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ABSTRACT

Quantummechanicstatesa particle canbehae aseithera particleor awave. Thussystemsof particlesmight belikenedto
a complex superpositiorof dynamicwaves. Motivatedby this, the authordevelopsmethodsfor the sonificationof particle
systemsn alogical manner Many systemsandphysicalphenomen&ave thusfar beensimulated producinga wide rangeof
uniquesonicevents. The applicationghathave beenexploredarefor algorithmicsoundsynthesisasndmusiccomposition.Of
critical importanceis addressingheissueof latenciescausedy large complex numericaloperationsat audiosamplingrates.
This becomegainfully clearwhen particlesinteractwith eachother Furtherapplicationsof this systeminclude scientific
sonification,with an appropriateéntegrationof psychoacoustiprinciples;creatingan applicationfor physicsand music stu-
dentsto extendandenrichtheir comprehensionf bothtopics;andinspiring philosophicadialogueregardingthe similarities,
intersectionsandinterdependencef Art andScience.Futurework aimsto producea real-timeapplicationfor simulatedand
realsystemsandadeepetintegrationof quantummechanicsnto thesetechniques.
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INTRODUCTION

In qguantummechanic§QM) particlesandwaveshave identity crisesbecaus@necanactasa particleor awave; andwhennot
a particle, its “matterwave” hasa frequeng proportionalto its kinetic andrelativistic enegy.! Motivatedby this, andsome
similaritiesbetweenQM andtime-frequeng analysis(TFA),2 comesthe ideathatsignalscanbe representedndsynthesized
by an dynamicsystemof particlesconstruedas waves. Vice versa,a soundmight be “materialized” into its corresponding
systemof particles andmodificationamadein thatdomainto synthesizevariants.

Essentiallywhatis developedhereis a techniqueof soundcompositionusing classicalmary-body mechanicswith the most
naturalmappingof parameters.Sucha direct mappingof both multi-dimensionalffields not only allows an interchangeof

conceptgo enrichboth, for instancesonifying particle collisions for musicalpurposesput also enablesan additionallevel

of comprehensionf the underlyingphysicalconcepts—atimportantgoal of sonification[7]. Consequentlywhenusingthis

techniquefor compositionandsynthesisthe composemustalsopossesskill in physicsto do aneffective job. Interestingly

it hasbeenobsened that, whencomposingwith thesetechniquesthe compositionaland scientificconcernanemge into the

“composerscientist’—atateof thoughtwherephysicsandmusicbecomeidentical. It hasalsobeenfoundthatthe audience
neednot be versedin physicsto appreciateor enjoy what they hear; however, more compositionsneedto be developedto

explorethis experience.

Apart from theseconceptssomeproblematicdssuescurrentlyexist in the systemandits execution. The computationatom-
plexity requiredfor physicalparticlesimulationscanbeenormousandwhencompoundedvith requirementsor audio,thereis
alargelateng periodbetweerexecutionandresultansignal.If precautioris nottaken,oneis atrisk of spendingseveralhours
for a soundthat could have more easily beenproduced albeit without a “physical” correspondencedt canbe saidthateven
if a simplesoundwerecreatedponewould hearit differently becausef whatit representsThusthereexists a programmatic
issue,wherebya compositiondevelopedthroughthis techniquemight only be interestingwithin this context. In additionto
thesepsychoacoustiprincipleshave yetto beintegratedto facilitateamorepercevableandpreciseaudificationof thesystem.
Theseissuesandmore,will obviously beaddresseth futurework.

IHereaftereferredto asthe enegy of theparticle.
2For instancepothQM andTFA employ Fouriertransformsandconsequentlyave uncertaintyprinciples.



