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Comparative Visualization for Wave-based and Geometric
Acoustics

Eduard Deines, Martin Bertram, Jan Mohring, Jevgenij Jegorovs, Frank Michel, Hans Hagen, and Gregory M. Nielson

Abstract —We present a comparative visualization of the acoustic simulation results obtained by two different approaches that were
combined into a single simulation algorithm. The rst method solves the wave equation on a volume grid based on nite elements. The
second method, phonon tracing, is a geometric approach that we have previously developed for interactive simulation, visualization
and modeling of room acoustics. Geometric approaches of this kind are more ef cient than FEM in the high and medium frequency
range. For low frequencies they fail to represent diffraction, which on the other hand can be simulated properly by means of FEM.
When combining both methods we need to calibrate them properly and estimate in which frequency range they provide comparable
results. For this purpose we use an acoustic metric called gain and display the resulting error. Furthermore we visualize interference
patterns, since these depend not only on diffraction, but also exhibit phase-dependent ampli cation and neutralization effects.

Index Terms —acoustic simulation, comparative visualization, ray tracing, nite element method, phonon map

F

1 INTRODUCTION

Despitethe obviousdissimilarity betweerour auralandvisual senses,
mary techniquesequiredfor the visualizationof photo-realistiam-
agesandfor the auralizationof acousticervironmentsare quite sim-
ilar. Both applicationscanbe sened by geometricmethodssuchas
particle-andray tracingif we neglecta numberof lessimportantef-
fects.

Recallthe differencesdetweenight andacoustics:The visible spec-
trum is located between400 and 700 nanometersof wavelength,
whereasthe lengthsof soundwaves in the percevable rangeW =
[20HZ 20kHZ] arelocatedroughly betweenl7mmand17m. For this
reasondiffractionplaysa greaterrole for sound,i.e. in particularlow
frequenciesdo not spreadinearly but alsodistribute aroundcorners
and are not affectedby smallerobstacles. Diffraction turns the lo-
calizationof soundsourcesnto a challengingproblem. In addition,
soundwavesaremostlyre ectedin a speculaway evenatroughsur
faces,sincethe greaterwavelengthsare not sensibleto micro facets.
Onacoarseiscale for examplewhenmodelingthousand®f chairsin
aconcerthall, bi-directionalre ection distribution functionsappeato
beusefulfor acousticsaswell.
Humanvisualreceptorcandistinguishonly threedifferentbasiscol-
ors (red/ green/ blue). But, whatis the acoustic‘color” of a mate-
rial? It canbedescribedy afrequeng-dependenabsorptiorfunction
whichis smoothin mostcasesandthuscanberepresentedy few co-
efcients. Thus,it appeardo be harderto “hear” the acousticcolors
of objectsratherthanseeingtheir real colors, despiteof the factthat
we canpreciselydistinguishbetweendifferentfrequencies.

By meansof the simulationof room acousticsve wantto predictthe
acousticpropertiesof a virtual model. For auralization,a pulsere-
sponselter needgo beassembledbr eachpair of sourceandlistener
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positions.Thecorvolutionof this Iter with ananechoisourcesignal
providesthesignalreceived at thelistenerpositions.Hence the pulse
responselter mustcontainall reverberationgechos)of a unit pulse,
including their frequeny decompositionslueto differentabsorption
coefcients.

In apreviouswork, we developeda simulationmethodnamedphonon
tracing [4] sinceit is basedon particles. This methodis alsouseful
for the visualizationof wave fronts and for analyzingof the impact
of virtual geometriegquippedvith acoustiqropertied7]. Like other
approache® geometricacousticg16, 1, 8], ourmethodcomputeghe
enegy decompositiorfor eachphononsentout from a soundsource
andusesthisin a secondpass(phononcollection)to constructthere-
sponselters for differentlisteners.The attenuatiorof enegy, which
is inverselyproportionalto the squareddistance matcheghe density
of particleswhenspreadingut from a sphericalkource.

