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ABSTRACT

We describea systemdesignedfor automaticextraction
and segmentationof didjeridu and clapsticksfrom cer-
tainstylesof traditionalAboriginalAustralianmusic.For
didjeridu, we locatethe start of notesusinga complex-
domainnote onsetdetectionalgorithm, and usethe de-
tectedonsetsascuesfor determiningtheharmonicseries
of sinusoidsbelongingto thedidjeridu.Theharmonicse-
riesis hypothesised,basedonprior knowledgeof thefun-
damentalfrequency of the didjeridu, andthe mostlikely
hypothesisis assumed.For clapsticks,we useindepen-
dent subspaceanalysisto split the signal into harmonic
andpercussive components,followedby classi�cationof
theindependentcomponents.

Finally, we identify areasin which the systemcanbe
enhancedto improveaccuracy andalsoto extracta wider
rangeof musically-relevantfeatures.Theseincludealgo-
rithmssuchashighfrequency contenttechniques,andalso
computingthemorphologyof thedidjeridu.

1. INTRODUCTION

Thetraditionalmusicof IndigenousAustraliansis �rmly
entrenchedin oral tradition. The songsarepasseddown
throughgenerationswithin a group,without written nota-
tion, andtypically describethehistoryandcultureof the
group.

We have designedand implementedour transcription
systemwith two stylesof Australianmusicin mind. The
�rst is Lirrga,a genreof musicfrom northwestAustralia.
Theperformanceswe studyarecomposedandperformed
by PiusLuckan(voice,clapsticks)andClementTchinbur-
rur (didjeridu)[11]. Therecordingsweremadein Wadeye
(Port Keats,northernAustralia). In theMarri Ngarr lan-
guage(oneof seven languagesspokenat Wadeye), clap-
sticksarecalledtitir anddidjeriduis karnbi.
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The secondset of recordingsis a collection of tradi-
tional songsfrom the Galpu clan of northeastArnhem
Land.Thesongsarearrangedandperformedby Gurritjiri
Gurruwiwi (voice),with Djalu Gurruwiwi (didjeridu)[5].
TheYolngupeoplewhoresideherecall thedidjeriduyidaki
andtheclapsticksbilma.

The rhythmic structuresof thesemusicsarecomplex
and highly expressive. Polyrhythms,changesof tempo
andchangesof metrearecommonandintegral to themu-
sic.

Our initial motivation for creatingthis systemwasto
constructausefultool to aidethnomusicologistsstudying
AustralianAboriginalmusic.We hadaccessto manually-
createdtranscriptionsof theLirrgasongs,andtheseserved
asagoodmodelasto thelevel of detailoursystemshould
aimtowards.Althoughoursystemhasbeendesignedwith
morethanonestyleof musicin mind, for this reason,and
alsofor thefact that thetwo stylesof musicarevery dif-
ferent,we have executedmostof our evaluationson the
Lirrga.

Thesystemis designedto determineonsetsof theclap-
sticks,andonsetsandfundamentalfrequenciesof thedid-
jeridu parts. We assumethat thereis only one of each
instrumentplayingat any giventime, andthat the funda-
mentalfrequency of thedidjeriduis below 100Hz, which
workswell for mostof oursamples.We donotattemptto
transcribevocalsin this system.

As farasweaware,nopublishedresearchonautomatic
transcriptionof AustralianAboriginalmusicexists.How-
ever, workhasbeendonein studyingthemusicalacoustics
of the didjeridu, andrecentstudiesmay be found in [3],
[4], [7].

Seminalstudiesinto the history and cultural signi�-
canceof the didjeridu include [14]. Also, researchinto
didjeridunotation[13] providesguidelinesasto thetypes
of featureswemaywish to extract.

1 The®rst authoris currentlywith theDepartmentof ElectronicEngi-
neering,QueenMary, Universityof London.
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Figure1. High-level overview of thesystem.

2. THE SYSTEM

As the techniquesusedfor transcriptionof didjeridu(de-
terministic)arevery differentto thoseusedfor transcrip-
tionof clapsticks(statistical),thesystemisessentiallysplit
into two disjoint “halves”, asindicatedin Figure1. The
left half indicatesthe datatransformationsthat occurfor
didjeridu processing,andthe right half describesthe op-
erationsusedfor extractingclapsticks.

