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Afostract: Two rmethgds of speecn wave analysis using ¢he Hadamard
trarstorn  are ciscusseq, The flrst methea is a dlirecet apollcatlion
of the kadamerd transfor™ for speech waves, The reason this method
vielos poor results is dlscussed, The second mathed |s the
appblicetion of tme nagamarc transform to a lod=-magnitude freguency

Spectrur, Atter tne adplication of the Fourier transform the
HeGararc transfor= is applied o detect a pitech period or to get a
smoctnec speccrur, This method shows some rositive aspects of the

“adafarc transfor= for the analysis of a speech wave with regard to
the reauctlon c¢f srocessing time required for smocthing, but at the
cost of rreclsion, £ formant tracklng erogram for volced sceech Is
impiemented vy usins this method ang an edje following technigue used
in sCene analysls,
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1 Introaduc=icn,

Recently peopie in varlous fields have paid =~uch attenticn ¢0 tbe
nadatarsy teansform ano have agbtained results from its applization in
sych tields «as filtep cesin, vOiC2 anaiyzarp/cynthesizer and

Tyltlplexer wqulpmert [1), The Hadamared (or discrete Walgh) transform
is one ot tha wethognnal transfoarms Using discrete walsh fuactians
and has a fast aljopitnhm similap to the Fouriar trensfoem 27,0313,

Thepe dpe many rs2sons why tne 4adamard transform is attractive, Two
raJor reasons are as follows, First, the Fast +Hacamard Transform
algorltrm =FHT= us8s anly add / subtract operation, Multinlization is
not neccessary for tre FRT, This makes the calculation of the FrFHT
axtpeme |y wimpie and fastar than the Fast Fourier Transform = 7FT. In
*he Fouriep transfc, case onre needs nultiplication for the
singecosine =cefficients, soretimes even With irrational numters. The
FHT offers quite a2 si~nle 2n1 an appropriate algorltnm wher using a
niGital computer,

Seconaly, the uisgrete salsn fungtionc 2ive us a ocenaral| hasis for
519n8| analysis, namely tne corgept of sequency rather thaa that of
troguengy, Tka gejuancy of Jisceete walsh funcstiens is Jefined by
cne half ot the zverage rumber of zZero crossinags per secons, This
concept anavles us to replace the concept 9f freguency of the
sineg=c®sin€ furcticns,

secause of this ature 2f 4ha +Haganaed transform one may well think
2f the pass nlllfy tmat all oronlems Anich have been solves using the
Fourier transform might 2e ra-interoreted by the Yadamard transform.
Furtherrtre, Cre mignt hope for some intaresting new gsisgoverles
since the Hacamard tpansform™ nlight reveal sone new aszeect of the
“rcbler concernen,

Feor this optirissic stanacoint, the author has attenpted an analysis
of tne sreecr nave ysing tre Hadamnara transform, Simijlap attemnts
nave teen mace iin the past [4), and they have sugiest2a some

cossibilites avodut <ne apnlication of the hauvarard transform $o <the
speeth wave LYy sSAswind Ssome coprespondence betwesn tha frequency

spect Ur arc the seaquency Spectrun, This report Wil| shoWw twe
rethods of 3v:28c” wave aralysis using the Hadamard transforin, the
cirect and the ingdirect methods, These two matnods show both the

advantages ant <isagvantades of tna Hadamard transform for speech
wave araiysls,

Sectior will exglai @ dire methpd.b ica of he
L-adgrfa\rr*(‘tr.zlnsfo--r‘.i %énatqp ech 3§ve t'?nu neenon c?ves §'§ ely resﬁlt
aye€ to  the stron snifr sensltivity of the Hadanar:c seguency

spectrurm, Som8 sh.f: invarlant terms of the seauency peower scectrum
are known hut thay arg covnlicated tn calculate or tons simple to
providge nsw3h informa%tion, A few experimental results are shown in
thls section to demgnstratz these facts,
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sectien L, @xclain  tne [Adirecs Tathod vaqeld tag "tassteym®
tecnnmicyc, Rasstrun tecanlgue is & similae techniav: to tne so
callead ceisurom  tezhniaus [3] except that tme F4T s 2:pli23 to the
lg%=matritue Uangcy spectruy, THiS t3ehnique i3 nndnr ct in  the
serge tmwnt at tneg FFT (not FHY) is applied to a sh=rt span of a
SPeeCN wzva =nu nen the FiT s Jsed (o detact the sitzh uerloﬁ or tc
Jel 3 smcotned spectryn, Tois techninl® sSYoAds sona positiva assact of
the Hacarmar.: trinsfcem for the aralvsis of a sp9ech wave altW regdard

*o sTootning s 4 gpActeun. Some exparimenta| sesuylte Wil
CeTohstrate tnis,
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A fOrffant _tr <ing oDroQr4i has Saen imnlenonted uaiﬁ tqg technicue
cf an eace fofl Jler in scena nalysis combined with <ha hapsteum
techmiaLe. “gwseVvar, ey~it an approach always contains a pitfall,
nalgly t~2 pneotlem sf ~p9n; aay entrance. This will a8 discussed
in s9cti~n §,3,

Sinm l Y, in ge ¥: N 4 4 tantasive evaiuvation wli! bhe =ade of the
-ag fFd trarstTorg fGr anai¥zZing SneACN wavas,




2 Jirsctg aoplication of the Hacamard transfarn

1o spercn Azve analysis,
in thlg sastion the Wadanard teansfor™ Wwitl pe directly arnlied to 2
speecn aave ﬁo je+ «he sajuéncy pouwer spectrum, The “exlstenca of
sofe Corr23sonderce batwarn fraequency soectrum and sequanzy spectirun
“as beer r2port2y on [41]. As a given vocalic sound can De

characterizad Ly the izgation of its firss three formant frequencies,
it is Wor4h investisatin? =he existerce of forman+ "se1uen.i-s" in

the Madarard secJensy spectrum insteed of formant frequencies A few
axceriTents «will ~e~anstrate poor results ang the reason i|l e
Jiscussed,

2.1 Definitior cf segu2nce and sequency,

tre datinltlan of secuenc® <as [ntroduged By . F. HAFOURH 3) and It
1ives & nae macie feap wnichn te Investigate the characterlstio of
1iana s, L gosgarce neratr of a #n)En functlian |5 d5¥i=ag8 Dby tna
ngfper of slan changes per yrit time, Let t o= 2" zanssgytive real
myrpers @l lls ¢ ] € '"sa a@ represdnted 0y a 1 & N natria EmiJd).

