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Abstract

In the following the theory badkground and practi-
cal useof several real-time soundmodelsof contact
scenariosare described.Thecommoraudio synthesis
core is an algorithm derivedfrom a physically-based
impact model, whele the acoustic characteristics of
colliding objectscanberealisticallysimulatedoy prop-
erly adjustingthe physical parametes of the model.
Techniquesof parameteradjustmentre explainedfor
the expressionof attributes of ecolajical hearing in
particular material and position of interaction, start-
ing fromphysicaland/oracousticalspecificationslt is
shownthat in final combinationwith relevant higher
level structures an efficientimplementatiorof various
expressivesoundobjectsis reached. Theintuitive prac-
tical usability of the models,running in real-timeon
low cost platforms, is demonstated, underlining the
potentialof benefitfor a wide range of applications.

1 Intr oduction

In contrastto a large numberof theoreticaland
practical works in sound synthesis,focusing on the
perceptionand exploitation of conventional musical
terms as pitch, timbre or loudness,newver psychoa-
cousticworks (Gaver 1988) point out that the nature
of “every-daylistening' is ratherdifferent: From the
ecolayical viewpoint, auditory perceptiondeliversin-
formationaboutalisteners surroundingj.e. objectsin
this surroundingandtheir interactionsmostly without
awarenes®f and beyond attributesof musicallisten-
ing.
Suchobsenationsgainin importance sincesound
hasbeenrecognizedo be an effective channelof in-
formationwithin human-computeinterfaces(Buxton

1990).

Researclin audiofor multimediasystemshastra-
ditionally focusedontechniqueselatedto auralization
of ervironments.Properlydesignedeverberatiorand
soundspatializatioralgorithmsprovide informationon
thesizeandshapeof anervironment,aswell asthelo-
cationof auditoryevents(Begault 1994). Far lessat-
tentionhasbeendevotedto the audiosources andthe
interactionmechanismshatareinvolvedin soundpro-
duction.

The commonuseof wave-tablesj.e. the playback
of prerecordedsoundfiles, can probably be seenas
the standardreactionto the restrictionsof former ap-
proachego soundsynthesidn the expressionof eco-
logical attributes. Sample-basedoundthough,dueto
its static nature,is often dissatiséctoryin mary con-
texts, suchasin Human-Computetnteractionorin in-
teractive virtual environments,aswell asproblematic
from anestheticstandpoint.

In contrast,we usethe term of “acoustic model-
ing” toreferto thedevelopmenbf “soundobjects’that
incorporatea (possibly) complex responsie acoustic
behavior, expressve in the senseof ecologicalhear
ing, ratherthanfixed isolatedsignals. “Real” sounds
herebysene as an orientation,realistic simulationis
not necessarilyhe perfectgoal: simplificationswhich
presere, possiblyexaggerategertainacousticaspects,
while losing others,consideredessimportant,are of-
tenpreferred.Besidesbeingmoreeffectivein corvey-
ing certain information, such “cartoonifications” are
often cheaperto implement,just like graphicalicons
are both, more clear and easierto drawv than photo-
realisticpictures. Canthe ideaof audiocartoonssug-
gestanapproacho sounddesign,thatfills thegapbe-
tween simulation or arrangemenbf concretesounds
andabstracmusicalexpression?



Collisionsbetweersolid objectsform a wide class
of processesignificant in everydaylisteningin the
abore-mentionedsense.Impactsare basicsub-eents
of acousticsignificancefor a large variety of scenar
ios ase.g. bouncing,rolling, sliding, breakingor ma-
chineactions. The extraction/estimatiorof structural
invariants(Gaver 1988),i.e. attributesof involved ob-
jectssuchassize,shapemassglasticity surfaceprop-
ertiesor material,aswell astransformationalinvari-
ants suchasvelocities,forcesandpositionof interac-
tion points,from impact-basedoundss commonex-
perience. Several psychoacoustistudiesexist on the
topic, accompaniedby and connectedo resultsin re-
centresearchn soundmodeling.