2.1. Extraction of didjeridu

Theoverallschemeusedfor thisphasewasbasedonasys-
temfor automatictranscriptionof basslines[6], but with a
differentonsetdetectionscheme.Theoriginal signalwas
passedthroughabankof bandpass�lters, emittingsignals
in the ranges0–100Hz, 100–200Hz and 200–300Hz.
Theserangeswerechosento capturethefundamentalfre-
quency of thedidjeridu(typically below 100Hz), andits
�rst two upperharmonicsinto eachfrequency band.The
other instrumentscarriedvery little energy in thesefre-
quency ranges,andso,within thecontext of this project,
we assumethat all musical information carriedin these
rangesbelongsto thedidjeridu.

2.1.1. Onsetdetection

Our informal experimentsrevealedthat complex-domain
onsetdetection[1] workswell for low-frequency signals.

For eachfrequency band,complex-domainonsetde-
tectionwasapplied.After thethreefrequency bandshad
beenanalysedin this way, the onsetsfrom eachof the
bandswerecombinedinto onesequence.Eachonsetwas
consideredin turn: if it wascloserthan50 msto another
onsetandits amplitudewaslessthantheneighbouringon-
set, it was removed. Thus, the onsetsfor the didjeridu
weregivenby theresultingsequence.

2.1.2. Frequencyestimation

Thenext stagewasto estimatethefundamentalfrequency
at eachonset. A frame as long aspossiblewasconsid-
ered,startingjustafteranonsetandendingjustbeforethe
next onset.For eachsuchframe,a sinusoidextractional-
gorithmwasapplied.Ratherthanusethemethoddetailed
in [12] assuggestedby [6], weoptedfor thetrianglewin-
dow method[9]. Everynoteunder100Hz wasconsidered
to beacandidatefundamentalfrequency, andwemakethe
assumptionon our datathatonly onenoteis playingat a
time.

For eachfundamentalfrequency candidateF0, wepre-
dict its harmonicseriesasf nF0g1� n � N . Theactualhar-
monicseriesassociatedwith eachF0 is determinedfrom
this by consideringeachnF0 for 2 � n � N in turn,and
searchingfor theextractedsinusoidwhosefrequency lies
within 3%of its predictedvalue,andwhoseamplitudeis a
maximum.We foundthatavalueof N = 9 gavegoodre-
sults,althoughthis probablycouldhave beenmademuch
smallerwithout noticablelossof accuracy in our results.

At thisstage,wehaveoneor moreharmonicseriescor-
respondingto eachonset.To determinethemostprobable
harmonicseriesfor eachoffset, we assigneachseriesa
con�dencemeasureasdescribedin [6]. The serieswith
the highestcon�dence is deemedto be the correctone,
andhence,thefundamentalfrequency is determined.

Note that our algorithmis a simpli�ed versionof the
oneit is basedon. In particular, for eachonset,thealgo-
rithm describedin [6] trackstheharmonicseriesovertime
in order to determinethe noteoffset for that series,and
to determinethecorrectseriesusinga moresophisticated
measure.We chosethis simplertechniquebecauseit was
not practicalto achieve the necessaryfrequency resolu-
tion for accuratedeterminationof sinusoidsfor suchlow
frequencies:the short framesrequiredfor accuratetime
resolutionprohibitedthis.

2.2. Extraction of clapsticks

To extracttheclapsticks,we usedthemethodof indepen-
dentsubspaceanalysis(ISA) describedin [15]. The fol-
lowing discussionis essentiallyasummaryof thatpaper.

Thistechniqueisbasedonindependentcomponentanal-
ysis (ICA), andwe useit to split the original signal into
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Figure2. Independentsubspaceanalysis[15]

harmonicandpercussivecomponents.Theclassicformu-
lation of blind sourceseparationby ICA requiresat least
asmany observed signalsas thereexist sources. In our
case,we have oneobservation (the recordingitself) and
threesources(didjeridu,clapsticksandvocals).Figure2
brie�y indicatethe stepsthat ISA performsto overcome
this limitation. The original (single observation) time-
seriessignal is transformedto the frequency domainby
short-timeFourier transform(STFT).To get reliablesep-
aration,we usedlong frames(100ms) with a half-frame
overlap.Singularvaluedecomposition(SVD) isperformed
on theresultantmagnitudespectrogram,andamaximum-
variancesubspaceof theoriginal spectrogram,reducedto
d dimensions,is thencomputed. Finally, amplitudeen-
velopesandfrequency weightsof eachof thed indepen-
dentcomponentsarecomputedusingICA. (Thesed am-
plitude envelopesandfrequency weightsmay be usedto
determinetheindependentspectrograms.Wedonotmake
useof these,however, sothis is notdonein oursystem.)