The Hagznard transforem of C[a(j)] i3
CA(x)) = (L/7N)Ca(j)IRCn) (1)

whepe tne 4 x ' ~adamard "atrix HGA) s definea recursively in the
gegquatior (2),

H{n) | #(1)
B{n=2) = (2)
“4(n) =-r (")

SRR I ||

tach ¢Clumn of () rgarpesants one of discrete walsh functlions (713,
The axar-ltag Of .4(3) and 4 {<) ApS snown in ‘he F'Q. 2.1,
The seadLency s 12fing” by he veraye nuiter of 7e ¢ Crossings _n8rp
unft tlipe Y vt.c:1 3’ 3 Lot 5) B the n Gﬂ er of gn chanjljes ?zero
relatec <tn fracu2nce or sﬂﬂuaﬁcy it s deacrablP tr gcalculate
ugfineo vy 2q,(3)

nlg) = Eoﬁn*;)/a (3)
ahape ;{] raor236nts the faruest integer which does not exceeéa X (see
w(%) of tna Fiv, 2.,32), 1t Is known that p(k) takas on all values
cetween zarn ans y<1 and a(x) takes all values tatween Zara ano N/2,

« 3
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Let YUs irtroauce two notaticas, A(c,p(K)) and al(s,0(k)) for A(Y),

A{caglk)) if p(x) is even
L) =

Aiseglk)) if p(k) is ocJ,

In analoay ﬂf frequancy powver spectrum, sesguency opower sceetrum s
dafined ag follows,

2

A(C, )

A’ZCH;) - -?.(5.0) J < q <N/ (4)

A "

(3, N/7)
Tne Parsoval’s rPlat:on is praserved 0Aa the coefficienss A(k) and
a(k),

(W2)-)
* ) z 1 -

(l/J)Z r() 2 Ales '15 "%'L A(Co’]) + A(SDQ)] + A(Sl\'/() (5)
2,2 Strong shiftegunsicivity of *hme Hadamard seaquency spactrun.
[+ is _interastiag = investigat tne_ fOrﬂ At stru e _in, the
secuenC§ sgﬂ:tru% 3? qA sLee ﬁ N ave, The st ronven? { way is to
Cnarde rony 20NSAcuUtivs so4Ctra Into a vlsual form, *n’ 's the
sonecdrér of s=yugrries, " 3hort time span (12,8 =s,) of 2 Jinitized

Sn€ECh wave (35a.0i2 pate = 22293 HZ,) is Jdirectly trdps forﬂad intn
seaLenc specirdr, Then tne log_magnitude of +this spectru~ is taken,
Mary short time seyyency specira are calculated in this way, are
accumulated, and eventually output to a video screen,

Exnerifmental resylts are sqown in Fig, 2.2. Tha upper part shows a
s»2€Zh wive to be amnlyzod, the middle part 2 sonodram of fraguency
3nectre 3f Vs spuecn wave nd tne |ower Jart @ Sonouran of secuenrcy
cspectra, [t ic eagy *5 see “hat the sonodram of sa@suency scectra (the
loweSt one) is rnouthar than that of the irequencles (tne nldala one),
The torrant seaunncy structUre Is not clear and |% unpPars to be very
citficult 1o ouilg a sp2ech wave analysis system based on the
sxtraction of forrunt covnonents using the dacamard sequancy
specteur,

The reasgon 41y tva sonogra Yf sAquency spectra oscomes so rough and
irredular Is nmade clear oy the fallowing experiment, The Hadamard
fecLéncy spectru~ is calcdlated for a fixed time span (12.8 nsec.

long) of a <prech wava, Tha <ime span is shifted rlght by 170

ricroseconds for 9ugh successive calculation of the seguengy
snectrur, In other words, calculation 9° a seaquency spectrum |s made
each 16¢ micrcseccnd time~shift, A Freguency spectrum of *he Fourisep
trapsforrn I3 calcylated in  the sane way to “ake comparision with
s4nLenCy srectrum, The recults are shown in Fig, 2.3,
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From Fla, 2,3 Wwe can easlly understand that although the time-shifg
s 1imlted to this smal| valye, the shape of consacutlve seguency

spéctra changes ranlidly, The location of a peak which appears te
rebrAsént a formant comconent changes drastically In  the next
sequericy spectrun, One cannot expect these rapld changes from

observation of the origlnal speech wave sinoe the speech wave do®s
not abpreclably change Its shape during 120 mlcroseconds, In
contrast, |In thes Foyrier case, a freauency sperctrum does not change
Its shape 80 mueh during 182 mlicroseconds, Thls strong
shift-sensitivity of ¢he Hadamard sequency spectrum causes the
lrregularity or rough pattern of a sequency son.gram and makes
Impossible the application of the plteh=synchronous method,

The strong time=shift sensltivity of a sequency spectrum aiso can be

exp|ained theoretically, Plohler [6) shows ¢he Hadamard segquency
spectrur Is invariant under the dyadle time=shife¢:

