EurographicsIEEE-VGTC Symposiunon Visualization(2006)
ThomasErtl, KenJoy, andBeatrizSantogEditors)

Visualizing the PhononMap

E.Deined?, F. MicheF!, M. Bertran?, H. Hager? andG. M. Nielsorf

LinternationaResearcfraining Group(IRTG), KaiserslauternGermary
2|ntelligent VisualizationandSimulation(IVS), The GermarResearclCenterfor Arti cial (DFKI), KaisersluaternGermary
SComputerGraphicsandVisualizationGroup,University of KaiserslauternGermary
4ComputerScienceandEngineering Arizona StateUniversity, USA

Abstract

In this work we presentseveral visualizationapproadesfor analyzingacousticbehaviorinside a room. Our
methodsare basedon the resultsof the phonontracing algorithm. For a simulatedphononmapwe examinethe
in uenceoftheroomsurfaceonthewavefrontsduringtheir propagationfromthesoundsouice Our visualization
is basedon individual phononand surfacerepresentationgs well as scatteed datainterpolation. Additionally,
an observatiorof acousticbehaviorat different positionsinsidethe roomusingcolored and deformedspheesis

possible

Categgoriesand SubjectDescriptorgaccordingito ACM CCS) 1.3.7 [ComputerGraphics]:Raytracingl.6.3 [Simu-

lation andModeling]: Applications

1. Intr oduction

Whendesigninga concerthall, atheateror a classroom,in
additionto the visual effect the acousticaspects very im-
portant.Nowadays computerbasedsimulationsof acoustic
behaior insidea room are available[Kro68, Kul84, Vor89,
FCE 98 KIJM04,BDM 05]. The questioncomesup for an
appropriatevisualrepresentationf the simulationresults.
Stettneret. al. [SG89 visualizeroom acousticquality prop-
ertiessuchas clarity or spatialimpressionby use of spe-
ci ¢ icons.Furthermorethey colortheroomboundariesc-
cordingto the pressurdevel. Khoury et. al. [KFW98] rep-
resentthe soundpressurdevels inside the room by means
of color maps.Additionally, the authorsanalyzethe prece-
denceeffect (or "law of the rst wavefront”) by usingiso
surfaces.Funkhouseet. al. [FCE 98] usevisualizationof
sourcepoints, recever points, pyramidalbeamsyeverbera-
tion pathetc.in orderto understanéndevaluatetheiracous-
tic modelingmethod.The systemalsoprovidesthe presen-
tation of power, clarity etc. A couple of commercialsys-
tems[ODE, CAT, Bog provide sometools for visualizing
computedacousticmetrics.In [BDM 05 we have visual-
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izedthespaciapropagtionof particlescalledphonondrom
thesoundsourceusingspheregoloredaccordingo theiren-
emy spectra.

Ourwork concentratesn the presentatiorof the simulation
resultsof our phonontracing algorithm [BDM 05]. Here,
we introducevariousapproachefor visualizingthe phonon
map.First, we representheindividual phononson their po-
sitions at the room surfacescoloredaccordingto their en-
ey spectra.This methodprovides insight how the room
in uencesthe spreadsoundwaves. In orderto obsere the
propagtion of differentwave frontsfor the rst few re ec-
tions,we visualizethemasdeformedsurfaces For the visu-
alizationof latere ections andatime dependenkook at the
phonommap,scatteredlatainterpolations used For therep-
resentatiorof acoustidehaior atacertainlistenerposition,
we usecoloredspheresieformedaccordingto the receved
sound.

The remainderof our paperis arrangedas follows. In the
next sectionwe will give a shortdescriptionof the phonon
tracingalgorithm.In section3 we will presenburvisualiza-
tion approacheandprovide examplesThenwe will discuss
ourresultsin thelastsection.



E. Deines& F. Michel & M. Bertram& H. Hagen& G. Nielson/ Visualizingthe PhononMap

2. PhononTracing

Photonmapping[Jen9§ is often usedfor renderingphoto-
realistic images, supplementinguni-directional raytracing
by a variety of visual effects, like color bleedingand caus-
tics. We adopta similar approacho thesimulationof sound,
namedphonontracing[BDM 05], which is summarizedn
thefollowing.

