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ABSTRACT

It wasrecentlyshavn [1] thatthe sub-bandsignalsresultingfrom
the analysisof an ARMA processby a decimatingdfilter bankcan
be modeledby individual lowerrate ARMA processeshy using
the power spectraldensityconcept. This paperdiscusseshe va-
lidity of this modeling and the mappingof zerosand poles of
the correspondingieneratofilters alongthe sub-bandsBasedon
theseresults aftersomeconsiderationselatedto the employment
of sub-bandsystemsin audiorestoration,a sub-bandversionof
amodel-basedechniquefor suppressiomf impulsive noisefrom
audiorecordingds proposed Simulationresultsarepresentednd
validatedby subjectie aswell asobjective means.

1. INTRODUCTION

Multi-rate digital processing2] hasbeenextensiely appliedin
severalareasjncludingspeechandaudioprocessingThe classof
ARMA (autorgressie moving average)randomprocesse$3] is
commonlyemplo/ed asa modelfor speectandaudiosignals.

Enhancementr restoratiorof audiorecordinggd4] dealswith
problemsbroadly classifiedaslocalizedand global disturbances,
of which the mostcommonare clicks (impulsive noise)and hiss
(broadbandhoise),respectiely. Click suppressiomethodsoften
usesAR (autorgressie) models[5, 4] successfullywhereasiss
reductionmethodsarefrequentlybaseddirectly or indirectly, on
somemulti-rateapproachs, 6].

It wasrecentlyderivedanequialentlowerrateARMA model
for eachsub-bandsignalresultingfrom the analysisof anARMA
processby a decimatingfilter bank[1], which resultedin a po-
tential tool for audiorestorationthroughmodel-basednulti-rate
processing.The presentwork briefly reviews this form of mod-
eling anddiscussedts validity. Possiblemodel-ordereductionis
investigatedby mappingthe generatoffilter zerosandpolesalong
thesub-bands.

Justifiedby the existenceof equivalentsub-bandARMA mod-
els,weimplementamulti-ratesystenfor suppressioof impulsive
noisefrom audiorecordingsn which eachsub-bandsignalis pro-
cessedy animproved version[7] of the model-basedechnique
first proposedn [5]. Throughsimulatedexamplesthe methodis
evaluatedn termsof compl«ity andattainedinal quality, thelat-
ter assesselly subjectie aswell asobjectve meanshasedn the
perceptuameasuralescribedn [8].

Thepaperis organizedasfollows. Section?2 reviewsthemodel
for an ARMA processin sub-bandsnd discusseselatedissues.
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Figure 1: ARMA Processnalyzedy an N-banddecimatingfil-
ter bank.

After considerationsntheapplicationof sub-bandystemsgo au-
dio restorationSection3 proposes@ndevaluatesa sub-bandalgo-
rithm for click suppressionConclusionsaredravn in Sectior4.

2. ARMA PROCESSIN SUB-BANDS

2.1. Modd: Lower-Rate ARMA Processes

Considerthe NV-band multi-rate systemshavn in Fig. 1, which
analyzegshe ARMA processiefinedby

I

J
s(k) = a(i)s(k —i) + Y _ b(j)e(k — j),
Jj=0

i=1

wheree (k) is white noisewith variances?.

For a given sub-bandr, we cangroupthe procesgyenerating
filter with theanalysidfilter (Fig. 2a)andobtainthe corresponding
polyphaseepresentatiofFig. 2b). In [1], it wasshavn that,since
ep(l), p = 0,..., N — 1, aremutually uncorrelatedvhite-noise
processesvith the samevariancease(k), s, () canbe modeled
by anequivalentARMA processs, (1) in termsof its power spec-
tral density This processs obtainedapplyinga white-noisepro-
cesseq, (1) with variances? asinputto the minimum-phasdilter
Fy (2) (Fig. 2c) thatresultsfrom spectrafactorizationof

—_1 - A _ A
Sanan(2) = 20050 Fup(2)Fup(z™ )0l =
A~ A _
£ Fu, (2)Fu, (2 Y)o?.
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Now, the equivalent modelfor the multi-rate systemwould
consistof N similarsubsystems parallel. Completinghemodel,
the cross-pwer spectraldensitybetweentwo distinct sub-bands
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Figure 2: Generatiorof s, (!): from themulti-raterepresentation
to alow-ratemodel.
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Figure 3: Them-th stageof anoctave filter bank.

