto combinedfeedbackfrom tactile sensorsn the
skin andkinestheticsensorsn musclesandjoints. Thoughspread
throughoutour bodies, tactile and kinestheticsensorsare most
concentratedn our handsandlips. It is no accident,therefore,
that musiciansare acutelyaware of an instruments “feel”, since
the actionsof blowing, bowing, plucking, pressing,andtapping
usedto play mostinstrumentsare carriedout by handsand lips.

By incorporatinghapticfeedbacknto the controllerfor thevirtual

bowed string, we aimedto take advantageof the players exist-

ing sensitvity to the relationshipbetweentheir instruments feel

andits soundin orderto createa wider rangeof parametershat
canbe sensedand controlledduring performance.In the follow-

ing sectionwe addressheimplicationsof addingreal-timehaptic
feedbacko musicalinstrumentcontrollersin general,andto our

bowedstringmodelin particular
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3.1. Hardware Considerationsfor Haptic Feedback Music Con-
trollers

Hapticfeedbacldevicesare mostoften configuredasclosed-loop
devices,sensinghepositionof theoperatorshandin theworkspace
andrelayingforcesbasednthis positionbackto theoperator The
rateat which forcesmustbe computedandupdateds determined
by our ability to sensehegranularityin feedbackandis accepted
to be around1kHz [2]. Giventhatdevicesneedto be senoedat
thisrate,two configurationdor incorporatinghapticfeedbacknto
simulatedervironmentscurrentlyexist. Either

1. control parametersierived from sensorsn the hapticdis-
play device arefed at anappropriatesamplingrate (usually
1KHz) to acentralseno loop which generate$orce output
basedbn theseparameterspr

2. hapticfeedbackis computedon a separatgrocessqrusu-
ally embeddedn the device itself, which communicates
with a controlcomputervia anisochronougprotocol.

Bothapproachebave advantagesnddisadwantage$or music
controollersIn thefirst casethetight couplingbetweersoundand
touchprovidesthe potentialfor a singlephysicallybasednodelof
the instrumentto drive both auditory and hapticfeedback. Thus
the frictional forcesfor a hapticrenderingof bow-string interac-
tion could be computedrom the coeficient of friction generated
aspart of the audiomodel. Sincemovementis sampledat 1kHz,
it is alsopossibleto createaninstrumenthatis responsie to tiny
gesturalnuancesgiving the performera senseof connectionto
the audiomodelthatis lackingin existing control protocolssuch
asMIDI. Currently this approachs limited to very simpleinstru-
ments, becausahe computationalresourcegequiredto support
both hapticandaudiooutputfrom a singlephysicalmodelarenot
readily available. Moreover, this approachrequireshapticandau-
ditory responseto be uniquelydesignedor eachinstantiationof
theinstrumentsincethey arehighly dependenon eachother

For the virtual bowed string, therefore we turnedto the sec-
ond approachand computedhaptic and audio outputon separate
processorsvhich communicatediia MIDI. Herewe wereableto
take adwantageof MIDI’ s existing control protocolto communi-
catewith the physicalmodelof thebowedstring. For our first pro-
totype,we coupledour existing hapticdisplay the Moose[1], to a
bowed string physicalmodel([4]), andsimulatedboththe normal
andfrictional component®f the“feel” of bowing a string[3].

The position and velocity of the haptic displays puck were
usedto generateboth bow force and bow velocity which were
passedyia MIDI, to theaudiomodel.

Becausef the substantiadifferencein the samplingratefor
theaudioandhapticmodelsyaluesfor normalandfrictional forces
for thehapticmodelwerenotderiveddirectly from theparameters
of the physicalmodel, but were generatedocally usinga simple
Dahlfriction modelfor pre-slidingdisplacementandapproximat-
ing normal force as the displacemenof a linear spring. More-
over, becausgositionandvelocity parametersywhich weresam-
pled from the Mooseat 1kHz, hadto be subsampledo be trans-
mitted via MIDI sothatthe violin modelwasonly updatedevery
200msec. This processinevitably introduceda small amountof
lateng, which experiencecplayerscould easilydetect.

Themostadwantageouapproachs thereforeahybridapproach
in which hapticandauditorymodelscancommunicatet a rateof
1kHz, eitherby inter-processommunicatioron a singlemachine
or by high-speechardware communication.This approacHever-
ageshotha high-bandwidthconnectiorto capturenuance®f ges-
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Figure2: Virtual bowed string experiment.

ture anda modulardesignto allow for redesignor substitutionof
eitherpart of the model. With this design,hapticcontrollerscan
be thoughtof asgesturalcontrollers,generatingsampledsignals
that caneitheroperateon synthesigparameterslirectly or canbe
analyzedandparsednto events. In the following section,we in-

troducethe vBow, the second-generatiohapticcontrollerfor the
bowedstring,designedo addressomeof theissuegaisedhere.

4. THE VBOW

In responséo the succes®f the experimentsdescribedn [3], us-
ing the Mooseto enrich the experienceof playing the physical
modelby addingthe hapticfeedbackof a friction model,Nichols
developedtwo versionsof a nev musicalcontroller The vBow
is a virtual violin bow controllerwhich providesthe hapticfeed-
backof a friction andvibration model,in additionto driving the
bowed-stringphysicalmodel.