2.1. Problem speci cation.

Our simulationalgorithmrequireshefollowing inputinfor-
mation:

positionof soundsources

emissiondistribution E of soundsource

oneor morelistenerpositionsl;

atriangulatedscenewith taggedmaterialm;
anabsorptiorfunctiona; : W7! (0; 1] for eachmaterial
anacousticBRDF for eachmaterial(if applicable)
anenegy threshholde for terminatingthe phononpaths

The outputof our approachis a FIR Iter f; for eachlis-
teners position |; correspondingo the impulse response
with respecto the soundsourceandthe phonon-magpon-
taining for eachphononthe enegy spectrumep, the tra-
verseddistancedp, the phonons position py at the re ec-
tion point, its outgoingdirectionvp, numberof re ections
np, andthe materialmp atthecurrentre ection.

Our simulation algorithm containstwo steps,the phonon
tracingstepconstructghe phononmap,andthe phononcol-
lectionand ltering stepcollectsthe phonons contrikution
toaFIR Iter for everylistenerposition.

2.2. Phonontracing.

Every phononp emittedfrom the soundsourcecarriesthe
following information:

anenepy spectrunep : W7! R*
thedistanced, traversedirom thesource
the phonons currentpositionpp

the normalizedoutgoingdirectionvy

Our absorptionand enegy functions a; are represented
by ne = 10 coefcients associatedwith the frequencies
40;80; 160, :::; 20480Hz. Thebasisfunctionsfor theenegy
spectrumare waveletsaddingup to a unit impulse.Every
phononis composeaf differentfrequencieswhichis more
ef cient thantracingasinglephononfor eachindividualfre-
queng band.

Phononsreemittedfrom thesourcesaccordingo theemis-
sion probability distribution E and have at startingpoint a
unitenegy spectrumep; = 1 (i = 1;::;;ne). At theintersec-
tion of the phononray with the scenethe phonondirection
dp is re ectedwith respecto the surfacenormalandthe ab-
sorbedenengy is subtractedaccordingto the local material
mj, andthe distancedy, is setto the traverseddistance The

phononis x ed at the intersectionpoint, contrituting to a

globalphononmap.

If the maximal enegy of the phononexceedsthe enegy

thresholdj.e. max ep;igi"; 1> e, thenext phononre-useghe

path and enepgy of the precedingone, saving computation
time. It is startedat the currentpositionwith respecto the

outgoingdirectiondp andcontritutesto the phononmapat

thenext surfaceintersectionlf thethresholds notexceeded
anda minimum numberof re ections have beencomputed,
thena new phononis startedfrom the source After a pre-

scribedhumbemy, of phononshave contritutedontheglobal

phononmap, the tracingis terminated.The phononmapis

writtento a le for furthervisualizationpurposes.

2.3. Phononcollectionand ltering .

Theremainingtaskof the phonontracingmethodis collect-
ing the phonons contritutionto aFIR Iter f for every lis-
teners positionl. This Iter correspondso the impulsere-
sponsdrom the sourceyecordedat !, suchthatconvolution
with ananechoicsignal,reproduceshe percevedsignal.

In the caseof uniform absorptionfor all frequenciesthe
contritution of a phononvisible from the listeneris sim-
ply a scaled,translatedunit impulse (Dirac). The Dirac is
shiftedby the time elapsedetweeremissionandreception
of a phononand scaledby the phonons enegy ep; mul-
tiplied by a gaussianweighting the distanceof the ray to
thelistener In classicalacousticraytracing[Kro68, Kul84],
a sphereis usedto collect rays at listener position. Using
a gaussianhowever, provides muchsmootherlters, since
more phononrayscontrituteto the Iter , weightedby their
shortestdistance.

In themoregenerakaseof frequeng dependenabsorption,
theunitimpulseis subdiidedinto waveletsrepresentinghe
individual frequeng bands.The Iter becomeghena sum
of this wavelets scaledby ey and shifted by the elapsed
time. In ourimplementatiorwe use10 frequeng bandsand
absorptioncoefcients for the frequenciesw; = 20 2 Hz

mainby meanof cosinefunctionsin orderto obtainquickly
decayingwavelets. The wavelets are achieved by inverse
Fourier Transform.