(b(j)] |s ontalned by the dyadlc timeeshife¢ ¢
(b(j)d = ta¢ @ ¢)1]

where J @ t stands for componant-wise modulc two addition (no carry)

for the binary representation of | and ¢, Plchier’s result s
weltten as fo)lows,
thc.q) + @ztsoq) = A2<coq) + Az(s.a) (6)

Unfortunately the Hadavard sequency spectrum Is not invarlant under

eirculap time-shift of the Ilnput [a(j)), If Ca(j)) Is s~ifted by ¢
olrcularly forming Cc(J)) we obtalin:

Ce(J)d = fa(( + ¢)))

where ((j <+ ¢)) s ¢the oprincipal value of J + t modulo N, In
general

2

Ezin;q: - Ettu.u} F A"(gsn) # Izl:;n! (73

The axpariment ghgwn In Flg, 2.3 g nat the cagm of clreular
time=aRife but ome can saslly Understand that the relation of sg (7
Saua®s the strong shife sensftvity in the Hadamard geguency apsgtrum,
Nots that in contragt to the Hadamare seguenty spectrum a froquency
spectrur of the digcreta Fourlar tranaform ls  Invarlant  under
GlrcUiBe glvn=shift since abgolute vajue of & ghife coeratar |9 Dnw.

2,3 Difflouleing in calculnging shife [nvariants
for the Hadamard transform,

Sore attempts hava heen mane to define circular time~shift invariants

for the Hadamard tpansform, Ohnsopr3 has deflined a complete set of
clrcuiar time-shift invarlants of the Hadamard transform and also has

( 8



shown |Intermenlate forms whlgh are invariant to botn clrcular
tiTre~shift¢ and dyadic time-shift, For more detalled derivation of a
cofplete set of circular time=sh|ft Invariants and its intermediate
formrs sea (7],

Ags a flpst step, consider Interm=adlate forms, a set [(P(k)) which is a
sym O0f groups of components in [A(k)] squared such that

PL(g) = a2(2)
P2(1) = A2(1)
P2(2) = A2(2) + A2 (3)
¢ ¢ ¢ ¢ 8 & g 9 & (8,
In genera 2
Pk(m) z Atk)

Z
whepe 2™V < Kk ¢ oM

Exanples of calcularions 2f a set (P) for various input waves are
shownh §in Fig, 2,4, In the flgure the shor* time span of the speech
wave for the Hadamaro transform s fixed to 12.8 msec, Each
cotponert of a set (P} |ls shown as a function of time In the Fig,
2,4, Overlap of the time span for tne next Hadamard transform is 6.4
mgec, The case of a slnyusoldal wave i(ndicates the fijterina
characteristic of a set (P) hecause the nosition of each neak Mmoyes
to the |eft as k Incpeases in P(K), [n othep words, the smajler the
valye of k In eq (8), the more I|ikely it |s that the component P(k)
will pass the highar fraquency component since frequency Increasges
with tlre passing 'n the orinial Inout wave., However, as the band
of each flilter |5 getepmined by the number N, which is the dimension
of an apray [A(K)), wa lose flexloilley, Although the 2ajculation of
a g8t (P) from N ceg=ponents of [A(k)) |s straightforward, we can get
only 4 + n(= logoN) componants of P, For Instance, if N = 256 one
car geét only O co~ponents of P and one of them Is d,c, component,
Thls means a great geal of infcemation reductlon |s made and it is
doubtful i f a sat (P) contairs €nough |nfgrmat|°n to porform Spoech
wave aralysis,

Ohnstr9 has deflnaad anoenar complete set of the Haaamard ¢transform
whigh has exactly (':/2) + 1 invarianss f2p a circular =ime=shift,
(Tne dlscrete Fauriep <transfor~ =5FT- gives a (M/2) « 1 point
speectrur,) =now8var |t i35 "0t a stral3ntforward way to0 zalculate the
Invarigrts since it ia~lides many mateix multip'lcations, tccording
to (7] 1f wa Jee (J) 292 a auadrat!|c invarijant set of the Kadamard
transform, then

(9%

In th9 caga when & =

Jy = Af(m
2 2
JE(L) = AF (1)
J2(2) = e (2y + a2 (3) (9)
J2(3Y = AL (4) + LR (H) = A(4)A(7) + A(S5)A(S)

J2(ay = A2 (5) + A% (7) + A(4)4(7) - A(S)A(H)

« 9
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A)thoudk there is nz explanatlon about now thesa terms (J} are
related to freausnce or segul

Ohrsor@’s (71 lnvarlants, As Ohnsor¢ suggests that t=e prominant
”nerdy lines of the discrese Fouriar spectrum tend to Se exaggerated
in the quadratic spectrum (J),

N, Ahmeo et a! (8] found an efficlent algorithm to calculate %hese
terms, However muitipilcation by an lrraticnal number Is ineluded n
the algorithm amd it is more complicated than that of Hadamard

transfoprm,

(11)



3 nanstrun tachnique,

In tAis section tae "napstrum” tachnigue s intrcduced. 1ne
Nadstrdr  Ta2chnigue s a simitar technlique to tha cepstru- technigue
€xCeot that 1h3 inverse fast Hadamard transform =1FHT- is applied to
tné  Jog=muznituis freguency spectrum and tne output Is caljed
"hapstrum,"  Thls <gchrizue is indlract in the sense that at first
the FET (not FHT) i5 applied to a short time span of a spaech wave to
ottaln the scee<ry and tnan the FHT is used to wxtract pltch perlod
or to get smcothag snectrun. The strong time=shift sensitivity of
tn3 Hadamar? transform {s ramoved by tme flpst appiicat)on of Fourier
trarsforr to sueecn waves,

Tnls _techn]cue iljusteacas positive aspect o he 4adamard
transfopr }or THe aga?ysls ot a sgeech wave, especfalfy ~lth regard
to the smoatNing ot 2 spectrum, A formant traexing program has oDOeen

implementes usling tnig tecnnique,
3.1 Uutlinﬁ.

