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Abstract—We intr oducea method for audio-integrity verification based
on a combination of watermarking and fingerprinting. An audio finger-
print is a perceptual digestthat holds content information of a recording
and allows oneto identify it from other recordings. Integrity verification
is performed by embeddingthe fingerprint into the audio signal itself by
meansof a watermark. The original fingerprint is reconstructedfrom the
watermark and compared with a new fingerprint extracted from the ob-
sewved signal. If they are identical, the signal hasnot beenmodified; if not,
the systemis able to determine the approximate locationswhere the signal
has beencorrupted. The watermarked signal may undergo content pre-
sewving transformations, such asresamplingor D/A and A/D corversion,
without triggering the corruption alarm.

|. INTRODUCTION

N mary applicationstheintegrity of anaudiorecordingmust

be unquestionablyestablishedeforethe signalcanactually
be used,i.e. one mustbe surethatthe recordinghasnot been
modifiedwithout authorization.

When dealing with speech,some application contexts in
which integrity mustbe ensuredare:

« protectionof previously recordedtestimoniesthat areto be
usedasevidencebeforea courtof law;

« protectionof recordedinterviews, which could be editedfor
maliciouspurposes.

Regardingmusicapplicationssomeexamplesare:

« integrity verificationof radioor television commercialgo en-
surethey air asnegotiated;

« integrity verificationof musicairedby radio stationsor dis-
tributedon the Internet,in orderto reportunauthorizednodifi-
cations.

Integrity verification systemshave beenproposedas an an-
swerto this need. Two classef methodsare well suitedfor
theseapplications:watermarking which allows oneto embed
datainto the signal, and fingerprinting, which consistsin ex-
tractinga“signature”(thefingerprint)from theaudiosignal.

After a conceptual description of integrity verification
schemedasedsolely on fingerprinting or watermarking,we
proposea mixed approachthat takes advantageof both tech-
nologies.
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Il. INTEGRITY VERIFICATION SYSTEMS:
A CONCEPTUAL REVIEW

A. Watermarking-Base®ystems

Audio watermarking (see[1] for anintroductorypaperon
watermarkingandinformationhiding) consistan embeddinga
mark (thewatermarl into anaudiosignal. This markis alsoan
audiosignalandcarriesdatathat canberetrievedfrom the wa-
termarled signal. Ideally, the watermarkshouldnot introduce
ary perceptibledegradationin the signal,which meanghatthe
original andthe watermarled signalsshouldsoundexactly the
sameto thelistener To a certainextent, this canbe achiezedby
usingpsychoacoustimodelssuchasthosefoundin perceptual
coding[2], [3].

In watermarking-basethtegrity-verificationsystemsthe in-
tegrity of a previously watermarled audiosignalis determined
by checkingthe integrity of the watermark. We definethree
classe®f integrity-verificationsystems$asedn watermarking:

1. Methods basedon fragile watermarking, which con-
sistin embeddina fragile watermarkinto the audiosignal(e.g.
a low-power watermark). If the watermarled signalis edited,
the watermarkmustno longer be detectable.By “edited”, we
understandary modificationthat could corruptthe contentof
arecording. “Cut-and-paste’manipulationgdeletionor inser
tion of segmentsof audio), for example, mustrenderthe wa-
termarkundetectableln contrastcontent-preservinghanipula-
tions (suchaslossy compressiorwith reasonableompression
ratesor additionof smallamountsof channelnoise)shouldnot
preventwatermarkdetection.

Extremely fragile watermarkscan also be usedto verify
whethera signalhasbeenmanipulatedn arny way, evenwithout
audibledistortion. For example,a recordingcompaly canwa-
termarkthe contentof its CDswith avery fragile watermark.If
songsfrom this CD arebit-compressede.g.in MPEG format),
thendecompressedndrecordedon a new CD, the watermark
would not be detectedn the new recording,evenif the latter
soundsexactly asthe original oneto the listener A CD player
canthencheckfor the presencef this watermark;if no water
mark is found, the recordinghasnecessarilyjundegoneillicit
manipulationsandthe CD is refused.The mainflaw in this ap-
proachis its inflexibility: asthewatermarkis extremelyfragile,
thereis nomamin for therightsownerto defineary allowedsig-
nal manipulationgexceptfor the exactduplicationof the audio
signal).
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2. Methods basedon semi-fragile watermarking, which
areavariationof the previous classof methods.Theideacon-
sistsin circumwventingthe excessve fragility of the watermark
by increasingts power. This semi-fragilewatermarkis ableto
resistslight modificationsin the audio signalbut becomesun-
detectablevhenthe signalis moresignificantlymodified. The
difficulty in this approachs the determinatiorof anappropriate
“robustnesshreshold”for eachapplication.