AUDIFYING MATTER, MATERIALIZING SOUND
PhysicistLouis de Broglie madea famousconjecturein 1923 that particlescan act like waves, just as waves can act like
particles[1]. He derivedthefollowing expressiorrelatingthe enegy of aparticleto its matterwave frequeng:
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whereE is the enegy of the particle,andthe quantumconstanth ~ 10~3* J s, is hereaftersetto 1. A particleof massm,,
andvelocity v, hasanenegy definedby SpecialRelatvity as
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whereT (t) is thekinetic enegy, T is therelatiistic enegy, m.; is the particle’s massin motion,andc is the speedof light.
To simplify thingsv < ¢ sothatm,..; ~ m,; andc?, avery large constantjs replacedoy -y, a smalleruserdefinedconstant.
With deBroglie'srelationandequation(2) a particlecanrepresena frequeng by its enegy. Thuslyanincreasen enegy is an
increasen frequeng. Howeverit mightbeobsenedthata potentialshortcomingf this correspondends thatlinearfrequeny
sweepingsn't percevedaslinear. In factasthevelocity of amassapproachethespeedf light, theenegy requiredto increase
its speedapproache#finity, just asa largerincrementis requiredto make a percevablechangeto a higherfrequeng. This
interestingcoincidencamight make this shortcominga blessingwhenconsideringelatiistic particlesystems’.

Having correspondeftequeng to enegy, whatis to bedoneaboutamplitude?0neof thepeculiaraspect®f particlesactingas
waves,is thatthey arenotreally waves;they aresomecreaturehathasmutuallyexclusive propertiesput notall the properties
of wavesor particles. Computingthe amplitudeof a matterwave is not straightforward, anddoing soleadsto animaginary
guantitywith no sensiblephysicalinterpretation. Instead,by evoking an obsener and correlatingamplitudeto the physical
separatiorof sourceandrecever a morelogical and naturalanaloguds created.Thoughthis might be a departurerom the
naturalorderof physics,atrue correspondencis not the aim here. By utilizing maturehumanperceptiorskills, suchasthe
relationshipbetweenloudnessand distance a sonificationsystemis createdthatis easierto perceve and understand.The
relationshipemployedis thefollowing normalizedinverse-squareule:
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where 7 is theparticle’s position,and7; is the obserer’s position.
Combiningtheseresultsfor asystemof N particles,consideringhatmatterwavesaresinusoidal andthatsuperpositiorholds,
produceghefollowing generalizedignal:
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This is the “Equation of Sonic Transformation’andit providesthe meansfor deriving a signalfrom ary particle systent!
Thoughequation(4) is explicitly sinusoidal,t is possiblethatothersampletablescould be used perhapgescribingdifferent
typesof particleswhich arereadatthe matterwave frequeng.

Application of the sonictransformto an elementarysignalrevealsfurther enhancementsThe mostsimplesignal,a constant
amplitudesinewave, s(t) = Assin(2n [ v,dt), canbe quickly materializedo its classicalparticle-systenequialent. Com-
parings(t) andequation(4), a singleparticlewith a constanenegy anddistancewill suffice. Physicallythis meanghatthere
areno forcesactinguponit in suchaway asto changeheseproperties At leasttwo possibilitiesfor thecorrespondingystem
are: 1) the particleis motionlesswith respectto the obsenrer; 2) the particleis circling aroundthe obsener with a constant
velocity. Sonifyingthelattersituationnow requiresa spatializatioralgorithm. Thisis accomplishedy takingadvantageof the
particlepositions.

To accomplishthis, the spaceof the system,e.g. the x-y plane,is divided into somenumberof quadrantsperhapsentered
aroundthe obsener, whereeachquadranis representetdy a spealer. For instancejn thex-y planetheregion (z > 0,y > 0)
might be the front-right spealer in a quadraphonisystem.Whena particleis in a quadrantjts sonicidentity is heardin the
correspondingpealer. Problemsarisehowever whenconsideringmovementbetweenquadrantsyherethe soundsuddenly
switchesfrom onespealer to another In experiencesoundflows smoothlyfrom oneplaceto another This is doneby giving

3Might alsothe Nyquistfrequeng belikenedto the speedbf light: the greatesfrequeng thatno otherscansurpassn agiven sampleduniverse?
4The absencef a phaseermis dueto thefactthatno logical correspondenckasyet beenfound. Futureintegration of psychoacousticsill likely make
useof it.



