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i     Iiuroductloni 
-<ecf»ntli pe MS J« in v?. r'o;JS fields have paid fl u8 h attention to the 
-iaJa|''ar.i tpaftüfofR an«"1 nave otitaineci results fro^i its ac<DlI:ation in 
suoh tjAids -M) fiit3r ßtilSft» voice ana Iyz3r/?yrithe3! zer and 
TIJ 11 i D l ever »gutortttfit CiJi The Hadanar^ (OP discrete ^Jalgh) transform 
is one o< fin ort^osonai transforms using discrete ^»alsh functions 
and has a fitt aijcritnn llmilap to the Fourier transform '2?»L33, 

There are ran> r'jaso^s ^ny tiie ^adaiard transforn is attractive. Two 
^aJcp rensens hpe tf follows. First» tne Fast ■Haoamard Transform 
aiflorltr^ -FHT- uses a^ly ^ort / subtract operation, MuItiatication is 
not neccessary fOf f^e F*r, This lakes the calculation of t^e FHT 
•Mtrtffitly sjtnfl« an-; fattip than the Fast Fourier Transfer-« - 'FT. In 
*:he Fourier tr£risfc, ^ C^SP one needs nu 11 ic I i cat i on for the 
sine-cosinf ccefficients» soretlnes even wltn irrational numters. The 
FHT offers julte a s''r|l° «hd e»n appropriate algorithm wh#pi using ^. 
TI a i taI coMputf r, 

beccndiv, %h§ olserttf ►ill in functions oive us a renaral basis for 
^i^naj tnantyiifsf ns-ely tha corcept of seguency ratner thfcn that of 
trcQuency, T'-e i«authcy of discrete walsh functions is defined by 
one naif e< fehe «v•pAge rubber of zero crossings per second, This 
concept anaajes us to pi0)«©i the concept of freaueney of the 
sine-cosine funC11 0p»f, 

decause cf t^is fffttwpi ^f tne HnoaTapd transform one may well think 
of thQ psisiblltty that all proolems wnich have been solved using the 
fourier transform might oe re-!nteroreted by the Hadamard transform. 
Furthem fjr t.» crt night hope for so^e interesting new ciscoveples 
since the Hara-naro r.r a^sf c r^ might revenl sone new aspect of the 
rpCblem roncemsn, 

FpOtT this optiri 
of tne sr etc'' "a 
nave teen '-ace 
oossioilltris a to 
speecn wave ty 
spect -ur arc t^e 
Tethoos ot S"€ 
direct a^d the i 
advantages ftnd 
wave analysis, 

beet ion s wl | I e 
"-ada^aPd tr^ns+o 
out I« %r,t »% 
spectrutr, So'-s 
ar^ known b'.jt tn 
Droviac •nsuth 
thIs ••eti on to 

stic stan.icoint# the autnor has attempte.-i an analysis 
ve ü«Tng fe Hada:narn transform.   Similar  attemots 

In  th?  past  C^D»  and  they  nave sugjest^o seme 
ut t^e a.'-p I ' cat i on of the hauamard transform  to  the 

snowlnn  som^  correspondence between tha frequency 
seauency  spectrum,   This  reoort  will  show  twe 

sz^     «ava  analysis using the Hadamard transforn» the 
"direct methods.     These two metnods show ooth the 
disaavantaacs  of  tne HadaTard transform for speech 

t'iedjf ac.t..meth2ö 
1 speech wave,  fnis neth 

xpI a i n r m t - 
ron^  shift  sensitivity  of  the  Hadamar 
• h{ft inVflriart tepms of the seauency pow^r 

?y a-a connllcated to  calculate  or  too  s 
I hf ©pmtt I 0.1| A few experimental results are 

d9münstrat9 these facts. 

aopI I cat I an  of  the 
on gives % poor result 

seauency 
spectrurr 
mole  to 
shown In 
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iect'cr» 3 .;; i . Bxalnln tne i-idirent -atiod naiei t'i« "->a?st r um" 
TecnnJcL'. T-t   ftftottrWH   tse^niqus   is   a   sir-iiar   t«Chn}aw«   to   tne   so 
celled res. •jir-'1 technlou' [?.l «excect t^at tne rnr | g a-oil:1 a tö the 

10o.rTa&r ; ru-ip 'fc^usn^y »paetrwri, TU, is tiehnlgu« is indir»ct in t^s 
?ei s« that at Flfst th« rrr (not FHT) is acolie^ to a shsrt sc^n of a 
s^eecn have and .-e- t"1? PHT is jsej to fltttet the ^it^n oer'o^ or to 
3et a srrcjtiea ssectrj^. r"is tichnjou« slo^s ie<>ii aositivu as^act of 
tne Hacarar: |finsfsf«i for t^e analysis of a saefec"! wjv« ^It1"! regard 
to sTootriIn3 cf a soQctrun. Some exosr i ient-3 I reauitr will 
oeTonstrate   tn's, 

A for^ant 
of an eace 
teenniai,^, 
flfffIy   |hf 
in s9ct!-n 

tr^-.-clnr Bfosra'i nas b^en I no I enonte^ 
follower" in sce^a  in;i lysis  combined 

-Ov^v-jr, §u«h m apDroafn always 
5f©oftfii 3^ wrong *<iy »ntrnnet, This 
3.3, 

u^ing tiu technicue 
with  t h«  h^cutrun 
conta;ns a r!tfa I I , 
will 09     1 i«; c J s s e d 

^ i na I I v , In 11ct•3n 
-'aaaTaro tri^ST'iri 

^ a   tt^tatiw® evaluation 
for analysing soeec" wave'? 

he  -tale  cf  tho 

( ?) 



