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ABSTRACT

Thispapemdescribeshestructureandpotentialof areal-timesound
modelof “rolling”. Thework hasit’s backgroundand motivation
in the ecolajical approachof psychoacousticsScopeof interest
is the efficient and clear (possibly exaggeratedpcousticexpres-
sion, cartoonification of certainecologicalattributesratherthan
realisticsimulationsfor their own sale.

To this end,differenttechnique®f soundgeneratiorarecom-
binedin a hybrid hierarchicalstructure. A physics-basedlgo-
rithm (section2) of impact-interactiorat the audio-coreis sur
roundedby higherlevel structureghat explicitely modelmacro-
scopiccharacteristicgsection5). Anotherconnectingaudio-level
algorithm,the “rolling-filter”, reduceghe (3-dimensionalljgeom-
etry of the rolling-contactto the one dimensionof the impact-
interaction-mode(section3).

1. INTRODUCTION: BACKGROUND AND MOTIVATION

The useof enhanceduditorydisplayin ambitiousHumanCom-
puter Interactionhasbeenmore and more widely recognizecto
be of majorimportancethis alsoholdsfor real-timereactize non-
speechaudioin particular If suchnon-speectauditory display
is to beintuitively understandablfor non-epertlistenersmodels
thatacousticallycorvey ecologicakttributesareanatural promis-
ing choice (e.g. comparedto abstractacousticsignals). While
psychoacoustistudiesof everydaylistening (as opposedo mu-
sical listenind1]) form an increasinglybroad basis, the respec-
tive developmentof ecologicallyexpressie, flexible andcompu-
tationally affordablesoundmodelshasgainedmuchlessattention
sofar. In the field of soundsynthesis,conventionaltechniques
(suchasadditive, subtractve or FM synthesisprebasednsignal-
theoreticparametershatareknown to closelyrelateto traditional
musicalterms(suchaspitch andvolume). Physicalmodelingon
the otherhand,that naturally connectgo ecological,physicalat-
tributes,hasmaderemarkableprogresshut mostworks focuson
the possiblyrealistic, henceoften ratherinflexible, computation-
ally demandingsimulationof highly specializedsystemsusually
musicalinstrumentsInstead our work aimsat effective, not nec-
essarilyperfectlyrealistic,interactve real-time“sound cartoons”
that expressaspectf familiar everyday scenarios. To this end
physics-basethodelsin thedirectsensdi.e. basenthenumer
ical solution of differential equations)are combinedwith rather
perception-orientestructuresthatremindof andtry to exploit the
flexibility, efficiengy andintuitive accessibilityof oldermethodf
soundsynthesis.

Collisions of solid objectsform an importantclassof sonic
eventsin everyday listening. The perception/estimationf eco-
logical informationfrom contactsoundsstructuml invariants[1],

i.e. attributesof involved objectssuchassize,shape mass elas-
ticity, surface propertiesor material,aswell astransformational
invariants suchas velocities, forcesand position of interaction
points,is commonexperience. The soundproducedby a rolling
objectis generallyparticularlyrich in ecologicalinformation. In
additionto characteristicsf involvedobjectsthataregenerallyre-
flectedin contactsoundsyolling-soundsmay carryfurtherdetails
of form or surfaceaswell astrans\ersalvelocity, gravity or accel-
eration/decelerationAlso, rolling-scenariogorm a cateyory that
seemdo becharacteristifrom theauditoryviewpoint, in thesense
thatthe producedsoundis oftenrecognizabl@ssuch,andin gen-
eral clearly distinctfrom soundsof slipping, sliding or scratching
interactions,even of the sameobjects. All this suggestacoustic
modelingof rolling to be a rewarding goal underthe variousde-
mandsof auditorydisplay

Physicalmodelsof rolling however, tendto get highly com-
plex and computationallydemanding;the derivation of abstrac-
tionsthatsimplify the processandallow realtimeimplementation,
yet keep(or better: stress)main characteristicsn the abovemen-
tionedsenseof “cartoonificatiori, becomeshusarewardingchal-
lenge. We usea physicalmodelof impactinteractionthatcanre-
flectattributesasmassor hardnessn comple transienturrently
not fully coveredby signal-theoretiapproaches.nsteadof ex-
pandingthis one-dimensionaphysicalmodelto the much more
comple rolling-interaction,at costsof computation,specializa-
tion and control not suitablein our contet of flexible and clear
realtimeeartoonificationswe usehigherlevel structureso reduce
arolling-scenarido impact-interactionCertainmacroscopidea-
tures, like the global geometryandthe trans\ersalvelocity, then
have to be accountedor explicitely underperceptuakonsidera-
tions, sincethey are not “automatically” reproducedby the ab-
stractednodel.