Descriptionof our phonortracingalgorithm,especiallylter
design,canbereadin moredetailin [BDM 05].

3. Visualization Methods

The phononmap characterizeshe acousticbehaiour of a
sceneconsideringhelocationof a speci ¢ soundsource.lt
consistsof the reverberationof a unit pulse,coming from
differentdirectionswith differenttime delaysand speci c
enepy distributions. How can we visualize this comple
information?

¢ TheEurographic#ssociation2006.
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Figure 1: Visualizationof particular phononsFirst (a) andfourth (d) re ection color codedusingthe overall frequencyspec-
trum. First (b, ¢) andfourth (e, f) re ection color codedusingthe frequencypandat 160Hz andat 10240Hz, respectively

3.1. Visualizing Phononson Surfaces

The rst method we have implementedto examine the
phononmapis the visualizationof certainphononsat their
positioninsidethe given scene Eachphononis renderedas
a sphereandis coloredaccordingto its spectralenegy. We
provide the optionto considerall frequeng bandsn total or
eachof themseparatelywhereasve considerl0 frequeng
bandsassociateavith the frequenciet0; 80; 160 :::; 20480
Hz.In the rst casethe spheresarecolor codedby usingthe
RGB componentssuchthatred correspondso the average
of eps; i €p;10(5120,10240,20480Hz), greencorresponds
to theaverageof ep;s; :::ep:7 (640,1280,2560Hz), andblue
to theaverageof ep1; :::; €p:4 (40,80,160,320Hz).

In thesecondtaseconsideringonly onefrequeny band,we
colorcodedtheenepy of thisfrequeny bandusingtheHSV
model. We interpolatethe color of the spheredetweerred
(full enegy) andblue (enegy equalszero)correspondingo
theenegy ey of thei-th frequeng band.In orderto shav
the phononsoutgoingdirectionv, we rendera conewhose
peakis rotatedtowardsvp. Thecolorof theconecorresponds
to the phononsnenpy, too.

Sincethe numberof phononsin the phononmapis large
we renderonly phononswith a given numberof re ections
np simultaneouslyWith this approachwe examinehow the
surfacesof the consideredsceneaffect the overall acoustic
of theroom. The phononmapcontainsfor eachphononthe
numberof re ections np, sowe displayonly thosephonons
with a certainnumberof re ections, visualizing their fre-
gueng spectrumandoutgoingdirection.

Figure 1 shavs an exampleof this visualizationapproach.
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Thephononmapconsistof onemillion phononsin gures
1 (a) and(d) the overall frequeng spectrunof the phonons
afteroneandfour re ections, respectiely, is depictedusing
theRGBcomponentsAs wecanseein gure 1(a)thewalls,
the bottom and the carvas absorbhigh frequenciesbetter
thanlow frequencies(bluisholor), whereaghedoor, for ex-
ample re ects all frequenciegqually After four re ections
at the scenesurfaceswe canobsenre a shift towardslower
frequenciesTherepresentationsingtheRGB modelshovs
an averageof the enegy spectrumat low, middle and high
frequenciesSlidingthroughthefrequeng bandswe canob-
senetheabsorptiorfor eachindividualfrequeng band Fig-
urel (b, e) shawvstheenegy at 160Hz and gure 1 (c,f) at
10240Hz afteroneandfour re ections, respectiely. As we
cansee afterfour re ectionsthereareabout75%of theen-
ey of thephononsat 160Hz, whereaghe enegy at 10240
Hz is nearlycompletelyabsorbedy theroom.By depicting
theoutgoingdirectionwe canguessvhichobjectthephonon
will hit next.

