(217 3)

NSC93-2213-E-002-060-
93 08 01 94 07 31

94 5 30



( 273 )

NSC 93-2213-E-002-060-

93 8

1

94 7 31

E-mail: |dee@gate.sinica.edu.tw

ABSTRACT

Cepstra  mean subtraction (CMS) and cepstrd
normalization (CN) have been popularly used to normalize the
first and the second moments of cepstral coefficients, and proved
to be very helpful for robust speech recognition [1, 2]. In this
paper, a unified formulation for Higher Order Cepstral Moment
Normalization (HOCMN) is developed by extending the concept
of CMS and CN to orders much higher than three. A whole
family of normalization techniques for different orders is thus
proposed. Preliminary experimental results based on Aurora 2.0
showed that the recognition accuracy can be significantly
improved with this approach under all noisy conditions. For
example, HOCMN[15,1000 (normalization of the first, fifth and
100-th order cepstra moments) is shown to offer an error rate
reduction of 32.83% as compared to the conventional CN with a
full-utterance processing interval, or an error rate reduction of
20.78% as compared to CN with a segmental processing interval.

Aurora 2.0

HOGMN10(0]
32.83%
20. 78%

1. INTRODUCTION

In rea world speech recognition applications, robust
features are highly desired in order to offer acceptable
recognition performance under various noisy conditions. Mel-
frequency cepstral coefficients (MFCCs) have been well
accepted as a good choice for speech features with reasonable
robustness, and many advanced techniques have been developed
based on them. Cepstra mean subtraction (CMS) and cepstra
normalization (CN) have been two commonly used methods. A
possible reason for this is that CMS effectively removes the DC
component in cepstral domain, which includes the channel
distortion, and avoids the low frequency noise to be further
amplified. In addition, the variance normalization of CN may

reduce the difference in probability density function (pdf)
between the clean and noisy speech signals. It was also proposed
that the normalization of the third-order cepstra moment may
achieve better performance than CMS and CN [3], and with such
normalization the pdf of noisy speech signals actually becomes
even closer to that of the clean ones.

The pdf of cepstral coefficients of speech signals is usually
regarded as a quasi-Gaussian distribution. Under this assumption,
the odd order moments should be zero and the even order
moments should be some specific constants. CMS is to
normalize the first moment, and CN is to normalize the second
moment in addition. The Higher Order Cepstra Moment
Normalization (HOCMN) approaches proposed in this paper are
therefore developed along this line, i.e, the order of the
moments to be normalized can be more than three. Such moment
normalization approaches may make the pdf of the noisy speech
even closer to that of the clean one. Significant improvementsin
recognition accuracy under all noisy conditions were obtained
with AURORA 2.0. When a higher order moment is normalized,
the residual mismatch after CN can be further reduced and the
feature coefficients may become more robust. One possible
reason is that the higher order moments are more dominated by
those samples with larger values, which are also a mgjor source
of mismatch, and normalization may suppress the vaues of those
samples effectively. In this way, not only the signal distortion
may be reduced, but also the signas can be shaped and less
mismatched for both small and large value samples.

2. PROPOSED APPROACH
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where X wpind 5 8 ransformed sequence whose L and N-th
momenits have Boll Becin normslized as i equations (25 amd (33,
and = on. Wiith the above, we now exiend the moment
morrnalication o highaer ofders as folkowes.
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When performimg HOUM™ with an even integer N, we simply
scale the Nirst-order momenl nonnalissd cosllcenls .t'llrlrrn,l by a
comstant, such that the N-rk order moment of the cosfficients can
alse b normmalizsd a5 in equatien (31 Sech normalization
Therefore usually co-exists wilh e rst=order pormalizaeon or
CMIS, and can be exprodsed as
il m) & A in) = Bl e im] - L
where & is the scaling factor, and the M tmnsfommation in
equalion (1 B a special e of equiatson (6 with 8= 2. Salving
agquabion (6§ wilh esguatiom (), we lave
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The walue of b in eguation {7) can b cblaned wsing the
approximation in eguation i 1) 17N becomes relatively barge, the
value of & will be domanaled by W_{i“[x.“m”. In this case
we can apgrccsimale the value of & by
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orker mwamaent sl a ool sequence L) can B icomalised
for onky & single even nmmber & In other words, differemt &
gives diffencnl values of & o i eguation (T and the scaling
irawslommation of cguiation (6] cn be performed only with a
single vl of b, For example, if Xpgoml is womalized for ¥=4,
it i med nonmalioed for N=2in any cass
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The HOCMM for an odd cader can be extended from the third-
arder  cepsiml  moment  nonmalimtion  approach  previowsly
propossd (3] 16 waually also co-exists with the first-cnder
nommalization or CMS, ond can be expressed a5 a monlimear
transformation of the cocflicients normalized with the first as
wollas the ¢ ¥ - 1j—ah order moments. Xp ol
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FICHCREN 5 )