Klatzky etal. (Klatzky, Pai, andKrotov 2000)have
showvn that auditoryinformation canbe usedin simu-
lated contactwith virtual objects,to elicit perception
of material. VandenDoel etal. (?) describemodels
for audiorenderingof collisions and continuouscon-
tact (friction androlling). Corvincing resultsare ob-
tained,howeverthecontactmodelsusedn thesenorks
do not fully rely on a physicaldescription,and as a
consequencthe attacktransientsandthe overall real-
ism areaffected.Moreover, dueto thelack of physical
descriptionof contactforces,thecontrolparametersf
the soundmodelsarenot easilyassociatedo physical
dimensions.

A fully physical approachhas beenadoptedby
O'Brien etal. (O’'Brien, Cook, and Essl|2001),who
have simulatedthe behaior of three-dimensionabb-
jectsusinga finite elementmethod. The computation
is usedfor generatindbothvisualandaudioanimation,
hencea high degreeof coherencend perceptuaton-
sisteny canbe achieved. On the otherhand, finite el-
ementshave high computationatostsandarepossibly
“too” accuratej.e. the modelstake into accountalso
thosesoundfeaturesthat are not percevable or rele-
vant.

Commonto all existing works on the subjectis the
focus on structuralinvariantsinternal to the resonat-
ing objects:the significanceof a complex transiente-
havior, reflectingsurfacedependingdetailsof anim-
pact or force and velocity, is ratherdisregarded. In

fact, few is known aboutthe perceptionof transients.

Freed(Freed1990)developedacousticparameterse-

latedto percevedhardnessor asetof recordedpercus-
sivesoundsit is uncertainthoughwhatwould beasat-
isfactoryconnectedtratayy for the synthesiof impact
sounds.Herelies a mainpoint of our basicunderlying
impactalgorithm. Besideshe flexible modaldescrip-
tion of the colliding objects,thatforms the basis,and
in turn allows immediateuse, of existing studies,we

considera physicalmodelof animpactevent. This al-

lows usto synthesizecorvincing impacttransientsie-
pendingon physicallymeaningfulparametersgespite
the (current)lack of satishctoryunderlyingmodelsof

their auditoryperception.

Theimpactalgorithm thatformsthe“audiokernel”
of alarge variety of soundobjects,is derivedfrom the
physicalmodel of two resonatorsnteractingthrough
a non-linearcontactforce. While the velocity andthe
“hardness”(AanziniandRocchess@001b)of thecon-
tact areimmediatecontrol parametersthe modal fre-
quencief the resonatorganbe tunedto shapesand
materials. Position-dependeritteractionis reflected
in thevarying“weighting” of resonantodes.

A variety of more complex soundobijectsis real-
ized on top of the basicalgorithm: Its physicalmean-
ing allows the modeling of corvincing sliding- and
rolling- scenarioghroughthe integration of surface-
(audio)signalainderthe usageof characteristi¢track-
ing” algorithms. Higherlevel control structuresex-
ploit the perceptuakignificanceof (statisticalor regu-
lar) temporaldistributionsof impactsandtheirvarying
attributes: Typical patternsof (ir)regularbouncingob-
jectsareexplicitly generatedWarrenandVerbrugges
investigationgWarrenandVerbruggel984)of the au-
ditory perceptiorof breaking-andbouncing-eentsun-
der specialconsideratiorof temporalpatterns,is the
main theoreticalpsychophysicabrientationpoint for
our modelingefforts.

Intuitive handlingandthereal-timeimplementation
of differentobjectsallow practicalaccesshasedn, but
not restrictedby the boundarie®f theoreticafounda-
tions.