Throughexperimentation,we found thatsetting15 �
d � 20 providesexcellentseparationwith an acceptable
computationalcost.

Theremainingtaskin thisstagewasto classifyeachof
the d separatedcomponentsinto eitherharmonicor per-
cussivecategories.[15] describes� vemeasurablefeatures
of theindependentcomponents,eachof whichgivesanin-
dicationof thepercussion-likenessof eachof theindepen-
dentcomponents.Our systemmakesuseof two of these
features.

The �rst, percussiveness,is determinedby computing
atrainof unit impulses,whereeachimpulseis locatedata
maximumof the amplitudeenvelope(determinedduring
theICA), andconvolving this impulsetrain with a model
percussiontemplate.This percussiveimpulseis modelled
by an instantaneousonsetandlinear decaytowardszero
within 200 ms. The measureof percussivenessis given
by the correlationcoef�cient betweenthe output of the
convolutionandtheamplitudeenvelope.

The secondfeature,noise-likeness,usesthe compo-
nent'svectorof frequency weights(determinedduringthe
ICA). Similarly to the methoddescribedabove, an im-
pulsetrain correspondingto themaximaof thefrequency
vectoris convolvedwith a Gaussianwindow. Thenoise-
likenessis givenby thecorrelationcoef�cient of theorig-
inal frequency vectorandtheoutputof theconvolution.

Figure3. Kila kanggi:Ourmotherexcerptreferencetran-
scription(lirrga 1). Track1 from CD [11]. Songtext c
 composed
by ClementTchinburrur, sung by Pius Luckan, recordedby Chester
Street,PtKeats,1985.Musicaltranscription c
 LindaBarwick,Univer-
sity of Sydney, 2002. Marri Ngarr morphemicanalysisandtranslation
c
 LysbethFord,BIITE, 2002.Reproducedwith permission.

Figure 4. Yitha yitha kangki: Father, our Father ex-
cerptreferencetranscription(lirrga 2). Track2 from CD [11].
Songtext c
 composedby ClementTchinburrur, sungby PiusLuckan,
recordedby ChesterStreet,Pt Keats,1985. Musical transcription c

Linda Barwick, University of Sydney, 2002. Marri Ngarr morphemic
analysisandtranslationc
 LysbethFord,BIITE, 2002.Reproducedwith
permission.

The decisionasto whethera componentwaspercus-
sive or harmonicwasmadeby comparingthepercussive-
nessandnoise-likenessmeasurestopredeterminedthresh-
olds.

To determinetheonsetsof theclapsticks,a noteonset
detectionalgorithm,asdescribedin Section2.1.1wasap-
plied to the sumof the amplitudeenvelopesdetermined
during the ICA processandcorrespondingto thepercus-
sively classi�edcomponent.

3. RESULTS

Theaccuracy of thesystem,andalsoits sensitivity to in-
�ections, will improvewith theincorporationof moreso-
phisticatedtechniquesandalgorithms.We discussthis in
section4.

We evaluatedthe performanceof our systemby run-
ning it on short(approximately10 seconds)excerptsand
comparingtheresultsagainstthetranscriptionsFigures3–
6, whichwerepreparedmanuallyby ethnomusicologists.

3.1. Didjeridu transcription

To measurethetranscriptionaccuracy, we employ a met-
ric describedin [8]; thispapergivesmorethanonemetric,
andwechoosethemorestringentalternative. It is de�ned



Figure 5. Yitha kanggiwarringgirrmagulil: Our Father
enter into us excerpt referencetranscription(lirrga 3).
Track 4 from CD [11]. Songtext c
 composedby ClementTchinbur-
rur, sungby PiusLuckan,recordedby ChesterStreet,Pt Keats,1985.
Musical transcription c
 Linda Barwick, University of Sydney, 2002.
Marri Ngarr morphemicanalysisandtranslation c
 LysbethFord, BI-
ITE, 2002.Reproducedwith permission.