Jinct   aopMoitlon   of   the  Madaiard   transfor'i 
to upt«cn ,vi , n 41 y s i t • 

In this itstlon the Hadaifrd tf«niforfl «iH oe d' rect iy ar n|. »J to a 
sSeecn Lve to !•* the 5a^jency power soectrjm. The existence of 
so^e  corfiaponaerci b«tw««n freauency spectrum and_sequ^nsy soectrun • l 
so' 
"as beep  report^i  on  [4], 
ehtftctiflxtdbyt^t'ocfttl'Sfl 
it is *orth invest! -atin? th« existence of  fornant  Hf9qUffi8l»l 
tr.e Hada^eri ••QUfney spectrun Inst.eed of f ornant f reaue^c 1 es. _ i ^ few 
exceriTents*' IM -e-nnrträte poor results  ana 

i i scusseo. 

As  a  given  vocalic  scu-^d  can^ oe 
of its first three farmant f-e-iuenc i es. 

1.-1=5"  in 
ew 

tha  rßason  will oe 

?.l Definitinr c* Stautnct and seauency. 

The Haat;riarl tftnt^o"" of Cä(j)] "3 

C A (k) 3 = ( i / M ) [.: ( j ) -^ ( ") (1) 

^hSr6 tne 'J x '. 
equa t i or ( -i) , 

h(n-:. ) = 

H ( n 

lada-^ard nr^rix H(n) is defined  recursively \n     the 

H ( n )    ^ ( 1 > 

-i ( n)  -H{ O 

Ulli 

(2) 

Thi 

un ' t 
re la 
C6 f i 

C 0 I ■... '•, n 

seOLRnc 
t I r «i  J 

tec  t a 
n e 0 ci y 

Q ( K 

*her 

ce t* 

r 
o T t n o 

eeri ?ero an 

of <U) f9r>r^sents one of discrete  ^alsh  functions C7]. 
s of ^(3) ind ■•M) apt shown in the Fl3. 2.1. 

v I ^ iaf:neH hv tne avera-je nuiter of ,7.ero  cros^incs n^r 
1v :«H ov i.  L«t »««<  D© tne nunber of s'gn chgnges «zero 

fr'scuance  or  ftfluensy  It  Is  destrabi«  tr  calculate 

5 = f o(K)*l)/?3 (3) 

finr-^prts th« lafä«8t integer which does not exseea x (see 
PUiS.l). It fl known  that  P(K) taKas en all  values 

1 ^-i and a(<) takes all values between z^ro ann N/2, 

( 6) 
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H(3) 

11111111 
1-1 1-1 1-1 1-1 
I 1-1-1 1 1-1-1 
1-1-1 1 1-1-1 1 
1 1 1 1-1-1-1-1 
1-1 1-1-1 1-1 1 
1 1-1-1-1-1 1 1 
1-1-1 1-1 1 1-1 
««4*4*41 
07341625 
14221313 

sequence  of  each column:   o 
seauency of  each  column«   g. 

H(4)    s 

Fig, 2.1  Cxancies of the Hadamard matrix, 

( 4) 



A(C, .1) 

tie, 8) * ft.. a) 
X 
Ms. ■■.'/,- ) 

Let   us   Intc-njce   fVQ   not^ttcns.   A(C,P(K))   ana   A(s.o(k))   for   A (v?) . 

'tc»2(k))    if   r(K)   is   oven 

Aisia(k))    !f   p(k)   is  odJ, 

i2f'f2«loqy Jf , trPauer,cv oo-JBr sppctrun, seauency  90wer  sepctrun  Is J 9 r | n Q u  f i c  f g | | Q ^ 2 i 

0 < a < N/2 (4) 

T-,9 Parsvii's rp|it;0n is presfi.ved on  the  coefficients  -(k)  and 

»41 (H/a)-^ 

{l/')2-?'<; -   A(C,/) "^^ L A(c,q) + A^s.q)] + Ais.v,/2)   (5) 

2.2    .:tro-i& |h}ff sens! «ivJtV of the Hiötffltfd soguency soactruTi. 

I^.'S^^intdrfls5i",J r-ö investigate tne f a f w«a t s+ruc+'ure in thp 
Nayincj, sr-'crrj-n ^r R "^eecfl wave. ^hr most fJonvenTInTway is to 
cnarge rrbny 3«(it«ewtlva so-tetr^ Into a visual forffii tHit 'S the 
snncirrrr of 8«qiJ(»n(5it9, i short tir^o soan (12,8 is.J of a gllflltlZtd 
^neech fcave («»„pla rate = 2?3^ H2,) is ilrectly trdpsf^^ed int0 
se^tenc^ spoctrjv, ihrio tn« I og_'iagn i tude of this soectPLn is taken, 
Mtf») s^ort If«« seuuency srectra ar« calculated in this way, are 
accumulated, aid eventual lv output to a video screen, 

txDer irre,,t^ | p«8g)t8 are sic^n in r'I g, 2.2. Th3 upoer cart shows a 
83«icn i*;v to rje a^nlytedi the MaaU oart a sono^uan of fraouency 
>pectrr >f t'^is --Hern w«ve 'm-i tne lo-'er Ta-t a sonoyra-n yf secyency 
-yectra. It is ia8tv ta s^e that the sonoDra^i of Itauancy ssectra (the 
Icest cne) is roggh«p th^n that of the frequencies (tne nlddl-» ong). 
The forr.^nn sfquency structure Is not elite and it aooears to be very 
difficult ta ouila a s^aech wave analysis system besQd on the 
a-xtractjon of fopfrant connononts using tho Hadanard seguency 
? P t c t r u rr. 