3. Methods basedon robust watermarking, which consist
in embedding robustwatermarkinto theaudiosignal. Thewa-
termarkis supposedio remaindetectablén spiteof any manipu-
lationsthe signalmayundego. Integrity is verifiedby checking
whetherthe information containedin the watermarkhasbeen
corruptedor not. As the original contentof thewatermarkmust
beknown to the systemthis contentmayhave to be storedelse-
where.

Watermarking-basedntegrity-verification systemsdepend
entirely on the reliability of the watermarkingmethod. How-
ever, anaudiosignaloften containsshortseggmentsthataredif-
ficult to watermarkdueto localizedunfavorablecharacteristics
(e.g.verylow power or ill-conditionedspectralcharacteristics);
thesesggmentswill probablyleadto detectionerrors,particu-
larly afterlossytransformationsuchasresamplingor MPEG
compressionln integrity-verificationapplicationsthis is a se-
rious drawback, sinceit may not be possibleto decidereliably
whetherunexpecteddataarea consequencef intentionaltam-
peringor “normal” detectionerrors.

B. Fingerprinting-Basedystems

Audio fingerprinting or content-based identification
(CBID) methodsextract relevant acousticcharacteristicgrom
a pieceof audiocontent. The resultis a perceptualigest,the
fingerprint, thatactsasakind of digital signatureof the audio
signal. If the fingerprintsof a setof recordingsare storedin a
databaseeachof theserecordingscanbe identifiedby extract-
ing its fingerprintandsearchindor it in the database.

In fingerprinting-basedhtegrity-verificationsystemsthe in-
tegrity of anaudiosignalis determinedby detectingchangesn
its fingerprint. Thesesystemsperatein threesteps:(1) a fin-
gerprintis extractedfrom the original audiorecording,(2) this
fingerprintis storedin a trustworthy databaseand (3) the in-
tegrity of arecordingis verifiedby extractingits fingerprintand
comparingt with the original fingerprintstoredin thedatabase.
If thetransmissioris digital, the fingerprintcanbe sentaspart
of aheadeif4].

Somefingerprinting methodsevolve from traditional cryp-
tographichashingalgorithms. An integrity-verificationsystem
canbeimplementedy directly applyingsuchalgorithms:

1. Methodssensitve to data modification, basednhashing
methodssuchasMDS5 [5]. This classof methodds appropriate
whenthe audiorecordingis not supposedo be modifiedat all,
sincea singlebit flip is sufficient for the fingerprintto change.
Somerohustnesgo slight signalmodificationscanbe obtained
by nottakinginto accounthe least-significanbits whenapply-
ing the hashfunction.

In orderto avoid sensitvity to contentpreservingoperations,
therehasbeenanevolution towardscontent-basetingerprints:

2. Methods sensitive to content modification, basedn fin-
gerprintingmethodsthat are intendedto representhe content
of an audiorecording(suchas AudioDNA [6]). This classof
methodss appropriatevhentheintegrity checkis notsupposed
to becompromisedy operationghatpresere audiocontent(in
aperceptuapointof view) while modifying binarydata,suchas
resamplingJossycompressiomr D/A andA/D corversion.

The main disadwantageof fingerprinting-basednethodsis
the needof additionalmetadatgthe original fingerprint)in the
integrity-checkphase.This requiresaccesgo a databaser the
insertionof thefingerprintin aheadeKnotappropiatdor analog
audiostreams}4].

I11. A COMBINED WATERMARKING-FINGERPRINTING
SYSTEM

Thebranchof integrity-verificationthatcombinesvatermark-
ing andfingerprintingis known asself-embeddinf4]. Theidea
consistdn extractingthefingerprintof a signalandstoringit in
the signalitself throughwatermarking thus avoiding the need
of additionalmetadataluringintegrity check.

Somemethoddasednthisideahavealreadybeendescribed
in theliterature,particularlyfor imageandvideo[7], [8]. Shav
proposed system[9] thatembedsan encryptechashinto digi-
tal documentsalsoincludingaudio. This approachinheritsthe
limitations of hashingmethodswith respectto fingerprinting:
hashingmethodsaresensitve to contentpreservingransforma-
tions(seesectionll.B).

