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ABSTRACT

We proposetwo algorithms,which effectively use Discrete Co-
sineTransform(DCT) to obtaincomplex cepstrumwhich we call

asthe DiscreteCosineTransformedCepstrum(DCTC). The first

algorithm usesthe relation betweenDiscrete Fourier Transform
(DFT)andDCT Ill. Computingthecomplex cepstrunusingFourier
Transformneedsunwrappedphase. The calculationof the un-
wrappedphases sometimedlifficult dueto the presencef mul-

tiple zerosand polesnearor on the unit circle. SinceDCT is a
realfunction, its phasecanonly be 0 or = and phaseunwrapping
is doneby representinqnegative by exp(—jm) andpositive by 1.

The motivation for the secondalgorithmis to obtain DCTC by

representindCT sequencétself by magnitudeand phasecom-
ponents. Phaseunwrappingis performedin the sameway asin

the caseof first algorithm. We testedDCTC by simulatingtheim-

pulseresponseaf a systemthathasmultiple polesandzerosnear
or on the unit circle and we have shovn that DCTC provides a
closermatchto the theoreticalcomplex cepstrumthanthe DFT

basedcomplex cepstrumDCTC hasbeenusedto obtainthe pitch

contourof syllables wordsandsentencedt is shavn thatthefirst

few coeficients’ spectralervelope matcheswith the ernvelopeof

the signal spectrumunder consideration. We are also exploring

theapplicabilityof DCTC to speakr recognition.

1. INTRODUCTION

Thecommonspeech-productiomodelviews speechasthe output
of alinear, time-varying systemexcited by either quasi-periodic
pulsesor randomnoise. Speectsignalis the resultof corvolving
excitationandvocaltractimpulseresponselt is possibleto sepa-
rateor “decorvolve” thecomponentsisinglinearfilter becaus¢he
corvolved signalshave very differentspectra.Homomorphicde-
corvolution hasprovenusefulin avariety of fieldssuchasspeech
analysisandsynthesismarineand earthseismologybiomedical,
radarandacousticsystemanalysis.lts applicationwasintroduced
by Oppenheimand Schafer{1] to speechanalysis.echodetection
andremoval. Considerablavork covering differentapplications
hasbeerperformedby Childersetal. [2]. Homomorphiaecowo-
lution is usuallyrealizedusingFouriertransform(FT), andis very
muchdatadependentUnfortunately the natureof FT restrictsits
generalapplicability Precisecalculationof the unwrappedohase
is sometimedifficult dueto spectralnotchingor multiple bands
with low signalto noiseratios. Complex cepstrum([3] entirely
basedbn time-domaincalculationsavoids or minimizesthe prob-
lem associatedvith the FT method. Explicit transformationf
anordinarymixed phaseime sequencénto its complex cepstrum
time sequencandvice versaarederivedin [3]. Thisdoesnotre-
quire unwrappedohasecalculationsand no specificwindows are
usedto preconditiorthesignalin orderto produceamoreaccurate

representationf the complex cepstrum.in [4], it is shavn thatif

the original signalis symmetrical the DiscreteFourier Transform
(DFT) for cepstralanalysiscan be replacedby Discrete Cosine
Transform(DCT). This principle is appliedto the evaluation of

the real and complex pseudocepstruraf speechsignals. In both
the casesit is foundthatthe useof DCT doesnot degradethein-

formationcontainedn the cepstrumwhile substantiallyreducing
the computationatomplexity.

In this paperwe proposawo new methodof estimatingcom-
plex cepstrumthroughDCT, which is termedas Discretecosine
transformedcepstrum(DCTC). In the first method,forcing half
samplesymmetricextensionfor thesignalunderconsiderationwe
obtaintherelationbetweerDFT andDCT Il. Thisrelationsimpli-
fiesthephasaunwrappingalgorithm. SinceDCT is arealfunction,
its phasecanonly be0 or w. Log. operationhasbeencarriedout
onthesign(representedsexp(—jn) for negative and1 for posi-
tive) aswell asthemagnitudeof theDCT. After phasaunwrapping,
the resulting sequenceof length M is concatenatedavith conju-
gatedandflippedversionof thesame Now themodifiedsequence
of length2M is inverseFourier transformedo obtainDCTC rep-
resentatiorof the signal. In the secondmethod,no assumptions
aremaderegardingthesignal,andDCTC hasbeenobtainedusing
DCT-IDCT combination.Phasaunwrappings sameasthatof the
first method.