STl Ty Xjuixfm)

Ll m t L

N || paeeaay

‘ PN ¢ o
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Recause aquatiom (121 is only an spproximation, o recursng
procedure as shown in Figore | con be used 1o find a good
saxfution. Im Figure |, HOCMNyg or HECMN g 5 represents the
processes of higher order cepsiml moment nommal wmtion witl
order ¥ or orders L and N both, ehe.. Note that although the inpat
les thie lesap im Figure © iz meomalized to bath order 1 and ander
N =1, after the transfarmation of equation (97 the (N - 11— gh
mamerd may wol be mormalized any longer. Therefore another
noamalization process of onder % - 1 is nesded for the nest kop
Practical experimends indicale that tao flerstions are nsoslly
anoigh o ebilain a well converged sodulion.

A MO NMY for both o even order N and an odd
order [

A siple cascade method 2 shown i Figure 2 can be wsed 1o
integrate the o techniques presented above, We can first
morniealiae the feabure coellicients by IIOCMN with an odd onder
L and then by anether HOCMN with am even onder N Afier such
i procedure, a specilic odil-order (LAt moment and 2 specific
everi=arder (N-rl) moment of e eine cosllEcients i botly be
normalized, As m Figure 2, X papind is the fephme sequence
normalized to jzr, Lath amd Neth order, and BOCHN G 460 i the
procedure ko obian =uch a sequence,

L EXPERIMENTAL SETUF

The ahowe approaches were evalusted by the AURDEA 2.0
datshase, which is an English connected-digit siring compus. Tan
tminimg corclition: (clean comdition muli-condition ) and three
besting sets (sels ACBC) were defined by AURCRA 20 (4], The
clean-coadition tminimg has scoustic models frained by clean
spocciy omly. whike e mualii-=conditon traimng has neslels
tmined by o corpue with bhath clean and nodsy spesch. The
lesiong st A inclodes four differemd Bypes of noise whik wene
uzed in the molti-cosdition training. whils the esting =00 B
imclucdes ancther four different By pes of modse ol used in the
ronlti-condition ruining. The besting set O then inclides nokss
types from both sels A and B, plas sdditional convolutional
nise

Whale-word HMM models were used as gpecilied by AURGRA
20, Fach word had 16 states and 3 Ganssian mixmres per sinte
The speech features wene extracled by the AURCREA WIOOT
Front-end, which converted ench sipnal frame mto 13 cepsiml
coellickents (MFCCs, Cl=C12 plus the kypg-energy ). The Tirse
and second derivatives were then compued. In another versbon
1he bop-erergy was nreplaced by CL



The HOECMN approaches proposed here wene implernentisd in
Iwa different ways, by falkutierances amd by segments. In the
Formser, b sumumnaton in 1 included e whiole imerance whan
evalmting e moments. In the laler. or by segments with kength
i, the sumamation in eguation (| ) wes performed by p segment of
frames pcluding the preceding 02 frames amd fedlowing 02
frames

