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ABSTRACT The secondset of recordingsis a collection of tradi-

We describea systemdesignedfor automaticextraction
and segmentationof didjeridu and clapsticksfrom cer
tain stylesof traditional Aboriginal Australianmusic. For
didjeridu, we locatethe start of notesusinga comple-
domainnote onsetdetectionalgorithm, and use the de-
tectedonsetsascuesfor determiningthe harmonicseries
of sinusoidselongingto thedidjeridu. The harmonicse-
riesis hypothesisedyasecdn prior knowledgeof thefun-
damentafrequeng of the didjeridu, andthe mostlikely
hypothesiss assumed.For clapsticks,we useindepen-
dent subspacenalysisto split the signalinto harmonic
andpercussie componentsfollowed by classi cation of
theindependentomponents.

Finally, we identify areasin which the systemcanbe
enhancedo improve accurag andalsoto extracta wider
rangeof musically-rel@antfeatures.Theseincludealgo-
rithmssuchashighfrequeng contentechniquesandalso
computingthe morphologyof thedidjeridu.

1. INTRODUCTION

Thetraditionalmusicof IndigenousAustraliansis rmly
entrenchedn oral tradition. The songsare passediown
throughgenerationsvithin a group,without written nota-
tion, andtypically describethe history and culture of the
group.

We have designedandimplementedour transcription
systemwith two stylesof Australianmusicin mind. The
rst is Lirrga,agenreof musicfrom northwestAustralia.
The performancesve studyarecomposedndperformed
by PiusLuckan(voice,clapstickslandClementT chinbur-
rur (didjeridu)[11]. Therecordingsveremadein Wadeye
(PortKeats,northernAustralia). In the Marri Ngarrlan-
guage(oneof sevenlanguagespolen at Wadeye), clap-
sticksarecalledtitir anddidjeriduis karnbi
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tional songsfrom the Galpu clan of northeastArnhem
Land. Thesongsarearrangedandperformedby Gurritjiri
Gurruwiwi (voice),with Djalu Gurruwiwi (didjeridu)[5].
TheYolngupeoplewhoresideherecall thedidjeriduyidaki
andthe clapsticksbilma.

The rhythmic structuresof thesemusicsare complex
and highly expressie. Polyrhythms,changesof tempo
andchange®f metrearecommonandintegral to the mu-
sic.

Our initial motivation for creatingthis systemwasto
constructausefultool to aid ethnomusicologiststudying
AustralianAboriginal music. We hadacces$o manually-
createdranscription®f theLirrgasongsandthesesened
asagoodmodelasto thelevel of detailour systemshould
aimtowards.Althoughoursystemhasbeendesignedvith
morethanonestyle of musicin mind, for thisreasonand
alsofor thefactthatthe two stylesof musicarevery dif-
ferent, we have executedmostof our evaluationson the
Lirrga.

Thesystenis designedo determineonsetf theclap-
sticks,andonsetsandfundamentafrequencie®f thedid-
jeridu parts. We assumethat thereis only one of each
instrumentplaying at arny giventime, andthatthe funda-
mentalfrequeng of thedidjeriduis belov 100Hz, which
workswell for mostof our samplesWe do notattemptto
transcribevocalsin this system.

Asfaraswe aware,no publishedesearctonautomatic
transcriptionof AustralianAboriginal musicexists. How-
ever, work hasbeendonein studyingthemusicalacoustics
of the didjeridu, andrecentstudiesmay be foundin [3],

[41, [7].

Seminalstudiesinto the history and cultural signi -
canceof the didjeriduinclude[14]. Also, researchinto
didjeridunotation[13] providesguidelinesasto thetypes
of featuresave maywish to extract.

1 The®rst authoris currentlywith the Departmenbf ElectronicEngi-
neering,QueenMary, University of London.
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Figure 1. High-level overview of thesystem.

2. THE SYSTEM

As thetechniquesusedfor transcriptionof didjeridu (de-
terministic)arevery differentto thoseusedfor transcrip-
tion of clapstickgstatistical) thesysterris essentiallysplit
into two disjoint “halves”, asindicatedin Figurel. The
left half indicatesthe datatransformationghat occurfor
didjeridu processingandthe right half describeghe op-
erationsusedfor extractingclapsticks.