To sShO0a w9Th ¢4 advantagjes and disadvantages of the hapstrum
tecnniaue ~e will Zecict tne outline of both the cepstrum and the
Nadstrur tacnnliues, Alth2ugh there Is more than one A4afinition of
tne cedstrun tecrvigue w3 3ive a typlcal appolication in the upper
oart of Fly 3,1, The hapstrum technlgus Is shown In the |ower Part
of Fig, Skt

beor Fig, 3,1, 0nC can Aasily undepstand the alfference betwean ooth
tecnnlayes, The fr2quensy spestrus of a shopt time span o? a snpeech
wave fliterad oy a q4amming ~indow is ootained by the discreta Fourler
transforn =0FT, Than the log-magnitude of this spectrum s taken.
Aftar tns rogessing, in the case of thne cepstrum technigue the
inverse discerets Fo,rier transform =IDFT- and DFT are apolled to get
Dit:n Deriod ang 5096 %nad Sgectrum. Nn thea Othef Rand, in the case of
tne NabstrJn technlizue the IDFT and DFT are replacead by the !FHT and
FWUT, respsctively, A naostrum, wWhich |s ordered in saguence (no*
seauency), Is ootiineg by the IFHT of a log=magnitude spectrum, From
TM? replacamants :am  J3ts =na advantage of tne fast calzulation of
the +4adanar4 <ransfges, Jue to the ellimination of |inear fi|tering,
== ]y =585t 'I's #vlin fairsmiar pAdLIGAT Dy ERE meghed,

gt UT RoTe tAat A 94 capgtrum case after the mpplicatlian of thn
24ur3n alysrate "o s nr trassfara 42 Nawd (ow=pass fritaring of *ha

igT=Talrituse &f :~a 2isceets Fourler transform, Dy maans of
lam=230g tlicarlsg »a § 1225080 sgectrum )y obtaimed dus to tna
@pirinatian af  tue flre  giructure 2! the spactru=, This s
g229"a3l sy ¢ Tultiplying  the cepstrun by & (oWegnss filites
'J"__‘:Ic"!

LY

In contrast to 9 cepstrda tachnijua, %he hapstrum technjgue uses an
tdeal tileer as a4 lowenass filter |n  <he sequency domaln of the
Nadsteur, TMirefire o0ne  needs no nmultiplisation tg rdt higner

(12)
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sequence conponents, 1he righar sequence cofponents are simply made
Zero. This also reduces conputing cost (the synmbols +/- ang x in the
figure Indicate tne necessity cf ada/subtrace operations oOr
rultlplications),

Fror the author’s experience the calculation of the FHT is ten times
as fast as tnat of the FFT, This suggests that oy using the hapstrum
techniaue we can rmaxc the calculation of spectrum smoothing at most
thre® times as fas¢ as tnat of spectrum smoothing usirg the cepstrum
techniaue,

NoweVer, we shoul. pe awar2 +hat smoothing bty tha cedostrum givas us a
better aprroximasion for an origina’ lon=magnltucde spectrum in the
sense Of |east-scuar: errdr critarion and that smootking bY the
napstrur dejrades resolusion of oeak positlon eof log= magnitude
spectrur, Tha tneoreptica!l reason for snis will bpe discussed In
sectlion 3,2,

3,2 Piteh detactlion,

To extract a pltch period we have to take a sufficlent time-span of a

sp8ech wave to calcylate a jog=magnitude spectrum, name|y fong enough
to Inelude at least twe clottal pulses,

Iln our experimerts tne duration is takeén 10 be 25.6 mséc¢
sampling rate of & speach wave is 22VB¢ HZ,

Fig, 3.2-a shows & series of cepstrum ciots, A series of cepstrum are
calculated for each consecutive segment of speech wave cne ratlf of
whigh Ovarlans the previous seument, In the cese of the cepstrum, to
get a highar resclution 512 zeros are adaec to the néxt 512 sampies
nf a dlgitizad speach wave, This means the IDFT e2nd OFT are
caleculated on 1024 points,

Fig, 3.,2=-0 shows a series of hapstrun ciots., The Frapstrum is
ca'ctlated unger tNa syMe ¢angition 55 the cepstrum of Fla, 9. To
caleulate a haostrur #e do no: add Zero to the next 512 samnles of a
speeth wave, since ne cannot vet higher resojuslon ¢cf the hapstrum
by adding 2zeros fsee 3,3 in shis section), 1f 512 zeros are added to

the nexe 512 samples of a 73lgltized speech wave one wll| Jet a
hapstrur such thae <+ho ccugonent of the seéquende (not sequency) 2i
and 27 + 1 pecomes +ne cine va'ye, where | is a positive integer,

1n other words a hapsird4n ~f a speech wave segmant with added Zeros
is easlly calcula,ed fron one without added zeros. This special
faature of <he Hadamarn transforn is utllized by the smoothing of the
log-ragnltude spactrun in the ne<t sectlion, The proof is shown in
the APPENDIX in more a genzralized forn,

Corparira Fig, 3.,2-a with Fi3. 3.2-b, We observe that in the cepstrum
a sharp poak appears at aporoximatejy 4,5 msec but in the case of the

(14)
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hapstrur the peak Is not so sharp.

Ag plitch perlod is determined by the locatign of this sharp peak |t
w?ll be more dlff?oult to extract plteh per?od fron the hapstrum, The
is

cepstrur is superior to the hapstrum in so far as pitch detectlion
concérned,

3,3 Smoothing of a spectrum,

The resonant freguencies of @a voca| tract are caljed formant
freguencies, and the first three characteri2ze a given vocalic sound,
Therefore, for the aralys!s of a speech wave It Is very Important to
extrct ¢these three fregquencies. The procedure |s cajled a formant
tr!cker .