2. MATHEMATICAL FORMULATION OF DCTC
Considera sequenceavith arationalZ-transformof theform

X[o] = Az Tes, - arz™t) ro (1 —brz)

2;1(1 - gkzil) Hi(]:l(]' - dkz)

Thefactorsa,’sandg,’s arethezerosandpolesinsidethecontour
of radius-, respectrely, and|ax|,|bx| andgz|, |dx| areall less
thanvy andb,,'sandd,,’s arezerosandpolesoutsidethe contoury

[1]. Thecomple cepstrumexistsif In(X[z]) is analytic. Only a
sequence[n] with positve meanandzeromeanphasederivative

will have auniqueanalyticfunctionln(X[z]) [6]. Thus,ageneral
discretetime mixed phasesequenceequirestime alignmentand
adjustingthe constantA to be positive in order for the comple

cepstrumto exist. By definition, the Z-transformof the cepstrum
sequencef cis

1)

Clz] = In(Y[2]) 2

whereY [2] is the Z-transformof y[n], obtainedby time aligning
z[n]. After differentiatingEq. 2 with respectto z andtakingin-
verseZ-transformwe obtain

oo}

nyln] = ) kelklyln — k] ®3)

k=—oc



This nonlineardifferenceequationis animplicit relationbetween
y andc, andfor minimumor maximumphasesequencest canbe
reducedo implicit recurrencexpressiongl]. However, the goal
of this paperis to obtaina DCTC representaionsinganorthogo-
naltransform(DCT).

2.1. Algorithm |
Letz[n] bearealsequencedefinedfor 0 < n < M —1. Consider
its half point symmetricallyextendedsequence[n]:

0<n<M-—1

yln] ={ :c[2M$£n]1 -n] M<n<2M -1

Simplifying DFT of y[n],

M-1
_ jﬂ'k) 2n+ 1)k
Y[k] = 2exp (_2M ZO z[n] cos oM (4)
Herethetermsinsidethe summatiorcorrespondo

ey (2n + 1)k
X[k =Y aln]cos % (5)

n=0
which is sameasthe DCT of z[n] exceptfor the scalingfactors.
Denotingit by Xpcr[k],

Y[k] = 2exp (%) Xperlk] (6)

We canwrite Xpcr(k] as

Xnorlk] = exp(lk]) [Xpor (K] @)
where .
6] =~ (sgn(Xpor[k]) 1)
and
o) ={ 4 om0
Therefore,
VI =20 (L5 + € IXporl] — (®)

Y'[k] canbewritten asexp(—jé[k]) |Y'[k]|. Therefore

exp(~36K) [Y[K]| = 2ex0 (278 1 el4]) [XporlK]  (9)

Takinglogarithmon bothsides we have
jrk

In |Y[k]| - j6[k] = In(2) + In | Xpor (k]| + 577 + €[k] (10)

Separatingealandimaginarypartsof Eq. 10, we have,

Re[k] = 1n(2) +1In |XDCT[k]|

—Im[k] = g(_ﬁk + (sg{ Xporlk]} — 1))

Here,0 < kK < M — 1. Constructa 2M lengthsequence([k]
from M lengthRHS sequenceasshowvn below:

k<M
k>M

Re[k] — jIm[k
qu :{ Re[2M—1f[k}+;Iz{2]M—1—k]

Pseudacomplex cepstrumis computedor the symmetricallyex-
tendedsignaly[n] asfollows:

yln] = {IDFT(¢[k])}

where,(0 < n < 2M — 1). y[n] is realbecaus®f the symmetry

of ¢[k].