2.1. Extraction of didjeridu

Theoverallschemaisedor thisphasevasbasednasys-
temfor automatidranscriptiorof basdines[6], butwith a
differentonsetdetectionscheme The original signalwas
passedhroughabankof bandpasdters, emittingsignals
in the ranges0-100Hz, 100—-200Hz and 200—300Hz.

Theserangeswerechoserto capturethefundamentafre-

quengy of thedidjeridu (typically belov 100 Hz), andits

rst two upperharmonicsnto eachfrequeny band. The
otherinstrumentscarriedvery little enegy in thesefre-

gueng rangesandso, within the context of this project,
we assumethat all musicalinformation carriedin these
rangeshelongsto thedidjeridu.

2.1.1. Onsetdetection

Our informal experimentsrevealedthat comple-domain
onsetdetection1] workswell for low-frequeng signals.

For eachfrequeny band, complex-domainonsetde-
tectionwasapplied. After the threefrequeny bandshad
beenanalysedin this way, the onsetsfrom eachof the
bandswerecombinednto onesequenceEachonsetwas
consideredn turn: if it wascloserthan50 msto another
onsetandits amplitudewaslessthantheneighbouringpn-
set, it wasremoved. Thus, the onsetsfor the didjeridu
weregivenby theresultingsequence.

2.1.2. Frequencyestimation

Thenext stagewasto estimatehefundamentafrequeny
at eachonset. A frame aslong as possiblewas consid-
ered,startingjust afteranonsetandendingjust beforethe
next onset.For eachsuchframe,a sinusoidextractional-
gorithmwasapplied.Ratherthanusethe methoddetailed
in [12] assuggestedby [6], we optedfor thetrianglewin-
dow method9]. Everynoteunderl00Hz wasconsidered
to beacandidatédundamentafrequeng, andwe makethe
assumptioron our datathatonly onenoteis playingata
time.

For eachfundamentafrequeng candidatd-q, we pre-
dict its harmonicseriesasf nFo0; n n. Theactualhar
monic seriesassociatedvith eachFg is determinedrom
this by consideringeachnFo for2 n N inturn,and
searchindor the extractedsinusoidwhosefrequeng lies
within 3% of its predictedvalue,andwhoseamplitudeis a
maximum.We foundthatavalueof N = 9 gavegoodre-
sults,althoughthis probablycould have beenmademuch
smallerwithout noticablelossof accurag in ourresults.

At this stagewe have oneor moreharmonicseriescor
respondingo eachonset.To determinghemostprobable
harmonicseriesfor eachoffset, we assigneachseriesa
con dencemeasureasdescribedn [6]. The serieswith
the highestcon denceis deemedo be the correctone,
andhencethefundamentafrequeng is determined.

Note that our algorithmis a simpli ed versionof the
oneit is basedon. In particular for eachonsetthealgo-
rithm describedn [6] trackstheharmonicseriesovertime
in orderto determinethe note offset for that series,and
to determinghe correctseriesusinga moresophisticated
measureWe chosethis simplertechniquebecausét was
not practicalto achieve the necessaryrequeng resolu-
tion for accuratedeterminatiorof sinusoidsfor suchlow
frequencies:the shortframesrequiredfor accuratetime
resolutionprohibitedthis.

2.2. Extraction of clapsticks

To extractthe clapstickswe usedthe methodof indepen-
dentsubspaceanalysis(ISA) describedn [15]. The fol-
lowing discussiors essentiallya summaryof thatpaper
Thistechniqués basednindependentomponenanal-
ysis (ICA), andwe useit to split the original signalinto
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Figure 2. Independensubspacanalysiq15]