3.2. Wave Front Visualization

In this sectionwe describean approachvisualizing wave

fronts re ected at the room surfacesby useof triangulated
surfaces.In orderto build thesesurfaceswe needto know

which phononsbelongto a commonwave front. Therefore
we subdvide the phononsn clustersof equalhistory, such
thatphononsn the sameclustersatisfythe following crite-

ria:

equalnumbersof re ectionsnp
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Figure 2: Clusteedwavefront. (a) r stre ection color codedusingthe overall frequencyspectrum(b) Traverseddistance
representedy useof cones(c) r stre ection color codedusingthefrequencyandat 10240Hz.
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Figure 3: Clusteedwavefronts.First(a) andsecondb) re ectionsat thebottom.(c) Seconde ectionsat thebottomre ected

before at thewall and powerwall,respectively

andfor eachre ection:

— equalmaterialindicesmjp, (sameobjectof thescene)
— equalsurfacenormalsn atthere ection position

Consequentlwll phonondnsidea clusterhave equalenegy

spectra.

In orderto build the clusterwe needto tracethe phonons
backto thesoundsourceandcompareheir histories Thisis

nota dif cult tasksincethe phononp; re-useghe pathand
enepy of the precedingone (seesection2). For the same
reasonwe caneasilycomputethe normalof the surfacehit

by p; as:

Vp, sk

Vp

ifnp =1
else

(Pp
Vpi 1k

n= (Pp: ) S)=Kkvyp, 1)
Vpi 1_kVPi
wheresis the positionof the soundsource The materialin-
dex my is storedin the phononmap.

We can constructthe surface of the wave front comming
from the soundsourceasa corvex hull of phononson the
unit sphereandobtainthe neighborhoodelationshipof par
ticular phononsThis relationdoesnot changen time for a
setof phononsn thesamecluster sothepolygonalrepresen-
tationof thewave front mustbecalculatednly once.For the
constructiorof the corvex hull on the unit sphereproviding
a Delaunay-triangulatiomve usethe CGAL library [CGA].
The wave front surfacesre ected at the objectsinside the

consideredoom are built by keepingonly trianglesof the
initial wave front whosevertices(phononsyesidein theac-
cordingcluster Figure4 shawvs thewave front comingfrom
the source. Whereit hits the carvas, for example( gure 4
(b)), the facesthat now belongto the wave front of the re-
ection atthecarvasareseparatedrom theinitial surface.

@) (b)

Figure 4: Wave front traversedfrom the soundsource (a),
sepaatedafterre ections(b).

Now we canrendertheresultingsurfacedor visualizationof
thewavefrontsre ectedfromthesceneobjectsToillustrate
wherethewave front hitsthe object rst andin which direc-
tion it propagteswe usethe phonondraverseddistanceslp
to deformthe surface.First,we determinghemaximumtra-
verseddistancedmay of all phonondnsidethecluster Then,
we renderthe phonons(which are the triangle verticesof

¢ TheEurographic#ssociation2006.
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thewave front surface)in anoffsetfrom theaccordingscene
surface:

o) @

max

wheren is thescenesurfacenormal.This way, the offsetbe-
tweenthe original surfaceandthe visualizedwave front is

atmostoneunit. We color codedthe wave front surfacesac-
cordingto theenegy spectraof correspondinghononsDe-
pendonwhetherwe wantto examineall frequeng bandsin

commonor eachof themseparatelye usethe RGB model
or theHSV modelasdescribedn the previous section.Fur

thermore we setthe surfacetranspareng accordingto the
averageenengy of thewave front.

For betterclarifying the propagtion direction of the wave
fronts and the traverseddistance we provide the option to

draw coloredconesatthepositionof thephononsThepeaks
of theseconesarerotatedtowardsthe phononsoutgoingdi-

rections.Their color correspondgo the traverseddistance
andis calculatedy useof the HSV modelasfollows:

Ppp Ppt (1

(1 a) Hieq + @ Hb|ueWitha:
max Np

wherelmaxis themaximumdistanceof thesceneln thiscase
redcorrespondso dp = 0 andblueto themaximumpossible
distancedependingon numberof re ections np. Using the
above equatiorfor color mappingtheconesve cancompare
the traverseddistanceof wave fronts re ecting at different
objectsfor a given numberof re ections. Sincedisplaying
all wave front surfaceshecomesomple, ourimplementa-
tion providesthealternatve to selectwave frontsby number
of re ections, material(objectpr history.
Figures2 and3 shav examplesof thedescribediisualization
approachThered coloredspherein the cornerof the room
representthe soundsource Figure2 depictsthewavefronts
of rst re ections commingfrom the bottom, the wall and
the carvas.In image?2 (a) and (b) we seethe wave fronts
color codedusing the RGB model and overall frequeny
spectrumas describedabore. We can seethat the bottom
andthe carvas predominantlyabsorbmore high frequeng,
whereaghewall absorbsnorelow frequenciesFigure2 (c)
shavs the wave front surfacescolor codedby useof HSV
modelandthe frequeng bandat 10240Hz. This frequeny
bandis absorbedy the carvasandbottom,but is re ected
almostcompletelyby thewall.
The surfacesare deformedaccordingto the traverseddis-
tanceof the phonondelongingto theclustersHere,we can
obsenre wherethewavefrontshit theroomsurfacesrst and
in which directionthey will furtherspreadA representation
of the traverseddistanceby useof coloredcones( gure 2
(b)) shaws that the wave front propagtedfrom the sound
sourcehit the carvasandthe bottombeforethewall.
Figure3 presentshewave front re ecting atthebottomthe
rst (a)andthesecondime (b,c).Sincere ectionscomming
from all objectsinsidethe scenecanoverlap(g. 3 (b)) we
provide the optionto selectdifferentwavefronts.In gure 3
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(c) we seethe secondre ection at the bottomre ected rst
atthewall andthecarvas,respectiely. In this picturewe can
obsere how the enegy spectrunof thewave front changes
andhow it is splitduringthere ectionsattheroomsurfaces.
Thiswaywe canexaminetheinteractorof thesingleobjects
insidetheroom.

Since the wave front traversedfrom the soundsourceis
splittedafter eachre ection, the visualizationapproacide-
scribedin this sectionis applicableonly to the rst few re-
ections.

3.3. Scattered Data Inter polation

At higherre ection orders the clustersbecomesmallerand
smaller until they containonly a singlephonon.In thefol-
lowing we develop a visualization methodfor the entire
phononmapbasedn scattered-dateterpolation.

The goal of the interpolationis to get a continuousrepre-
sentatiorof the emittedenegy on the surfacesof the scene.
First of all it is usedto visualizephononsnot belongingto
the earlyre ections of wavefronts,becausg¢hesecannotbe
visualizedasclustersurfacesdueto theincreasingagmenta-
tion. Ratherthanvisualizingindividual re ections, we look
at the phononmapfrom a differentviewpoint, namelydis-
cretetimestepsi.e. "shaw the enegy emittedfrom the oor
at 50 msec".This allows usto look at the changein enegy
commingfrom asurfaceovertime.

The interpolationis donefor the enegy and pathlengthof
the phonons.The directionis neglected,sinceit is not im-
portantfor thevisualizationdueto scattering.

We useaninversedistanceneightedmethodwith amodi ed
versionof the Franle-Little [Nie93 weightfunction which
usesvariableradii ratherthana x ed one dependingon a
givennumberof phononswhich needto be considered.

N o wi(xy) (X
Flxy) = AL, Mt

2
W (X y) = LRR?;;% (4)
R d¢ R dg
R dy+ =
( )+ 0 R< dyg

with dy = P (x x)2+ (Y Yik)? andR beingthe distance
to the k-th nearesphonon.lt is guaranteedthata valuefor

eachpointcanbe calculated.

Dependingon whatto visualize,differentkinds of phonons
areusedfor theinterpolation,i.e. all phononswhich arere-

ected at least5 timesor all phononspresenton a surface
for a certaintimestep.

The interpolationresultsare color codedcorrespondingo

section3.1 This meansusing RGB color when visualiz-

ing thewhole frequeny spectrumandHSYV for distinctfre-

gueng bands.

As mentionedbefore,the interpolationis usedto visualize
latere ections(np  4). Thereforetheenegy of all phonons
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Figure 7: Enegyonthe oor attimestep0-23msedor the 160Hzband.

re ected at leastn timesis usedto calculatethe enegy for
thewholesurface.