2 Impact model

2.1 Resonators— “strik er”, interaction

The resonator@re modeledusingmodalsynthesis
techniquegAdrien 1991),wherearesonatingtructure
is describedn termsof its normalmodes. The state
of the systemis here written as the vector of its,
generallyinfinitely mary, modalstateqasit would, in
the spatialdescriptionbe seenas the vector of states
of spatialpoints). Modal descriptionis in principle
equialentto a descriptionin spatialvariables:modal
and spatial parametersare related through a linear
basistransformationModal parameterghough relate
differently to human perception,which is of great
importancein termsof implementatiorand especially
of simplification/abstractioh

Each modal statew; =
tial equation

(jj) follows a differen-

.ii']' + Tj.’i?]' + k‘j."L'j = f]‘, (1)

wherer; > 0 andk; > 0 arethedampingandtheelas-
tic constantof the jth mode,respectrely, while f; is
thesumof externalforcesonthemode.For sufficiently

11t might be statedthatthe spatialdescriptionof anobjectrather
refersto its visualappearancerhereasnodalpropertiehave acloser
relationshipto auditoryperception.
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Figurel: Compression/forceharacteristics.

smalldamping(r? < 4k;), theimpulseresponsé; (t)
of system(1) is givenby

zj(t) = hj(t) = et/ sin(w;t) . (2

Theresonancérequeny w; andthedecaytimet; are
givenby

kawf—kl/t?, ’I“j=2/tj . (3)

Again, for sufficiently small dampingthe resonance
frequeny is approximatedy w; ~ wy = |/k;.

In practicemodesare always of finite numbern,
since the bandwidthof our earsas of any systemof
processing/reproductiois finite. The transformation
fromthemodestatego aspatialstatevariablein apoint
Pisthenwp = Z;‘Zl ap ; w;. Equivalently:

n
Tp = E ap jzj =apx and &p=apx , (4)
i=1

wherex = (z1,...,2,) andap = (ap 1,---,ap »).
In a similarway, aforce f appliedata spatialpoint @
is distributedto the separatenodesaccordingo
fj=anf7 .7=17n (5)
In all soundmodelsdescribedhereoneresonator
in the following referredto as“striker” or “hammer”,
is for implementationatorvenieng furthersimplified
to afreely moving (exceptduring contactwith thesec-
ond resonatorjumpedmass. This is the specialcase
of a modalresonatoiof oneundampedesonanimode
of frequeng 0 andappearsasan optimal tradeof be-
tween practical control effort and acousticresult; in
fact,in mary scenario®f contactthe vibration of one
involvedobijectis acousticallydominantwhile thesec-
ond one remainscomparatiely silent. The position
of the“striker/hammer’zy, is simply describedy the
equation
mh':‘i.h = f7 (6)

wherem, is its mass.

Whatis left is an equationwhich describeghein-
teractionbetweernthe two objects. Hunt and Crosslg
(Hunt and Crosslg 1975) proposeda model for the
contactforce betweertwo colliding objects,underthe
hypothesighatthe contactsurfaceis small:

—kz% — A\x® - &,

fad={§

z>0,
s<o0, 7
wherethevalueof theexponenta depend®nly onthe
local geometryaroundthe contactsurface. The vari-

able z standsfor the hammercompressionj.e. the
differencebetweerthe resonatodisplacemenandthe
hammerposition. Thereforewhenz > 0 thetwo ob-
jectsarein contact.MarhefkaandOrin (Marhefkaand
Orin 1999)have usedthis modelfor describingcontact
with theernvironmentin dynamicsimulationsof robotic
systemsand have showvn thatit providesrealisticre-

sults. Figure 1 shaws the penetration/forceharacter
isticsfor a hammerhitting a hardsurfacewith various
impactvelocities. Note that hysteresiccur, i.e. the
pathsduring loadingandunloadingaredifferent. This
effectcomesfrom the presencef a dissipatve termin

Eq. (7).