In orderto supportandunderstandhe effect of diffraction,we present
anovel algorithmfor FEM-basedsolutionof thewave equationappli-
cableto realtime auralization.To reducethe computationatomplec-
ity, we derive a state-spacaystemrepresentinghe relevant eigen-
modes. The degreeof excitation of thesemodesis updatedby each
new inputsample However, asthegrid sizehasto besmallerthanthe
wave lengthFEM is restrictedto thelower frequeng spectrum.
Whencombiningboth methodswe needto know in which rangeof
frequenciegrelative to the scaleof avirtual model)theresultsof both
methodsmatch. Furthermorewve needto calibratethesemethodsand
derive an error estimatebasedon a comparison.The presenpaperis
concernedvith thistask. In particular we make thefollowing contri-
butions:

We improve the phonontracing methodby taking into account
pressureatherthanenegy. Thisallowsabettercomparisorwith
FEM, which s alsobasedon pressurecalculation,andaccounts
for interferencephenomenaThe linear pressurettenuatior(in
contrasto quadratiattenuatiorior enegy) is modeledby Gaus-
sian basisfunctionsthat are dilated proportionalwith the tra-
verseddistance.This way we approximatelyconsere partition
of unity for our basisfunctions.

We presenta novel FEM-basedsolver for the simulation of
diffraction at low frequeng bands. The anechoicsourcesignal
is thenseparatednto mid to high frequencieprocessedy the
improved phonontracingandlow frequenciegprocessedy our
derived state-spacenodel.

We presenta comparatie visualizationof interferencepatterns
obtainedby bothmethodgqse€7). Interferenceccurswhenmul-
tiple pressureelds areaddedcausingampli cation in someand
neutralizationin otherregions. This cannotbe donewith en-
ey distributions, sincetheseare non-ngative (proportionalto



IEEE TRANSACTIONS ON VISUALIZATION AND COMPUTER GRAPHICS, VOL. 12, NO. 5, SEPTEMBER/OCTOBER 2006

squaredpressure)For comparisonye usestandardnetricslike
gain, equialentto relative enegy onalogarithmicscale.

The remainderof our work is structuredasfollows: In section2 we
review previouswork. Section3 containstheimproved phononmap
andour FEM-basedolver. Comparatre visualizatiorresultsandtheir
evaluationareprovidedin section4.

2 PREVIOUS WORK

In thetheoryof acousticsherearetwo mainapproachesimulatingthe
propagtionof sound.The rst approachs basedon wave equations
thatarenumericallysolved,for exampleusing nite elemenimethods
(FEM). The simulationresultsare very accuratebut the complexity
increasedrasticallywith the highestfrequeng consideredsincea
volumegrid with O(n3) cellsneedsio be constructedvheren is pro-
portionalto the highestfrequenyg. Thetime compleity for solving
this is typically O(n® log n®). Hence the wave modelis suitablefor
low frequencie®nly.
The secondapproach known as geometricacoustics,describeshe
soundpropagtion by soundparticlesmaving along a directedray.
Thereexists a variety of suchmethodsfor simulatingroom acous-
tics. They aremostly basedon opticalfundamentalsandmalke useof
approachesdevelopedthere. Two classicalmethodsfor acousticsim-
ulationaretheimage-sourcenethod[1, 5] andtheraytracingmethod
[16, 17]. Due to the shortcomingsof the two classicalapproaches,
continuatve methodshave beendevelopedin recentyears. Mostly,
they employ partsof the classicalscheme®r a combinationof them.
Oneapproachhat makesuseof advantageof image-sourcenethod
andraytracingis introducedin [21]. Herethe visibility checkof the
image-sourcealgorithmare performedvia raytracing. Beam-tracing
methods[8, 9, 18] overcomethe aliasing problemof classicalray-
tracingby recursvely tracingpyramidalbeamsjmplying the needfor
highly comple« geometricoperationsstill ignoringdiffractioneffects
at low frequencies. Other approachesitilizing the photonmapping
[11] alsoexist [13].
Our phonontracing approach[4] precomputegarticle tracesand
recordsthe phonons'direction and enegy at re ecting surfacesfor
the collectionphase.The particlescontritute to the roomimpulsere-
sponsatgivenlistenemositions.Additionally, we visualizethesound
wave propagtion by useof color codedspheresepresentingarticu-
lar phonons.Thecolor of thesespheresorrespondso the enegy de-
compositionof the phonons.An optionto visualizeonly wave fronts
re ecting from oneselectednaterialwasprovided (see gure 1).

In anothemwork [7] we presendifferentvisualizationof thephonon
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Fig. 1. Visualization of sound wave propagation.
fronts. (b) re ections on the bottom.