eachparticlea “Sphereof SonicInfluence”of someradius,which containsits sonicidentity. Whena particlebeginsto move
betweenquadrantghe amountof soundin the spealersis determinecby the percentagef the spherein eachquadrant.The
signalis placedin eachspealer andamplitudescaledby thesepercentageskigure(1) shavs a particlelocatedat some(z, y)
with sonicinfluencein all four quadrants. An obsenrer situatedat the origin would thus hearmost of the particlein the
front-right spealer.®
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I I\

Figurel: Sphereof Sonicinfluencewithin the Four Quadrants

Making motionevenmorerealistic,the sizeof the sonicspheres radiusis relatedto the separatiorof the particleandobsener
suchthat further particlesare perceved as moving slower betweenquadrants. To further accentuatea senseof motion a
Dopplereffect hasbeenincorporated.Thusfar experimentshave only madeuseof sterecandquadraphonicystems Further
work will experimentwith largersoundarrays,andincorporatea head-relatedransferfunction (HRTF) sothatthis systemcan
be employedon a majority of soundsystems.

Expandingthesesonificationrelationsfor moreinterestingmusicaluse,modificationsto the obsener canbe made,suchas
focus,instrumentnoiseor defects,andfilters, not to mentionchangingthe systemby the act of obsenation. Focusingon a
smallregion of the systemis akin to granularsynthesig8], whereparticlesflying throughthe apertureareonly obseredfor a
shorttime. Thesemodificationsseemanappropriatehing to do sinceQM stateghatthe obsener andthe obsenedcannever
beindependentThe systemmight evenbe mademorescientificallyrealisticwhenconsideringhatraw datais notgooddata.
Thusdatareductionschemesnight be implementedo createfurther modificationsto the signal,perhapsnvoking a justified
artisticlicense.

Amongthe qualitiesof this mapping,thereis no dependencen a predefinedjuantizedonallanguageg.g. diatonic; it uses
ary andall frequencieswithin the audiblerange. This not only leadsto a unique musicallanguage but providesa result
which is quick to visualizeandresole uponaudition. Like a mappingof increasingiemperaturdo increasingpitch [9], the
correspondencef higherenegieswith higherfrequenciess commonsense.Otherthanthe correlationof trans\ersematter
waveswith longitudinalsoundwaves,thereseemso be no arbitraryassignmentsThis, hawever, becomegroblematiovhen
QM necessitatematterwavesto be sinusoidal;spatialperceptiorandmotionis moredifficult to perceve with simplespectra
sounds Furtherwork will addresshis issueby employing dynamicsampletableswith complex spectra.

THE SOUND OF A HEATED GAS, AND OTHER USEFUL SONIFICATIONS
With anadequatenappingof particle systemgo sound,it is possibleto derive signalsfrom physicalprinciplesby sonifying
scientificphenomenaAny numberof systemsanbe createdwvith mary dynamicparametersandphenomenaanbeinvoked
atwill. Simulatingparticlesin potentialssuchaslinearor harmonic,make uniguedynamicsystemsaA linearpotentialcanbe
imaginedasmarblesrolling on a slant;while a harmonicpotentialis like thebowl in figure (2). Eachproducesuniqueeffects
thatdependon the particularpotentialconstantsA harmonicpotential,unlike alinearone,guaranteethe systemwill remain
“stable” sincethe particleshave finite enegy limits, andthusmight be usedto avoid aliasing.
The sonictransformof an N-particle Newtonian,non-interactingpne-dimensionaharmonicsystemwith the obsener atthe
minimumis:

N 1 , BZw?m; .
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wherew; = mi k is the potentialconstantand B; and¢; arederivedfrom initial conditions. It shouldbe notedthatif w

is sufficiently large,complex frequeny andamplitudemodulationsynthesisarepossible—whictposesaninterestinggquestion
for QM: canmatterwavesbe frequeny modulated makingone particleappearasmary? Sinceequation() is analytic,the

5The quadrannumbersmake useof recordingcorvention,wherethe odd channelsareleft spealkrs,the even onesareright, andthefirst two channelsare
front.



