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ABSTRACT

This paperdescribeghe useof a digital waveguide meshwhich
provides certaindesirablecomponent®f the frequeng response
of thebody of aninstrument.An applicationfor theviolin is illus-
trated,shaving thatmeshesanbe designedo have a modaldis-
tributionwhichis psychoacousticallgquivalentto theresonances
of theviolin bodyat high frequencies.

1. INTRODUCTION

Thebody of a musicalinstrumentrepresents complex resonator
whosefiltering contritutesstronglyto the characteristicimbre of
the instrument. In a previous paper[2], a waveguide meshwas
usedto modelthe high-frequenyg resonancesf a violin bodyin
order to improve the quality of violin soundsynthesis. It was
shavn thatthemeshprovidesa high-qualityalternative for model-
ing bodyresonatorsiaving nonlinearexcitations(which precludes
useof the commutedsynthesigechnique[7]). In this paper we
extendour previous resultswith a more careful study of the psy-
choacousticamatchin eachBark band. Furthermorewaveguide
meshe®f differentdimensionaveresynthesizedh orderto obtain
resonancewith a distribution which is perceptuallyequivalentto
theoriginal athigh frequencies.

2. PSYCHOACOUSTIC CHARACTERIZATION OF
HIGH-FREQUENCY MODES

Whenanalyzingthehigh-frequeng conteniof complex resonators,
we noticethatthe modedensityis greatlyincreasedwhich forces
us to deal with bandsof high-frequeng modedistributions. In
fact, it is impracticalin mostcasego attemptto resohe individ-
ual high-frequeng modes pecausé¢hey aresoheaily overlapped
in frequeng, wheremary modesoccurper mode-bandwidth.To
conformto the characteristic®f humanhearing,we form bands
by summingthe spectralpower in eachcritical band of hearing
asdefinedby the Bark frequeng scale! Within eachband statis-
tically similar modedistributionscanbe expectedto soundmusi-
cally equialent.

The relevant parametersn eachcritical bandinclude mode
spacing(in frequeng), bandwidth,amplitude,and phase.These
parametersnay be characterizedtatisticallyin a variety of ways,
suchas by a simple average(mean)value in eachcritical band,
or as a perbanddistribution having, e.g., a meanand variance.

1A moreaccuratechoicewould be the ERB scale[5], andwe planto
compareresultsfor the ERB in laterwork. The Bark scalecanbe viewed
asascalebasedn slightly overestimatedritical bandwidths.
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Thereappeardo be very little literatureavailable characterizing
how faithfully suchdistributionsshouldbe preseredin orderto
retainpsychoacoustiequivalence.

Preliminarysimulationsveremadeto examinehow mary modes
arenecessaryo reacha psychoacousticallgquivalentdensityin
eachcritical band. Sinusoidalcomponentsiniformly spacedn a
logarithmic scaleand centeredn a Bark bandwere synthesized
with randomphasesand amplitudesand then summedtogether
Theamplitudesverescaledaccordinglyin orderto have thesame
averagepowerin thebandregardlesof the numberof modes.An
exponentiallydecayingervelopewas appliedto the combination
for uniform decayatall frequencies.

Experimentshaow thatin acritical bandasfew as3to 5 modes
are sufficient for achievzing the effect of maximumdensityin a
critical band,dependingon the phasevaluesof the sinuosoids.

3. WAVEGUIDE MESH DESIGN WITH APPLICATION
TOTHE VIOLIN

3.1. Characteristics of complex resonators

Bodies of musical instrumentsare complex resonatingsystems
which stronglyinfluencethe timbre of the instrumentitself. For
example,thetimbre of a musicalfeaturesuchvibratoin a bowed
violin is determinedby the effect of its body, which modifiesthe
spectralcontentof the note playedas its harmonicsare filtered
throughthe body response Sincethe detailedhigh-frequenyg re-
sponsef acomple resonatocontributesto timbre,soundsynthe-
sis quality shouldbe highestwhenthe entirefrequeng response
of theresonatois simulatedn a perceptuallyaccuratevay.

3.2. Characteristics of waveguide meshes

In orderto implementtheresultspresentedh theprevioussection,
we chosea waveguidemeshstructure[8], which hasthedesirable
propertiesof increasingmodal densitywith frequeny andat the
sametime s relatively inexpensve to implement.