(a) different wave

map.The rst threetechniquewisualizethe wave frontson thescene
surfacesindependenbf listener position. First of all we rendered
phononsas color codedspheresat their positionson re ecting sur
faces. Furthermorewe visualizethe outgoingdirection of different
particlesby useof cones. In the secondmethodwe visualizedthe
soundwave frontsre ecting from differentmaterialdy useof triangu-
latedsurfaceswhich aredeformedaccordingo thetraverseddistance
of the phononscontrikuting to this wave front. In the third visualiza-
tion methodwe representedhe enegy distribution on a given scene
surfaceby meansof scattereddatainterpolation. All three methods
provide the option to renderthe enegy consideringthe overall fre-
queng spectrumor the enegy of only oneselectedrequeng band.
Enegy is color codedusingthe RGB color spacen the rst caseand
the HSV color spacen the secondcase.Additionally to the methods
describedabore, we visualizedthe enegy recevedat a givenlistener
position. Thereforewe rendera color codedsphereat the listenerpo-
sition deformedaccordingto the directionandamountof the arrived
enepgy. Thesevisualizationapproacheallow thevisualrepresentation
of the phononmapon the scenesurfacesaswell astherepresentation
of theenepgy receved by alistener Figure2 shawvs the visualization
resultsof the describedechniques.

Themethoddescribedibove areall basedbnthephononmap. Since

@) (b)

(© (d)

Fig. 2. Visualization of phonon map. (a) phonons on surfaces. (b) wave
front visualization. (c) scattered data interpolation. (d) listener-based
visualization.

we combinethis methodwith FEM, we wantto studythe behaior of
both methodsin the overlappingfrequeny domainto estimatehow
they relateto eachother

3 ACOUSTIC SIMULATION

3.1 Improved Phonon Tracing

In this sectionwe presentan improved phonontracing approach,
wherewe usesoundpressurdor calculationsjnsteadof enegy. The
ideais analogoudo [4] to trace soundparticlesoutgoing from the
soundsourcethroughthe given scenebuilding the phononmap. Af-
terwardsthephononsrecollectedn orderto calculatearoomimpulse
responsatagivenlistenerposition.

Our simulationalgorithmrequiresthe following inputinformation:

positionof soundsources
oneoremorelistenerpositionsl;
atriangulatedscenewith taggedmaterialsm;

anabsorptiorfunctiona;j : W7! (0; 1] for eachmaterial
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anumberof phononsp, tracedfrom the source

alower pressurehreshholde anda maximumnumberof re ec-
tionsnyef for terminatingthe phononpaths

The output of our approachis a FIR lIter f; for eachlisteners
positionl; correspondindo the impulseresponsevith respecto the
soundsourceandthe phonon-magontainingfor eachphononph the
pressurespectrumppp, the phonons position pty, at the re ection

point, the image sourceqpn from which we can calculatephonons
outgoing direction vy, and the traverseddistancedp,, number of

re ectionsrp,, andthe materialmgn atthe currentre ection.

Our simulationalgorithm consistsof two steps: the phonontracing
step constructsthe phonon map, and the phonon collection and
Itering step collects the phonons contrikution to a FIR Iter for

every listenerposition.

Phonon tracing. Everyphononphemittedfromthesoundsource
carriesthefollowing information:

apressurepectrumppy, : W7! R*
thevirtual sourcegpp
the phonons currentposition ptpy

Our absorptiorandpressurdunctionsa; arerepresentethy ne = 10
coefcients associateavith the frequencie40;80; 160, :::; 20480Hz.
The basisfunction for the pressurespectrumare waveletsaddingup
to aunitimpulse.Every phononis composeaf differentfrequencies,
which is moreef cient thantracinga singlephononfor eachindivid-
ualfrequeng band.

Phononsareemittedfrom thesources accordingo theemissiorprob-
ability distribution E and have at their startingpoint a unit pressure

ray with thescenethevirtual sourceqgph is calculatedasfollows:

Oph* 2 Nptpn 1)

wheren is the surfacenormalattheintersectiorpoint pt,n. Thepres-
sureis reducedaccordingto the absorptioncoefcients of the local
materialm;. The phononis x ed at the intersectiorpoint, contrikut-
ing to aglobalphononmap.