2.2 Properties

When the systemis discretized,the modal res-
onatorappearsasa parallelfilter bankof N second-
order resonantlow-passfilters, each accountingfor
onespecificmodeof theresonatar Thefilter parame-
ters(centerfrequeny andquality factor)areaccessed
throughthe physicalquantitiesr;, k; describedabove.
Dueto thenon-lineamatureof the contactforce,com-
putationalproblemsoccurin the numericalhammer
resonatorsystem. Thesecan be handledby com-
puting the contactforce iteratively at eachtime step
(Avanzini and Rocchess®001a; Avanzini and Roc-
chess®001b).

The elementaryphysicalbasisof the impactalgo-
rithm addsan amountof responsienessthat is not
reachedby sample-basedoundsneither by models
thatwork with preassumeébrce-profiles.Figure2(a)
shavs anexampleoutputfrom themodel,in which the
impactoccurswhenthe resonatoris alreadyoscillat-
ing: theinteraction,andconsequentlyhecontactforce
profile, differsfrom the casewhenthe resonatois not
in motionbeforecollision. Thesedetailsof “li veliness”
arelostusingpre-storectontactforce profilesasin (?).
Figure2(b) shavsanexampleof “hard collision”. This
hasbeenobtainedby giving a very high valueto & in
Eq. (7), while every otherparameteof the modelhas
the samevaluesasin Fig. 2(a). It canbe noticedthat
several micro-collisionstake placeduring a singleim-
pact. This is qualitatively in accordancevith the re-
marksby vandel Doel etal. abouthardcollisions(?).

A study on perceved material quality (Avanzini
andRocchess@001b)hasshownn thatthe contacttime
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Figure2: Numericalsimulations;(a) impacton anos-
cillating resonator;(b) micro-impactsin a hard colli-
sion. Intersectionsbetweenthe solid and the dashed
linesdenotestart/releasef contact.

(i.e. thetime after which the hammerseparaterom
theresonatorxanbe controlledusingthe physicalpa-
rametersSpecificallytheratiomy, / k is foundto bethe
mostrelevantparametein controllingcontacttime.

Gesture-basedontrol modelscanbe designedor
the sound synthesisalgorithm, where the initial ve-
locity of the striker is a main control parameter In
a recentwork, a virtual percussioninstrumenthas
beendesigned,where the soundmodel is basedon
the hammetresonatosystemdescribedabove andthe
controlmodelis implementedhrougha gesturalinter-
face(Marshall,Rath,andMoynihan2002).

The subtle soundnuancesachiesed by the model
provide a rich timbral palettethat can be very useful
in sonificationandauditorydisplay Its responsieness
to usergestureds especiallysuitablefor sonicfeed-
back,wherethe audioinformationshouldgive confir-
mationaboutthe extentandquality of a performedac-
tion. Thesegualitiesis inheritedby higherlevel sound-
objectsbasedon thealgorithm,describedn sectiond.

i

i
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Figure 3: A circular membranedisplacedfrom its
rest position along the axes of mode(1,1)(left) and
mode(1,2)(right). The frequencieof vibrationalong
theseaxesarel.593 and2.917 timesthatof mode(0,1)
(the“fundamental”).

3 ResonatorAttrib utes

Figure 3 shovs a membranen statesof displace-
mentfrom its restpositionalongisolatedmodalaxes.
The distanceof eachpoint of the membrandrom the
“rest plane”is proportionalto the weighting factor of
themodeat this position. Note thatthe sectionlines of
the mode-shapavith the restplanestayfixedthrough
the whole movementalong this modal axis, sincethe
weighting factorsat thesepositionsare obviously 0.
Correspondingly an external force applied at these
nodelinesdoesnot excite themodeat all.

Position dependentweighting factors

There are several possibleapproacheso identify
the positiondependentveights. In the caseof a finite
onedimensionakystemof pointmassesvith linearin-
teractionforces, modal parametersare exactly found
throughstandardnatrix calculations.Most systemof
interestof coursedo notfit theseassumptionsln some
caseghe differential equationsof distributed systems
can be solved analytically giving the modal param-
eters;this holds for several symmetricalproblemsas
circularor rectangulamembranes.

