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Abstract: Criteria for the designof an acousticpulse reflectometer
specificallyintendedfor musicalinstrumentesearctarediscussedDif-
ferenttypesof pulsesourceareconsideredandvariousapproacheto the
signalprocessin®f thereflectedpulseareevaluated. Finally, the practi-
cal utility of thetechniquefor instrumentdesignerandmanufacturerss
discussed.

1 Intr oduction

Thetechniqueof acoustiqulsereflectometrywasoriginally developedfor seismolog-
ical studieq1]. In recentyearsit hasbeenappliedto theinvestigatiorof ductsof vary-
ing cross-sectionbothin the medicalarea[2] andin the field of musicalinstrument
researchj3]. Althoughencouragingesultshave beenachievedin both of theseareas,
the precisionof the techniquehasbeenlimited by two factors. Firstly, it hasproved
difficult to devise an experimentalarrangemenin which an acousticpulsewith the
ideal spectralcontentis cleanlyinjectedinto andrecoveredfrom the testobject,with
the high reproducibilitynecessaryor signalaveraging. Secondly the computational
techniquesisedto analysehereflectedsignalhave beenrelatively unsophisticated.

This paperdiscusseshe criteria for the designof an acousticpulsereflectome-
ter specificallyintendedfor musicalinstrumentresearch.Typesof pulsesourceand
approacheto signalprocessingreevaluated Finally, the practicalutility of thetech-
niguefor instrumendesignerandmakerss discussed.



2 Basisof the technique

In the acousticalstudy of wind instrumentsiwo typesof measuremerttave proved
of particularvalue. Oneis direct measurementf the bore profile; the otheris the
evaluationof inputimpedancedefinedastheratio of acoustigoressurdo volumeair
flow rateattheentranceo theinstrument.Thesetwo aspectsarecloselyrelated since
in principleonecanbe calculatedrom theother In practice however, complications
from suchfeaturesassideholeslimit the accurag with which theimpedanceanbe
calculatedrom the boreprofile. In addition,it is not alwayspossibleto obtainaccess
to the completebore of aninstrumentwith accuratemeasuringmplements. Direct
measuremerdf inputimpedancdasthusbecomeanimportanttechnique.

A major problemwith the corventionalapproachto the experimentalstudy of
acoustiampedancédiasbeenthenecessityfor ameasuremendf thevolumeflow rate,
adifficult techniquaunderthe conditionsapplicableto musicalwind instrumentsThe
greatadwantageoffered by acousticpulsereflectometryis thatit requiresonly pres-
suremeasurementetit canyield absolutevaluesof bothinputimpedanceandbore
profile.

Thetechniquéanvolvestheinjectionof a soundpressurgulseinto theinstrument,
and the recordingof the soundreflectedback from the instrument. This reflected
soundconsistof a primaryreflectionfrom eachimpedancehangdn theinstrument,
plusa seriesof multiple reflectionsfrom within theinstrument.Decorvolution of the
reflectedsignalwith theincidentpulseshapeyieldsthe inputimpulseresponsef the
instrument.Furthercomputationpasedn aninversionprogramsuchasthatof Ware
andAki [1] givestheinputimpedancendtheborereconstruction.

3 Physical constraintson the apparatus

Fig.1lis a schematialiagramof an acousticpulsereflectometef the type currently
in usein Edinturgh. A hornloudspeakedriver receves an electricalpulsefrom a
pulsegeneratoandaudioamplifier Thedriveris coupledto a coiled coppertube. At
a distancd; alongthe tube,a microphonerecordsthe passag®f the resultinginput
pressurgulse,of lengthT, andalsothereturningwave which hasbeenreflectedrom
anobjectcoupledto thefar endof thetube,adistancd, from themicrophone.

The lengthl1 (sourceto microphone)is determinedoy the fact that a secondary
reflectionfrom the sourcearrivesat the microphonea time ts=2l1/c afterthe passage
of thefirstreflectedvave. To avoid confusionit is desirablehatall thereflectiondrom
theinstrumentshouldbe collectedwithin this time. If theinstrumenthasa lengthx,
theinterval betweerfirst reflectiondrom entranceandexit is At=2x/c. However, there
mayben multiple reflectionsheforethesignalfalls belon thenoiselevel. In thatcase
thetotaltime spanof thereflectedsignalis At=2nx/c,andacompleteseparationwould
requirel; <nx. Thepresenteflectometehasl1=3m, sothat,if multiple reflectionsup
to orderthreearesignificantthe maximumlengthof instrumentsvhich canbestudied



is x=1m.

Thelengthl, (microphoneto instrumentinput) is determinedy the requirement
that the input and reflectedsignalsmust be separatedn time. The first reflection
reacheghe microphonea time t; after the passagef the leadingedgeof the input
pulse,wheret;=2l,/c. ThusT<t;, andl, >Tc/2. In the presentapparatus|,=3m,
allowing pulsesupto 15mslongto beused.
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4 Pulsegeneration

Fig.2shavsatypicalinputpulsegeneratethy thepresentpparatusyhile Fig.3shavs
its FourierspectrumIn principle,theidealinput pulsewould beadeltafunction,since
thiswould have auniform Fourierspectrumandwouldgive theinputimpulseresponse
without decowolution. Marshall[4] hasimplementeda techniqueusinga computer
generategulse,which createda closeapproximationto animpulsepressurevave,
thuspermittingl, to be reducedto a few centimetres.This hasthe advantageof re-
ducingattenuationn thesourcetube.A disadwantageof very shortinput pulsess that
they requirehigh amplitudein orderto give adequat@ower.
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5 Computational techniques

Thealgorithmof WareandAki [1] hasbecomeestablishe@sthe standardnethodfor

computinginputimpedance A simplermethod,involving the recordingonly of first

reflections,gives reasonableesultsmuch more quickly for reconstruction.Figures
4 and5 shav borereconstructiongor a steppedube anda trumpetbell, usingthis
approachlts speedallows for real-timedisplayof changingboreprofiles[4] (for ex-

ample theopeningandclosingof atrumpetvalve while playing). Normally, however,

thegreateraccurag of theWare-Akiapproachs preferable.
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6 Potential of pulsereflectometry

With optimisationof the pulseinput andthe analysistechnique pulsereflectometry
promisesto becomea more preciseand usefultool in the study of the behaiour of
wind instrumentsThetwo-microphondechniqueof Louisetal [5] andthesourcere-
flectioncalibrationmethodof Marshall[6] offer the possiblityof muchmorecompact
reflectometers.
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