n1 andnz, from which their cross-correlatiomanbe obtained,is
given[1] by

N—1
Ssn18n2 [Z Fmp Z)Fnzp(z )] Oec-

2.2. Discussion

A specialcaserelatedto audioprocessings an AR processeing
split in octavesby a binary tree-structuredilter bank formed by
successie stagessimilar to that shavn in Fig. 3. The previous
resultscanbeeasilyadaptedo this environment,sinceAR models
are a particularcaseof ARMA modelsand the octare sub-band
modelscanbe computedrecursvely using equation(1) for each
decimatingstage[1]. In this Section,for the sale of simplicity,
we referonly to this caseandassumeF', (z) and Fy (2) areFIR
filters. Thegeneratindilters associatetb theequivalentprocesses
Smy, (km) andsp, , (kn) will becalledrespectiely F‘dmL () and

Fy,.,, ().

2.2.1. The Moddl Validity

Assumingthat ARMA modelscanadequatelyepresenthe sub-
bandsignals,do the modelfilters computedby equation(1) match
thefrequeng responsesf thefilters obtainedby directestimation
of ARMA parametergrom thosesignals? Simulationsdemon-
stratethatthetwo frequeny responsearevirtually indistinguish-
able, exceptfor limitations of the parameteestimatoritself, e.g.
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Figure4: Magnitudeandphaseresponsesf Fd2 (2): theoretical
ARMA modelandestimatedARMA andAR models.
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Figure5: Inversemodel-filteringof s, (k2): autocorrelation.

whenperformingestimationfrom insufiicient numberof samples.
Also, replacemenof ARMA modelsby AR modelswith thesame
denominatoorderhasngyligible effect,in general.

Simulationsalso confirm the sub-bandARMA modelsade-
quag, sinceeachsub-bandsignal, when appliedasinput to its
inversemodelfilter, is essentiallywhitened.

As anexample,we analyzedby anoctave Haarfilter bankan
AR processwith polesobtainedby combinatiorof magnitude$.5
and0.99 with phased), +75, £%, £3, £23 and171”—8. Fig. 4
compareghe magnitudeand phaseresponsesf Fd2 (2) associ-
atedto the ARMA model computedrecursvely by equatlon(l)
andthe ARMA andAR modelswith the samedenominatoorder
obtainedby directestimationfrom sub-bandsignalsfrom a simu-
lation. Thesignalobtainedoy inversefiltering s2, (k2) throughits
model-predictedyeneratoffilter exhibits the normalizedautocor
relationshavn in Fig. 5.

2.2.2. Mapping of Zeros/Poles along the Sub-bands

Supposeghat F7(z) andF (2) areidealhalf-bandiow- andhigh-
passfilters, respectiely. A cosinewave with frequeng w applied
asinput to the octave filter bankwould appeafin s, (km) with
its frequeny doubledafter eachstagem, until beingseparatedh
thesignalsy,, , (k=), afterstage

mey = [Iog22 -‘+1

atthis pointwith frequeng 27 — 2™« w. Now, ageneralAR pro-
cesss(k) with polesz,, analyzedby a single-stageoctave filter



bankwould resultin two ARMA processesgachonewith poles
zgi (implying thatphasesiredoubledandmagnitudesiresquared)
andthenecessaryerosto perfectlyseparatéalf power spectrum,
with the zerosalso squared. The sameeffect occursalong fur-
ther stages.Therefore the effect of eachoriginal pole cannotbe
confinedto anonly sub-bandexceptfor thelimit caseof unitmag-
nitude(correspondingo the cosinewave).

For realizabléefilter banksthe pole squaringproperty—dueo
decimation-by-2—igpresered. Zero mappingis hardto predict
without calculationshowever, somespeculationganbe made.

First, it is possibleto deducethatthe numeratoranddenomi-
natorordersof Fy,, (z)or Fy,, (z)are

{ Onum(m) = [ COMELE] m > 2
Onum(1) = [ 2]

and Oger(m) = 1, respectrely, exceptfor possiblecanceling
terms,wherel is the orderof the AR procesaunderanalysisand
Q is theorderof theFIR filters F1(z) andFg (z).