Alternatively, eitheraccurateaumericakimulations
(e.g. wave-guidemeshmethods)or “real” physical
measurementsan be used. Impulseresponsesom-
puted(or recorded)at differentpointsthenform a ba-
sisfor the extractionof modalparametersTheacous-
tic “robustness’of the modaldescriptionallows con-
vincing approximationson the basisof microphone-
recordedsignalsof e.g. an objectsstruck at differ-
ent points, despiteall the involved inaccuracies:spa-
tially distributedinteraction,aswell aswave distribu-
tion throughair, provide signalsthatarequitefar from
impulse/frequengresponsest singlepoints.

The following considerationslluminate the pos-
sibility of aforementioneckstimations. Equations(1)
and(2) correspondo thefrequeng responsef areso-
nantlow-passfilter. The transferfunction connected
to one or a pair of spatial points of the systemis a
weightedsumof theseresponsesvith positiondepen-
dentfactors. Evenin non-idealrecordingconditions,



the prominentmodescan be identified from peaksin

theresponseThelevel of the peakj reflectsthe posi-
tion dependentveightwhile its width is relatedto the
time factort;. Decaytimes canthoughbe extracted
more easily from STFT valuesat differenttemporal
points. The clearperceptuatharacteof theseparam-
etersfinally allows “tuning by ear” which in mary sit-

uationsis thefinal judginginstance.

Qualitatve obsenationson modalshapesexempli-
fiedin figure 3, canbeeffectively usedin a context of
cartoonification:for modesof higherfrequencieghe
numberof nodesincreasesndits spatialdistanceac-
cordinglydecreases.

1. Oneconsequencis thatfor highermodesevensmall
inaccuraciesn interactionor pickup positionmay re-
sultin strongly differentweightingfactors,so thatan
elementof randomizatiorcanhereadd“naturalness”.
2. For interactionpositionscloseto a boundarywhich
is a commonnode for all modes,the lowest modes
gradually disappearand higher modes(with smaller
“regions of weight”) relatively gain in importance.
This phenomenorcan be well noticedfor a drum: if
the membraneis struck closeto the rim the excited
soundgets“sharper”,asthe enegy distribution in the
frequeng spectrungetsshiftedupwards(“rimshots”).
For aclampedbarhigherpartialsaredominantearthe
fixed end, whereadower frequenciesare strongerfor
strokescloseto thefreevibratingboundary(noticeable
in soundadjustment®f electromechanicglianos).

Similar considerationspply to points of symme-
try: someresonantmodes,thosewith modal shapes
antisymmetricto centralaxes, are not presentin the
centerof a round or squaremembrane.They conse-
guentlydisappeafbottom—-up”whenapproachinghe
centerpoint.

Material expression

Soundsidentified with certain materials are ef-
fectively achievable with our algorithm. This may
correspondo its capability to reflectresonanceand
interaction-thatis here: surface-properties. Further
higherlevel modelingefforts stronglyrestandrely on
a corvincing basisof materialattributes(in particular
“breaking” scenariosseesection4). From a current
pragmaticstandpointit hasto be notedthat existing
studiesof materialperceptiorstartfrom somavhatop-
positeassumptiongnd consequentlyeadto different
results(seesectionl).