harmonicandpercussie componentsThe classicformu-
lation of blind sourceseparatiorby ICA requiresat least
asmary obsered signalsasthereexist sources.In our
case,we have one obsenation (the recordingitself) and
threesourcegdidjeridu, clapsticksandvocals). Figure 2
brie y indicatethe stepsthat ISA performsto overcome
this limitation. The original (single obsenation) time-
seriessignalis transformedo the frequeny domainby
short-timeFouriertransform(STFT). To getreliablesep-
aration,we usedlong frames(100 ms) with a half-frame
overlap.SingularvaluedecompositioifSVD) s performed
ontheresultantmagnitudespectrogramanda maximum-
variancesubspacef theoriginal spectrogramreducedo
d dimensionsjs then computed. Finally, amplitudeen-
velopesandfrequeng weightsof eachof thed indepen-
dentcomponentarecomputedusingICA. (Thesed am-
plitude envelopesandfrequeng weightsmay be usedto
determingheindependenspectrogramsie donotmake
useof these however, sothisis notdonein our system.)

Throughexperimentationwe found that setting15
d 20 providesexcellentseparatiorwith anacceptable
computationatost.

Theremainingtaskin this stagewasto classifyeachof
the d separatedomponentsnto eitherharmonicor per
cussve catgories.[15] describes ve measurabléeatures
of theindependentomponentsgachof whichgivesanin-
dicationof thepercussion-liknes®f eachof theindepen-
dentcomponentsOur systemmakesuseof two of these
features.

The rst, percussienessjs determinedoy computing
atrainof unitimpulseswhereeachimpulseis locatedata
maximumof the amplitudeernvelope(determinedduring
the ICA), andconvolving this impulsetrain with a model
percussioniemplate.This percussieimpulseis modelled
by aninstantaneousnsetand linear decaytowardszero
within 200 ms. The measureof percussienesss given
by the correlationcoefcient betweenthe output of the
corvolutionandtheamplitudeervelope.

The secondfeature, noise-likeness,usesthe compo-
nentsvectorof frequeng weights(determinediuringthe
ICA). Similarly to the methoddescribedabove, an im-
pulsetrain correspondingo the maximaof the frequeny
vectoris convolvedwith a Gaussiarwindow. The noise-
likenesss givenby the correlationcoefcient of theorig-
inal frequeng vectorandthe outputof the convolution.

Figure3. Kila kanggi: Ourmotherexcerptreferenceran-
scription(lirrga.1). Track1 from CD[11]. Songtext ¢ composed
by ClementTchinkurrur, sungby Pius Luckan, recordedby Chester
Street,PtKeats,1985.Musicaltranscription ¢ Linda Barwick, Univer

sity of Sydng, 2002. Marri Ngarr morphemicanalysisandtranslation
¢ LysbethFord, BIITE, 2002.Reproducedvith permission.

Figure 4. Yitha yitha kangki: Father our Father ex-

cerptreferenceranscription(lirrga2). Track2 from CD [11].

Songtext ¢ composedy ClementTchinkurrur, sungby PiusLuckan,
recordedby ChesterStreet,Pt Keats,1985. Musical transcription ¢

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

permission.

The decisionasto whethera componentvas percus-
sive or harmonicwasmadeby comparingthe percussie-
nessandnoise-likenessneasureto predeterminethresh-
olds.

To determinethe onsetsof the clapsticks a noteonset
detectionalgorithm,asdescribedn Section2.1.1wasap-
plied to the sumof the amplitudeenvelopesdetermined
duringthe ICA processandcorrespondindo the percus-
sively classi ed component.

3. RESULTS

The accurag of the systemandalsoits sensitvity to in-

ections, will improve with theincorporationof moreso-
phisticatedechniguesindalgorithms.We discusghisin
sectiond.

We evaluatedthe performanceof our systemby run-
ning it on short(approximatelyl 0 secondsgxcerptsand
comparingheresultsagainsthetranscriptiong-igures3—
6, whichwerepreparednanuallyby ethnomusicologists.

3.1. Didjeridu transcription

To measurdhetranscriptionaccurag, we employ a met-
ric describedn [8]; this papergivesmorethanonemetric,
andwe choosghe morestringentalternatie. It is de ned



Figure 5. Yitha kanggiwarringgirrmagulil: Our Father
enterinto us excerpt referencetranscription (lirrga.3).