The reason wny th| sonogrä-i if iftqufnay soectra oecomes so rough and 
irrequ'ar Is n^de clear by the following axoerinent, TKe Hadamard 
teoueney snectru- ls calculated for a fixed time sran (12.3 nsec. 
Ions) o^ a «ppech wave. Tha time span is shifted rlgnt by %$t 
r-icroseconds for B^ch successive calculation of the sequency 
epectrur, In other ■■v3rds, calculation o£ a seauency soectrun Is .-nade 
^ach lag mlcrcseccPd t' T,e-sh I f t, A Fr-Jquency spectrum of the fourier 
trarsforn is calculated in the saie way to -laKe comi;arlsion with 
SiCW^RCy s'S-'trJ"1.  The result? are shown in Fig. .'■!. 3. 

( §} 
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FreQuency   spectrurr 
frarre   No.   1 
A 

V rv\   v 

Seauency   so^ctrur 
Fr'ime  No.   1 

1003 

NO,   2 

232)2 3j;p."5  (nz) 
i      i r 1—'—i—'—r •1—'—I—i—i—~ i    ■    t 

0        1300       2000       30ne (ZDS) 

No. 2 

w- 

' i ' 

No. 3 No. 3 

"1 ;  i' T ' r 

Fig, 2,3  Strong sh1ft-sensItivIty of the 
Hadamard sequency spectrum, Each 
frame  Is  calculated each  100 
microsecond tl^e-shlft. 
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froir. Flg. ^.3 we can easily understand that although the tlne-sh]ft 
Is Mnlted to this f«*iM valuei the shaoe of consacutlve sequancy 
spactra changes raoldiy, The location of a oeak which apoaars to 
raDr^sapt a fornant comconent changes drastically In the naxt 
saauancy soectrum. One cannot expect these rapid changes from 
observation of the original speech wave since the speech wave dees 
not appreciably change Its shape during 100 microseconds. In 
contrast, In the rour'er case, a freouency soeotrum doss not change 
Its shape so much during 100 microseconds. This strong 
shlf t-sensltlvlty gf the Hazard saouency spectrum causes the 
rregujarlty or rough pattern of a seouency son^grtm and makes 
Impossible the application of the o Itch-synchronous method, 

The strong time-shift sensitivity of a seauency spectrum also can be 
explained theoretically. Plohler C6D shows the Hadamard sequency 
spectruir Is invariant under the dyadic tlne-shlft? 

Cb(j)j Is ootalned by the dyadic time-shift t 

Cb(jn -   Ca(j 9 t)] 

where  J » t stands 
for the binary rep 
written as fol lows 

stands for component-wise modulo two addition (no carry) 
ry representation of J and t. Plchlar's result Is 
oI lows. 

B (CQ) + ^(S,Q) = A2(c.g) + A2(s,g) (6) 

Unfortunately the MadaTard sequency spectrum Is not  invariant  under 

circular  tiie-shift  of  the Input Ca(j)3, If Ca(j)3 Is s'llfted by t 
circularly forming Cc(J)3 we obtain: 

Cc(j) J = Ca((j ♦ t))3 

where  ((j  *  t))  Is  the principal  value of j ♦ t modulo M,   In 
genera I 

difficulties in calculating shift 
for the Madanard transform, 

nvar tents 

Soire attempts hava paen maoe to define circular time-shift Invariants 
for the Hadamard transform, OhnsorJ has defined a complete set of 
circular time-shift invariants of the Hadamard transform and also has 

(3) 



shOk»n intermediate for^s whlc^ are invariant to bot* circular 
tjire-sMft and dyaöic time-shift. For more detailed derivation of a 
complete set of circular time-shift Invariants and its intermediate 
forrrs see C73, 

As a f'rst step» corslrter Intermediate forms» R set iPdO) w'iich is a 
su"" of groups of conoonents in CA(k)3 squared such that 

P^iQ) 
9 

A^- (2) 

p^d) = A^ (i) 
P2(2) = A2 (2) ♦ A2 (3) 

In genera 
P L ) - V 

where 2^-1 < k < ^ 

2 
A(k> 

for 

(8) 
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of a set <P) for various «nput waves are 
the figure the short time span of the speech 
ransform is fixed to 12.8 msec, Each 
) is shown as a function of time In the Flo. 
span for 1*9 next Hadamard transform is 6.4 

a sinusoidal wave indicates the fijterlnq 
P) hecause the oosition of each oeak moves 
es In P(K),  In other wordsi the smaller the 
more likely it is that the component P(l<) 
rogyency component since frequency Increaaas 
Ori-'Iial Inout wave. However» as the band 
ine'j by the number U, which is the dimension 
se fUxIbiMty. Although the calculation of 
nts of CA(k)3 is straightforward, we can gat 
nants of P. For instance, if N ■ 2?6 one 
nts of P and one of them Is d,c, component, 
f infcrmation reduction is made and it is 
ontfairs eno'J9h 'n^ormatlon to perform speech 

if 

s 1 e T i n a a 

c x a c 11 v 

• t a  r" O j r 
I o'' s v a r 

s i n r, e It 
Ml)   I c 

the" 

anathOr complete set of  the  Haoamard  transform 

Ci/<fJ  * 1 invariants for a circular t'me-shlft. 
Ifer  trantfofm •O^T*  Qive^  a  (')/2)  *  1 point. 