The soundmodelhasbeentestedin previousstud-
ies in orderto assessts ability to corvey perceptu-
ally relevant information to a listener A study on
materials(Avanziniand Rocchess@001a)hasshavn
that the decaytime is the most salientcue for mate-
rial perception.This is very muchin accordancevith
resultsby Klatzky et al. (Klatzky, Pai, and Krotov
2000); however, the physicalmodelusedhereis ad-
vantageousver usinga signal-basedoundmodelas
in (Klatzky, Pai, and Krotov 2000), in that more re-
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Figure4: Exampleof the impactmodulewith a res-
onator tuned accordingto the theory of a thin bar
The sub-patctralculategshe decaytimes,accordingto
the partial frequenciesandcoeficientsof externaland
(material-specific)nternalfriction.

alistic attacktransientsare obtained. A linear depen-
deng of decaytime overfrequeng, expressedhrough
amaterial-specificoeficientof internalfriction, asde-
velopedin awork of Wildes andRichard(Wildesand
Richards1988), seemedo be the most effective ap-
proachto acousticexpressionof material. Figure 4
shaws a part of a PD patchthat specifiesdecaytime
parameterfor modalfrequenciesfteraninternalfric-
tion parameteandan additionalcoeficient represent-
ing external frictional losses. This method,that has
beenused(vandenDoel, Kry, andPai 2001)andsup-
ported through psychoacoustit¢esting (Klatzky, Pai,
andKrotkov 2000) before,is herecompletedwith the
describedphysically-basednodelof the impactitself.
The resulting capability to include further (material-
/surface-specific)nteractionparameterssuchashard-
nessof contactor “stickiness” fundamentally con-
tributestowards expressvity and realism. Of course
theseexaminationsvould openup awide field for sys-
tematictesting. One shouldalsokeepin mind thatthe
lineardecay/frequencdependengis onepossibleap-
proximation and psychoacoustistudiesalso shav a
slight influenceof frequeng rangeson materialim-
pression(Klatzky, Pai, and Krotkov 2000). Practical
sounddesignexamplescan benefitfrom intuitive de-
viationsof modalparameterérom exacttheory-based
values.

4 Higher-level modeling

Rolling, Sliding

According to its clear physical meaningthe fun-
damentalalgorithm can be exploited for the model-
ing of more complex contactscenariosjf the acous-
tically relevantinteractionforce is (approximately)1-



Figure5: Sketchof the effective offset-cune, resulting
from the surfaces(z). Theconditionon the surfaceto

be expressibleasafunctionof z is clearly unproblem-
aticin a“rolling” scenario.

dimensionaland describableby the underlyingequa-
tion 7. This is true to a certainextent to actionsof
sliding and particularly rolling (Rath 2002). An ex-

ternal, typically constantor slowly modulated force-
term, pressingtogetherboth resonatorsjs addedto
theinteractionforce (givenby equation7) andthe dif-

ferencevariable obtainsan offset term given by the
surface-profilethis surface-signamightbetakenfrom

microscopianeasurements- in our casest is filtered
noise,generatedfterstatisticalconsiderationgfor de-
tails see(Rath2002)).Any audiosignalcanbe usedas
arepresentatioof afictional surface,analogoudo the
codingof audiosignalson avinyl record.

Of coursethepatternof contactof theresonatorss
alsostronglyinfluencedby their macroscopigeome-
try, animportantpoint, especiallyin thecaseof rolling,
thathasto beaccountedor by specialpreprocessingf
the surfacesignal. Thederivationandseveralpractical
stratgiesto realizethis computationallycomplex “fil-
tering” notionareexplainedin detailin (Rath2002).

Finally, listening-eperienceand psychoacoustic
studiesshav the relevance of (quasi-)periodiclow-
frequeng modulationsn rolling-soundsdueto global
geometricdissymmetriestheseare achieved immedi-
atelyin our modelby accordingmodulationsof thein-
put signalsof externalforce andvelocity andstrongly
contributeto the expressvity of theresultingsound.