2.2. Algorithm 11

Insteadof using the relation betweenDFT and DCT Il for the
symmetricallyextendedsignal,thisapproachusesDCT andcorre-
spondingIDCT [5] to obtaincomplex cepstrunof a signal. Con-
siderarealsequence[n], definedfor 0 < n < N — 1 andzero
elsewhere. Taking N-point DCT of the abore sequenceywe have
X[k] definedfor 0 < £ < N — 1 andcanbewritten as

X[k = exp (LT (son(X [} — 1)) IXIKI (D)
Takinglogarithmonbothsides

In{X[K]} = ~2% (sgn{X[K]} — 1) +In |X[K]  (12)
Thenwe obtainthe pseudacomplex cepstrunof z[n] as,

7ln] = Re{IDOT[=2" (sgn(X[K]} 1) + In| X[K]]} (13)

3. LINEAR PHASE COMPONENT IN COMPLEX
CEPSTRUM

For the complex cepstrumto exist, it is necessaryor the phase
function to be continuousandbe an odd function on the unit cir-

cle. It doesnotexist (is notdefined)if linearphasés presensince
log 2" doesnot have a Laurentexpansionnearz = 0, andthere-
fore the phasefunctionis not continuoug?2]. (Neverthelesssome
authoursconsidetthe linearphasecomponenof thecomple cep-
strumby assumindhatthe Fouriertransformof log exp(jrw) sub-
stitutesfor theZ-transformof log 2" ontheunitcircle). Thelinear
phasecomponenmustbe removed beforethe complex cepstrum
calculation.Otherwisejt introducegapiddecayingoscillationsin

thecomplex cepstrum2] sinceits Fouriertransformis

Brin pi (1) = . o
Ziin ph(N) = =r cos(nm) = (=1)""' L, n#£0

Here,r is equalto the numberof zerosof the Z-transformoutside
the unit circle. If this numberis large, thenthe Zy;y, »5(n) term
canbe large andmay maskechopeaksin the complex cepstrum.
The presencef a linear phaseterm may influencethe choiceof
filter selectedin the cepstraldomainsince eachpoint will have
contrikutions from the linear phasecomponenthat may change
thesignfrom sampleto sample For afinite lengthsequencethere
are no polesso that the denominatorof Eq.1is unity andits Z-
transformis of theform

(14)

X(z)=Az" ﬂ(l—akz_l) ﬂ(l—bkz) (15)
k=1 k=1

X (z) isanm!™ orderpolynomialin z. We assumehatm; zeros
areinsidethe unit circle andm, zerosareoutsidethe unit circle.
Hencewe obtain(|ax| < 1, |B8x| > 1) andon simplifying Eq.15,
we gettherelationbetweerlinear phaseandthe numberof zeros



outsidethe unit circle, m, (Proofof this relationis givenin [3]).
Thuswe get

X(z) = Az"™e H(1 —arz) H(1 —Brz)  (16)
k=1 k=1
where,
A= (=m0 ][] an

i=1
The contrikution of the constanterm A to the phases aninteger
multiple of 7. The formulafor the constanterm A is valid for a
stablesequencsvith arationaltransferfunctionaswell.

4. VALIDATION OF DCTC USING THEORETICAL
COMPLEX CEPSTRUM

We simulatethe impulseresponsef alinear systemwhosezero
/polelocationsareknown. Thepurposeof this exampleis to shav
thattheDCTC obtainedby ourmethodcomparesvell with thethe-
oreticalcomplex cepstrum(TCC)[1]. In Fig. 1(a),acomple pole
pair is placednearthe unit circle (|p12| = 0.99) asis a comple
zeropair (|z12| = 0.99). It is shavn in [3] thattheir proximity
to theunit circle presentsevereproblemsto theunwrappedghase
calculationusedin the FT method. The systemimpulseresponse
z, truncatedo 65 points,is shavn in Fig. 1(b). A completerep-
resentationnot shavn, would portraya decayingoscillatoryfunc-
tion with a durationof several hundredsamples.Given the pole
/zerolocations the TCC canbecalculated:

z(n)=ln|A|, n=0 (18)
mi Pi .
E(n)=—2%+z%, n>0 (19)
k=1 k=1
mo L. Po .
E(@:Z;’c—z%’“, n<0 (20)
k=1 k=1