We proposean integrity verificationapproacithatcombines
a fingerprinting methodrepresentinghe contentof an audio
recordinganda robustwatermarkingalgorithm. Fig. 1 presents
agenerakchemeof this mixedapproach.

First, thefingerprintof theoriginalrecordings extracted this
fingerprint,viewed asa sequencef bits, is thenusedasthein-
formationto beembeddedhto thesignalthroughwatermarking.
As the watermarkdoesnot affect the perceptuabjuality of the
sound the watermarledrecordingshouldhave the samefinger
printastheoriginalrecording.Thus,theintegrity of thisrecord-
ing canbeverifiedby extractingits fingerprintandcomparingt
with the original one(reconstructedrom the watermark).This
procedurewill bedetailedin thefollowing sections.

A. Requiements

We mentionbelowr someof therequirementshatareexpected
to be satisfiedby the integrity-verificationsystemandits com-
ponents:

« thefingerprintshouldnot be modified whentransformations
thatpresere audiocontentareperformed;

« thewatermarkingschememustbe robustto suchtransforma-
tions;

« thebit rateof the watermarkingsystemmustbe high enough
to codethefingerprintinformationwith strongredundany;

« the methodshouldbe suitablefor usewith streamingaudio,

asthetotal length of the audiofile is unknavn in applications
suchasbroadcasting10].



InternationalTelecommunicationSymposium- 1TS2002,Natal, Brazil

Original
audio signal Fingerprint
extraction
Fingerprint
A4
Watermarked
Watermark signal
embedding
(a)
Watermarked
signal
A4 l
Watermark Fingerprint
extraction extraction
Original | | Current
fingerprint l l fingerprint
Results
Comparison ———»
(b)

Fig. 1. Block diagramof the mixed approactfor audiointegrity verification:
(a) embedding(b) detection.

As shawvn in thefollowing sectionsthefirst threerequirements
arefulfilled by thesystem.Thelastoneis alsosatisfied asboth
thewatermarkandthefingerprintcanbeprocessedon thefly”.

B. Systenfeatues

Theintegrity-verificationsystemcandetectstructuralmanip-
ulationsof audiosignals,which correspondo the kind of tam-
peringthatmustbe avoidedin the caseof recordedestimonies
or interviews. Promisingresultsarealsoobtainedfor otherdis-
tortionsthatperceptuallyaffect the signal,suchas:

« time stretching;
« pitch shifting;

« filtering;

« additionof noise.

The systemis not only ableto detecttampering,but it can
alsodeterminghe approximatdocationwherethe audiosignal
wascorrupted.

C. Implementation
C.1 FingerprintExtraction

The employed fingerprinting schemeconsidersaudio as a
sequenceof acousticevents In the caseof speechsignals,

for example, acousticevents can be directly associatedvith

phonemes. In music modeling, however, this associationis

not straightforvard. The use of musical notes, for instance,
would presentmuch more complexity, aswe are dealingwith

polyphory; furthermore, music piecesmay also contain non-
harmonicsounds.

The approachconsistsin obtaining the relevant acoustic
events— called Audio DescriptorUnits (ADU or AudioDNA)
— by meansof unsupervisedraining,i.e. without ary previous
knowledgeof musicevents. The training procesds performed
througha modified Baum-Welch algorithmon a corpusof rep-
resentatie music[11].

Shortly, the systemworks as follows. An alphabetof rep-
resentatie soundsis derived from the corpusof audio signals
(constructedaccordingto the kind of signalsthatthe systemis
supposedo identify). Theseaudiounitsaremodeledby means
of HiddenMarkov Models(HMM).

Theaudiosignalis processeth aframe-by-frameanalysis A
setof relevant-featurevectorsis first extractedfrom the sound.
Thesevectorsare then normalizedand sentto the decoding
block, wherethey aresubmittedto statisticalanalysisby means
of the Viterbi algorithm. The outputof this chain— thefinger
print — is the mostlikely ADU sequencédor this audiosignal.
This processs illustratedin Fig. 2.

Audio signal .
Preprocessing

A 4

Acoustic Fingerprint

modeling

A

ADU HMM
models

Fig. 2. Fingerprintextraction.