Ther® exlist two msthnods to extract formant frequencies, ne s the
{inear prediction method which extracts these freauencies directly
fror a glven speech wave, In other words the formant extraction s
performed on the time domaln, Atal et al (9] reported good resuits
fror the metnod, The other method Is based on peak detectian In the
freguency domaln of a speech wave (107],

n Fig, 3 an exa ) og-megnitude sp9ctrum of a short=time
gpeech uave'?é snow:.mg!g. 3.3 éu ges%s EHat a Tog-magngtudg spectrum
s composed of Its spectral enveiope and the spectral fine=structure,
Rough|yY speaking, the spectral flna=structure has eguidistant peaks

at the pltch (fundamental) freauency and harmonlics,

As formant fraoaquencies are represanted ty severa| prominent ceaks in
a sbectral envelope, smoothing or elimination of fine=structure is
Important, The cePstrum technique Is one of the prominent methods
for it [53,017] bLt its computatlional speed is rather slow since it
incjudes three FFT calculations, MWlth respect to this point the
napstrur |s faster at the cost of degradation of accuracy ¢f peak
positions in smoothed log-magnltude spectrum (see eq (11) and (12)),

The hapstrum technigue is_based on fllterln? In the seguence domain
as shown Iin Flig, 3,1, The output of the [FHT, which s In sequence

order, Is a hapstrur, After the detection of a pltch period from the

hapstrur, a&all hapstrum components with more than a fixed seguence
number are set to Zero. This Is accomp|ished by an ideal filter on
the seguence domain, With the higher segquence componants cut from
the napstrum the FHT is used to recover an origina! log-magnitude
spectrur,

The determination of the cut-off sequence number is as follows, L6t
an hapstrum be representad by an array (h(Jj)] of dimension N ( = 2 )

and the Jlocatlon of a peak ugused by pitch frequency ce an Index
aurber k of Ch(J)J, If Nsz2¢ "3 ) ¢ Kk < N/(2V ) then cut=off
seq ence nynoer r Is

LA P (12)

(16)
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Conslioer tra meanings of flltering by ar idea| filter in tme seguéence
dorain, Let an arrav (alJ)) of dimension N (= 2 ) be a Jigitized
sigral in wnich all comp . .nents such that N/2 € jJ < N are sat to Zero,
By the application of the FHT including sequeriod ordering the array
(a(j?] is transforred Into an apray [Bik)) such that each adjacent
cerponént ocecomes the same, namely:

b(o) = B(1)
H(2) = 8(2)
O R R R R (11)

K(Ne2) = 9(\-:)

2
Furtherrore, when aj| coﬂoonen;s such that N/(2° ) € J < N are s to
Zero the array [a(. )] 1s transformed into such an array [B(k)) by the

application of the W™ including seguence ordering

BLU) = H(1) = H(2) = B(3)
did4) = H(5) = 8(6) = B(7)
LA L I R T N I B (12)

h(h=d) = Sty=3) = K(N=2) = B(N=1)
£Eq (11) ana (12) are generalized in (A) and (B) of APPENDIX,
Both ¢&guations suggest that {if [B(k)] is plotted as a function of

arrayY 'naoex k the cyrve bncomes flat as the value of weach adjacent
corponent is tha same, Because of <his filattening effect |t cdegrades

resolution of peak gosisions in the array [B(k)], To cemonstrate
this ar exanplie is shown In Fig. 3,4, A sedment of a speech wave is
shown and is analyZed by tne haps<run technigue, The ¢two |ower

curves represent +«ng |0J=nagnitude spectrum and the smoothecd result
by the hapstrum techniue.

The sMootnac 10 j)=nagnitide sgeCtrum in Figs 3.4 demonstrates the
smrocthirg arfest stotaen heforee Dy €3 (11). Many sharp rmaxima and

minira caused by glaottal ruises (or plteh freguency) In the original
lo9=Fagnituie spegtrdm 4are dininished in the smoothed spectrum.
Fror the author’s experience the numbapr of Deaxs is decreased to one
half that nf <he ariainal.

The importans nues*tion is whether or not the D;ominent opgaks caused
by resorance of a vocal tract are ppesepved by the smoothing, From
the exarpia shown in Flg, 3.4 we can see that the hapstrum smoothing
tachhiaue ¢ives apod smoothing with regard to preserving the first

three togrmants,

Fig, 3+ 3ives anginer exanple which sugdests the formang ¢omponents
are prasarved a¢zeer the smooihing oy the hapstrum technigue, The
upPef |s a sonnygram of spactra Without smoothing amnd the lower i|S a

sohof9rar of smoothed rasults usimg the hapstrum techniaue,

(18)
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a)

b)

Flg, 3,5 Sonograms of |og-magnitude spectra
and their smoothad specra, The upper i8S
a sanogranm of log=magnltude spectra and
the lower |8 that of smoothed spectra,
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3.4 A formant racking Jrogram as an appiication of
the hapstrJdm tecnnijgue,

using the hao?trum
a A 8gde owar nique as 4sed in scene analysis

+ In principle, the formant tracking grogram presenteg here
accapts any kind of smoothing technigue sJuch a5 copstrum or (nverse
filterlng C12],

rmant teagkin rgdra) his been Imnjemsntad us
Taue rng ag c 8 5 fol? tecR | 3 d
a

Edd9e followers ware flpst Implemented to recognize gpjects in a
Sc2n8, An eJdge fo|lpower detects a position where sharp change of
contrast occurs and foilows It successively, A sonogram Is Just such
a scene with formant trajJectories renresented as dark stripes, By
detacting dark stpipes we find the locations of poeaxs In a spectrum
s$ince® a sono3ran IS reoresented as a segquence of spectra,

