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Abstract: Criteria for the designof an acousticpulse reflectometer
specificallyintendedfor musicalinstrumentresearcharediscussed.Dif-
ferenttypesof pulsesourceareconsidered,andvariousapproachesto the
signalprocessingof thereflectedpulseareevaluated.,Finally, thepracti-
cal utility of thetechniquefor instrumentdesignersandmanufacturersis
discussed.

1 Intr oduction

Thetechniqueof acousticpulsereflectometrywasoriginally developedfor seismolog-
ical studies[1]. In recentyearsit hasbeenappliedto theinvestigationof ductsof vary-
ing cross-section,both in themedicalarea[2] andin thefield of musicalinstrument
research[3]. Althoughencouragingresultshave beenachievedin bothof theseareas,
theprecisionof the techniquehasbeenlimited by two factors. Firstly, it hasproved
difficult to devise an experimentalarrangementin which an acousticpulsewith the
idealspectralcontentis cleanlyinjectedinto andrecoveredfrom thetestobject,with
thehigh reproducibilitynecessaryfor signalaveraging.Secondly, thecomputational
techniquesusedto analysethereflectedsignalhave beenrelatively unsophisticated.

This paperdiscussesthe criteria for the designof an acousticpulsereflectome-
ter specificallyintendedfor musicalinstrumentresearch.Typesof pulsesourceand
approachesto signalprocessingareevaluated.Finally, thepracticalutility of thetech-
niquefor instrumentdesignersandmakersis discussed.



2 Basisof the technique

In the acousticalstudyof wind instruments,two typesof measurementhave proved
of particularvalue. One is direct measurementof the boreprofile; the other is the
evaluationof input impedance,definedastheratio of acousticpressureto volumeair
flow rateat theentranceto theinstrument.Thesetwo aspectsarecloselyrelated,since
in principleonecanbecalculatedfrom theother. In practice,however, complications
from suchfeaturesassideholeslimit theaccuracy with which theimpedancecanbe
calculatedfrom theboreprofile. In addition,it is not alwayspossibleto obtainaccess
to the completeboreof an instrumentwith accuratemeasuringimplements.Direct
measurementof input impedancehasthusbecomeanimportanttechnique.

A major problemwith the conventionalapproachto the experimentalstudy of
acousticimpedancehasbeenthenecessityfor ameasurementof thevolumeflow rate,
adifficult techniqueundertheconditionsapplicableto musicalwind instruments.The
greatadvantageofferedby acousticpulsereflectometryis that it requiresonly pres-
suremeasurement,yet it canyield absolutevaluesof both input impedanceandbore
profile.

Thetechniqueinvolvestheinjectionof asoundpressurepulseinto theinstrument,
and the recordingof the soundreflectedback from the instrument. This reflected
soundconsistsof a primaryreflectionfrom eachimpedancechangein theinstrument,
plusa seriesof multiple reflectionsfrom within theinstrument.Deconvolution of the
reflectedsignalwith the incidentpulseshapeyieldstheinput impulseresponseof the
instrument.Furthercomputation,basedon aninversionprogramsuchasthatof Ware
andAki [1] givestheinput impedanceandtheborereconstruction.

3 Physicalconstraintson the apparatus

Fig.1 is a schematicdiagramof anacousticpulsereflectometerof the typecurrently
in usein Edinburgh. A horn loudspeakerdriver receivesan electricalpulsefrom a
pulsegeneratorandaudioamplifier. Thedriver is coupledto a coiledcoppertube.At
a distancel1 alongthe tube,a microphonerecordsthe passageof the resultinginput
pressurepulse,of lengthτ, andalsothereturningwavewhichhasbeenreflectedfrom
anobjectcoupledto thefar endof thetube,a distancel2 from themicrophone.

The length l1 (sourceto microphone)is determinedby the fact that a secondary
reflectionfrom thesourcearrivesat themicrophonea time ts=2l1/c after thepassage
of thefirst reflectedwave. To avoid confusionit is desirablethatall thereflectionsfrom
the instrumentshouldbecollectedwithin this time. If the instrumenthasa lengthx,
theinterval betweenfirst reflectionsfrom entranceandexit is ∆t=2x/c. However, there
mayben multiplereflectionsbeforethesignalfalls below thenoiselevel. In thatcase
thetotaltimespanof thereflectedsignalis ∆t=2nx/c,andacompleteseparationwould
requirel1

� nx. Thepresentreflectometerhasl1=3m,sothat,if multiple reflectionsup
to orderthreearesignificant,themaximumlengthof instrumentswhichcanbestudied



is x=1m.
The lengthl2 (microphoneto instrumentinput) is determinedby the requirement

that the input and reflectedsignalsmust be separatedin time. The first reflection
reachesthe microphonea time tf after the passageof the leadingedgeof the input
pulse,wheretf=2l2/c. Thus τ � tf, and l2 � τc/2. In the presentapparatus,l2=3m,
allowing pulsesup to 15mslong to beused.
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4 Pulsegeneration

Fig.2showsatypicalinputpulsegeneratedby thepresentapparatus,whileFig.3shows
its Fourierspectrum.In principle,theidealinputpulsewouldbeadeltafunction,since
thiswouldhaveauniformFourierspectrumandwouldgivetheinputimpulseresponse
without deconvolution. Marshall[4] hasimplementeda technique,usinga computer
generatedpulse,which createda closeapproximationto an impulsepressurewave,
thuspermittingl2 to be reducedto a few centimetres.This hasthe advantageof re-
ducingattenuationin thesourcetube.A disadvantageof veryshortinputpulsesis that
they requirehighamplitudein orderto giveadequatepower.
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5 Computational techniques

Thealgorithmof WareandAki [1] hasbecomeestablishedasthestandardmethodfor
computinginput impedance.A simplermethod,involving the recordingonly of first
reflections,givesreasonableresultsmuchmorequickly for reconstruction.Figures
4 and5 show borereconstructionsfor a steppedtubeanda trumpetbell, usingthis
approach.Its speedallows for real-timedisplayof changingboreprofiles[4] (for ex-
ample,theopeningandclosingof a trumpetvalvewhile playing).Normally, however,
thegreateraccuracy of theWare-Akiapproachis preferable.
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6 Potential of pulsereflectometry

With optimisationof the pulseinput andthe analysistechnique,pulsereflectometry
promisesto becomea morepreciseandusefultool in the studyof the behaviour of
wind instruments.Thetwo-microphonetechniqueof Louiset al [5] andthesourcere-
flectioncalibrationmethodof Marshall[6] offer thepossiblityof muchmorecompact
reflectometers.
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