It Is ".ot A   str^l ihtf or'-ar J way to calculate the 
in'.ij^s many patr'* mu 11 i D ' i cat • ons,   According 

t (J) oe d   auadratic invariant set of the Hadamard 

In th9 casa «nen ', 

J' (J) = i» is} 
Jz(l) 
J2C2) 
J^(3) 
J*(4J 

=  y (i) 
=   A2 (21    *   A2 (3) 
=   ^ (A)    *   A2(61 
=    A2 (5)    ♦   A2 (7) 

(9) 
A(4)A(7) * 
A(4)A(7) - 

A{5)A(61 
A (5 ) A ( 6 ) 

( V) 
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Aithoijoh th9r% is nc  exDlftnatlon  about  now  these  ter^is  (J)  are 
related  ta  fre^u^nce  or seguU 
Ohrsorfl's C73 Invariants. As OhnsorC suggests that fie oromlnant 
^nerSy Unas o^ the discrete Fourier spectrum tend to be exaggerated 
in t"« ouadpetlc sDectrum (J). 

N,  Ahfreo  et al [8] 
terrrs, However multio 
the  a I gor Ithm  and 
trarsfOrm. 

found an efficient algorithm to calculate these 
llcatton by an Irrational number is included In 
it  is  more comolicated  than that of Hadamard 

(11) 



Htostfüfl t'c^nfawt. 
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In contrast to   t^f fitostr^n tftehnlgyti tho hapstrum techniaue uses 
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3 aJow-Oft«« Miter  in  the  seauency  domain  of  s"« 
TO  mu'tiDIicat I on  to  cut hlgner haOftpUir,   Tn^r'if3rn  g n i n e e j 5 



OiQiti zed 
speech 
wave 

Smoothec * 
soectrurr 

ri'^, 3,1  The outline of thß caDStrJ^,, techniuu« 
und the harstrur t**-unique, 
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seauence conponentb. The nUhtf |«a«i«C« co'iponents are simoly f^ade 
zero. This also r«äUOM conputlna cost (t^e tynbola */- and x m the 
fjOure indicate tne nocessity cf ada/subtract operat'o-is or 

niult'b'ications). 

FroiT. the author's exoerlmc«» the calculation of n* FHT IS ten  times 
as fast as tnat of the FFT.  Thji suflflests that ry usin^the napstrum 
techniQüe we can H^KC the calculation of sDectrJ" snoothlns at  ^ost 
three  times as fast as tn-t of spPctrJiri |»«fthtng using the cepstrum 

techn i Qua, 

:-l wan 

for 
error 

that s^ootMng Cy ths cecstrum gives us a 
an oriaina' lon-magnltude spectrum In the 
criterion  and  that  smoothing  by  the 

of log1 

However, we shoul'. D
P 

fcett^r  aprroxlmi-, icn 

se^seofleast-sc^.ar^ 
haostrurr  denrajes  resolution  of  oaak  position 
spectruir.  The t«föf«tle«l reason  for  tnts  will  De  discussed  In 

sectlon 3,3. 

maanItude 

25.6 
i 

msec 

nee  the 

3,2     Pitch detection. 

To extract a pitch period *c have to take a sufficient tlme-soan of a 

speech *ave to caiculate a Ioa-maanitude soectrum, namely |0ng enough 

to include at least tw= gjattal pulses. 

In  our  experiments  tne  duration  is  ta^en  to   be 

corresPondlno to 512 samples of a dioitlzed  speech  wave 

sairpilng rate of e. speech wave is 7.mi   HZ. 

Fig. 3.2-a s^ows a series pf eppstrum clots. A series of cepstrum are 

calculated for eac^ consecutive segment of speech wave cne half of 
which overlaps tne previous seyment. In the cesc of the cepstrum, to 
get a higher re^ciution 512 zeros are e.doed to the next 512 samples 
?f a digitized speech wave. This neans the IDFT ?nl OFT are 
calculated on 1024 points. 

Fig, 3.2-0 snows a series of hapstrun clots. The harstrum is 

catenated unaer t^e s^e cO,-,^' t i or rAs the pePstrum of Flj. 9. To 
ß!»eui.t« a h.pitfuw w9 do no', add zero to the next 512 %%m\*% of a 

speech wave, |lnee one cannot Oft higher resoluslon cf the Rostrum 
by adfling zeros 'see ,<. 3 in this section). If 512 zeros are added to 
the next 512 lamol«« of '-» Hgitized speech wave one will get a 
haDstru^ such th«t th« cc^onent of t^e seauence < not i seauency) 2. 
and 21 ♦ 1 oecomes t^e $««« vHue. where 1 is a poslfve .nteger. 
In other words a haD3:'^ H a speech wave segment with added zeros 
is easily calculated frc one without added zeros. This S0«clal 
feature of *ne Htrtafl«rfl tr^sfor" is utilized by the smoothing of the 
toQ-rragnltuae spsctrun in |hf next section. The proof .s shown ,n 
the APPLNDIX in nore a generalized form. 

Co^parlrq FIc. 3.2-a wU* Mj. 3.2-b. WQ observe that in the cepstrum 

a sharp pea* appears at apor ox i m-it^l v 4,5 mf«« but in the rase of the 

(14) 
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10   -nsoc. 10 msac. 
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^^lfi^fiM*mhf^*i%—^ ^yw^p#¥# 

f\j<iy^ty^^Jl^ i; 

C>*>l->» tW»lf»- 

:eDstrurr   series Haostrum series 

f\Q,   3,2     An   e*afriDie  of   cepstrjm  series  and 
the   hapstru^  ser'es. 
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htostruir tne peak Is not so shapp. 

km a 5 pitch period ! 
will be more dlf 
ceostrurr is superior 
concerned, 

i5 aeter"'"*d by the 
fioult to extract Ditch 

ocatIon 
per lo 

to the habstrum In so 

of this sharp  peak 
d fron the haostrum. 

far as oitch detection 

I1 
The 

I 5 

3.3 Smoothing o^ a sP9ctruf% 

The resonant frequencies of a voca | tract are called formant 
frecuencles, and the first three characterlz« a given vocalic sound. 
Therefore, for the analysis of a speec* wave it Is very tmcortan*; to 
extract these three freauSncles. The procedure is called a formant 
tr
act<er. 