The coeficientsag, gk, bk, andd;, aredefinedin Eq. 1 andthe
TCC is shavn in Fig. 1(c). Remwing linear phasecomponent
in the signalby shifting the sequence: by m, = 7 samplesto
the left producesthe aligned sequencey. The FT cepstrumis
shawvn in Fig. 1(d). Here, becauseof the presenceof multiple
polesandzeroson or very nearthe unit circle, theresultantphase
unwrappingis not accurate. The DCTC obtainedusing the first
algorithmis presentedh Fig. 1(e)(solidline) alongwith the TCC.
The DCTC obtainedusing the secondalgorithmis presentedn
Fig. 1(f), whichis foundto bea closeapproximatiorof the TCC.
We emphasizénerethat no specificwindov wasused,only sim-
ple truncation. In our algorithms,DCT hasbeenusedfor getting
DCTC andit matcheloselywith the TCC comparedo FT based
comple cepstrum.

5. APPLICATIONSOF DCTC

Simplespeechmodelconsidersroiced soundsto be producedby
quasi-periodiqulsesof air which in turn causethe vocal cardto
vibrateproducingglottal pulseshatexcite thevocaltractto finally
producespeech.For nonnasakoundsthe vocal tractis modeled
asan all polefilter over shorttime intenals. The glottal source
is modeledwith zerosin the z-domainagainover shorttime in-
tenals. It is easyto achieve the decowolution of the pulse(im-
pulse)train with the compositeconvolution of the glottal impulse

responsandvocaltractresponsesincethesetwo time sequences
occuyy differentfrequeng rangesin the cepstraldomain. Based
on this decowolution, we can estimatethe pitch period. This is
accomplishedby longpasdiftering the cepstrumandthenfollow-
ing theinverseprocessPitchperiodcanalsobemeasurediirectly
from the DCTC by measuringhetime intenval from the origin to
thefirst peak,asshovn in Fig. 2(a). To testthe effectivenessn
pitch detection,above algorithmsare appliedto syllables,words
andsentenceto obtaintherespectie pitch contours.The signals
areanalyzedwith a framelengthof 30 ms with an overlapof 20
ms. Fig. 2(c) and(d) shav anutterancéniilamegha/ andits pitch
contourobtainedusingourmethod.Anotherapplicationis estima-
tion of theervelopeof the speectspectrumThe speectspectrum
is generallyquite scallopeddueto the spealer’s pitch. The pulse
train canbeliftered from the cepstrumby a shortpasdifter. After
inverseprocessingt, we obtainan estimateof the ervelopeof the
speectspectrumAn exampleis shavn in Fig. 2(b).

As anotheapplicationwe usedDCTC asafeaturefor spealer
identification.We useda50-speakr subsebf the TIMIT database.
The averagedurationof eachsentencen the databasés around3
sec.Thetrainingdataconsisteaf 2 sentenceperspealkr. Testing
wascarriedouton4 sentenceperspeakr. Speectwasfirst down-
sampledo 8 kHz. The durationof eachframewas30 ms, with a
20 ms overlapbetweensuccessie frames. Eachframewasham-
ming windowed and procesedising our algorithms. The feature
vectorsconsistedf thefirst 13 DCTC coeficients. Eachspealer
wasmodeledusinga 30-lengthvectorquantizatiorcodebook The
resultswereon parwith Mel-frequeng cepstrakcoeficients. 44 of
the 50 speakrswerecorrectlyidentified. WhenFishers discrim-
inantanalysiswascarriedout on the featuresall the 50 speakrs
werecorrectlyidentified.

6. CONCLUSIONS

This paperpresentghe applicationof DCT to the computatiorof
the DCTC. As comparedto the caseof FT basedcomplex cep-
strum,phasainwrappings easyin thecaseof DCTCandthelatter
alsomatchesnorecloselywith TCC. Thepotentialapplicationof
DCTC in speechprocessinghave beenexploredthroughpitch de-
tectionandspealkr recognition.
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Fig. 1. (a) Pole-zermlot of the simulatedinear system.(b) Truncatedsystemimpulseresponse(c) TCC of the simulatedinearsystem.
(d) Comple cepstrunusingFourier Transform.(e) DCTC obtainedusingfirst algorithm(solid line) overlappedvith TCC of thesimulated
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Fig. 2. (a) DCTCfor oneframe. (b) Its spectrum(considerindirst 18 coeficients),overlappedwith the signalspectrum.(c) An utterance
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