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Abstract

Solids of different shapes resonate according to their peculiar
geometry. Although physics, for some fundamental shapes
such as the cube and the sphere, provides explicit formulas
for determining the modal frequencies, a general resonance
analysis of 3-D shapes must be conducted using numerical
methods. In this paper, Waveguide Meshes are used to model
intermediate geometries between the cube and the sphere.
This example is paradigmatic of the general problem of mor-
phing 3-D shapes.

We areinterested in under standing how smooth shapetran-
sitions from sphere to cube translate into a migration of the
resonating modes. This work is aimed at assessing the suit-
ability of the waveguide mesh as a tool for such a research,
and it is preliminary to further investigations involving hu-
man subjects.

1 Introduction

Acousticrencering is an emeuging researctfield, whose
growth is stimulatedby two, someha opposite factors: an
increasingnterestfor applications of multi-modalvirtual re-
ality on oneside,andinevitable constraits in costandtech-
nology of the equipnent on the other side. Thesefactors,
togethe, leadto looking for rendeing method which arere-
alisticandcompuationally efficient at the sametime. Under
this assumptios, a methal which is capableto acoustically
rende objects,or enclsureswill move thelistenerto virtu-
ally experiencea scenariovithoutrepraducingall its chara-
teristics.

Important studieshave alreadybeencondictedin the vi-
sualfield, andremarlableresultshave beenachieved in ren-
dering shadavs, textures, lightings, and object movement.
This encouagesto looking for audio courterpartsof those
method.

*This researb has been supportel by the European Commis-
sion under contract 1ST-2000-2528 (“SOb - the Sounding Object).
http://ww. soundobj ect. org
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Perceptiorof shapedrom acousticcuesis a matterof in-
vestigation for researcherin psychghysics (Lakatc et al.
1997 andobjectmockling (RocchessandOttaviani 200La).
A listenercould experierce, by hearing to stayfor examge
in the middle of a semi-sphericaénclasure,or in front of a
largecube withoutseeingary of them(McGrathetal. 199).
Testshave beencorductedto investigatewhethe or not lis-
tenersdiscrimirate simple shapesuchascubesandspheres
(Rocchess@nd Ottaviani 2001a). Suchexpeliments shav
that shapelabelscanbe reliably attachedo sourds, regard-
lessof their pitch, andthatthe distribution of low-frequeny
resonanesplay the prominentrole in this task. As a sidere-
sult (RocchessandOttaviani 2001D), it wasshavn thatnon
musicianstend to equalizepitchesof resoratorsas if they
resultedfrom equalvolume shapes.This givesus a simple
criterionthat canbe usedto minimize the influerce of pitch
whenexperimentirg with 3-D objectsof varying shapes.

Figurel: Userinterface of the apgication runring the mesh
modds.

In this work we investigae on the “spectralcontinuum”
holding whena cubemorpts into a spherethroud specific
geonetriescalled supergadrics(Kuma et al. 1995. We
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Figure2: Positive sectionsof supequadics obtainel using(1). v hasbeensetto {2, 2.2, 2.5, 3, 4, 10} startingfrom left
above, respectiely.

look for specificcuesto checkout if thereare “footprints”
whichacotstically labeleachintermedate shapeand,hene,
the whole morphing process. We will shawv thatthesecues
exist, althoudn only listeningtestscoud demastratea real
sensitvity of human beings to shapevariatiors.

A nurrericalmethal is neededor studyirg theellipsoidal
shapesIn our work, all reson#ors aremodeledusingwave-
guidemeshegvVanDuyneandSmith1993. In particular the
3-D trianguar waveguidemesh(3DTWM) hasbeenadopted
for its low dispersiorchaacteristicsandgoad appoximatian
in modelirg bounndarieg(Fontanaetal. 200).

All thesimulatiors have beencorductedworking with an
application written in C++, whoseuserinterfacecanbe seen
from the screenshoin figure 1. This applicationsimplifies
the constriction andinitialization of the mesh,andperfams
all neededpbracessing.A preteleaseof the execuable pro-
gramis available from the Web site of the SOb Eurgpean

Project(ht t p: / / ww. soundobj ect . or g) for pulic ex-
perimertation.

2 From Spheresto Cubes

Onepossiblemomphingfrom spheredo cubescanbeeas-
ily realizedif we restrictary possiblegeanetryto be anel-
lipsoid. Supergadricsare, in this sense,a versatilefam-
ily which is definedby the following equdion (Kumaretal.

1995

Y=
=1

z

€T |Y= Yy

RiRdHig ®
a C

Changesin shapeare then perfamed by varying only the

threeparanetersy = v, = v, = vy, togetherandconstrain
ing a, b, ¢ to conditiona =b=c¢:

e sphee:y =2

¢ ellipsoidbetweersphereandcube:2 < v < oo

e cule:y — 0.

We consicersix shapesincluding thesphereandthecube,
which arebuilt accordng to (1). Their positive section(i.e.,
their volume limited to {(z,y,2) : ¢ > 0,y > 0,2 >

0}) is depictedin figure 2, where,startingfrom left above,
paranetery hasbeensetto

’71:2 ’72:22 ’73:25
1u=3 =4 1% =10

respectiely. Note that g is large enoudn to representthe
cube. This is true becausehe discretebourdary, which will
bemodeledby the BADTWM, doesnotchangdor v > 10.
Accordngly, waveguide meshmocels are built. Taking
adwartagefrom the applicdion preseted above, 3DTWM'’s
areconstructedso thatthey match ascloseaspossible the
geonetriescomingfrom the selecteckllipsoids. Perfectre-
flectionof thesignalholdsatthebouwndary



Figure3: Projectias,orthagond to the z-plare, of 3DTWM
modéds closelymatching theintermediateshapegivenin fig-
ure2. v hasbeensetto {2.2, 2.5, 3, 4} startingfrom left
abore, respectiely.