The resultingfingerprintis thereforea sequencef symbols
(the ADUs) andtime information(starttime andduration).The
numberof different ADUs available to the systemcan be ad-
justed,aswell asthe outputrate. The setupusedin our experi-
mentscorrespond$o 16 diferentADUs (GO, G1,..., G15)and
anaverageoutputrateof 100 ADUs perminute.

C.2 FingerprintEncodingandWatermarkEmbedding

Each8-s segmentof the audio signalis treatedindividually
in orderto allow for streaming-audigrocessing. The finger
printis corvertedinto abinarysequencéy associatingunique
four-bit patternto eachof the 16 possibleADUs; thus,the av-
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eragefingerprintbit rateis approximately7 bits/s. In our ex-
periments the watermarkbit rateis setto 125 bits/s, allowing
the fingerprintinformationto be codedwith hugeredundang
(which minimizesthe probability of errorduringits extraction).
A simple repetitioncodeis employed, with a particular 6-bit
pattern(011110)servingasa delimiter betweerrepetitions.To
avoid confusionbetweeractualdataanddelimiters,every group
of four or moreconsecutre bits“1” in the datarecevesanad-
ditional bit “1”, whichis suppresseth thedetectionphase.
Fingerprintdatais embeddednto the audiosignalby means
of a watermark. The watermarkingsystemusedin our experi-
mentsis representeih Fig. 3. Theanalogybetweerwatermark-
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Fig. 3. Watermarkingsystem.

ing anddigital communicationss emphasizeth thefigure: wa-
termarksynthesiscorrespondso transmissior(with the water
mark asthe information-bearingignal),watermarkembedding
correspondgo channelpropagation(with the audio signal as
channelnoise),and watermarkdetectioncorrespondso recep-
tion.

The watermarksignalis synthesizedrom the input databy
a modulator In orderto obtaina watermarkthat is spreadin
frequeng (soasto maximizeits power andincreasets robust-
ness),a codebookcontainingwhite, orthogonalGaussiarvec-
torsis usedin the modulator The numberof vectorsis a func-

with a specificinput binary pattern. The modulatoroutputis
producedby concatenatingodebookvectorsaccordingto the
inputdatasequence.

To ensurewatermarkinaudibility, the modulatoroutput is
spectrally shapedthrough filtering accordingto a masking
threshold(obtainedfrom a psychoacoustienodel). This pro-
cedurerepeatedor eachwindow of theaudiosignal(x 10 ms),
produceshewatermark. Thewatermarledsignalis obtainedoy
addingtogetherthe original audiosignalandthe watermark.

As transmissionand receptionmust be synchronized,the
transmitteddatasequencalsocarriessynchronizationnforma-
tion. This sequencas structuredin sucha way that detected
datais syntacticallycorrectonly when the detectionis prop-
erly synchronized.If synchronismis lost, it canbe retrieved
by systematicallyjooking for valid datasequencesThis resyn-
chronizationschemebasedn the Viterbi algorithm,is detailed
in [12] and[13].

C.3 WatermarkDetectionandFingerprintDecoding

For eachwindow of therecevedsignal,thewatermarksignal
is strengthenedhrough Wienekfiltering and correlationmea-
sureswith eachcodebookentry arecalculated.The binary pat-
ternassociateavith the codebookentrythatmaximizeshecor
relationmeasures selectedasthe receveddata. The syntactic
consisteng of thedatais constantlyanalyzedo ensuresynchro-
nization,asdescribedn the previoussection.

The output binary sequenceis then corverted back into
ADUs. For each8-s audio sggment,the correspondingdinger
print datais repeatedseveraltimesin the watermark(16 times
in average). Possibledetectionerrors (including most errors
causedby maliciousattacks)canthen be correctedby a sim-
ple majority rule, providing a replicaof the original fingerprint
of thesignal.

C.4 MatchingandReport

Finally, thefingerprintof thewatermarledsignalis extracted
(throughthe sameprocedurepresentedn sectionlll-C.1) and
comparedvith the original fingerprintobtainedfrom thewater
mark. If thetwo sequencesf ADUs matchperfectly thesystem
concludeghatthesignalhasnotbeenmodifiedafterwatermark-
ing; otherwise the systemdeterminegheinstantsassociatedo
thenon-matchingADUs, which correspondhe approximatdo-
cationswherethe signal hasbeencorrupted. Identical ADUs
slightly shiftedin time areconsideredo match,sincesuchshifts
may occurwhenthe signalis submittedto content-preserving
transformations.