Bouncing, Breaking

Theinclusionof anexternalforcetermasnecessary
for the above-describedolling- and sliding-objects,
canresultin macroscopid¢emporalpatternsof impact
events,aphenomenothatimpressvely aggraatesthe
responsie potentialof the objects. This implicit gen-
erationof “bouncing’-patternon the basisof the im-
pact algorithm though shows to be unsatisfyingand
too limited for awider rangeof scenariosThe macro-
temporalpatterncannot be intuitively controlled,but
cross-dependsn the elementaryimpact parameters.
More important,the 1-dimensionalityleadsto regular
patternsasoccurringin reality only for perfectlyspher
ical objects. A higherlevel “bouncer” control struc-
tureis thususedto explicitely createtypical patternsof
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Figure6: An inertial mass‘bouncing” on atwo-mode
resonatar (b) focuseson the final stateof the process:
Thetwo interactingobjectsfinally stayin constanton-
tact,a cleardifferenceto simply retriggering.

falling objects. Following our approachof cartoonifi-
cation, the bounceris controlledthrougha setof pa-
rameterghatallow to expressperceptuallyrelevantat-
tributesof a virtual soundsource asregularity, damp-
ing or shapewhile avoiding the overheadn practical
andcomputationatomplexity of afully detailedphys-
ical simulation(see(Rath2002)for detailsof theoreti-
cal backgroundandpracticalhandling).

In Warrenand Verbrugges$ study of the auditory
perceptionof breaking-and bouncing-eents(Warren
and Verbruggel984), it is shovn that soundartifacts
createdhroughlayeringof recordedcollision sounds,
wereidentifiedasbouncingor breakingscenariosde-
pendingon their homogeneityand the regularity and
densityof theirtemporaldistribution. Theseresultsare
the starting point of our accordingmodeling-eforts.
In fact, the “bouncer” module shavs to be effective
for the synthesisof soundcartoonsof breaking,by a
slight extensionof its parameterangeas originally
usedfor bouncing-soundsThetemporaldensityof im-
pacteventsis heresetto adecreasindgpehaior, i.e. op-
positeto its tendeng in the bouncing-case Also, in
agreementith Warrenand Verbrugges examination,
a shortinitial noiseimpulse shavs to contritute to a
“breaking”impression(For detailssee(Rath2002).)

5 Implementation and use

The modelhasbeenimplementedasa modulefor
thereal-timesoundprocessingoftwarePD?. Controls
are handledwith the temporalprecisionof an audio
buffer length; valuesfor the PD buffer-size are e.g.
32 or 64 samplesthat provide temporalaccuracie®f
~ 0.75 msand= 1.5 ms, respectiely. The iterative
algorithm usedfor solving the non-linearinteraction
hasbeenobsened to exhibit a high speedof corver
gence: the numberof iterationsat eachtime stepis
never higherthanfour. As aconsequencehe module
runsin real-timeon low-costplatforms.

The quality of the audiogeneratedrom the model
has beenassessethroughboth informal evaluations
and formal listening tests (Avanzini and Rocchesso

2http://ww. pure-data.org



2001a):in generaltheimpactsoundsarepercevedas
realistic. The control on the impactlocation provides
corvincingresults.

Theimpactmodelis beingusedasthe kernelof a
varietyof soundmodels.It hasbeenshovn thatcertain
soundsarevery effective to corvey informationabout
continuougprocessed-or instancethe soundof aves-
selbeingfilled is quite a precisedisplayof thelevel of
liquid (Vicario2001). Similarly, sliding, rolling, scrap-
ing, and crumpling are all phenomenahat are easily
recognizedby ear, thus being perfect candidatedor
auditorydisplay If properlycartoonifiedthey canbe
usedas dynamicauditoryiconsthat give information
abouteventsand processes.Justby temporalorgani-
zationanddynamiccontrol of micro-impactswe have
beendeveloping soundmodelsfor a variety of these
phenomena.

Again, the veridical control that we can exert on
the contactmodel, and the possibility to manipulate
thecontrolvariablesn real-time,give to the soundde-
signermuchmoreflexibility . In theendthe soundcar
toonsof complex processesuchasscrapingor rolling
turnoutto bemoreengagingandpleasanascompared
to theresultsof modelsbasedn sampleg?).
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