Disregardingdecimatiorfor themomentandconsideringdeal
filter banks the bandwidthof the original AR processs(k) is in-
creasinglynarraved alongthe analysisstages.At a given stage,
theindividual effect of ary poleof thegeneratofilter of s(k) dis-
tributesitself betweerpassban@ndstop-bandf the correspond-
ing equialentfilters; if it is almostentirely containedin a stop-
band, its strongrejectioncan be achiered by its cancelingby a
zeroalmostin the sameposition. Recallingdecimationandnon-
ideal filter banks,we add that after the m-th stageeachpole is
representedly its m-timessquared/ersionandthatsomealiasing
occurs,but the idearemainsthe same. As a consequenceglong
successie stagesone expectsthat the equivalentmodel genera-
tor filters have anincreasingnumberof polescanceledby zeros.
Note that, althoughthe filter banksare fixed, the calculationsof
the numeratorsof £y, (2) (or Fu,,, (2)) combinethe polesof
s(k) with the sub-filtersF (z) (or Fu(z)), in suchaway thatthe
zeroscan‘chase’the poles.

Thisfact,associatetb thesuccessie reductionof polemagni-
tudes,suggestshe possibility of a gradualreductionof the model
ordersalongthe stagesvithoutimpairingthe overall accurag [9].

As anillustrative example,the octare analysisof a 40th order
AR processrvasperformecbyaHaarfiIter bank.Fig. 6 depictsthe
calculatedzero-polediagramof Fd4 (2), shawing several poles
canceleddy zeros.After computlngfﬁe completemodels,ary in-
dividual zero, pole or zero-polepair whoseassociatedrequeny
responsadeviated lessthan 10% from unit magnitudeand less
than 75 from linear phasewas discarded sincethey would have
little effectontheoveralltransferfunctlon Tablel shavsthecor
respondingcompleteand simplified modelorders,with the latter
greatlyreduced.One could further think of replacingtheselow-
order ARMA modelshy suficient-orderAR models,which are
simplerto estimate.

3. APPLICATION TO AUDIO RESTORATION

3.1. Advantages of sub-band audio enhancement

The sameway modernaudiocodingand compressiorapply psy-
choacousticgrinciples[8] to know ‘How worsecanthe audiobe
made,beforethis canbe perceved?’, audio enhancementould
usethemto know ‘How bettercanthe audiobe made beforethis
cannotbe perceved?’ in orderto reducecomputatiorandlossof
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Figure 6: AR processoctave analysis: zero-polediagram of

Fuy,, (2).

Table 1: A 40th orderAR processanalyzedn octaves: numberof

re[Z]

zerosandpolesof themodelgeneratofilters.

complete reduced

filter #zeros | #poles| #zeros| #poles
Fy,, (2) 20 40 6 26
Fu,, (2) 20 40 3 27
Fy,, (2) 30 40 2 12
Fy,, (2) 30 40 1 12
Fyg, (2) 35 40 3 6
Fyg, (2) 35 40 1 12
Fy,, (2) 38 40 2 4
Fay, (2) 38 40 1 4

quality by over-processingA mainissueis Masking,the property
asoundhasto inhibit perceptiorof anotherone,nearto theformer
in time and/orfrequeng. It is known thatonly anarrav frequeny
bandaroundatone(calledCritical Band)contributesto its mask-
ing. A fixed arrangementf critical bandsis usually adoptedto
model soundperception,and leadsto a correspondingsub-band
configuration.

Simultaneousub-bancdhissreductionand model-basedlick
suppressioranbe attemptedy anadequatenulti-ratesystem.

As disturbancesnay sometimeshe found in preferentialfre-
gueng bands,onecanexpectthe computationaburdento bere-
ducedandover-processingo be avoidedby sub-bandorocessing,
sincemore‘attention’ will begivento the mostcorruptedbands.

Otherprocessingavings are possiblein the eventof a favor-
ableequivalencebetweercomplex operationsn full bandandsim-
pleronesin sub-bands.