IV. SIMULATIONS

A. Experimentatonditions

Results of cut-and-pasteests are presentedfor four 8-s
test signals: two songswith voice and instruments(signal
“cher”, from Chers “Believe”, and signal “estrellamorente”,

tion of the desiredbit rate. Eachcodebookentry is associated a pieceof flamencomusic), one songwith voice only (signal
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“svega”, Suzann&/ega’s“Tom’sdiner”, acappellaversion),and
onespeectsignal (signal“the_breakup”,Art Garfunkel's “The
breakup”). The signalswere sampledat 32 kHz andwerein-
audibly watermarledwith a signalto watermarkpower ratio of
23dBin average.

B. Results

Fig. 4 shows the simulationresultsfor all testsignals. For
eachsignal,thetwo horizontalbarsrepresentheoriginal signal
(upperbar)andthewatermarledandattacledsignal(lowerbar).
Timeis indicatedin second®ntop of thegraph.Thedark-gray
zonescorrespondo attacks: in the upperbar, they represent
segmentsthathave beeninsertedinto the audiosignal,whereas
in the lower barthey represensggmentsthathave beendeleted
from the audiosignal. Fingerprintinformation(i.e. the ADUS)
is markedover eachbar.

For all signals,the original fingerprintwas successfullyre-
constructedrom thewatermark.Detectionerrorsintroducedby
the cut-and-pastattackswere eliminatedby exploiting the re-
dundang of theinformationstoredin the watermark.

A visual inspectionof the graphsin Fig. 4 shaws that the
ADUs in the vicinities of the attacled portions of the signal
were always modified. ThesecorruptedADUs allow the sys-
temto determinethe instantof eachattackwithin a margin of
approximately+1 second.

For the last signal (“the_breakup”),we alsoobsene thatthe
attackdnducedtwo changedn relatively distantADUs (approx-
imately 2 s afterthefirst attackand?2 s beforethe secondone).
This canbe consideredh falsealarm, sincethe signalwas not
modifiedin thatzone.

V. ADVANTAGES OF THE MIXED APPROACH

In this section,we summarizethe main advantagesof the
mixed approachin comparisorwith otherintegrity-verification
methods:

« No sideinformationis requiredfor the integrity test; all the
information neededs containedin the watermarkor obtained
from the audio signalitself. This is not the casefor systems
basedsolely on fingerprinting,sincethe original fingerprintis
necessarguringtheintegrity test. Systemsasedsolelyonwa-
termarkingmay alsorequireside information, asthe dataem-
beddednto the signalcannotbe deducedrom the signalitself
andmustbestoredelsavhere;

« Slight content-preservinglistortionsdo not lead the system
to “falsealarms”, sincethe fingerprintand the watermarkare
not affectedby thesetransformations.Hashingmethods(such
as MD5) and fragile watermarksgenerallydo not resistsuch
transformations;

« In general,localized modificationsin the audio signal also
have alocalizedeffecton thefingerprint,whichenableghesys-
temto determingheapproximatdocationswherethesignalhas
beencorrupted.Thisis notthecasefor simplehashingmethods,
sincethe effect of localizedmodificationsmay propagateo the
entiresignal;

« Global signalmodificationscanalsobe detectecby the sys-
tem; in this case the entirefingerprintwill be modifiedand/or
thewatermarkwill notbe successfullydetected;

« This methodis well suitedfor streamingaudio, sinceall the
processinganbedonein realtime.

VI. CONCLUSIONS

In this paper we have presenteda systemfor integrity ver
ification of audio recordingsbasedon a combinationof wa-
termarkingand fingerprinting. By exploiting both techniques,
our system avoids most dravbacks of traditional integrity-
verification systemsbhasedsolely on fingerprinting or water
marking. Unlike mosttraditionalapproachesyo sideinforma-
tion is requiredfor integrity verification. Additionally, the effect
of localizedmodificationsgenerallydo not spreado the restof
thesignal,enablingthe systento determingheapproximatdo-
cationof suchmodifications. Experimentakesultsconfirm the
effectivenesof thesystem.