4. EXPERIMENTAL RESULTS

4.1, Baseline results

e haselie experiments were perfomwed with the clean-

comdition Irvinmg for all the thres leding etz A, B and C. and
e mesailis are lisied im Table 1. In this tabde the word accurcy
wis avernped over all different moise tvpes within ench lesting
sl s averaged over all differen) SRS o (dH 10 20083, The
resulis in pow (| of Table | were obimined with the stamdand
AUROEA 2.0 front-end, MPCC features C1~C12 plus the bog-
energy withoat s exirs processing. The next pwe rows 27wl
(31 are Tor O™ wilhe a foll-unerance processing ierval, osing
Iop-cnergy and C0as the energy wenms respectively . Bocanse the
resill i rosw (3 using OF is significamtly better. OF will be wed
i all e follwing sxpermmeals. Tl row (4) s For O with a
segnenlnl processing imlerval as mentionesd previowsly with the
sepmend bength | beang 86 frames, which gives betier results. The
el row {53 s for the third-order moment noomadization (THW™N)
previoushy proposed [ 3] also width o fulluiterance processing
imerval, in which the first, secomd. and the third order moments
are all nermalized. This approach B apparently even betier. The
last rowe (i) s exactly the same as row (35 except the TMN was
performed with seements witly kength T being B6 frames, which
affers belber performance than row (&)

4.1, Inmitial resubis for HOWCVN

We  first performwed e proposed nonmalissteon  approach
H-I'J-I".H.HHJ.:,- for & beimg an even mbeger, increasing from 2 ap
tor 10 Wohen Full-utferance was used a5 the processing interval,
the results are the kewest carve dal in Figure 3, So the first point
for the curse for N=2 |2 exacily the averaged pesull for £, or
row (3 m Toable 1, TA08% It can be found thai the recogniion
accurey increases monolonally with the order A, and becomies
v of kess saburated whon A goes up to 30 or 100 The resulis
in curve () can be further improyed by replocing the processing
imterval with sepments with length /=8¢ fmmes. The resulls are
the mididle curve (b in Figure 3. The first point of this corve for
N=2lis exactly the average accurscy for CM (I=58) in the row (4)
of Tabhle 1. It is clear that the improvements observed for
HOCMN s a5 compared o O remain e wihen the full-
utlerange processing imeronl is replaced by sepments. When we
furiher cascaded thes approadh with a thisd order meonsent
normelizabion, alse with o segment length F=46 frames (o

.- Clean Condition

Raseline Experiments gy

—————s

o g aiis Toss Tosge Ton |
| BT RS e e T T N
LMFCC AW, N (il 1402 | 15 | 400 | iR
43 MFCC HOW, 0N 188 s | [ mos | mer
Ly WPCC FUW, TN fl-wi ioranca sl | ELa? ) ELH | RS
oy W O, THIR - B e JRIAE | RLET

Table 1. Recogniticn acounmcy “Tor the baseling experiments wilh
clean-conditian raming
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{EWd ol Table 1.
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Figmre 3. Kecognilion accuracy Gor HEOCMS with &iTeram even
orders N jay SOCAN g g Clull-omberance) (B FIOCKIN g ) (=881
s MM'”J_'.!,II: li=ly=H~4)

peeirfoann SO N gy 08 discussed in section 23, the resalts ane
the: highest curve (of n Figare 3 The first poimt of this highest
curve fcp lor V=2 b2 the s oof  tand-order  moament
normlizsteon, TN or HTH.N;.,-_I::_;_,-, in the row (61 of Tablz 1,
Apparenihy the higher crder moment nonmaliamion does offer
improvements @ compared to TN, and the cascade with a
third order moment normalization does help for all even arder
meareent nommalization.