There are many difficulties In Implementing a formant tracking
prpogram basen on a2n edge follower., One prodnlem is that a formant

trajectory Is not a straight line, out Is curved, Some of the edgde
fotlowerps Nuve treated objects composed only of stralgnt |lnes, such
as oOubes, This Iimitation can be of use tc an edge follower, For
instance wa ¢an prevent the following of the wrong path by using the
criterlon of curvature, «e also can forecast the sxistence of edqe,
whigh (s hard to desect decause of nolse, by using straight Iline
InterpOjation methoids, A4S the production of a speach wave is a
dynamic and stochastic orocess, the human spéeech wave c¢ontalns much
noise,

A second pr?blam is that i? Is very difficult to decide .a formant
frequency rom |ocal Information, A wide rangs af over|ap exists

between the reglion of the first formant freguency and <hat of the
second, aiso between the second formant frequency arnd the third., In
the case of a male vojce, the flerst formant frequency ranges from 227
hz to 9¢2 nhz,, the second from 552 hz, to 27¢8 hz, and the third
from 1100 hz, to 3822 hz,

A third probjem Is that |f we ses a sonogram In & microscoplc way
there exist too many peaks to discriminate the formant componments, It

is deslrabla to have a technigue to eliminate trivial peaks while
pres®rVing prominent peaks caussd 9y the first three formants.

CeostrUr is such a technigue. Rabiner and Schafer T[12) have
impjemented a fopmant trackling program based on the cepstrum
technique. As tnhelp method makes frame=by=-frame decislionrs for <¢he

first three forman: frequencies, they use onliy local infopmation in a
sonograr, It Is desipable to utiilize more global information,

Mark®|L12) has deve|oped 3 Very 73004 technique for getting a smoothed
spectrur based on tne {3d3a of [lnear prediction method, He calls it
inverse fi|tertng and nas develonea a formant trackingd program (13]
which wuses Information from tha previous frame wnen It Is difficult
to ceteepmine the fipst three foprmant frequanciles,

(21)



crodram expiained vwzrs follows tark2)‘s ansroach
9 machanlsm to recover if a wronmng path is
folioneg, [f dec 5 are made frane oy freme tnere is np wrond way
8ntrance protiem, ver if Wwe —ake 2 Wro1s 3Ecision ina frame, the
8ftect Go9s no: propazate tg the next, However, |f we use tne
information from just the previnus frane the effact o0¢f a wWrong
agcisior wili propagate, Te cope With this situaticon it |s necessary

to have g2 rasovary +acnhnique which utilizes more alobal information,

Ta2 torraat {racking
byt ~lth a sacktrack
s

33"

2.4,1 Lo3lcal strucsure of a formant trackina arogran,

Jyr fopmant ra:q.na ratram_is cqmposa1 of four mndiules named PEAK
JETECTOR, CAva102%% G2 BEPAR M RACKER. and Rrcoyiay. aanesa| 7oa PEAK
the progran Is shovn in fijure 3.6,

A, Frhk UETECTOS,

FEAA URTECTOr sccwares n Aigleizad upeech wave of = Yocallg 3oumd,
calewingeas & smaothey mpectrus 3Y using the hasnstr.m teghntoue: and
determlires seaxs, 1% sSMOJI D% noTed that the hNadutrul tegnni gus s
<88c tc OAcrdEss 1A op08a%309] tiqE readireg tor smooiniesg, 1t san
Sasily E= ranlaces s, andi=dr tRENn{IuM sunn ss lqvarge Pllegsinn  5r
Ehh cebgsru= tech~ = p,

8, CANUIDATE SELECTAR,

For each reclon of tha fure. three farmant freguencies, GCANDIODATE
SELECTUR selects at, mgst taree candl/dates fron many paaks ﬂetectad by

PLAK DETLCTCR dand orders tner by amplitude of paaks, The third
cancidase whoee a-~)itude is 7,5 db lass than that of the second
cancidate is pemovay 0oy 13k ogrderini uracess, These candidates

selectec =a2r9 accunglater ana apd used by TRACKER and RECOVERY, This
rcutine raouces tre zeapch spaca,

C, THACLKL?R,

TRACKER  tanes n: r2eul+s  fpom CANDIDATE SCLECTOR and ~akesg a
tertative necision far the firpst “nr2e formant frequencics, At first
T2aCRER  looks for 2 reasonifle niag2 to track., There exists a reglon
withlin which an overlzn of two formant components naver ogseurs, In
trne case <f a mals Jcice, anly tne First formant a<igsts Jetwaesn 227
nz. anc 554 hz, 3-~v anly  tne sagond and the thirc formant exist
netweenr sz/ nz, aan 124 "7, and tetween 272 hz. and 3220 nz,,
1f  the fipst 2anaidate for a forman:t fraquency ig withja +me first
recicn it is reasongole t9 4ssuite that this is tne peak saused by the
formant, sfrer maxing an inltial selaction TRAUKER otesins tracking
forward ¢r ueCkwarey,

T13ACAER  uses_ two cplteria to determine feemant frecyencies 9f +he
next frare, fasicai |y, TRIACTKIR uses a criterion of miniry» ghif*s “of
ng2k FCesiticn fearm ono frans ta the naxt, This nearest neighdour
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critérion Is uses ag tonc 23 meraing of two formant frequercles dces
not ocCgur, Ais sson as neraing of two formant frequencies occurs,
TRACKER makes use ¢f trs owner criterion to look for a roint of
separation ofter meruing, After a tentative selesction of the next
forrant components using tne flrst criterion, TRACKER locks for a
Peuk Whose pcSition s ~ithin a regsonacle range from the peak one
frare before, 1f TRACKES can find such a peak it will select the
pesh @8g the pnint of separation of the two trajectoriss, otherwise
the two trajectnries pemain nerged, A wrongy decision by TRACKER s
corrected vy the RECOVERY routine,

J. RECUVLRY,

RECCVERY wopks Wnen some inCensistency is recognized by e formant
tracking wprogran, An inconsistency is A discontinuity or a Sharp
change in fyllowing a fornang trajectory.