As describedn [2], the goal of the meshdesignis to find a
meshhaving an impulseresponsavhich soundsidentical to the
high-frequenyg residuabbtainedafterremoving thelow-frequeny
resonators.

Figure 1 shavs the two-stageexponentialdecayin the violin
body response.The slower, seconddecaycontains6-8 main fre-
queny component$rom 115Hz to 1600Hz thatcanbeextracted
from the measuredesponsd4]. Theresidualimpulseresponse,
containingthe quickly decayingcomponentsthen becomeshe
targetof awaveguidemeshdesign.
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Figurel: Logmagnitudgimeresponsshowingthetwo-stagede-
cayof theviolin bodyimpulseresponseThenoisefloor is reached
after 820msor so.

Within eachband,we wish to matchcertainstatisticsof the
meshresponséo thoseof theinstrumentodyresponseBYy start-
ing with meshdimensionscomparableto thoseof a real violin
body, we may expectthe meshto spontaneouslyave a similar
modespacingat high frequenciesvherethe air modesdominate
[1]. Additionally, the mode phasebeingsufficiently randomized
in ary mesh,it is notnecessaryo explicitly worry aboutsettingit.
The within-bandamplitudedistribution is takento be the natural
amplitudefluctuation obtainedwhen summinga set of identical
modesat centerfrequencieshoserrandomlyaccordingto the ap-
propriatedistribution. We thereforeexpectthe choiceof proper
meshgeometryto takecareof this aswell at high frequencies.

3.3. Estimation of average decay in a critical band

To matchthe modebandwidths we analyzethe violin body im-
pulseresponsever a Bark frequeng axisto determinethe aver-
agedecaytime for each“band of modes”in the high-frequeng
response.

The Enegy DecayRelief (EDR) at time ¢ and frequeny w
is definedasthe sumof all remainingenepy at that frequeng
from time ¢ to infinity. It is a frequeng-dependengeneraliza-
tion of Schroedes Enegy DecayCurve [3]. We preferit over
the more usualshort-timeFourier power spectrumbecauset de-
emphasizebeatingdecayervelopesdueto closelytunedcoupled
modeg(which occuroftenin acousticneasurementsf resonating
bodies). This facilitatesestimatingdecaytimesfor ensemble®f
resonatorsvhich arebeingcharacterizedtatistically

The resultsof summingpower in eachcritical band can be
seenin Fig. 2. A line is fitted to the successie valuesfor each
bandto estimatethe averagedecayandinitial amplitudelevelsfor
themodesin theband.

3.4. Bowed violin synthesis model

We appliedour meshmodelto thewaveguidebowed stringmodel
describedn [6], asproposedn [2]. In this bowed violin model,
second-orderesonanfilters modelthelow-frequeng resonances,
andawaveguidemeshis usedto approximatehe densemodesof
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Figure2: Bark-Summed&negy DecayReliefof a violin bodyim-
pulseresponseysing30 msanalysiswindowswith 50%overlap.

theviolin bodyathigherfrequencies.

3.5. Mesh geometry

We chosethe simplerectilinearmeshon the groundsthatwe only
needapsychoacousticallgquivalentdistributionof high-frequeng
modes,so that the greateraccurag of the triangularandwarped
triangularmeshedglid notjustify theadditionalprogrammingover
head. Sinceour approachis a statisticalcharacterizatiorof the
meshpropertiesthedispersiorerroris nottakeninto accountand
presumablydoesnot significantlyinfluencethe perceptuatesults.

In orderto provide the mostaccurateasymptoticmodeden-
sity, a 3D waveguide meshis initially chosento correspondo a
physicalbox with dimensions35.5 x 21.0 x 3.0 cm. For asam-
pling rateof 44.1kHz, assumingasoundspeed = 344 m/s,these
dimensiondranslateto a rectangulameshthatis approximately
26 x 16 x 2 samplesalongeachedge. (Using the resultsof the
von Neumannstability analysis[8], a physicallengthd is con-
vertedto samplesusingthe formula N, = df./(cV/3) for the 3D
rectilinearmesh.)

3.6. Simulation results
3.6.1. Determinationof crossoverfrequency

Simulationswverecarriedout to determinghe crosseer frequeny
at which the synthesisnodelbecomegerceptuallyequivalentto
the original body impulseresponse We definethe crosseer fre-
queng asthe upperlimit of resonantmodesmodeledusing bi-
quadsandthe lower limit at which the meshoutputmodelsthe
high frequeny modes.