If the maximumpressureof the phonons spectrumstill exceedsthe
pressurehreshold,i.e. max pph;igi“:el > e anda maximumnumber
of re ectionsis notreachedthe next phononre-useshe pathandthe
pressureof the precedingone, saving computationtime. It is started
at the currentpositionwith respecto the outgoingdirectiondp, and
contritutesto the phononmapat the next surfaceintersection.If the
thresholdis not exceededanda minimum numberof re ections have
beencomputedthena newv phononis startedfrom the source. After
we have tracednpp phononsrom the sourceor a prescribechumber
of phononshave contritutedon the global phononmap,thetracingis
terminated.

Oph Qph);ni N

Phonon collection and ®Iltering. The remainingtask of the

phonontracing methodis collecting the phonons contritution to a
impulseresponselter f for everylisteners positionl.
In the caseof a point sourceanduniform absorptionfor all frequen-
cies,the contritution of a phononvisible from thelisteneris simply a
scaledtranslatedunit pulse(Dirac). The Dirac is shiftedby thetime
elapsedbetweenemissionand receptionof a phonon. The scaling
decreasewith the accumulatedengthandwall absorptioralongthe
phononpathanddependn the anglebetweenthe phonondirection
andthedirectionfrom thevirtual sourceto thelisteningpoint:

I'tot Po
dpn

p(t;x) = W\ VpnX Oph
d

d, t “ph
C

)

where pg is a referencepressureat 1m from the source,r ot is the
productof there ection coefcients alongthe phononpathandw is a
Gaussiarweightingfunction designedn sucha way thatfor equally
distributed phonondirectionson the unit spherethe associate@aus-
sianapproximatea partition of unity:

2 r2
e 22
NphS 2

w(f) = (3)

Choosings thereis a tradeoff betweensmoothnessf the partition
of unity andresolutionof geometricdetailsof the scene Thediscrete
Diracimpulsefor samplingrate fs is de ned as

1 t2 0;f !t

M= 5 else

4)
Sincewetracepressureatherthanenegy in orderto simulateinterfer
encephenomenéheattenuatiorwith respecto distanced = X qpp

is proportionakod ! ratherthand 2. Absorptioncoefcients a tobe

foundin the literaturereferto enegy. The pressureelatedre ection
coefcient reads:

r= P 1 a: (5)
In classicabhcousticaytracing 16, 17], aspheras usedto collectrays
at listenerposition. Using Gaussiarbeams however, providesmuch
smootherlters, sincemorephononrayscontrituteto the Iter.

In the more generalcaseof frequeng-dependenabsorptionthe unit
impulseis subdvided into waveletsrepresentinghe individual fre-
gueng bands.The lter becomeshena sumof thesewaveletsscaled
andshiftedasdescribedabore. The Iter design,especiallythe cor
respondingoandpass lters (wavelets),is describedn full detail in
[4].

3.2 Finite element method (FEM)

Phonortracingor ary othermethodbasedn geometricacousticgray
tracing,mirrorimage)fail in thelow frequeng rangefor two reasons:

1. Wavelengthsareof the orderof typical dimensionsof theroom.
Hence diffractionandinterferencecanno longerbe neglected.

2. Dampingis typically low at low frequenciesand reverberation
timesbecomeoo long to berepresentetly a corvolution kernel
of reasonabléength.

Therefore we have to fall backon wave acousticdo simulatethe low
frequeng partof thesound eld. Thecrucialquestionis, if thereis an
intermediatdrequeng rangewhereboth, geometricandwave based
methodsprovide similar results,or if thereremainsa gapto be lled
by a third method. This questionwill beinvestigatedin the next sec-
tion. First, we presentinef cient wayto usewave basednethodsn a
transien@acousticsimulationandexplain, why thesemethodscanonly
beappliedatlow frequencies.

For closedroomsthe wave equationis preferablysolved by the nite
elementmethod(FEM), which approximateshe wave equationby a
large systemof ordinarydifferentialequationg ODESs)the unknavns
of whicharethepressureatgrid pointscoveringtheroom. In general,
thereareby far too mary unknavnsto solve thesesystemsof ODEs
in realtime. Hence we needto reducethe systemto a concisestate-
spaceamodelwith similarinput-outputbehaior in thefrequeng range
of interest.

Therearemary differentapproacheto modelreduction2]. Thecom-
mon obsenation is that systemdynamicscan often be represented
quitewell by a superpositiorof afew (generalizedgigenmodesThe
coefcients of thesemodesarethe unknavnsof the new reducedsys-
tem. Finally, assumingsampl&vise constantinput (e.g. acceleration
of the loudspeakr membrane)the continuousstate-spacenodelis
transformednto a discreteone,which canbesolvedin realtime.