There are® twoe major.  rersons why TRACKER fol ows a Da*h that has a
gha D Chanta £ 0n 2pe f ane 4o ¢he nexg, The f g they @
prorinert peax caused ov a formant ooﬂbonent |S o’ten lost in a
spectrur pecsuse of the stochastic movement of Qiottal rpulses, This
results in a diszontinuity in a formant trajectory if the traljectry
is selectan in a nicrosgopic way, This can be resoived ty using the
ngighbortinod infarnavion, A FORECASTER works in this case.

The s@cond reasor ;s that o wrong decision has been made {n the past
ny TRACKL: and « wrong path has teen followeu as a formant
trajectory, For oxample n formant tracking prodram has mistaken the
firgt tormant for <he second and the trajectory suddenly enters into
*ne redion where tne second formant does not exist; namely tne region
netween 2. hz, and 58 hz, The other typlical exanmple {s the
followirt of a wrong path whieh is not a formant trajectory and
evertuajiy 3isapnears, Thes® are corrected by wusing & backtracking
mecranign in tne RCCOVERY rout!ne, In the previous example, after
the RECUVEXY ernryiine nas recognized an error, a trajectory followed
ag the sacond Tarmant is replacea by 4ne first formant <«rajectory.
Then arnthar poak is selected for the second Yornant frequency by
RECOVERY, The ro4tine extends the new second formant trajectory
daskwarc Jy using TACKER, and FOKECASTER. This is an example of how
the batk trackinc mechanlsm works. 4e can see that that =2 recovary
orccess by ©0uck trackina has to have a recursive structure, but in
our case tNa Jdepth of recovery is5 limited to one,

$,4,2 t.xanple,

An examgle 0of foraant tracking obtained from tha proqram is showrn in
i3, $.7, A §n3ken sRAtenCce S "wA were away, s0re than 90% of
runring time i3 uavoted to PFAK DETECTUR and CANDIDATE §FLECTOR,

Jrem
plﬁdu “dh1ll ] Ch




ML _LJH’
h -‘

llilIll?llllllllilllllll7

1o¢ 200 Joc 400 500 00  (msec )

- 8 ] t
Fig, 3,7 An example of the first three forman
e S trajectorlieas for a sentence of "We were away",



4 Conclusion,

In N0 sunor we TG0 Alpcussad hgth the Bdvantages anc 1lsadvastages
af gha Ha&ds Ha P Translarm: as Eampared to Lha Fourinp trangfars. for
1 goeEen  dayi halysis, Tas exphyiments |n sactlon 2 cqven| thme
dnalleatian of thy Wedamars tropgfarm directiy to sposch Wiaves yialdg
BOSF  TEsoitss 34 0s fhily to GXtriuct imoortant festures, The gmn | e
the nurfay 51 foacirag R3snBsary to atcurate|y repressnt a speoch
“a¥8: Tha oetger |4 lge I =48 Fourler cass, |n Limest a)i cazes for
A Vaealle sgumy - I0RREn Auve (g pepresenzed R the flrgt thres
formant freguancigs gad taa Pl tah tfunda~antal) 'r!q”lﬂﬂj, grily faue
Dara®sters ars myguan, wa=evar In the Wademnrd SRquency ssectrum, we
Cannet bphoperve 4ey i/oical femturms becuuse ot the straag zima=anife
sefgitlvits =nlzn makea 1t iMoossicia %o agply even a piteh
SYRENrOrouy =etnag, ' etfer words: ctyolca features whiok 4xre
recolnlzanie In the Faurter case are averaged amd are SCattered away
in a wide range of a saguency power spactrum, Some of the aoxperinents
in section 2,2 damonstrate it,

Tire=shijts invarianatg for the Hadamarg S2gquency spectryum are Known,
Ins of these agefineg by eq, (8) goes not baar enough information to
nerfor®™ a speech wave ANulysis sinoe from g gigitized goeecn wave
CoTpoa®e of 254 Roiatgs we jas enly ¥ zomponents, Alshougs emch of
thase comuonents wmas mear relesionahlp with an Qutout from a fliser
Paftihs Ity freausrey BANT e detarnlnag Gy the number of points
Sransformea, unnmyporn £71 nay 1¢f inga dnathar gomplete set of she
Ha%armarg transfors wWhich Nes axactiy pma 1270 number pf COSponents as
2 Faurlar Troguuney sogctrum and ls  invariant Unaer s clroular
tirw=gnife, &%%e0 gt a2l [8] found an algerithn te Shaleglate theys
tarme, mowevap AdlLizligatian oy an ireational pumner ls |=cluded and
is rare waralic2ted tharm that of the fast HWadamard transfarm, As
ORNE3PS  signests et  t-e dreninent enargy line of the Fourlaer
Splctirur tenos to s exaidsrutes, It s desiraple to caledlate
Jhnsorg’s invariants fop 2a speegh wavg,

in seCtion 3 tha hapstrun technique is introduced, This technlgue
's simljar to the 50 cailed censtrunm technigue except that tme FWT I
applied <¢o the lod=magnltuds frequancy Spectrum, Aftor thy