One is  the 
ch extracts these frepuencles directly 

There exist two methods to extract formant frecjuenciesi 
linear  prediction  nethod  wh 
frotr a given speech wave,  In other words the formant  extraction  is 
oerformed  on  the t'm« domain,  Atal et al C9] reported good results 
frorr t^a   netnod, T^e other method is based on peak detection  In  the 
fr^cuency domain pf a speech wave C10], 

3,3, an example of a jog-megnitude so?ctrum of a^short-time 
'e Is shpwp. r'fl. 3,3 suggests that a log-magnitude spectrum 

In  Mg 
speech wavi  .   „ , ,   ,      . „ 
Is comPoseo of its spectral envelope and the spectral fIne-structure. 
Hpufl^iy speaKing, the spectral fine-structure his  epuidlstant  peaks 
at t^B pitch (fundamental) freauency and harmonics, 

As formant fnauencies are represented ty several prominent peaks In 
a soectral envelope, smoothing or elimination of fine-structure is 
Important. The cePstrum technipue Is one of the prominent methods 
for it C53iC103 Out its computational speed is rather slow s'nce it 
Includes tnree FFT calculations. With respect to this ooint the 
naPstrurr Is faster at the cost of degradation of accuracy cf peak 
positions in smoothed log-magnitude spectrum (see eg (11) and (12)), 

The haPstrur" technipue is based en filtering In the seauence demain 
as shown In Fig, 3.1, The output of the IFHT» which is In sequence 
order, Is a napstrun-, After the detection of a pitch peplpd from the 
haPstrUrr, all haPstrum components with more than a fixed sequence 
number are set to Zero. This Is accomoMshed by an Ideal filter on 
the sepuence domain. With the higher sequence components cut from 
the haPstrum the FHT IS used to recover an original Ioa-magnitude 
spectrunr, 

The  determination of the cut-off sequence number is as fpllows,  Let 
an hapstrum be represented by an array Ch(J)] of dimension N ( = 2  ) 
and the 
nymber k 
sequence 

location  of 
of Ch(J)3i  If 
nymoer r Is 

r = N/(2 a-o ) 

a  peak caused by oitch frequency ce an index 
N/C2C' ' x)  )     < <  N/(2' )  then  cut-off 

(10) 
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AioMtuda (do,) 

,1 

SoectraI enveI one Fine,structure 

Frequancy (hz.) 

Fig, 3,3  Saectral envelope and soectral fine 
structure of Iog-magn1tud« spectrum of 
M sceecn w«ve. 

(17) 

■MHMMBIMMHNHNnwi 



Consider trd meanings of 'lltering by ar ideal filter in %ht sequence 
domain, LPt an array La(J)3 o^ dimension N <= 2^ ) be a dlf'tljtd 
si9ra| in which aiI co^t /nonts such that N/2 S J < N are sat to zero. 
By the aonlication of tne FHT Including seauenoe ordering the array 
Ca(J)] is transformed Into an apray CBCk)] such that each adjacent 
co^rdnent oacomes the sa^e, namely! 

b i J ) = H (i > 
H(2) = ü(3) 

(11) 

B{N»2) = i'l\ ) 

rurt^errrorPf ^^en ail conoonents such that N/(2 ) 5 J < N are set to 
zero Ihf array Lai.)] Is transforMecl into such an array CB(k)] by the 
apD|lcat!on of the rHT including seauence ordering 

J) r. 
A)    = B( ) 

B(2) = B(3) 
9(6) = 3(7) 

(12) 

B(N-4) = 2f\-l) = H{H'2) B(N-l) 

Eq (ID una   U2) ?re generalized in (A) and (B) of APPENDIX, 

Both equations sugqest %b*t if CB(k)3 is piottec as a function of 
array 'nae* N t^p curve hocones flat as the vaiue of each adjacent 
co^ponept Is the sane.  Because of this flattening effect It degrades 
resolution of peak positions in the array CB(k)] 
this ar fxanpie Is sho^n In Fig. 3,4, A segment 
shown apd is analyzed by t^e hapstrun techniaue 
curves rearpsent %h§ I o3-riagn i tude sDectrü',i and 
by the hapstrum tec^nl^yp. 

To demonstrate 
of a speech wave is 

The two lower 
the smoothed result 

The tWoothnc i o j-'iagn i t Jrie spectrum in Fig, 3,4 demonstrates the 
strocthirg arfe^t atatid before by e-j (ID. Many sharp raxima and 
rnirln-a caused by yjottr.i ruls^s (or pitch freauency) In the original 
I oP-PaQn 1 tu.;« yy«;c*-rJn are dininls^ed in the smoothed spectrum. 
Frorr tho author's experience the number of peaks is decreased to one 
ha I f that ^f *^o nr ; ci i na I • 

The l»eortant iiu©it'fh is whwther nr not the prominent peaks caused 
by resonance of a v§fift| tfaCt are preserved by the smoothing. From 
the exarrM* shown in Fig. 3.4 wo can see that the hapstrun smoothing 
tecnniouö gives qooj s^oot^ing with regard to preserving the first 
three ferments, 

Fig, 3,5 ilvea another exa-iple which suggests the formant components 
»„e  „,, .«..„^  .*-QP  |he  smoothing oy the hapstrum technTaue,  The ape  preserved 
upper Is a sonnjrai of snactra without smoothing and the lower 
so^oararr ot smoothed results using thi napstrum technique. 

i s a 

(18) 



r 

Smoothed soactrum by 
the haostrum technique 

Fig, 3.4 Soeech wave» the |os-»nagnltude spectrum and 
the smoothed soectrum by the hapstrutn technlaue, 
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a) 

b) 

a. 3,5  Sonogra^s of log-magnitude spectra 
and their smoothed soecra. The uoper ii 
a sonogram of Iog-maanltude soectra and 
the lower Is that of smoothed spectra. 