Figure3: ThevBow versionl

The first versionusesa single senomotor and cablesystem,
to sensehe performers bow stroke directionandvelocity, andto
producea vibration asthe performerdrans the vBow. The cable
is stretchedbetweenthe frog andtip of the vBow, like the hair of
aviolin bow, andwrapsarounda capstarattachedo theshaftof a
senomotor

The sennomotorusesa digital encoderto readthe shaftrota-
tions,asthecablespinsthe capstanyhile theperformerdravs the
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vBow. Theseencodereadingsareusedasbow directionandve-
locity datafor the physicalmodel,andastriggersfor the friction
model.

If thevBow is drawvn quickly, athin violin timbrerich in high
partialsis producedby the physicalmodel,emulatinga flautando
sound.Whenthe vBow is drawn slowly, the physicalmodelpro-
ducesa scratchingsound,similar to the soundof a bov maoving
acrossa string too slowly to producea steady-stateibration. If
the vBow is dravn at an optimal speed the physicalmodel pro-
ducesaclearviolin timbre.

Whenthe encodereadsa sethnumberof transitionsfrom the
digital encoderthe softwareinitiatesa vibration, by sendingrapid
control messageto the senomotor Thesecontrol messagesre
variedrandomly to addto therealismof thevibration. Theconse-
quentvibrationadditionallyprovidesa friction dragon the vBow.
The secondversionof thevBow builds on whatwaslearnedfrom
experimentswith thefirst version,providing additionaldegreesof
freedomfor the performersensingnoremovementandproducing
additionalhapticcues.

In the secondversion, the single senomotor and cable sys-
tem of the first versionis suspendedrom a robotic arm. Three
additionalsenomotorandcablesystemsn theroboticarmallow
for rotation across,vertical motion abose and pressurdnto, and
longitudinalmotionalongmultiple virtual strings.

Figure4: ThevBow version2

With the additionalencodersthe vBow sensesnore aspects
of the violinist's bawing gesture,and drives more parameterof
the bowed-stringphysicalmodel. In additionto allowing for vari-
oushow attacksthe secondversionprovideslongitudinalposition
alongthe virtual string in relationto the virtual bridge and bow
pressuralatato the physicalmodel.

Along with addingenhancedesturakensingthe secondver-
sion also provides more haptic feedbackto the performer The
samesenomotorwith the encodewhich sensedow rotationpro-
videsdetentsasthe vBow comesinto contactwith virtual strings.
The senomotor with the encoderwhich sensesvertical position
provides haptic cuesof string elasticity andresistancewhenthe
vBow landsor pushesnto thevirtual strings.And, the senomotor
with theencodemwhich senseshelongitudinalpositionof thevir-
tual bow providesadditionalfriction asthevBow slidesalongthe
virtual strings.

5. THE METASAXOPHONE

Recentvork hasinvolvedexploring extendedechniquedor phys-
ical modelsusinginstrumentalcontroller subsititution(seeBurt-
ner, Serafin,2000and2001). Instrumentakontrollersubstitution
utilizes the virtually disembodiechatureof physicalmodelsasa

meansof exploring their uniqueacousticnature. The decoupling
of the instrumentalcontroller and the audio synthesiss usedas
a compositionalopportunityto expandthe musical possibilities
of physicalmodels. In this work a non-stringinstrumentinter-

face, the saxophoneijs usedas a controllerfor the string phys-
ical model. We built a new expressie computercontroller the
metasaxophonshawn in figure5.

Figure5: Themetasaxophone

The metasaxophonallows the force feedbackirom the keys
of an acousticsaxophondo act asindividual controllersfor the
parameterf the bowed string model. The metasaxophoné
a Selmertenor saxophonewith an on-boardcomputermicropro-
cessoilocatedon the bell, communicatingwith an array of force
sensingesistord FSR)that capturecontinuouslychangingfinger
pressurdrom eachof the front six keys andthe two thumbrests.
The microprocessocorvertsthe performancedatainto a contin-
uousMIDI control messagehatis sentfrom the saxophondo a
Max/MSPinterfacecontainingthe physicalmodelstring.

Theinputparametersf the physicalmodel,thebow pressure,
bow force,bow position,the stringinharmonicity frictional prop-
erties, centerfrequeng, and microtonalfrequeng variation are
eachcontrolledby a differentFSRon the metasaxophoneBy as-
signingeachfingerof thesaxophon¢o adifferentparameteof the
model,the bowing actionis brokeninto a seriesof isolatedtasks.
This createsa reallocationof the parametersf acomplex expres-
sive action—thebowing — to anothercomplex action—thefinger
ing of keys. Thekeys of theacousticsaxophoneffer a high level
of force feedbackto the performer The saxophonisitan sense
the springmechanisnof thekey asit is graduallydepressed;an
feel the key padcontactthe tonehole, andthencansensehein-
creasingpressureasthe holeis fully closedandmorepressureas
applied. Thesaxophondeying actionprovidesfeedbacko nenes
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