apo|lcatinn of tua Fourler transfoprm tne nRkdamard transform |
nc 80 vy dazect @ Biteh owrlod or to get & smoothed scactrum, This
techn|ayw shows 13Me positive amnect of =na Hudutaro tramgfor=s for
the amplysls gf 1 3pARCA dAavy With rugard to thne redugtion of the
Sroclaling time ragulemg far snoathing, Go0a Smoothing makes it
Sasy fo ewiract eny first trns formant frecuencing ia A specterym,
%8 sPovic note twat SMA0ININg By tne napstrum is obtaines At thae cast
of atelrucy In Baghemining orak posftion of a 3Ae0thed scectrum, This
‘s explaned By ug (111 ar (120 In sectlion 3,3, We can CIns Jde  that
Pracls® forrunt fregusncies ars ohtalnes by the ceostrum téchnlgue at
the cost gf AFOCRESing tive, whlle a raguctlon af orocessing tima |q
totaln®s Ey eha NApatrYs  tochnlque at  the cost &' aceuracy in
ceterniring the formans frejuencles, sguover, it is oftan true that
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to detect a reak caused by a pitch period, is difficult even In the
case of u malje voice, The author’s original optimistic standpolint was
that the fadamard ¢transform might revaal some New aspec: of speech
waves, However the only ocain found from using the Hadamarc transform
was the reductlion of processing time roquired for smoothlng, and this
was obtained a< the cost of preclsion,

A formant trackiny program usiny an edge fol|ower has been described

in section 3,4, While the algorithm |s rather sophisticated, most of
the ¢lrme Is still devoted to the smoothing and peak selection
procédures,
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5 APPZND T X,
Let us defino a faw of tna functions used here,
Functien 5{y) ts d2¢inaeqd as follows:
Let a blimary represantation of U or 3(U) Dde
G(J) =2 6 =2 5neldne2.,.e.51GY
4 = 'Jn-ﬂy'f‘-2|oanJ1U”
Sioand ui & (L,2) (for L £ | €n=1)
Nnera
tn=1 s U X2 e
on=2 = Ji X7 i!'2
LI I I I T I T Y PO S ) (A’l)
0 8 0 0 0 5 0 0 g 53 9000 g
W1 3z Un=2 X3+ Lna=l
Buos Un=1
{XU% s%dras far exlusivae=-op)
8T 210 aArpAay [2(0)] e [a,f] sdch thag
LelfJ = fa:),@lp...,‘.‘-m-l,fﬂ,flp...pr'lj
lﬁﬂ [e} = :EC.elp..opeﬂ'lJ
:f.‘ = Cl‘;‘.fi'l.i.fm-ll'
Fron o thée cefinision of the rHadamard transform
o H(nel) H{n=1)
CAaCg)) = (170)Te,fl (A=2)
H(n=1) =H{A=1)
nhF?rF- H = 2“ r’lns ~. = .‘/-)--
5.1 Fiigaring on tne saquence domain,
T
(%) It 2rray LFJ 15 T/0in,0esd tn20 A(K) = AC1) fop | = kK + m,
where o S w ¢ (/2) - 3, anl the difference of se-yencae
nurber batgwean A{1) and A(K) ig one.
Froof:

SUopnase tne sa2ayence adnner of the k=th or !'=th galerent of
array LACJ)] is s or ts» respectively, Then if the pinary
renresentation of ky |1y s Op ¢ is

r 2 %n=l «n=2 ,,, %1 k7

l = ‘ﬁ'l !n-Z e 0 ll '”

s 2 gn=) 3r=2 ,., =1 s (A=3)

t = ¢n=1 tn-2 ,,, tvl ¢

thern &k = G(3) ard | = T{t) tsee (3J) {(A=4)

(23)



(8)

Since 6 < k < (N/2) =1 and | = k + (N/2)
n

most significany binary digit kn=1 and [n=1 are

kn=1 = ¢

In=1 = 1 and (A=5)
ki = 11 for | 2n =1

From ea (A=4) and (A=5)

In=1 = t@ X0R tl = 1
kn=1 = s2 XCR sl = @
kn=2 = si X0R s2 = t1 XO0R t2
LI R R R R R B N R R R B AP B A ‘A'é)
Kl = sn=2 X0R snel = tn=2 XOQR tn=}
kid 2 snel = tn=-1

We obtaln the fcllowlng relation from eq (4=6),

si 3 tl fop 1 ¢ | £ n=1, and

1 (if s1
g (if sl

sP 2) (A=7)
s b Q)

Eq (A=7) implies that a s op t is In sequence,
In other words the difference of sequesnce number petween
A(k) and A(|) s one,

Lot CAC(J)) be [E,F) whepe

@ and ¢0
1 and ¢2

[EDFJ = [EﬁnElo...oEM'loFﬁprlp..ooFm'll ‘A’B)

From 8q (A=2)

Ex = [el(h(k)) + [fl(h(K))
Fx 2 [eld(n(k)) = [fl(h(k)) ‘ (A=9)
whepe (h(k)) |s the keth cojumn of matrlix H(n=1),

— M~
Since in OUr cas® (f) = (3,0444440]

btk 2 Fk, name|y A(l) = A(Kk) for | = k & (N/2) Q.E.D,

Weé can genaraljze the result of (A) further,
29r0 a|| components of array [a(J)) such thatg
2% < J g N <i where i S k S n-1, then
(n-Kk) K

ac2r=ac2X) = ac2-2%0) = a3e2® ) = L .e Aqc2 -1).2%
acrzac2 X etyzac2. 2K etz 2K yetrz, L oaq(2N K gy k L,

(29)



Athrzac2Keiyzacz.2Kreirsacs (o K elyz,, xacc2 MK g0k

a2k yzac2:.2% Cyy=ae3a 2K yetrnaga (2% 1ugye,, a2 " 1)

anc in each group, for oxawole ( A(i>. A(zk +1),

AC3. (2")*!).....A((2""k) Cery) y, 200K consecutive
séquence numbers are lncluded.

proof:

It Is arparent from the recursive definltlion of the

Hadamard transform matrix given in ea (1) and the eroof
given In (A,

(30)
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