Figure3 depictsorthogoral projectims to the z-plare of
the meshmodads, in the sameorder givenin figure 2, for in-
termedide shapeslinevitable mismatchiig betweerideal ge-
ometriesand3DTWM modelscanbe noted even if the scat-
teringjunctiondensitywasguarateedto provide aminimum
distanceequalto 20 junctions betweensurfaceslocatedon
oppaitesides.

Moreover, the 3DTWM modelsflat surfaceswith lower
accurag dueto its own topolagy. This causesomeblur in
thedefinition of theresonanepeaksgspeciallyin the caseof
thecube.Thiswill beevidert in the spectrabnalysis.

3 Spectral Analysis

For eachgeomety, one spectrumwas calculatedfrom a
signalobtaired by exciting (usinganidealimpulse)theres-
onata on threepoints,i.e., the centerplus two pointsclose
to the boundary The outpu signalwaspicked up on a posi-
tion whichwaslocatednearthebourdary, for captumg most
of the resonanes. For nonsphericalshapesthe excitation
andoutptt junctiors werelocatednearonecorrer. Sincethe
corne geomety variestogetter with shapejnevitable varia-
tionsin the excitationandacquisitionpositionsoccu during
the expeaiment. For this reasonthe dynamcs of the output
signalsvarieswith shape.

Signalshave beendampedoffline. Offline dampng en-

sureghattheresonanesdo notmove dueto imperfectinter-
nal modelirg of attenationmecharsms.

Eachspectrumshouldbe rescaledn the frequency axis,
holding the condtion of volumeconstang. Tablel (seconl
column shaws, accoding to the chosergeometies, volume
ratios for resonates having the samesize' in the senseof
figure?2. In thethird column sizeratiosfor resoratorshaving
the samevolume are showvn. Clearly frequeng rescalings
for constahvolumemorphing shoud comgy with thevalues
in columm thre€’. Volume normalizaion of signalswill be
usedin futureresearchdevotedto investigae the percepual
aspect®f shapevariatiors.

[ v [ Vol(v))Vol(v1) | Size(y:)/Size(y1) |

2 1 1
2.2 1.0923 0.970
2.5 1.2086 0.940

3 1.3560 0.900

4 1.5406 0.865
10 1.8157 0.815

Tablel: Volumeratiosfor equalsizes(secondcolumr), and
size ratios for equal volumes (third column). Geometries

givenby y1,...,7s.

We cananalyzea pottion equalto 1/16 of thebandof the
outpu signals.Oncethe samplingfrequeng hasbeensetto
anomind valueof 8 kHz, frequenciesupto 250 Hz arehence
takeninto account.

Figure4 shows plotsof thespectradiscusse@bove, from
the sphere(top) to the cube (bottam). Freqienciesare ex-
pressedn Hz, and gairs in dB. The lower resonanes ex-
hibited by the sphereare sparserasonewould expect from
theory(Moldoveretal. 198), anddefinea clearmodeseries
whereeachmode accouts for a precisepottion of thewhole
band

As shapemormhsto squaenessthe modeseriesshrinks
andshiftsto lower frequencies. At the sametime, new res-
onarcesarisein betweenthe existing ones,so thatthe den-
sity of modesncreasesistheresonatoappr@acheshecubic
shape.

Both shifting of the modesto lower frequencies andris-
ing of new modesin betweenareeventswhichdonotdeper
ontheexcitationandlisteningpositions.Of coursethesepo-
sitionsdetermire the modeswhich appearon the spectreor,
likewise,theresomncesvhich areaudible.

From the previously shavn plots, we can extrapolate a
clearevolution of thelow-frequery modes. Thiskind of de-
scriptionis especiallyusefulwhensomeoe wantsto recreate

1say diameer of the sphereandsidelength of the cube

2Note that an alternative appraachfor obtairing resongors of equalvol-
umewould consstin modeling eachgeometryusingmeshesaving, moreor
less,the samenumberof scateringjunctions. Thisway is in pracice harde
to foll ow thannumericdly computng theratiospresemedin tablel.
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Figure4: Low-frequeng pottion (1/16 of the nomiral bang of the output signalstaken from the resomators. Top: sphee.

Bottom: cube.x-axis: frequeng/ (Hz). y-axis: gain(dB).

thelow-frequenyg resonanesof ashapesuchastheonespre-
sentechere for instanceusingadditive synthesispr rencer a
shapeby processinga signalwith a seriesof tunate (seconé
ordel) equdizationfilters, whosepeakfrequenciedollow the
positionsof themodesduringchangsin shape.
Thesecharacteristicef the spectrahave a countepartin
the soundsampleswhich are obtaired from the correspad-
ing signals. As a resonatomppoacheghe shapeof a cube,
pitch becaneslessevident (or moreambigious)and, at the
sametime, a senseof growing brilliance in thesoundis expe-

riencedby the listener Although pitch, if senseddecreases

asshapemigraesto squarenss,a prope resamplig of the
signalswhichrespectsyolume constang shouldequalizethe
pitch andbalancehebrighthessto ahomaeneaisvalue.

4 Conclusion

A studyonthespectraimodficationsof soundgrodiced
by resonatos, whosegeanetry morphs from a spheical to
a culc shapehasbeenpresented It hasbeenshavn thata
“spectralcontinum?” exists suchthatlistenerscouldin prin-
ciple be sensitve not only to rourdnessand squarenss,as
shavn by previous results,but alsoto certainintermedate
situations.

Listeningtestsusing soundswhosespectraare properly
rescaledwill verfy whetherthe spectralcuesprovided by
suchshapedave a percepual courterpart.
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