(2tf) 

■.■,„■-■■       *  ■■■■ ■ 

• 



3.4     a   fornnnt '.rucking Jrogra^ as 
tha hapttfUH teciriijue, 

an aoy'i cat ion of 

c5 h«t baen 
I lowar 

A fprmant traqKlng 
technique  ana  an 
Cli 3. In principle* 
accaots any k]ni   of   smoothing techniaue sjch as ceostru-n or inverse 
fIlt»rlng C12]. 

3e f o 
the  forrnant 

.moltmfnttd -?ing the hapstrym 
tecnnioj? as Utia in scene analysis 
tracking  trograrn presented  here 

Ed9e followers ^er0 first Implemented to recognize oujects in a 
sc'n«, An adoe follower detects a position where sharp change of 
cohtrast occurs an^ follows It successively, A sonogram Is Just such 
a scene with formant trajectories represented as dark strloes, By 
detact'ng dark stripes we find the locations of ooaKS In a spectrum 
since a sonoara^ Is reor^sented as a sequence of soectra, 

Thepe are many difficulties In imolementlng a formant tracking 
DrOfl^rc baseo on zn edge follower. One oroolem Is that a formant 
trajectory Is not a straight linei put Is curved, Some of the edge 
followers nave treated objects composed only of straight lines» such 
as cubes. This limitation can be of use tc an edge follower, For 
Instance we can prevent the following of the wrong path by using the 
criterion of curvature, ^e also can forecast the existence of edqe, 
whio^ 's hard to detect because of noise, t^y using straight line 
Interpolation methods, AS the production pf a speech wave is a 
dynamic and stochasx'c orocess, the human speech wave contains much 
noise. 

A second problem is that •t Is very difficult to decide .a formant 
frequency from local Information, A wide range of overlao exists 
between the region of the first formant frequency and that of the 
second» also between the second formant frequency and the thipd, In 
the case of a male voice» the first formant frequency ranges from 220 
hz to 9ee nz,, the second from 553 hz, to 2700 hz, and the third 
frorr 1100 hz, to 302C hz. 

A third problem Is that if we see a sonogram In a microscopic way 
there exist too many peaks to discriminate the formant components. It 
Is desirable to have a technique to eliminate trivial oeaks while 
Preserving prominent peaks caused oy the first three formants. 

such a techniaue. Rablner and Schafer Cli33 have 
a formant tracking Program based on the cepstrum 
As their method makes frame-by-frame decisions for the 

forman- frequencies, they use only local information in a 
It Is -itisirable to utilize more global information, 

CeostrUfr is 
Imp|emented 
techn|qua. 
first tnree 
sohograrr, 

Marke|Li2] has developed a very lood technique for getting a smoothed 
spectruir based on the idea of I'near Prediction method. He calls It 
Inverse filtering and has ievelooeo a formant tracking program Cl3] 
whlc^ uses Information from the previous frame wnen It It difficult 
to qetermine the first three formant frequencies. 

(21) 



Tii« forr-..M tMCklng ^roirari exylainad h»f« follows MifMel'i an^roach 
Put with a SftCktrtOKing noc^an's"1 to recover if a wrcnQ pit^ is 
^oho^ea, If decisions ar« nade frane by ffem« t^^rfi is no wrcm M«y 
entrance orotlam. r*§r if we nakt a wroij -jfecision in a fftmt« t^e 
äffest GOSS no: Bf90t9«ti to th« P»©«t* However» if we use tne 
i^^OTiation fron jjst tnp previous frane the i^fet of a wrong 
oec-islop will rr oo.-gate. To CODS with this situation it is necessary 
to have e recovary tHftfiUui which utilizes "lore glooal information. 

'.4.1   Logical strjcturf of a fornant fac^ina orograiri, 

^TcrlnS^JlK.nlAür'Sl proTrf^i is cf5.'nD^s3i of four moduli! ntnfd PEAK 
■KULTUR, OA'OIJA^. SeLECTOR, TRACKC^! and lfCOv!*f. General f|ow of 
the Prosrai is Sho«n in figure 3.6, 

CA'JÜI JATE 

d. CANüIÜAT£ SCLECT^, 

elfrrlnS refion of the ftfft  thr^e  for^ant  frequencies,  ...,.....-«,. 
bELL^TUR se lacts at,-^cst thftf c«.nil' rfa te-j fpoi many peaks detected by 
?t4K ütTLCTOK ind orders tntm oy  affioHtwlf  of  peaks,    The  tnlrd 

f'hgft  »f.nltfjd«  fs  y,1?  ib less than t^ajLof t^e second 
:h«  orJermJ  process.   These  candidates 

TrtAüKtlf? and RECOVERY,  This 

Cano ! da*«1 

Cane i date ic rtno^^j  oy       ,,,,,..., 
selectee  ar** accu ^u ' atan -inn ape U3fid By 
rcut'ne rsouco? th« -enpen space. 