Track4 from CD [11]. Songtext ¢ composecy ClementTchinkur-

rur, sungby PiusLuckan,recordedby ChesterStreet,Pt Keats,1985.
Musical transcription ¢ Linda Barwick, University of Sydng, 2002.
Marri Ngarr morphemicanalysisandtranslation ¢ LysbethFord, BI-

ITE, 2002.Reproducedvith permission.

Figure 6. FatherDeakin excerptreferencetranscription
(lirrga4). Track5fromCD[11]. Songtext ¢ composedy Clement
Tchinturrur, sungby PiusLuckan,recordedby ChesteiStreet Pt Keats,
1985. Musical transcription ¢ Linda Barwick, University of Sydng,

2002.Marri Ngarrmorphemicanalysisandtranslation ¢ LysbethFord,

BIITE, 2002.Reproducedvith permission.

by thefollowing relation:

_ no. of notesfoundcorrectly
no. of notesfoundin total+ no. of notesmissed

which,whenappliedto ourresults givestheseresults(Ta-
ble 1):

Excerpt | notes | found | found | missed R
correct| total

lirrgal | 36 33 39 3 0.79

lirrga2 | 30 23 37 7 0.53

lirrga3 | 48 44 46 4 0.88

lirrgad | 21 14 17 7 0.58

Table 1. Resultsfor didjeridu.

The overall accurag (averageR) was 70%. Almost
all of the errorswere a result of the note onsetdetec-
tion, ratherthanthe frequeng estimation.Onereasorfor
this is that somemary note onsetsare dif cult to detect
with anamplitudeervelopetype method,because note
onsetdoesnot necessarilycorrespondo a large increase
in amplitude. Anotherreasonis dueto humansubjectv-
ity in formulatingthereferencdranscriptionsandalsoin
matchinggeneratedranscriptiongo their references.

3.2. Clapstickstranscription

With respecto the separatiorof clapsticksfrom the har
monic componentserrorsdid indeedoccurin the classi-
cation stage. We usedthe metric outlinedin [15] and
found that overall, 71% of percussie componentsvere
found correctly Spuriouspercussie classi cationswere
at31%.

Theaccuray of noteonsetdetectionfor clapsticksex-
tractionwas measuredaimilarly to that of the clapsticks,
by the preceedingformula. For all correctly classi ed
clapsticktrackswe obtainthe following results(Table?2):

Excerpt| notes | found | found | missed R
correct| total

lirrgal | 20 20 22 0 0.91

lirrga2 | 8 8 8 0 1.0

lirrga3 | 24 24 30 0 0.80

lirrgad | 7 7 7 0 1.0

Table 2. Resultsfor clapsticks

This gives an overall accurag of 93% for correctly
classi ed clapsticktracks.

4. CONCLUSIONS AND FUTURE WORK

Therearemary waysin which we intendto increasehe
accurag and scopeof our system. We identify several
measuresor this.

First on our list is trackingin ection changeduring
a single note playedby the didjeridu. Whilst the current
didjeriduextractionmethodcompareg$avourablywith the
modelexempli ed by our Westernisedranscriptionswe
wish to track the harmonicseriesassociatedvith each
onset. This posesa nenv problem: how doesone map
changesn harmonicseriesto changesn in ection? As
describedn Section3.1,it is alsothe casethatchangesn
in ection, ratherthanlarge changesn amplitude,corre-
spondto new note onsets.This would thereforeincrease
the accurag ratingsof our transcriptions.The comple-
domainonsetdetectionalgorithmwe have used[1] picks
changedn in ection well, and so the problemremains:
how to classifyonsetgleterminedhisway, andhow to use
extra information to determinewhenin ection changes
correspondo de nite onsets.

Futhermoreclapstickshave considerablenegy in the
high frequeny subbandsand so we would investigate
trackingof transientenegy in high frequeng rangeq?2]
in orderto augmennoteonsetdetectionfor clapsticks.

The morphologyof the didjeridu often variesdepend-
ing on the geographicalocationin Australiafrom which
the music originates. This hasan effect on the resonant
frequencie®f theinstrumen{3]. Therefore by identify-
ing notesplayedat higherresonanfrequencieswe could
computethe morphologyof thedidjeridu.
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