2. APHYSICS-BASED MODEL OF IMPACT AS
LOW-LEVEL BASIS OF CONTACT SOUND

Thementionedlistinctive charactenof rolling-soundsnmaybepart-
ly dueto thenatureof rolling asthe continuousnteractionprocess,
wherethe mutualforce on theinvolved objectsis basicallythat of
animpactperpendiculato the contactsurface:in contrastto slip-
ping, sliding or scratchingactions additionalfriction forcesparal-
lel to thesurfacearecomparatiely small*. It seemedhuspromis-
ing, to modelrolling-soundsusing higherlevel structuresaround
amodelof impact-interactior2], thathassuccessfullypeenused
to generatesound=of hitting, bouncingandbreaking[3].
Thebasisof the algorithmis a physicalmodelof a (1-dimen-

1probablythe main notionbehindtheinventionof thewheel...

DAFX-1



Proc. of the 6™ Int. Confeenceon Digital Audio Effects(DAFx-03),London,UK, Septembe8-11,2003

sional)impactinteractionforce
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wherez is the differenceof two (aswell 1-dimensionalyariables
connectedo eachobject. In the standardtaseof examinedmove-

mentsin onespatialdirection,z is thedistancevariablein thatdi-

rection;x > 0 isthecaseof nocontact.k is theelasticityconstant,
i.e. the hardnes®f theimpact. «, the exponentof the non-linear
termsaccountsfor the local geometryof the contactingobjects,
while A weighsthedissipationof enegy during contact,account-
ing for friction loss,[2] containsdetailedinformation.

The behaior of interactingobjectscan be describedn dif-
ferentways; in all our presentmodelingefforts both resonating
objectsarein modaldescription([4, 5]), which supportsparticu-
larly well ourmaindesignapproacHor its physicalgeneralityand,
atthesametime, for its intuitive acoustianeaning6].

The physicalmodel involves a degree of simplification and
abstractiorthatimplies efficient implementatioraswell adaption
to abroadrangeof impactevents.At thesametime, the algorithm
is reactve and dynamical,in contrastto signalsgeneratedvith
othersynthesigechnigues:comple transientsare producedthat
dependntheparametersf interaction(suchashardnessaswell
asthe attributesand momentarystatesof the contactingobjects
. Thatdynamicalquality is particularlyimportantin situationsof
repeatedfrequentor constantontact,asin the caseof rolling.

3. REDUCTION OF LOCAL ROLLING-GEOMETRIES
TO ONE (IMPACT-) DIMENSION

The acousticvibration in a rolling-scenariohasit’s causein the
structuresof the contactingsurfaces;no soundwould emege if
therolling objectandtheplain (onwhichit is rolling) hadperfectly
smoothsurfaces— or atleastnootherthanapossiblé’bouncing”-
like vibrationthatcanaswell occurin apureimpactcontactalong
oneaxis. In fact, asan objectrolls, the point of contactmoves
alongit’ ssurfaceandalongtheplain. These‘tracked” surfacepro-
files arethe sourceof theacousticvibrationin rolling-interaction.
If we restrictour view on the scenaricto the onedimension
perpendicularto the plain, the tracked surface profiles, exactly
their difference give riseto a time-varying distance-constrairgn
theinteractingobjects(i.e. therolling objectandthe plain). This
constraintakestheform of atemporarilychangingdistance-dket
thataddsto thedistancevariablez in equationl asit wouldemepge
from the movementof the interactingobjects.In otherwords,the
surfaceprofilesarethe origin of a dynamicoffset signalthat has
to be fed into the impact model, namely addedto the distance-
variablez, thuscausingvibration of the contactingobjects.Exact
investigationhowever reveals,thatthe appropriateoffset signalis
not simply the differenceof the surfacecurves,asscannedilong
therolling trajectory:notall thesesurfacepoints(alongthetrajec-
tories)arepossiblepointsof contact.Figurel shawvs the principle
of rolling-typical “bridging” of surfacedetails. Therolling object
is hereassumedo be locally perfectly sphericalwithout micro-
scopicdetails;this simplificationis possible sincedeviationsfrom
thatideal geometrycanbe carriedforward to the associategbro-
file of the plain. It is seen,thatonly certainsurface“peaks” are
potentialcontactpoints. The hypothetical trajectoryof therolling
object,i.e. preciselyits center asdepictedin figure 2, asit would