It canbeseenin gure 5 thattheresultis anenegy distribu-
tion for thewhole surfaceof anobject.In this case gure 5
shaws the enegy afterthe 5th (a) and10th (b) re ection on
the oor for the2560Hzband.Comparing(a) and(b) it can
be seenthat after the 10th re ection (d) the enegy for the
2560Hzbandis quite low (bluish colors) comparedo the
5thre ection (b).

(@) (b)

Figure 5: Enelgy onthe oor after the 5th (a) and 10th (c)
re ection for the2560Hzband.

Whenvisualizingthe phononmapwith respecto time, it is
possibleto look at a time span(i.e. 0-50 msec)or distinct
time steps(i.e. 15 msec).Figure 6 shavs the averageen-
ey betweerD-49 (a) and50-100(b) msecfor the20480Hz
band.Comparingthe rst (a) andsecond(b) 50 msecafter
theunit pulsethedifferencen enegy for the20480Hzband
is clearly visible. For the rst 50 msecthe main emission
of enegy in the 20480Hzbandcomesfrom right underthe
soundsource(greencolor) asfor the seconds0 msecthere
is almostzeroenegy onthewhole oor (bluecolor).

An examplefor distincttime stepds givenin gure 7 (a-d),
wherethe changein emittedenepy for the 160Hzbandis
shavn at20(a),21(b),22(c)and23(d)msec.

Having dealtwith the visualizationof the phononmap on
the surfacein thelastsectionsthe next sectionwill provide
informationabouttherecevedenegy atdistinctlistenerpo-
sitionsthroughoutheroom.

(@) (b)

Figure 6: Average enegy betweerD-49 (a) and 50-100(b)
msedor the 20480Hzband.

3.4. Listener-basedVisualization

The approacheslescribedabore visualizethe phononmap
consideringhesurfacesof theroomandtheiracoustigrop-

erties.In this sectionwe presenta visualizationmethodde-

picting the receved enegy at a listenerposition. With this

approachwe candetectfrom which directionthe mosten-

ey reacheshelistenerandvisualizetheenegy spectrum.

For this purposewe rendera triangulatedspheredeformed
accordingto the weightedphononsreceved at the listener
position.Thephononsarecollectedusingthecollectionstep
describedn section2. For eachphononwhich contributes
to thetotal enegy at the listenerposition,we rst calculate
the intersectionpoint pintersec Of the ray from the centercs

of the sphereto the phonongpostionpp with the sphere\We

increasethenthe enegy esp andthe displacementlispsp of

thepointsp of theintersectedrianglewith minimal distance
to pintersec asfollows:

(ep;s+ €po+ €p10)=3
(eps+ €pe+ €p7)=3
(€p1+ €p2+ €p3+ €pa)=4

€sp espt fac @

dispsp dispsp+ fac 4541, ey
®)
€sp 2 RS, dispsp 2 R if we considerall frequeng bandsand
(6)
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Figure 8: Deformedspheesrepresentatiorat four listenerpositions.(a) color codedusingthe overall frequencyspectrum(b)

by 80Hzand(c) by 1280Hz.

@)

(b)
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Figure9: Deformedspheesrepresentatiorat 80 Hz collectedbefore (a) andafter (b) 50 mseat onelistenerposition.Deformed
spheesrepresentatiorat 5120Hz at threepositionin a roomwith a sepaating wall with total absorption(c).

esp 2 R, dispsp 2 R if we look at a certainfrequeng band.
Therebyfacis the gaussiardistancedescribedn section2.
In orderto smooththe spheraepresentatiowe increasehe
enegy of the pointssp; aroundsp if arccoghcs  spj;cs
spi) < a for agivenanglea asfollows:

Esp;
w

W esp Where

1 (arccoghcs spj;cs spi)=a)
Afterwards,we normalizethe enegy andthe displacement
of the spherepoints. Thereforewe determinethe maximal

displacementlispmax andenegy emax (in all threecompo-
nents)of all points. Thenwe normalizethesevalues:

@)