C. THA^KtS, 

TRAC^tW  taK€|  th9  r;?cui-5  fro-i CA^IOATE.  SELECTOR  and  ^ake 

tentative lecis-ion for the first thf#f forwent frenuenci^s, At  fl 
TöMCKL^  IJO^S fof a raasen^l"!« ^la«« to tracK. Ther« exists a reg 
MtMn fchieh an ov«pUn of two formaflt components never occurs, 
the case of * mat« vOlc«i only fa first for'iant exists  oet^e^n 
"?.  a^c  55^  hz,  a--  inly  th« $acond and the thiro 'onant ex 
nfct^een ^g.i nz,   a.nrt li.--' hz,     and between 27Si hz.   and 3220  n 
if  the  first  Sangldat« fop a for man: frequency is wfthth th« fi 
region it Is r «a s a nab I« to --iSs'JTe that thii is |h« pea^ etuitd by 
forrrant,   Afrep making ai initial selection T^ACKEI baclnj track 
f c r * a p a - r 'j o c |. ,^ 

s a 
pst 
i on 
In 

22? 
ist 
z., 
rSt 
the 
i np 

T^tc^L^  uses. 

i * ' G n 

rReproduced Jrom 
lutTt .vailable  copY._ 

r'ttriü  to dfter^ln« fop-^ant fpagutncl«! of *he 
... TRACKER uses a criterion Of m I ft TP UF shift 'of 
on.? fn^!« to thf naxt,   This nearest neignöour 
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cr't^rfo" !s u'jöd HS lone1 H3 mferS'ng 3^ two for^ant f reqüe-c I es dees 

not occur. «s sanr as n€r?ing o^ two formant freauenc • es occurs» 
T^ACKtK '-.aKes us« Of th« o^TPr criterion to !ooK for a roint cf 
seDarat'on yfter nflroins. After a tentative selection of the next 
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is sel8CtST in a -nicroscoplc way, This can be resolved by using the 

neighborhood Inf9rnatlofii A FORECASTER works in this case. 

T h H  s e c 0 
* y  T R A C ->' L 
trajflctor 
first to- 
tn e r e 9 i 0 
netween 7 
^ 0 I I 0 w 1 r 1 
evortua I 1 

■"echani sr-1 

the  RLC1-' 
as the 5^ 
Tnon  aro 
RECOVERY. 
3a:kwarc 
the back 
orocess 
our case 

n^ reas 
L •> and 
y. For 
mant fo 
n where 
2..; hi, 

o+"  a 
y 3ls.!0 
in tne 

Vt-^r  P 
0 0 n J f J 
th*f p 
The r 0 
jy us I 

track!n 
by  oac 
t n § d a D 

On 

th 
F. 
M 

;Tea 

ma 
'sak 
Jti 
ng 
c n 
k 
th 

I s t 
wr 

xarrip 
he s 

e so 
nd 5 

roftf 
rS . 
COVE 
; ne 
nt i 

I s 
no 
T'^AC 
echa 
trac 

of r 

hat & w 
eng pa 
I e r, f 0 
G c 0 n d a 
c a n n f 0 
5.; hZ. 

path 
rneso a 
PY rout 
n a s r e c 
s rapla 

SR I ec 
axt^nds 
KER, an 
nIsn wo 
k i na ha 
ecovary 

rong 
th  h 

rnant 
nd th 
rnant 

Tne 
wh i c 

re co 
I ne. 
ogn i z 
ceo b 
ted f 

tho 
d FOR 

rks. 
s to 

dec Is * on 
as  teen 
track in 

e trajec 
does no 
other 

h  i s no 
rrected 
In the 

ed an er 
y tne f 
or the s 

now s 
ECASTE^. 
Via can s 
have a r 
inlted t 

has b 
fol I 

g pro?? 
tory s 
t exi s 
typ 1c 

t a fo 
by us 
Prevl 

ror. a 
I r st 
acond 
dcond 
This 

ee tha 

ecursl 
0 one. 

een mad 
oweü a 
ran has 
uddenly 
t; name 
al exa 
rmant t 
ing a 
ous  ex 
trajfic 

foment 
fornant 
forman 

is an e 
t that 
ve stru 

e In th 
s  a  f 
ml stak 
enters 
ly tne 
np le  i 
rajecto 
backtr 

nnple, 

tory fc 
*. raje 

f reaue 
t traj 
xa-ip le 

a  re 
cture. 

e oast 
ormant 
en the 

i nto 
reg i on 
s the 
ry ?.nd 
acking 
after 

I lowed 
ctory. 
ncy by 
ectory 
of how 
covory 
but In 

i.*ti t xani? I P 

An e^a^p ! e S' 
r i 9 .  i . 7 . 
r u n nIn 9 time 

forTar.t trf;5><ipg obtained frofi the pror.ram is shown in 
A |p3«fh |fl*lt*he« is "we were away." rior'? than 93% of 
I s unvoted to prAK DETECJUR ano CANDIDATE fCUCCTÖS« 

(24) 



1  '  '' '^ 'I  I  I I  I I I I I I  I I I I- 
IOC        ZOO        joe      400        w        i00     (wS|,t ; 

r\9,   3,7 An exanpie of the first three formant 
trajectories for a sentence of "We were away", 
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Conclusion, 

n section ,2.2 denonsuate ?t.     ^ectru-r,. soma of the oxoerlnent 

T iTe-sfiift 
0n9 of t^ese 
nerfopT iSir^^LiHir?:?!? ^r^^ruc^^r;; 

3hnsopg's invarUnts fop a syeeoh wave, ate 

in  section 3 

app I iefl  to 
apo|I cat i on of 

thfl haostpm technique Is 
so called ceo: 
I o;3-'TiamI tuda 

= s.™,!;,r u^ ,riiiij;;;j?,t?:j iUWlTnU.t ^ ft^^ 

waver, 
o^ accuracy \n 

1 t is of tan true  that 
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to detect a peak causen by a pitch period, is difficult even In the 
case of a male voice. The author's original optimistic st^ndoolnt was 
that the ;-ladam«rd transform might reveal some new aspect of speech 
waves, Mowever tne onjy oaln found from using the Hadamard transform 
was the reduction of orocesslng tine required for smoothlnci and this 
was obtained at the cost of precision, 

A  forixant tracking Drogram uslny an edge follower has been described 

in section 3.4. 
the  tlire  Is 
Procedures. 

