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ABSTRACT

In this paperthe effect of early reflectionsto perceved timbre is
studied. We apply room acousticmodelingto obtain simulated
impulseresponsesvhich are explored. The timbre of modeled
impulseresponsess predictedwith ananalysismethodmotivated
by auditory perception. Suchanalysesare utilized to determine
guidelinesfor the requiredsetof early reflectionsto be rendered
for a high quality auralization. The resultssuggesthat mary or-
dersof reflectionshave to besearchedo guaranteghatall possible
reflectionpathsbeforea certaintime stamparefound.

1. INTRODUCTION

Virtual acousticervironmentscanbe createceitherwith physics-
based1] or with perception-basef] auralization. In the latter
one, the auralizationis not basedon exactroom acousticmodel-
ing, insteadperceptuallyrelevant parametersre usedto createa
naturalsoundingvirtual auditory environment. In physics-based
auralizationtherenderings basednroomacoustianodelingand
theaimis to rendera 3D modelof a spaceaudible.

In auralizationsystemghe renderingprocesscan be divided
into two parts: early sound(encompassinghe direct soundand
early reflections)and late reverberation. This division originates
from humanauditoryperceptiorsinceearly soundinfluencemore
to thepercevedauditoryervironmentthanlatereverberation Due
to this reason late reverberationis often modeledwith an algo-
rithm which producediffusereverberationregardlesof thegeom-
etry. In contrary early soundis modeledasaccuratelyaspossible
by simulatingsoundpropagatiorinsidethe 3D modelunderstudy

In room acousticmodelingearly reflectionscanbe conceptu-
ally furtherdividedinto speculardiffractedanddiffusereflections.
Thisdivisioncanbeseerasdecompositiorf earlysoundfield [3].
In this decompositiortoncepeachreflectioncanbemodeledwith
an“equivalentsource’whichemitsawavefront. Actually, thewell
known image-sourcenethod[4, 5] is basedon suchdecomposi-
tion sincein the image-sourcenethodeachspeculareflectionis
modeledwith animagesource.Correspondinglydiffractionfrom
edgef thesurfacescanbemodeledvith edgesourcesanddiffuse
reflectionswith surfacesourceg3].

In this paperwe utilize the DIVA auralizationsystem[1] to
calculateimpulseresponsdor a casestudy The DIVA system
modelsspecularearly reflectionswith the image-sourcenethod.
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Figure 1: Simpleroom geometryutilized in simulations. Sound
souice waspositionedsothatit is occludedby a surfacefromthe
receiverviewpoint.

In addition,edgediffraction[6] is modeledandaddedo theimage-
sourcemethodas diffractedimagesourced7, 8]. Diffractedim-
agesourcedenotesanimagesourcethat containsdiffractionfrom
at leastoneedgeand ary numberof speculareflections. In this
studywe have allowed only onediffraction pera diffractedimage
source. Furthermore call image sources(correspondingspecu-
lar reflections)with specularlS anddiffractedimagesourceswith
diffractedIS.

The geometryfor this casestudyis depictedin Fig. 1. It is
a simplified rectangularoom model containingin addition two
walls and four shehes inside the room. The dimensionsof the
roomare16 m x 26 m x 7 m correspondingo dimensionsof a
smallconcerthall or alargelectureroom. The sourceandrecever
positionsare indicatedin Fig. 1 andthey are positionedso that
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Figure2: Blodk diagram of the analysismethodutilizedto studytimbre of simulatedresponses.

the direct soundis occludedby a surfacefrom the viewpoint of
recever.

With this examplegeometrysimulationswith differentorder
of specularanddiffractedISs were calculatedto be ableto study
theeffectof earlyreflectiongo thepercevedtimbre. In thesesim-
ulationsall specularand diffractedISs were processedvith dis-
tancedelayandattenuationandair absorption For simplicity, the
soundsourceandrecever hadomnidirectionaktharacteristicsAll
surfaceswere consideredas hard walls, i.e., no materialabsorp-
tion wasapplied. In addition, surfaceswere assumedo be rigid
andflat resultingthat diffusereflectionscould be neglected. Nat-
urally, suchsimulationsdo not correspondo ary realworld case,
but thesesimplificationweremadeto emphasize¢heeffect of early
reflectionsto the perceved timbre. In otherwords,thesesimula-
tionsshav theworstpossiblecase.