In the following we list the stepsto get from the wave equation(6)
to a reduceddiscretestate-spacenodel (11) describingthe transient
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respons®f aroomto anexcursionsof aloudspeakr membraneThe
wave equationandassociatethoundaryconditionsread:

Pp _
4 cDp = 0 on G
P _ 1 Rfp
g T TER T G
P _ ﬂzxm .
% - IOW on Gm (6)

p = p(t;x) denotegpressurecy = 343m=s the velocity of sound,and
ro =1.2 kg/m the densityof air at room temperature the interior
of theroom, and G, andGy, the surfacesof walls andmembranere-
spectvely. Xm is the excursionof the membraneandR is are ection
coefcient. It maydependntheparticularwall, butis constanfor all
frequenciesThis is a minor problem,aswe usethe modelonly for a
smallfrequeng band.

Approximatingthe pressuralistribution by a superpositiorof, for in-
stance piecevise quadraticansatzfunction®(t;x) = & ,’\i o Bi(t)ji(X)
andintegrating(6) with respecto thej ; givesa FE modelof theform:

Fu
Pp:

Mp+ Dp+ Kp

y = Q)
TherealN N matricesM;D;K arecalledmass.damping,andstiff-
nessmatrix. p= p(t) is a vector composedof the coefcients p;.
u= u(t) is theinput, e.g. the acceleratiorof the membraneF trans-
formsthisinputinto aforce. P is aprojectionmatrix extractingcertain
interestingoressurey;.

Setting
P ¢ ~_ | 0 ~ 0 |
= p P B oM ATk D
0 ®
B= = and C= P O
the FE modelmayberewritten asa generalizedtate-spacemodel:
EX = AR+Bu
y = CR: (9)

AssumingthatX is essentiallycomposedf the columnsof a matrix
U2 RN " 'n N, andprojectingthe equationson the columnsof
V 2 RN "weendupwith areducedstate-spaceystemwhere
x=U% E=V'EU; A=V'AU; B=VB; €=CU: (10
The columnsof U andV may be found by expandingthe associated
transferfunction H(s) = C(sE A) 1B aboutsomeshifts Sj = iw;.
Here,we usedthe rational dual Arnoldi algorithmdescribedn [20].
Finally, dividing the rst equationof the reducedversionof (9) by
E andperforminga balancedruncation[22] we endup with a state-
spacesystemof typically afew hundredunknavnsratherthanseveral
10,000degreesof freedom.Integratingthereducedsersionof (9) over

thelengthDt of onesamplefor constantnputuy, i.e.
. Zy
¥n= &Py, 1+ A DG By, o
0

leadsto a discretestate-spacsystem

Y¥n =

AXy 1+ Bup 1

Cxn : (11)
Switching to a suitablebasisx, = Tx, it is always possibleto turn
the systeminto companioncanonicalform [15], wherethe rst n 1
rows of A coincidewith thelastn 1 rows of the identity matrix of
ordern, thelastrow containsthe negative coefcients of the charac-
teristicpolynomialof A, andB is the n-th unit vector Henceupdating

the statevectorx, andevaluatingthe pressureat a certainpositionre-

quires2n multiplicationsand2n 1 additions.

Finally, we explain why FEM cannotbe usedfor higherfrequencies.
FEM approximatesheoscillatingpressureeld by smoothe.g.piece-
wise quadraticansatzfunctions.To resole a wave we needat least
threeor four elementperwave. This leadsto a FE modelof about

nif
Co

N = (12)

degreesof freedom,wheren is the numberof elementperwave, L a
typical diameterof the room, f the frequeng andcg the velocity of
sound. Note that the requirednumberof unknavns increasesasthe
third power of thefrequeng!

4 COMPARISON APPROACH
4.1 Test Scenario

Fig. 3. Geometry of the room.

In orderto compareboth simulationapproacheslescribedn the
previous sectionwe considerthe following testcase designedo pro-
duceinterferencepatterns.We run the FEM and phonontracingin a
roomof 5 meterdength,1 meterwidth, and1 meterheightwith agap
of 0.5metergsee gure 3). We placethesoundsourcen thecornerof
theroom. Thetwo long walls re ect the soundwave totally, whereas
theremainingroom surfacesaretotally absorptve. Choosingthe ab-
sorptioncharacteristicof theroomin this way we modelan array of
soundsourcesasoutlinedin gure 4. Now we canobsenre interfer
enceeffectsaswell asdiffractioneffectsbehindthe gap.