Sop
espj €max
(8)
di dispsp i
'Spspj dispmax

In orderto considerocclusionof the listenerposition, we

scaletheenegy valuesof the spherepointssp; asfollows:
r.|0

Esp; &P Ty
] ©

MNph

Nph

wherenyy, is the numberof phononsin the phononmapand
ngh thenumberof phononsvhich areseerfrom thelistener

Now after the calculationof the displacemenfactorsand

dispsp; dispsp;
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enepy at eachpoint of the spherewe candeformandpaint
the spheresat given listenerpositions.The new position of
the pointspj resultsin:

Cs Spj

spjk

kes (10)

sp;  spj+ dispsp
The color of the spherepointsis calculatedby useof the
RGB (for overall frequeny spectrum)or the HSV (certain
frequeng band) model as mentionedin the previous sec-
tions. For assessingurposeof the acousticquality at a lis-
tenerpositionit is importantto know at which time the re-
ections arrive at the listener For this reasonwe add the
feasibility to determinethe lower anduppertime limits for
phononselection.

The following gures presentthe resultsof the introduced
visualizationapproachFigure8 (a) shov spherestfour po-
sitionsin the consideredoom. Theenepy is collectedover
theentiretime intenal. The spheresaredeformedandcolor
mappedy usingtheoverallenegy spectrumAs we cansee
thatthemostenegy of low frequenciesrrivesatthelistener
from thebottomandtheceiling, sincethey donotabsordow
frequenciesWhereasniddleandhigh frequencieseachthe
listenerfrom thewalls. Consideringheenegy at80Hz ( g-
ure 8 (b)) andat 1280Hz ( gure 8 (c)) we canobsenre that
mostpart of the enegy at 80 Hz re ects at the bottomand
ceiling,andat 1280Hz mostpartis re ected atthewalls.
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The depictedspheresn gure 9 (a) and (b) are deformed
andcolor codedusingthe enegy at 80 Hz of phononghat
reachedhe listenerposition beforeand after 50 msec,re-
spectvely. We canobsere thatthe whole enegy of there-
ections at the room surfacesarrivesthe listenerbefore50
msecln thisway we cancompargheamountof earlyto late
re ections.
Figure9 (c) shovs aroomwith a separatingvall with total
absorptionThiswall preventsmostre ectionsfrom thesur
faceson the left sideof the roomto the right sideandvice
versaWe placeda listenerpositionbehindthewall andtwo
in the cornersof the room. We visualizethe spheredor the
frequeny bandat5120Hz. As we canseenore ectionsare
received from the separatingvall and only few re ections
reachthelistenerfrom theleft andright roomsurfaces.

4, Discussion

In this work we have presentedvarious visualizationap-
proachedor analyzingacoustichehaior insidea room by
useof the phononmap resultingfrom our phonontracing
algorithm. First of all we visualizedthe single phononsas
color codedspheresThe adwantage®f this approactis the
simplicity of the techniqueand the direct visibility of the
materialin uence on the soundtraversedfrom the source.
A hugedrawback is the lack of connectvity information
betweenthe phonons.This is overcomeby our secondap-
proach,the visualizationof wave fronts. Additionally this
methodis a natural representatiorof the propagtion of
sound.Due to increasingfragmentation this methodcan
only be usedfor the rst few re ections. Also thereis only
limited time dependeng To visualizethe reverberationof
higher order at the scenesurfacesand to include the time
dependengin the visualization,we usedscatterediatain-
terpolation. At the momentwe restrictedthis methodto the
surfacerepresentatiomnd neglect the direction of the par
ticular phonons.In thesethree presentednethodswe dis-
regardedthe situation at certain listener positions. There-
foreweintroducedhelistenerbasediisualizatiorapproach.
Thistechniqueallows atime dependentiew onthereceved
enepgy on acertainlistenerposition.

In total, theseapproachegive ageneraideaovertheacous-
tic behaior inside the consideredscenewhich can be de-
rived from the phononmap. Furtherwork hasto be done
in the areaof interpolationto incorporatethe outgoingdi-
rectionof the phononssothatit canbe usedin the simula-
tion processFor abetterassessmermf hearingexperiencet
would be favorableto look at the differentacousticmetrics
atthelistenerpositionsaswell.
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