As next stepsin this researchye will considerpossiblede-
velopmentsn orderto furtherincreaseoverall systemreliabil-
ity, particularlyin whatconcerndalsealarms(i.e. signalmodi-
ficationsdetectedafter content-preservingansformationsr in
zoneswherethesignalwasnotmodified). More efficientcoding
schemewill alsobe consideredor fingerprintencodingprior
to embeddingA moreexhastive evaluationof the systemto ex-
aminatethe performancaevith respecto ataxonomyof different
modificationsis needed.

ACKNOWLEDGMENTS

Leandrode C. T. Gomeswould lik e to thank CNPgfor finan-
cial support.

REFERENCES

F. A. P. PetitcolasR. J. AndersonandM. G. Kuhn, Informationhiding—a
surve, Proceedingsf the |[EEE, specialissueon protectionof multimedia
content,87(7):1062-1078July 1999.

L. Bongy, A. Tewfik, andK. Hamdy Digital watermarksfor audio sig-

nals InternationalConferenceon Multimedia Computingand Systems,

Hiroshima,Junel996.

M. PerrealGuimages,Optimisationdel’allocation desressoucesbinaires

et mocklisationpsytoacoustiqugour le codage audia PhD Thesis,Uni-

versie ParisV, Paris,1998.

C.-PWuandC.-C.JayKuo, Speeh contenintegrity verificationintegrated

with ITU G.723.1speeb coding IEEE InternationalConferencen Infor-

mationTechnology:CodingandComputing pp.680-684 LasVegas,April

2001.

R.Rivest, TheMD5 Messae-DigestAlgorithm <http://theornjcs.mit.edu/

rivest/Rvest-MD5.txt>, April 1992.

RecognitiorandAnalysisof Audio, <http://raa.joanneum.at/

J.Dittmann,A. SteinmetzandR. Steinmetz,Content-basedigital signa-

ture for motion pictures authenticationand content-fagile watermarking

InternationalConferenc®n MultimediaComputingandSystemsFlorence,

Junel999.

[8] J.Dittmann, Content-fagile watermarkingfor image authentication Pro-

ceedingof SPIE,vol. 4314,Bellingham,2001.

[9] G. Shaw, Digital documenintegrity, 8th ACM Multimedia Conference,
Los Angeles,November2000.

[10] R. GennaroandP. Rohatgi, How to sign digital strrams Advancesin
Cryptology CRYPTO’97,1997.

[11] E.BatlleandP. Cano,Automaticsggmentatiorfor musicclassificatiorus-
ing competitivehiddenmarkov models InternationalSymposiunon Music
InformationRetriesal, 2000.

[12] E. Gomez, Tatouae de signauxde musique(méthodesde syndroni-
sation) DEA ATIAM thesis, ENST (Paris Télecom)-IRCAM (Centre
GeogesPompidou) 2000, < http://wwwiua.upf.es/mtgé.

[13] L.deC.T.GomesE.Gomez,andN. Moreau,Resynhronizationmethods

for audio watermarking 111th AES Corvention, New York, November

2001, <http://wwwiua.upf.es/mtgé.

(1

[2

(3]

[4]

(3]

[6]
(71



InternationalTelecommunicationSymposium- ITS2002,Natal, Brazil

0 1 2 3 4 5 6 7 8
G3 |G2| G13 G2 |G11|G2 |G14 |G13 G1| G6 |G4|G8| G2 | G8 G10
G5 G13 G2 (G11| G2 [G14| G13 |(G6| G4 [G8 | G2 | G8 |G10|G13
(a)

0 1 2 3 4 5 6 7 8
GO |G7 | G12 | G2 (G4 | G12 G2 G1 |G8 |G15| G2 (G4 | G2 G8 GO |G6 | GO
GO |G7|(G12 | G2 | G12 G2 G1 |G8 |G15| G2 |G4 | G2 G8 |G11 512(G6 | GO

(b)
0 1 3 4 5 6 7 8
G14 G9 | G4 G14 |G4 G7 G14 13| G4 | G5 |G7 G5
G14 G4 G14 G4 | G7 G14 G5 G7 G5
(c)

0 1 3 4 5 6 7 8
G9 |G7|G4| G5 |G7|G2 |G4| G5 1;14 G4 [G5(G4 |G13 | G4 |G14 311' G5 G14
G9 G3 G7 | G2 |G4| G5 | G14 G11|G5|G4| G3 G4 (G14611/G14 (G9 |G5| 614

(d)

Fig. 4. Simulationresults:(a) signal“cher”; (b) signal“estrellamorente”;(c) signal“svega”; (d) signal“the_breakup”.