To constructthe mostaccuratemeshimpulseresponsewith
regardto the featuresextractedfrom the violin impulseresponse
data,we first analyzedthe averagedecayrate of the original im-
pulseresponseasdescribedn subsectior8.3. We thenfit this data
to our waveguidemeshimpulseresponse.

To determinghelowestcrosseer frequeny we mixedalow-
passediolin impulseresponsandahighpassedynthesizednesh
impulseresponsendcomparedheresultingsoundto theoriginal
violin impulseresponse.
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Testsperformedshaow that the lowestcrosseer frequeng at
which the highpassednesh/lavpassedviolin impulsemixture is
indistinguishabldrom theviolin bodyimpulsereferenceas around
1400Hz. At thislevel, thenumberof biquadresonatorsieededo
capturethe low frequeny modesis about9. This is more com-
putationallyefficient thanthe crosseer frequeng usedin the[2],
which usedl3biquadresonatorsvhichwentupto acrosseer fre-
queng of 3200Hz. At acrosseer frequeny thatwaslower than
the threshold,there was an audible differencein the pitch level
andtimbre of the testsignal, which could not adequatelymatch
theviolin impulseresponsén a perceptuallyequivalentway.

Thesetestsshaw thatit is perceptuallypossibleto usea re-
ducednumberof low-frequeng resonatorandstill provide high
quality results.Connectinghe meshto theseresonatorproduces
a high quality syntheticviolin impulseresponsavhosehigh fre-
queng contentis shavnin Fig. 4. Thecorrespondingime domain
signalis shavn alongwith that of the original violin impulsere-
sponsén Fig. 3. The morepronouncedeatingof the highpassed
waveguidemeshoutputis effectively maskedy the strong,long-
ringing body modespresentin the original violin body impulse
belon 1400Hz.
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Figure3: Frequencyresponsesf the original violin bodyimpulse
responsétop) and a highpassedynthesizeevavguide meshim-
pulse responseplus a lowpassedviolin body impulseresponse
(bottom),with the crossoverfrequencyat 1400Hz.

3.6.2. Examiningsmallermeshdimensions

Sinceperceptuamodesaturatiorin a critical bandcanberealisti-
cally achieved by a smallnumberof resonatorsit is theoretically
possiblethatevensmallerdimensionsf waveguidemeshesvould
have a distribution of modephasesandamplitudeswhich cansat-
isfy theperceptuatriteriafor oursynthesisnodeldescribedbore.
Dimensionareductionsf the 3D meshat44.1kHz werealso
testedin the sameway to determinetheir lowest crosseer fre-
queng, if ary. At alower samplingrate of 22.05kHz, the de-
sired physical dimensionstranslateto the 3D-meshdimensions
13 x 8 x 1 sampleg35.9 x 20.3 x 3.1 cm). With only 1 samplein
the z direction,we expectthata 2D meshat 22.1kHz canbehae
similarly toits 3D counterpartat16 x 9 sampleg35.3 x 19.9cm).
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Figure4: Timeresponsesf theviolin bodyimpulseresponsétop)
andsynthesizedavegguidemeshmpulseresponsgbottom)above
1400Hz.

(For the 2D rectilinearmesh the correctionfactorfor the speedf
soundis /2, asopposedo V3 in the3D case.) Simulationre-
sultsshaw that thesetwo mesheshave aboutthe samecrossweer
frequeny asthe 3D, 44.1kHz mesh,ataround1400Hz.

Using geometrieswhich do not closely follow the physical
proportionsof the violin edgesmay resultin modedistributions
which arelessoptimalfor simulatinghigh-frequeng violin body
resonances-or example,a18 x 13 x 2 sample3D meshat44.1
kHz hasits lowestcrosseer frequeng around1600Hz.

4. CONCLUSIONS

In this paper we expandedon the use of the digital waveguide
meshasa comple resonatorat high frequencies. Resultsshav

thatthe meshcanbehae in a perceptuallyequivalentway asthe
high-frequeng portion (abore 1400Hz) of thebody of acomple

resonatar Simulationswere carriedout which indicatethe feasi-
bility of usingsmallerthan-physicalvaveguidemeshessa statis-
tical spectralmodelingtool for simulatinghigh-frequeng modes
in resonatingodies.
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