Figurel: Sletc of thefictional movemenbf a ball, perfectlyfol-
lowing a surfaceprofile s(x). Relativedimensionsare highly ex-
aggerated for a clearer view. Notethat this is not the de-facto
movementihisidealizationis usedto derivethe offset-curveo be
usedby theimpact-model.

move alongthe plain at constantdistance0 contactingthe plain
exactly atthesepeakgwithout“bouncingback” or “enforcedcon-
tact”, i.e. distances< 0, figure 1), is finally the offset curve that
expresseshe constrainton the objects. The actual movement of

Figure 2: Sletct of the effective offset-curve resultingfrom the
surfaces(z). Theconditionon the surfaceto be expressibleasa
function of one curve parameterz is clearly unproblematicin a
“rolling” scenario.

the rolling object differs from this idealizedtrajectory due to
inertia and elasticity. It is exactly the consequence®f these
physical properties, which are describedby, and substantiate
the useof, the impact model.

Implementation of the “r olling-filter”

In astraightapproachthe calculationof contactpoints,necessary
for the subsequergeneratiorof the offsetsignal,is computation-
ally highly demandingin eachpointz alongthesurfacecurwe, i.e.
for eachsample-poinin a discreteimplementatiorat audiorate,
the following condition, which describeghe momentarypoint of
contactp,, would needto besolved.

fa (pa:) = ma$qe[m—r,x+r]fac (q) where 2
fol@) & s(@++V/r?—(g—2)% g€lg—ra+r]

Theidealcurve wouldthenbecalculatedrom thesecontactpoints.
E.g. for adiameterof 10c¢m, atransersalvelocity of 1m/s anda
spatialresolutionaccordingo anaudiosamplingrateof 44100H z
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at this tempo? the abore operationsmaximum/comparisonand
calculus,hadto dealwith 44100 * 0.1m/1m = 4410 valuesat
eachsampledposition, i.e. 44100-times per second. Of course
thesecomputationatostsarehighin areal-timecontext for stan-
dardhardware, especiallyin our context of soundcartoonsto be
usedwithin wider (alsomulti-modal)ernvironmentsof human-com-
puter interaction. The computationsmight be executedoffline,
which would however restricttherealtimereactvity of themodel;
objectradiusandsurfacestructurehadto befixedandcouldnotbe
easilychangediynamically

Thesolutioncomesn form of arecursve algorithmthatsolves
the describedaskwith a highly reducedhumberof operationsto
the orderof 10 and thereforeminimizesthe computationaload
enablingrealtimeimplementation. Computationakostsare here
comparableo thatof a lowpassfilter or othersimpleapproxima-
tions that have beendevelopedandtried by the author(figure 3
sketchesan example). In fact, lowpassfiltering appeardo have
beensuggeste@ndusedto simulatethe acousticeffect of rolling
but soundresultsare often quite different. This is not surpris-
ing whenremarkingthat the offset-cure asin figure 1 cancon-
tain stronghigh-frequeng component¢connectedo its “edges”);
suchhigh frequenciesnayin somecasesvenbe strongerthanin
the originating surface-profilescontradictingthe ideaof lowpass
filtering.

Figure3: A simpleappoximationof rolling-filtering.

4. SURFACE PROFILE

Variousorigins may be thoughtof for the surfacesignalthatis to
befedinto theimpact-modelataraterelatedto theactualtrans\er-
sal velocity and after being processedy the rolling-filter. One
possibility would be the scanning/samplingf real surfacesand
useof suchstoredsignals. From our standpointof cartoonifica-
tion andrealtimeinteractvity we preferthe statistics-basedener
ationof “surface-signalsof varyingattributes.A commonlyused
modelin computergraphicsis fractal noise; in the 1-dimensio-
nal casethis is noiseof a1/ f? power spectrumwhereg reflects
thefractaldimensionor roughnessTypical surfacesof objectsin-
volved in rolling-interactionhowever, are usually smoothedand
treatedin variousways, which we reflectthroughband-limiting.
In factsmoothingor polishingof surfacesmay be seenasrelated
to lowpassfiltering, while global adjustmene.g. of tiles appears
asasortof highpasdiltering. Onthatbackgrounda global 1/fﬂ
characteristishavedto berathersecondaryn practicalsoundre-
sults. Thereforewhite noisefilteredwith abandpassf adjustable
characteristicappearasanadwantageoushoice,combiningeffi-
cieng andflexibility .

2. ..i.e.,if weassumehesurfaceprofileto beresohedwith aresolution
suchthatwhentracingthe surfaceatthe velocity of 1m/s samplesappear
at44100H z, acanonicakhoice. .