2. ANALYSIS METHOD

Thesimulatedmpulseresponsebave beemanalyzedvith ananal-
ysis methodmotivatedby auditoryperception9]. Theresolution
of this analysismethodis adaptedo be the resolutionof human
hearing.

A block diagramof the appliedanalysismethodis presented
in Fig. 2. First block modelsthe level sensitvity of humanaudi-
tory systemwith afrequeng weightingfilter, fitted to the inverse
of the 60 dB equalloudnessurwve [10]. Thenthesignalis fedinto
a gammatondilterbank[11] which dividesit into 40 equivalent
rectangulabandwidth(ERB) scalebandg12, 13], simulatingthe
frequeng resolutionof humanear After the division into ERB-
scalebandsabsolutesignalvaluesaretaken. For implementation
reasong&bsolutevaluesareusedinsteadof the half-wave rectifica-
tion which happensn the hair cells of humanear The next stage
in the analysisis formedby a compressioranda sliding window
whichtogetheroughlysimulatethetimeresolutionof theear{14].
Thefinal stepof the analysisis to usea propermappingfor visu-
alization purposes. By uncompressingind taking the logarithm
of therectifiedandtemporallyprocessedignalin eachfrequeny
bandthe decibelvaluescanbe depictedin atime-frequeng plot.
Auditory loudnesdevel scalemeasureésphonscouldbeutilized
aswell, but in this studywe useddecibelscale.

2.1. Timbre

Timbre hasbeendefinedby the AmericanStandardAssociation
[15] as*“that attribute of auditory sensationin termsof which a
listenercanjudge two soundssimilarly presentecand havingthe
sameloudnessand pitch are dissimilar’. Furthermorea revised
definition [16] is “Timbre is that attribute of auditory sensation
wheebya listenercan judge two similarly presentedsoundsare
dissimilar using any criteria than pitch, loudnessor duration’.
Thereforejt canbeassumedhattimbreis relatedto auditoryspec-
trum andits changewith time of a soundobject. We estimatethe
timbre by simulatingand monitoring the auditory spectrumwith
time utilizing theauditorymodel.

3. SIMULATIONS

Typically, imagesourcesconsideredn auralizationare searched
accordingto their order For example, all image sourcesmay
be calculatedup to third order correspondingne,two, or three
bouncesrom surfacesheforereachingherecever. Thereasorfor
this commonpracticeis that the numberof imagesourceggrons
exponentiallyin function of reflectionorder thusleadingto labo-
rious simulationswith higherordersof imagesources.However,
the order of image sourcesdoesnot imply to which time stamp
they appearto impulseresponsesSincethe perceptuatelevance
of early reflectionsis mainly relatedto their appearingime and
level, theimpulseresponsesmight not bevalid.

In section3.1 we monitor the responsegeneratedy IS of
differentorders.However, theseresponseslo notimply which IS
contrikutesto thepercevedsound,.e.,which of themareaudible.
Thus,in section3.2we studypredictedimbresof theseresponses
to find which IS ordersgenerateudibletimbre changes.

3.1. Energy time curvesof ISs of differ ent orders

In Fig. 3 we plot enegy time cunes (ETC) (squaredimpulse
responseswith logarithmic magnitude scale) of specularand
diffracted|ISs up to the 6th order ETCsof speculaiSsarecon-
sideredfirst. The ETCsoverlapin time prominently The starting
time ¢y, Of impulseresponsseemso berelatedroughlylinearly
to IS order IV astreg = N * 10 ms. Thus, at leastin this case,
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to computeall speculaiSsarriving before50 mstime stamp,ISs
shouldbe computedup to 5th order To computeall speculadSs
up to 100 ms, computationshouldbe reachedup to 10th ordet
if the assumptiorof ETC startingpoint is valid alsowith higher
ordersof ISs.

Soundsignalsfrom first diffractedISs of eachlS orderseem
to arrive beforeresponse$rom specularS appear To compute
all diffracted|ISs arriving before 50 ms time stamp,the order of
ISsshouldbe largerthan6th, it canbe estimatedhat8th orderlS
shouldbe enough.

3.2. Effect of IS order to timbr e

We have studiedthe effect of IS orderandinclusionof diffraction
to percevedtimbre. A referencaimbrewasselectedo beall spec-
ular anddiffractedISs computedup to 6th order Thetimbresfor
differentcasesarecomputedandplotted,andthe differencefrom
the referenceimbre is taken andvisualizedin eachcase. There-
fore, we can monitor how the timbre evolveswith IS order and
how it approachethereferencecase.