Figure 6. FatherDeakin excerpt referencetranscription
(lirrga 4). Track5 fromCD [11]. Songtext c
 composedby Clement
Tchinburrur, sungby PiusLuckan,recordedby ChesterStreet,PtKeats,
1985. Musical transcription c
 Linda Barwick, University of Sydney,
2002.Marri Ngarrmorphemicanalysisandtranslation c
 LysbethFord,
BIITE, 2002.Reproducedwith permission.

by thefollowing relation:

R =
no. of notesfoundcorrectly

no. of notesfoundin total+ no. of notesmissed

which,whenappliedto ourresults,givestheseresults(Ta-
ble1):

Excerpt notes found
correct

found
total

missed R

lirrga 1 36 33 39 3 0.79
lirrga 2 30 23 37 7 0.53
lirrga 3 48 44 46 4 0.88
lirrga 4 21 14 17 7 0.58

Table 1. Resultsfor didjeridu.

The overall accuracy (averageR) was 70%. Almost
all of the errors were a result of the note onsetdetec-
tion, ratherthanthefrequency estimation.Onereasonfor
this is that somemany noteonsetsaredif�cult to detect
with an amplitudeenvelopetypemethod,becausea note
onsetdoesnot necessarilycorrespondto a large increase
in amplitude.Anotherreasonis dueto humansubjectiv-
ity in formulatingthereferencetranscriptions,andalsoin
matchinggeneratedtranscriptionsto their references.

3.2. Clapsticks transcription

With respectto theseparationof clapsticksfrom thehar-
moniccomponents,errorsdid indeedoccurin theclassi-
�cation stage. We usedthe metric outlined in [15] and
found that overall, 71% of percussive componentswere
foundcorrectly. Spuriouspercussive classi�cationswere
at 31%.

Theaccuracy of noteonsetdetectionfor clapsticksex-
tractionwasmeasuredsimilarly to that of theclapsticks,
by the preceedingformula. For all correctly classi�ed
clapsticktrackswe obtainthefollowing results(Table2):

Excerpt notes found
correct

found
total

missed R

lirrga 1 20 20 22 0 0.91
lirrga 2 8 8 8 0 1.0
lirrga 3 24 24 30 0 0.80
lirrga 4 7 7 7 0 1.0

Table 2. Resultsfor clapsticks

This gives an overall accuracy of 93% for correctly
classi�edclapsticktracks.

4. CONCLUSIONS AND FUTURE WORK

Therearemany waysin which we intendto increasethe
accuracy and scopeof our system. We identify several
measuresfor this.

First on our list is tracking in�ection changesduring
a singlenoteplayedby the didjeridu. Whilst the current
didjeriduextractionmethodcomparesfavourablywith the
modelexempli�ed by our Westernisedtranscriptions,we
wish to track the harmonicseriesassociatedwith each
onset. This posesa new problem: how doesone map
changesin harmonicseriesto changesin in�ection? As
describedin Section3.1,it is alsothecasethatchangesin
in�ection, ratherthanlarge changesin amplitude,corre-
spondto new noteonsets.This would thereforeincrease
the accuracy ratingsof our transcriptions.The complex-
domainonsetdetectionalgorithmwe have used[1] picks
changesin in�ection well, andso the problemremains:
how to classifyonsetsdeterminedthisway, andhow to use
extra information to determinewhen in�ection changes
correspondto de�nite onsets.

Futhermore,clapstickshaveconsiderableenergy in the
high frequency subbands,and so we would investigate
trackingof transientenergy in high frequency ranges[2]
in orderto augmentnoteonsetdetectionfor clapsticks.

Themorphologyof thedidjeriduoftenvariesdepend-
ing on thegeographicallocationin Australiafrom which
the musicoriginates. This hasan effect on the resonant
frequenciesof theinstrument[3]. Therefore,by identify-
ing notesplayedat higherresonantfrequencies,we could
computethemorphologyof thedidjeridu.
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