Figure2: A Two-DimensionaHarmonicPotential

stateof thesystemcanbedeterminedat ary time. However, whenconsideringime-variantpotentialsdiscontinuouvoundary
conditions, or particle-particleinteractions,the solutionsbecomeexceedinglycomplex necessitatinghe use of numerical
integrationschemessuchasthe Fourth-OrderRunge-Kuttaalgorithm[2], aswell ascompletesimulationsup to the timesof

interest.

Phenomenauchasinteractvity, radioactvity, andgasthermodynamicsnake for novel compositionatoolsvia thesesonifica-
tion methods.With the Coulomb(electrostaticforce the particlesare heardpushingeachotheraround;sometimesne pops
to a higherfrequeng which meansa particle cametoo closeto another Collisionsare muchdifferentbecausef the abrupt
exchangeof momentumwithin the system;thesecreatechaoticmicrotonal“organimprovisations. Viscousfluid, andary

numberof mysteriousorces,canbe appliedto a systemcreatingdragforcesandkeepingthe systemunder or out of, control.
Figure (3) shavstwo particlesradioactively decayingwhich producedlistinguishablesoundghathave beencomparedo those
in zoologicalmonkey housesA gascanbeplacedin acontainerandheatappliedto thewalls, creatinga very percevablesonic
representationPerhapswo differentkindsof particles representetly two differentsampletables,canreactwith oneanother
Whentwo particlesform a molecule their sampletablesare corvolved. Many differentandinterestingpossibilitiesexist—a
directresultof combiningtwo rich, multi-dimensionabisciplines.
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Figure3: A Cascadindradioactve Decay

Thesealgorithmshave beenprototypedundera Linux ernvironmentusing MATLAB 5.0, with computershaving processor
speed®f upto 500MHz. It is of concernandunderstandablgo, thatsincethe presentlgorithmis doing particlesimulations
at audiosamplingratesof at least9,000Hz, thereexists a large lateng period. This periodincreasesvhenthe setof parti-
clesincreasebut becomesanngingly large whencontinuousparticle-particleinteractionsare simulated—orthe orderof 10
hoursfor 1 secondf 44.1kHz, 32-bit, 4-channelsoundfrom 50 like-chagedparticles.Furtherwork will addresshesecom-
putationalissueshy possiblyemploying interpolationschemego derive high sampling-ratesoundfrom lower sampling-rate
simulations.

CORPUSCULAR COMPOSITION AND THE COMPOSERSCIENTIST

Justasin physicalmodelingsynthesisphysicsis at the serviceof the composercreatinginnumerablepossibilities. However,
herethe composehasbecomerestrictedby the mathematicendmethodf physics,andthe scientista slave to theaesthetics
andmethodf music. Thusin orderto employ thesetechniquesn a musicallyeffective way oneneedsboth scholarshipsTo
explore the compositionausefulnes®f this sonificationtechniquethe authorcomposed0 Particlesin a Three-Dimensional
HarmonicPotential: An Experimenin 5 Movement$

8pPremierecht StanfordUniversity May 1999.



Thefour-channekxperimenthasfive 2-minutesectionsgachof whichinvolve specificohenomenandobsenationparameters.
Thereareno pausedbetweermovementsgachbeginswherethe previousoneends.Becauseof this theinitial statewill have
a large influenceon all subsequenbnes. The piecewas computedwith 32-bits of dynamicrange,at a 44.1 kHz sampling
rate/ The first movement,Gradual Introductionof 50 Particles into System:Tuning the Harmonic Potential; Adjustingthe
Observatiompparatus,is the“promenadedf the particles”into theexperiment.Entrancdimes,positions andinitial velocities
were determinedirom uniform randomdistributions with predefinedimits. The secondmovement,Adding ViscousFluid
to Reveal the Restmas$pectrum makes the particlesgradually sink to the potentials minimum enegy by the end of the
movement. The third movement,Sudderincreasesn the CoulombPotential of the Universg is science-fictiorbut createsa
wonderfulcontrasto the precedingnovements.Every particlebriefly seesevery otherparticleandis repelledaway, creating
a chaotic,spatiallyexpansve, andheart-jumpingexperience.The fourth movement, Two-Geneation CascadingRadioactive
Decay is theclimacticdegeneratiorof theoriginal 50 particlesinto 200,andemploys anoscillatingobsenationapparatus—for
reasonsstill unknavn to the author In the fifth movement,Reductionof the SystenVia LeastEnemgies an exciting forceis
employed,andgraduallylower-enepgy particlesexit the systemthroughanexpandinghole.