In Figs.4 and5 the predictionsof percevedtimbrearevisual-
izedfor simulatedimpulseresponsesvith differentordersof ISs.
In upmostrow thetimbresare shavn, thatwould be perceved if
only speculaiSswereauralized.In secondow thedifferencebe-
tweenreferenceandspeculaiSsis shavn. Third row presentshe
timbre when diffracted and specularSs are consideredn mod-
eling. Fourth row presentghe differencebetweenthe reference
timbre andtimbre computedwith diffractedandspeculaiSs. Or-
dersif ISsfrom oneto six arepresentedn differentcolumns.

Dueto thegeometryof theroom,thereareonly two first-order
reflectionsn this case.ln addition,only onediffractionis present,
which is shawvn very faintly atlow frequencieseforefirst reflec-
tions (the direct soundis occludedby a surface). In difference
plotsit canbeseerthatsimulationof neitherspeculanor specular
anddiffractedfirst-orderlSsprovidesusfeasibleauralizedimbre.
Prominentdifferencesoccurin bothcasedrom 0 ms.

Second-ordespeculaiSsdo not changethe situationpromi-
nently The response&ontinuesup to 80 ms, however the differ-
enceto referencetimbre is large at all frequenciesand all time
stampsWhendiffractionis takeninto accountprominentlybetter
resultsare obtainedroughly to 15 mstime stamp,althoughthere
exists somedifferencesat frequenciemear3 kHz. Whenthis is
comparedwith plottedETCsin Fig. 3, it canbe seenthat third-
order ISs appearnear 15 ms time stamp, which correspondso
differencesn timbre. The differencesnear3 kHz may be dueto
third-orderdiffractedISsthatarrive at around15 mstime stamp.

Third-orderspeculaiSs male the differenceto the reference
smallerbetween20 and 40 ms time stamps. It seemsthat 0-20
mstime region cannotbemodeledat all with speculatSs. Third-
orderspeculaanddiffractedlSsprovide perfectresultupto 20ms,
wheretherearesomedeviationsat frequenciesabore 2 kHz for a
shorttime period. The timbre is fairly good up to 30 ms stamp,
afterwhich prominentdifferencesoccur The differencesnear20
mstime stampareevidently causedy fourth-orderdiffractedISs
arriving atthattime stamp which canbeseenin Fig. 3.

SpeculaiSsfrom fourth to sixth orderprovide graduallybet-
terresponsesspeciallypetweerB0 msand90 ms. However, there
areprominentdifferencestall frequencieso thereferenceWhen
diffractionis included thetimbreseemso beperfectto 40 mswith
fourth-orderlSs,andto 50 mswith fifth-order|Ss. However, first
fifth-order diffractedISs appearalreadyat 30 mstime stamp,and

first sixth-orderdiffracted|Ss at 35 ms time stampwhich should
beseerasdeviationsin differenceplots. This simulationthussug-
geststhattheirinfluencewould beinaudiblein auralization.

Similar analysiswasrepeatedo anothedisteningposition,in
whichthesoundsourcewasvisibleto thelistener Theresultswere
similar to the presentednes althoughwhile the directsoundwas
visible, therewasprominentlylessartifactsin timbre of low order
speculailSs.

4. CONCLUSION

Physics-baseduralizationsystemsoften renderearly soundand
late reverberatiorseparately The startingtime of thefirst outputs
from thelate reverberatioris typically fixed,e.g.,being50 msaf-
ter direct sound. In sucha caseearly soundbefore 50 ms time
stampis usually modeledwith the image-sourcenethod. Typi-
cally, appliedmodelingschemédor early soundis to searchimage
sourcesup to a certainorder However, the presentegimulation
resultsshavedthatwith suchmodelingschemea greatnumberof
highorderreflectionsappearingn sametime with lower orderre-
flections,are missedandthis would changethe perceved timbre
of auralization.

Basedon the presentedanalysisit canbe suggestedhat for
high-qualityphysics-baseduralizationmary ordersof reflections
shouldbe searchedo guaranteahat all possiblereflectionpaths
beforea certaintime stampare found. Neverthelesspnly those
reflectionsarriving beforethis time stampto thereceving position
needto be auralizedf separatdate reverberatioralgorithmis ap-
plied. Thisfindingis usefulin designingandoptimizingtheroom
acousticmodelingandauralizationsystems.
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