Table I lists the improvements chiamed by the hipher onder
st pormalization for the three curves o Figare 3, Le. the
lasd poind For A 000 as compared o the baselive: of the fird
ki fof N=2 lor each curve. Far exampbe, Tor the kewest curve
|ah for Hﬂt‘.ﬁ.’-‘ﬁ'l.-r_p.-ln. fallatemnnce, N /¥ produces an averspe
aocurecy af Bl 16 whike M=2 (U], or row (3 of Table 1. gives
ealy 7508, mnd the arror rate reduction is 24 40P et It can be
Foand that o all the 3 cases the emprovesents ang sigaificant,
although getting relatively less ahen the baseline pets betier,
Tlee bt pesuh ot lwere, the st poinl o= 100 For e highest
curve (eh, BLET, represenis 3.04% cror rabe reduction as
compared 1o TMN as shown i the kel row of Table 1. Also
Hsbed i Table 2 are the detalksd data for testing sets A, B and O
for the three cases of N 1,
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Figure 4. in) Recognilion sccuracy for MOCMN g v ey for odd
order N=3 578 0T, fy=130, Lgn=&0 | (b)) Recopnilion acouracy
for MY pay with different Be and for BECWN g 4 oy with
different £y and fyp S
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Figure &, Compansen of several representative crses tested here
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aver all %R values
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Figure &. Comparison of sever] represeallive ceses lested bore
o differcm SNR values, averaged over all differem 1vpes of
i in delferent leaking el

A3 Further improvements with IO ™

The best resull ohininsd above, the last point for W 1000 for
curvee fe ) in Figure 3, is with HOCMN G o, G f - 86, where [y
i= the length { for the processing interval for  moment
mormalization of order N Bui drom seciion 220 mement
mermgilization can nl=a ke perfomed with other odd mambers.
We thus further extended this best resull obtained shove 1o
HOCMN . oy, Iy=130, =86, where N=3, 5, 7, 9, 11, and the
resulis are shown in Figure 4 a0 0 can be found thar different ¥
gives slightly dalTerei® perfomance, aid N = F §2 thae best. O il
cdher band, becanss the sepmentnl processing intervals does give
better results than full-utlerance ingervals, and she length (=86 or
1230 frammes used previowsly was obtained empdrically with somse
initinl  experiments,  further  experiments  were  henefone
perfommed. The results for HOCUWN; e, with difTeremt length
fr wars therefore obtpined and plotted as the lower curve in
Figure 4 ibp, and these for FOCWN 5 ¢ o, fee=%5 and different
{8 the upper curve in e fgure. s chear Trom ihe twe carves
in the figure that the performance really depends on the segmen
lemgth J. and {86 framees may be a gaod chisice Tor A= JA9 {in
fact this was wsed For all even N as shown in Figure %), and
=120 may be o pood number for N=3 or other odid inkepers. The
Basl pestill obbaiibed here is serefone an accimacy of 8326 willy
HOCHNG gy With B=120, =40, which represents an
relative emor rate redoction of 32.8%5 as compared 1o the
conventional % wilk a fallutersee procesamng inlerval (row
i3 of Table 1y, or am emor rate reduction of 20, T58% as compared
tor M will @ segmental processing interval {roew {45 of Table 1)

Figure 5 and & thems compare the several represenialive cases
tesded here in this paper: ON jfullboileramcsi, ON (186
IHJE'H‘NJ,-W ”m.—\-l"."ﬁ_l. and .FM'.“.'\'”J_]M U_;—I..!'I!-'. :m—ﬂ'ﬂ'l'.

either averaged for all SKE values bul separated for all noise
nypees andl st sets, or averaged for all noise types and test s
but separated For all SR valies. The improvemsnts obiaingd
with the approscees proposed bere i this paper are quile
abveous 1w all cises, Inoadditen, from Figare & 0 s fousd thi
reasanable performmance s achievable when SKE is 1B or
higher. For low SNE Gees (g, S0B or lower), the perfomance
is degraded incvitably, Bl some noise reduction fechniques can
b s i W fronl-omid  oamd sonwe sddion  robusiiess
approaches suely as wengoral Glvenng can be used afier POCWN
o proyile betier performeamce.

SCONCLUSION

In this paper. we proposed o undfied Famesork Gor higher order
copsaral imoinenl mormualizaton. Experimental resslls verified
theat imyproved robmstness = achievablke especially umder highly
mismalched conditions. b is also ensy 1o mlegmie this approach
with other femporal filiering approaches or noise reduction
frong-eni sechniques.
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