At every stageof compositiontherewerescientificand compositionatoncerngo work out. Sincethereis no precisecontrol
over what frequenciesgdynamics,or timbre will occurwhen,compositionakuleswerelimited to possibilities,asis the case
with mary algorithmiccompositionaimethods—noto mentionQM in general. However the authordid not composeblindly.
Severalstepaveretakento insurethattheresultantmovementwhichtook onaverage25 hoursto computewould beinteresting
anduseful. This consistedf repeatedexperimentsat very low samplingratesproducinggraphicalrepresentationsf particle
enegiesthroughouthe movement.Changedo parameterandvariablesveremadeaccordingly

The overall resultmakesfor an uniqgueandsuccessfumusicallanguageandprovidesinsightinto the similaritiesof Art and
Science.Thetwo blendedto suchan extent during this compositionakxperimentthat the authorbecamea “composerscien-
tist, sharingconcerndntrinsic to both disciplines,while solving problemsin both domainssimultaneously Sincethe entire
computationvasnon-analyticsmallindeterminatgerturbationsn theintroductionof the piecewould have consequencdsr
later sections. Thusthis particularcompositioncanbe seenasonein a manifold composition,consisting“of all actualand
potentialvariantsof a musicalwork” [5]. Futurework will includecomposingvariationson thethemesof 50 Particles®

CONCLUSION

During the developmentof this system the authorwas aware of few otheralgorithmic synthesisand compositiontechniques
heavily basedon scienceand mathematicsand nothingwas known aboutsonification? Perhapshe mostwell-known are
thosedevelopedby lannisXenakisbasedon stochastigrinciples[10] andGabors acousticquantg[3], andfurtherelaborated
by CurtisRoadg[8]. The granularsynthesigechniqueghat resultedmight be confusedwith the techniquehereinpresented,
preciselyfrom asharingof theterm“particle’ Thereexistsfundamentatiifferencedetweerthe methodsn mary respectshut
interestinglythey bothconjureaffective picturesof soundsasgasesor processebk e evaporation.However, whereagyranular
synthesigs baseduponprinciplesof hearing this techniquds baseduponprinciplesof analogyandsonification.

From a compositionaktandpointjt could be saidthatthe work doneto producesomeof thesesoundss unjustifiedbecause
they couldmoreeasilybe producedy randomlyvaryingoscillatorsandtheiramplitudesit might alsobe saidthatthis system
is only anovel control-datageneratofor additive synthesisThoughbotharesomeavhatcorrect themetaphoythevisualization,
andtheideaof perceving realmsinherentlyimperceptibledissoles. This pointcanbe madeclearby includingananimationof
theevolving systemwith its sound.Thepointis concededhatpartof the beautyin this systems derivedfrom a programmatic
aspecte.g.thatit would beexperiencedlifferentlyapartfrom its backgroundButit is from thisvery basis,soundsepresented
in particlesystemsphysicsin termsof music,thatallows new andintriguing conceptgo enrichbothfields. Whereasefore, it
madeno senseo speakof two soundgeacting how it does;andseveralphilosophicaissuesareinspired,suchasthe purposes
andrelationshipof Art andScience Evenif someof thesoundgproducedy this systemaresimply dynamicsinewaves,there
exists a higherplaneof interpretationof whatthat signalmeansput of courseonly in this contet. It is a matterof hearinga
sound,or experiencingthe personalityof somethingsmallerandlargerthanlife.