In phonontracingwe simulatethe pressurénsidetheroomonaregu-

Fig. 4. Simulation Scenario.

lar grid (561 pointsin total). We trace100000phonongrom thesound
sourcein orderto calculatethe roomimpulseresponsed; atthe grid
points. Figure5 shavs the wave propagtion from the soundsource.
Afterwards,for determiningthe pressureata grid pointg; for agiven
frequeny w we corvolve asinesignalof frequeng w with f; andob-
tain at the positionley, + 1 of the resultingsignal the pressureat g;.
ley, is thelengthof theroomimpulseresponseti-th grid point.
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(@) (b)

Fig. 5. Visualization of particle (phonons) propagation from the sound sour

Comparingthe resultsof phonontracingand FEM, we considersta-
tionary sound elds originatingfrom a sourceemitting only one par
ticular frequeng. The corresponding=EM solutionis computedin
termsof thereduceccontinuoudime system:
vo9=C £ A 'B (13)
wheres= 2pif. The meansquaredoressureat thei-th grid position
reads: .
Z
1
pr= <

1 .
pi(t)2dt= > jyij* (14)

0

For visualizationthe resultsare interpolatedto the samegrid asin
phonontracing. We have comparedhe simulationresultsfor different
wave numbersk = %E = £3;6;9;12 159 wherel is thewave length.
Hence,we considemwave lengthsof the orderof the gap width. Note
that choosingthe shiftsin the Arnoldi algorithmto matchthe above
wave numbers,i.e. sj = ikjcg, thenthe reducedmodelis exact at
thesewave numbersandresultscoinsidewith thoseof the full FEM
simulation.

4.2 Interference Pattern Visualization

In the rst stepwe have comparedhe pressuralistributionsto val-
idate whethersimilar interferencepatternsappear For visualization
we usea quadmesh which we color codedin thefollowing way. We
mappositive pressurevaluesto red color andnegative pressurevalues
to blue color andreducethe saturationof the color, dependingpn the
absolutepressurevalue at the consideringposition. Additionally, all
pressurevalueswith anabsolutevaluelessthanthe hearingthreshold
level (2 10 5 Pa)aremappedo graycolor. Theresolutionof thedis-
playedmeshis higherthanthat of the simulationmesh,the pressure
valuesof the additionalpoints are then bilinearly interpolated. Fig-
ures7 and6 shav examplesof our interferencepatternvisualization
for wave numberk = 12 andk = 6, respectiely. The resultsshav
thatbothmethodsgaithfully reproducenatchinginterferencepatterns,
wherethe resultsobtainedby FEM appeatto be somavhatsmoother
Thepatternsatk = 12 arecloserto eachotherthanthatatk= 6. Wave
propagtionis illustratedmoreintuitively, whenpressurearemapped
alongthe normalto thelisteningplaneasshavn in gure 8.

4.3 Gain Visualization

For a more detailedcomparisorwe turn to an acousticmetric, called
gain, which is essentiallythe logarithm of the meansquaredoressure
[19]: !

am 2

ai=g P
7 dB

G=1d 0d10
aj=oP1g

(15)

Sincesourcehave beenmodelleddifferently (point sourcein phonon
tracingandsmallmembranen FEM), thesound elds arenormalized
by alinear t excludingthe direct neighborhoodf the sources.For
visualizationof thegain andthe errorwe usea quadmeshcolor coded

(©

ce in three consecutive time steps.

@

(b)

Fig. 6. Interference pattern. FEM simulation (a) and phonon tracing (b)
for the wave number k=6.

from red (maximumvalue)to blue (minimumvalue). Thereforewe
interpolatethe huevalueof theHSV color spaceaccordingo thegain
value and error, respectiely. Valuesfor additionalmeshpoints for
renderingare bilinearly interpolatedas mentionedbefore. To ensure
bettercomparisorfeasibility, for the gain we usethe samecolorrange
for differentsimulationtypesatsamerequenciesMoreover, thesame
colorrangeis usedfor all errorplots. As thegainis alogarithmicmea-
suretherelative errorof the pressuress proportionatto the difference
of thegain valuesandcanbe calculatedhs:

In(10)

e=d 20

with d= kahj Gfemk (16)
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(@)
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Fig. 7. Interference pattern. FEM simulation (a) and phonon tracing (b)
for the wave number k=12.

whereGpyp,, andGrenm is the gain at grid point j calculatedwith re-
sultsfrom phonontracingandFEM method respectrely. Our results
aresummarizedn table 1. We canobsere a decreasef the error
until k= 12, sincethediffractioneffectsneglectedby the phonortrac-
ing approachbecomesmaller Due to the shortcomingsf the FEM
methodat higherfrequencieshe erroramountincreasesConsidering
theresultswe cansaythatboth simulationmethodsare matchecdbest
atwave numberk = 12. In gures 9 (c), 10 (c), and11(c)we canno-
tice, thattheblueregionsontheerrorplotsarepredominanindicating
overall errordecreaseThegain plotsof FEM andPhononTracingre-
sultsatk= 12 (gure 11 (a+b))arecloserasthoseatk = 3;6 ( gures
9 (atb), 10 (a+b)). The FEM approachs the mathematicallycorrect
methodin the frequeny spectrunthatcanberepresentethy the grid
(dueto the Nyquistlimit). In orderto keepthe calculationcostof the
FEM appropriatethe wave lengthreacheghe orderof the grid size
andFEM becomesnaccurate.The PhononTracingis the moreef -
cientmethodandprovideatk= 12 similarresultsasthe FEM, thuswe
canuseit for the simulationof the acousticsat the frequencieabore
k= 12,which corresponds$o awave lengthof half the gapwidth.

k 3 6 9 12 15 |
d | 8216 5.164 3.989 3.784 4.903
e | 0.946 0.595 0.459 0.436 0.565

Table 1. Absolute and relative error in dB between FEM and phonon
tracing.

5 CONCLUSIONS

We introduced two acoustic simulation methods, a FEM-based
approachfor low frequeng bandsand an improved phonontracing

@)

(b)

Fig. 8. Visualization of wave propagation. FEM simulation (a) phonon
tracing (b) for the wave number k=6.

methodapplicableto mediumandhigh frequencies The FEM-based
solution is transformedinto a state-spacesystemthat producesa
low-frequeng responsesignal in real time when stimulatedby the
anechoicsourcesignal. Our improved phonontracer which is based
on pressurgatherthanenepy, accountsor interferencephenomena
and calculatesa room impulseresponsdor given listenerpositions.
The fast convolution of theseimpulse responsesvith the anechoic
signalissueghe mid- andhigh-frequeng componentsf theresponse
signal.

In orderto combinethesetwo methodsve neededo nd outwhether
both methods produce comparableresultsin a certain frequeny
rangethatalsoneededo be estimated With the aid of a comparatie
visualizationfor bothmethodswe wereableto nd theanswetto this
question. Thereforewe constructech simple periodic scenariowith
onesoundsourceandperfectlyre ecting sidewalls. In the direction
orthogonato thesewalls we placeda short,fully absorbingwall with
a gap, suchthat interferencepatternscould emege behindthis gap.
We rst visualizethe pressurevaluesresultingfrom both simulations
in orderto represeninterferencepatterns. Additionally, for a more
accuratecomparisonof the methodswe turn to an acousticmetric
"gain” andvisualizethe gain aswell asthe errorbetweertheresults.
For comparisonwe simulate the acousticsat different wavelength
k= 13;6;9;12,159.

Theresultingimagessuggestedhat both methodswvereableto faith-
fully reproducecorrectinterferencepatterns. With our visualization
we wereableto gure out at witch frequeng rangethe two methods
match. The lowest discrepang was obtainedat k = 12, which
correspondso a wave lengthof half the gap size(0.5m). For higher
frequenciesthe grid requiredby FEM soon becomesprohibitively
large and for lower frequenciesthe lack of diffraction reducesthe
delity of phonontracing.
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Fig. 9. Gain visualization (values in dB). (a) FEM simulation, (b) phonon tracing, and (c) the relative error by wave number k=3.
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Fig. 10. Gain visualization (values in dB). (a) FEM simulation, (b) phonon tracing, and (c) the relative error by wave number k=6.
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Fig. 11. Gain visualization (values in dB). (a) FEM simulation, (b) phonon tracing, and (c) the relative error by wave number k=12.