3.2. Example: Click Suppression in Sub-bands

A Least-Squareg¢l S)-basedtechniquefor suppressiorof clicks
from audiorecordings first proposedn [5] andreviewed in [4],
modelseachblock of N audiosamplesasa p-th order AR pro-
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Figure 7. Proposedstructurefor click suppressiorn sub-bands.
Synchronizinglelayswereomitted.

cessadditively corruptedby impulsive noise. A Detectionstepis

performedfirst, in which the AR modelis LS-estimatedthenoisy
signalis inversefiltered and a threshold), proportionalto anes-
timate of the excitation standard-déation by a factor K, is com-
puted;all signalsampleswvhosecorrespondingxcitation magni-
tudesexceed\ areconsideredascorrupted.in a Correctionstep,
theseonesarereplacedoy LS-interpolatedzalues.In orderto im-

prove detectiorperformancesomemodificationshave beenadded
to thistechniquesuchasusinganauxiliary thresholdandmeiging

contiguousclicks[7].

Driven by someideasaddresseih Section3.1 andtakingin
consideratiorthe possibility of modelingindividual sub-bandsig-
nalshy ARMA/AR processesye proposenereamulti-ratesystem
for click suppressiowhichusegheimproved De-clickingmethod
describedabore in eachsub-bandasdepictedin Fig. 7. In fact,
the proposeddetection/suppressiafoesnot explore mutual cor
relationsbetweendistinct sub-bandshowever, it is expectedthat
they arepresered,if oneconsiderghesmallpercentagé< 10%)
of samplego becorrectedn atypical De-clickingprocedure.

In this context, several factorscaninfluenceglobal computa-
tional compleity of the system:sub-bandlock sizes limited by
themaximumstationarityperiodswhich canbeassumedpossibil-
ity of ARMA modelorderreductionor adoptionof AR modelin
eachsub-bandandoptionof emplagying simplified processingor
none,atall) in noncritical sub-bands.

Two practicalexamplesare examinedin detail. In eachone,
a high-qualityuncorruptedaudiorecording(to be usedasarefer
encesignalin the objective quality measurementyas additively
corruptedwith real impulsive noise; restorationwas performed
throughthe full-band algorithmwith N = 1024, p = 40 and
K = 5, aswell as using our multi-rate systemwith 4 octave
stagesof 15th order QMF filter banks,i.e. 5 sub-bandsgach
onewith a 40th orderAR model, N = 512 and K = 5. Only
81y (K1), s2 (k2) andss,, (ks) (whereclicksaremoreevidenced)
wereprocessedCasel: signalS1with 0.5% of its samplescor-
rupted;both enhancedrersionsresultedexcellent. Case2: signal
S2with 5% of its samplescorrupted;both enhancedrersionsre-
sultedmuchsuperiorto the corruptedsignal,but thefull-bandsys-
tem performedbetter Sub-bandorocessingvasbetweer?2 and5
timesfasterthanfull-band. An additionalobjectie evaluationis
provided by the PAQM (PerceptualAudio Quality Measure)pro-
posedn [8], which compares processedndtheoriginal version
of anaudiosignal. Equalsignalsgive PAQM=0; in ourcasecom-
paringenhancementsultswith theuncorrupteaignal,smallval-
uesindicatesuccessfutestoration.Table2 shavs measurements
for corruptedfull-bandandmulti-bandrestoredrersionsof S1and
S2,which confirmhumanjudgement.

Table 2: PAQM for testsignalsS1andS2.

S1 S2
corrupted 0.243 | 1.191

full-bandrestored| 0.027 | 0.060

sub-band-restored 0.023 | 0.200

4. CONCLUSIONS

A modelfor ARMA processesplit in sub-bandsgonsistingof

individual lower-rate ARMA processesywas shavn to be a valid

alternatve for practicalapplications.Zero-polemappingof sub-
band model generatoffilters indicatedthe possibility of model
order reduction. As an applicationof this sub-bandmodeling,
a multi-rate De-clicking systemwas proposed. Practicalsimu-
lations indicatedthat the multi-rate solution can achie/e perfor

mancecomparableo that of the full-band algorithm, at reduced
computationaktost. As a naturalsequencef this work, arefined
versionof the sub-bandle-clickingalgorithmis beingdeveloped
which takesin consideratiorthe cross-dependendsetweensub-
bandsatthe samerate.
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