This systems useasan algorithmiccompositiontool hasbheendemonstratedyut what of its synthesisabilities? Considering
Jafe’s evaluationcriteria for synthesigechniqued4], it doesnt farewell at all. From the correlationsof signal properties
to abstraciphysicalprinciples,the parametergreonly intuitive to a physicist,andsometimesll-behaved, or causeinaudible
changes.From the fact thatlarge numericallycomplex systemsare being simulatedat high samplingratesthe algorithmis
hardly efficient, andthe latengy canbe astronomical.More developmentis neededo determinethe systems practicalityfor
representingre-«istentsounds—materializing signalso to speak—andhencreatingderivative sounds.Perhapghe only

"Thepiecetook well over 140hoursof computatiortime, with the third movementtakingabouthalf thatbecausef brief (100- 3000ms)particle-particle
interactions.

8Not to mention,50 Particlesthe Musical and50 Particleson Ice.

9Thanksto JonatharBergerandJuliusO. Smith, 11, for theinformationandencouragement.



positive mark aboutit is thatit indeedhasa robust soundidentity; but even this canbe a problemwhenmary of the results
soundtoo similar. Futurework includesporting the prototypesto C++ to betteraddresgheseissue,and hopefully enable
real-timeandinteractive systems.

From a generalsonificationperspectie it might be saidthat this systemis highly specificbecauseenepy is giventhe most
percevable auditory parameterfrequeny. For systemsin which enegy is not of interest,for exampleirregularitiesin a
crystal lattice, this systemwould not be of use. This is of courseone of the difficulties in creatinggeneralstandardgor
sonificationsystemswhich mustat the sametime be specificenoughto meetthe demandsof the experimenter But what
hasbeenpresentedhereis meantto be specific. Thusthis work shouldbe examinedas an experimentalimplementationof
audificationfor anenlightenedccomprehensiownf particlesystems.Furthermorehe systemso far presenteds quite ignorant
of psychoacoustigrinciples,which areindispensabldor arny analytically useful sonificationsystem. Oncetheserules are
integrated specificallythe FletcherMunsonequal-loudnessurves[6], furtherresearchwill determinghe systemsusefulness
for analyticalsonificationof suitabledata,andthenperhapst canbe mademoregeneral.

The physicistwill surelyinterjectat this pointandcommentthatwhatis beingsimulatedis not anaccuratenodelof particle
systems. The authors subtleuse of de Broglie’s hypothesiswithin a predominantlyNewtonian context is not how things
interacton the quantumlevel. This commentis well warrantedandpointsto aninterestingdevelopmentaissue. Whenthis
researctbegan,theauthorattemptedo usethe quantumwave-functionsof particlesto derive soundssinceTFA andQM share
the samemathematics.This becameexceedinglydifficult becausef interpretationproblemsbetweenthe two, i.e. how are
the probability domainsof QM to bereconciledwith the concretefrequeng- andtime-domains?The transitionmadevia de
Broglie is much moreimmediateand hasallowed for a propersuney of this techniquebeforefurther work is donein this
difficult direction.

With theapparenaccessibilityof its results this techniquecouldbeusedby studentdo extendtheir comprehensioof physical
principles,while simultaneouslyexploring aspectf computermusic. Many resultsare both informative and aesthetically
pleasantecausahereis an immediatevisualizationof a microcosm. Perhapghenthesemethodscould be useful for the
sonificationof suitablescientificdata—thepurposeof which is not to replacethe traditionalmeansof analysisbut to enrichit
with new perspectiesandtools. Both of theseideashave yet to be explored,aswell asthe difficult problemof materializing
comple soundsnto particle-systenequivalents.Combiningtwo suchsystemscould allow themto diffuse,collide, react;for
the first time a pianocould chemicallyreactwith a soprano.Thoughthe systemsso far dealtwith have beensimulatedit is
concevableto usearealone. The composerscientistperformexecuteghe piecein alabstageby performingan experiment.
Theinstrumenmmightbearadioactve gas,or anensembl®f fusiontokamakstheconcertspacanightbethecollisionchamber
of aparticleacceleratarThe benefitof simulatedsystemsowever, is thatthe audiencadoesnt getirradiated.
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