While tHf algorithm Is rather sopnlstIcatedi most of 
still  devoted  to  the  smoothing and peak selection 

(27) 
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1 

AHPENOIX, L^jvailf  

Let ii3 define g few of ina   functions used •"'Qrei 

runetlon rj(j)   ti deflnaal as follows: 

Let I binary -.^recantation of U or "(u) De 

r,( j) = G = 5n«Un-2 Slöi 
J s 'jn-x'ir-S JIU^ 
Ui anfl wi c (I,:') (for 1 S I <n-l) 
■jne p a 
'.-n-l = J:   *:■!   Jl 

(A-l) 

f xus ittf»at ^ 3 r e«■; I at l va«©f) 

Lit m tfffty LMJ)] ;'9 C^»^3 SJC^ tnat 

an H r * 1 a" ,^1....»•«•13 
:f J = Lf.', f i,.,. ,f~-i], 

F fon Xh§   3«ftntti8ft of t^e Hadanarrj transform 

H(n-l)  M(n-l) 
: A ( j ) 3 = (1 / J ) T e , f J 

^(P-1) -HCn-l) 

^ppp^- 'J = ^n and ~ = /i. 

i ItterlnJ   ©n   fe   saiutnea   flfntln. 

{A-2) 

(A)  It r. rra/ l f j  Is  ''..,..,.'] tnen  ACk) = A(|) fop I = N * m, 
wnfire  o < ^ i (\/?) - ], and  the differenca of sa^uenca 
nuffbtf t. et A1

 pen 4(1) »nd A(k) Is one. 

rroof '• 

Suppife tne soTuence nJnoar of t^a k-t^i or '-t^ elcrent of 
array CA(j)] [g 3 or t» rasoect I ve ly.  Tltn !f the oinary 
representation of k» I» s op t is 

' = kn-i <f -^ ... <l k'5 
I = I n-l !n-Z- ... 11 1/ 
B = -sn-l g n • 2 ... «51 1 £) 
t = cn-l in-?. ... tl t»' 
then  k = 0(3) and  | = '(t) sJö C^J) 

U-3) 

(A-4) 

(2^) 

MM 



Since iä   <  k   <   (u/Z)   -   1  and  I s k + (N/2) 
(«ost significant binary digit kn-l and jn-l ape 
kn-1 = V 
ln-1 s 1  and 
ki s M   for  i 3« n - 1 

From ec (A-4) and (A-5> 

U-5) 

ln-1 s |i   XQR 
kn-1 = s2  XCR 
kn-2 -   si   XQR 

tl =  1 
Sl  *    P 
s2 =  tl XOR   t2 

(A-6> 

Kl = sn-2 XOR sn-1 = tn-2 XO« tn-1 
ki? s sn-1 s tn-1 

We obtain the fcllcwlng relation from eg (A-6)» 

si a tl  foP i < i S n-1. and 

s0 = 0 and |f « 1 Clf ti • i> 
s0 s 1 and |* ■ 0 (If •! • 1) 

(A-7) 

Eg <A-7) implies that a s or t Is In sequence. 
In other words t^e difference of seguence number between 
A(k) and A(|)  is one. 

Let tA(J)3 be CE»F] where 

CE#F]  = CE?.El....»i:m-l,F0,Fl,,.,,Fm-l3 

From eq (A-2) 

(A-8> 

Fk = Ce](h(k)> ♦ Cf](h<k>) 
FK = Ce](h{KM - Cf3(h(k)) (A-9) 
where (n(k)) Is the k-th column of matrix M(n-1>, 

Since in our case Cf] = C0,0,,,,,0] 

tk Fk, namely A(|) s A(k) for I s k + (N/2)   Q.E.D, 

(B)  We can generalize %M   result of (A) further, 
Zero all comoonents of array Ca(jn such that 
2 k < J < M -1  where 1 S k < n-l# then 

(n-k) A(0)SA(2
n) = A(2'(2,s)) * A(3.{2K>) = ,.,s A((2 -l)^") 

A(1)5A(2 k *l)=A(2.(2k J*l)=A(3.{2k )+l) = ..,=A((2(n " k) -1)•2K +1) 

(29) 
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A(|) = A(2,<*i>5A(2.(2K)*|)«A(3-(2k) + l>*...«A{(2(r1"k)-l).2k+h 

A(2k )3A(2.2k -l)=A(3.(2k )-l)«A(4.(2k )-l) * . . , »A ( 2 " -1) 

and in each grouo. for «xamole { ACl), A(2k+I)l 
A<3-(2k)*l) A{(2^-^-i).2'<*l) ). 2(n-k) consacutlve 
s^auence nunbeP3 ar« includad, 

Droo': 

It Is acoarent from the recursive definition of the 
Hadamard transform matrix given In eo d) and the oroof 
given In (A), 

(30) 
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