5. EXPLICIT MODELING OF MACROSCOPIC
CHARACTERISTICS

Typical rolling-soundsusually shawv periodic patternsof timbre
andvolumethat are of high perceptuaimportance.Periodicities
that originate from macroscopicdeviations of the rolling-shape
from perfectsphericity— or moregeneral asymmetryof the ob-
jectwith respecto its centerof mass— appeato form oneimpor-
tantauditorycuefor therecognitionof rolling-soundgrom similar
soundsof contact,e.g. sliding. Also, the frequeng of suchperi-
odic patternsstronglyinfluenceghe percevedtrans\ersalvelocity
of therolling object. Global asymmetriedeadto modulationsof
theeffective gravity force,thatholdsdown therolling object,anef-
fectthatgetsstrongerwith increasingvelocities(asmotivatedbe-
low). Usuallylessdominantis the simultaneou®scillationof the
momentaneouselocity (of the point of contactalongthe plain).
In our model,sucheffectshave to be explicitely accountedor by
accordingparametemodulations sincethe physics-basedoreis
one-dimensionaand doesnot cover higher macroscopigeome-
tries.

Figure4 sketchesanasymmetriaolling objectin differentpo-
sitions.Its centerof masss accordinglyat differentheightsgiving
differentterms of potentialenegy. In a free rolling-movement

center of mass
x

Figure4: Sletch of a rolling objectat differentinstants,(strongly)
asymmetriavith respecto its centerof mass.

theseoscillating terms of heightof the centerof massc(t) and
potentialenegy are coupledto accordinglyoscillating terms of
kinetic enegy andthusmomentouselocity. This periodicenegy
transferis connectedo a periodic term of force acting between
therolling objectandtheplain (in additionto the constangravity
force). The exacttermsof forcesand velocitieseffective in this
(freerolling-) situationcouldbefoundassolutionsof thedifferen-
tial equationgiven by statingthe principle of enegy conseration;
they canof courseonly bedeterminedf the shapeof the objectis
known exactly. However, in the context of effective cartoonifica-
tion, we derive a simpleexample-approximatioin the following,
thatreflectsthegenerabehaior. (With ourgoalin mind, ecologi-
cal expressienesgatherthansimulationfor its own sale, we have
to considerthat the exact shapeof a rolling objectis rathernot
perceved from the emittedsound? A generalideaof “asymme-
try” however maybe givenacoustically)

We assumehatthe oscillating (in the sketch of figure 4 bet-
weenthe extremaof ¢1 andc¢2) heightof the centerof masse(t)
is approximatelydescribedy asinusoid® .

c(t) =c2+ (cl — ¢2) - sin(wt),w =27 - f (3)

3Thisis e.g.thecasefor asphericabbjectrolling with constanangular
velocity (which may in free rolling be approximatelythe casefor small
asymmetryor aforcedcondition)whosecenterof massis locatedoutside
thegeometricatenter
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The offsetforce-termbetweerthe two contactingobjects(therol-

ling andthe plain) is thenconnectedo theacceleratiomperpendic-
ular to the plain throughNewton'’s law F'(t) = M - ¢é(t), where
M is theoverallmassof therolling object. Theaccelerations the
secondderiation of equation3.

&(t) = (cl — ¢2) - w? - sin(wt) (4)

This sinusoidalforce modulationterm proportionalto the square
of thevelocity in factgivescorvincing soundresultsdespiteall in-
volved approximationsa constantmodulationamplitudesounds
unnaturalfor changingvelocity. In the model, a parameterof
asymmetryin theseequationg1 — ¢2, allowsto expressanoverall
amountof deviation from perfectsphericalsymmetry Themodu-
lation frequeny f is relatedto the trans\ersalvelocity v andthe
(averageyadiusr of therolling object,throughw = v/ (27 - r).

6. CONCLUSIONS

The developmentof and the ideasbehind a dynamic real-time
soundmodel of rolling have beenexplained. The modelcanbe
tunedin awide rangeof ecologicalattributes;theseincludechar
acteristicsof material,size, surfacestructure ,shape yelocity and
direction. Theimplementationrealizedaspluginsandpatchesn
soundsoftwarepd #, runscomfortly on standard®C hardvareun-
der different operatingsystems. Sincefurther on all parameters
canbechangedreelyin real-time themodelis particularlyuseful
for various, possibly multi-modal, ervironmentsof human-com-
puterinteraction. Applicationswith gesturalor graphicalcontrol
have beenprototypedothersarein development.
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