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ADAPTIV!. TRARSPORM CODING or SPUCR 

i 

by 

Davl' C. Sloan 

Thi. th •• i. inve.tl,ate. adaptlve discrete tran.fora codins 

of Ip •• ch 11anale. Tbe the. il addr ... el the probl .. of adaptive 
., . 

quatiaati01l Df the trànlfora coeffic'lentl. . ~ all-pole ,esUute 

, '. of th. lianel .Deray .pectrua rel~ltl ln a quantllatlon Itrateay 

vhlch outperforaa prevloully reported techrp,quee. Mdi donal 

perc.ptual ~prov..entl are obtalned by pre-e.phalizina the input 

.tans! to better reproduce hiah frequency fOrllaJu and by ,/ 

v1n4owin, the input to reduce block boundary d~lcontlnuitle8. 

".uit. froa computer ai.ui.tion. of thl. codina technique are 

pr ••• nted. At 16 kb/ •• e the propo •• d leh ... yi~ld. hilh qua1ity 

.peech. At th~ rat.'~f 9.6 kb/~ec, the eoded Ipeeeh ia coap1ete1y 

lntellialble but contai ne a Illaht w4rbling .ound • 
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CODAGE ADAPTIP DE LA VOIX PA& TIAIIS.aJiE 

David G. Sioan 

Cette tblae traite du coda.e adaptif d •• ailDAux de parole et 

utiliae une -'thode de translorMes dbcdte.. Le tha.e hudie le 

probll.e de la quantification adaptive d •• coefficIent. de la trana-....,. 

form'e. Un ~dale autor'lre •• if du apectTe d'lneraie du 'ianal p.~t 

d'liaborer une atrat'aie de quantification qui .urpa.ae lea technique. 

d'crite. juaqu'alor •• On obtient une "'liorati~~perceptuell. 
'~ 

additionnelle ~n pr'-accentuant 1 .... ipal d'entra., ce qui perMt un. 

reproduction plua ftdllè de. formanta haut.. frlquene •• , et en .ffectuant 
" 

une pondiration du s1anal d' entde pour r6duire l.a dheontinuitb entre 
i 

'le. fronti~rei de. bloca. On pr'sente le. r'au1t~t. de cette technique 

d, codage, obt.~u. par .1BUl.tion .ur ordinateur. La -'thod. propo.6e 
" 

fournit un aignal vocal d. heute quelit' pour 'un taux de tr.n .. i .. ion de 

16 kb/.ec. Au taux de tran .. i •• ion de 9.6~kb/.ec, le aianal de parole 
r 

cod' est totai.-ent intellillb1e .. i. pra.ente une l'lare aonorit6 

Iluouillan te. 
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1 IntrOfluc:t1on • ... 

" 
In reeent ye'~8 l~cre.d~~ ...,hal1. h •• ~n plac.d on t'he di,ital 

encadln, of .naloSU' 81gnala. ln thla Itudy. _ e •• ine Olle atr~t." 
1 

for tbe efficient digital eneodlna of apeech .ipale. Itf1c1.nC~t i~ 

tbls context. denote •• trlyina for hl&6 qua1lty .1ana! re,roduction et 

lov tr.n_hlion ratea. Our objecti •• le to opU.lIe tb. para.ter. of 

the codlna schelle to achiave, the ~8t apeeeh queUty for a .1"n 

tr.n.ai.aion rate. 

Tr.n .. i.aion r.te .nd coder d •• lan dataraine the fldeltty of tbe atanal 

reproduced .t the recai.er. Incr.a.ias the transai8.1on rate iapro.e • 
1 

the accuracy of the 'ianal r.pr •• entation and tbua iaplie. a bllhar ' 

fldellty recelved liguaI. Alternati •• ly, for a f1 .. d tranaal •• lon rate, 

iaproved fidelity can he obtained by u.ina a codlna ~ch ... Wblch r..bv.a 

lignaI redund.nè1e1 before traMail.ion. 'l'be cOdi", effielency 18 

IUltalned by tran.alttln, only the iaportant .lgnal attrlbute •• 

To achieve bl,b fidelity at low tran •• is'lon rate., lt ia otten n.e •••• ry 

to 1ncr.ase the coaplexlty of tb. coder .0 It ~an battar exploit th. 

slanal cbaraeteTi.tics. Gra.tar coaplexlty u.ually lapl1 •• bi.har co.t. 

Con.equently, for a alvan fldellty requlr ... ut, there ar. tr.deoff. 

b~t~n coder coaplexlty, tranaa; •• ion ra~, and coat. 
l ---\ 

1 

'. 

4 

~ . 
r) 1 . 

Th~ ,oal of decrea.ina coa.unieatlon coat. ba. aot1vat.d tbe curr.nt 

Inter.at in digital trau.la.ion. M.anee. ln di.ital circuit tec:huololY 

baYe been a~oapan1ed by dra .. Ucally deer.aa~J:o.ta.. t.r ... cal • 
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intesr.tion 'technique. are applicable to tha develo~ent of coders. 

Thua the inv •• tisation of even relatively eoaplex codins scheaea may give 
<1 

ri •• to praetieal and aeonoaic coder. in the future. 

The tran •• iaaion of lignaI. in a digital foraat haa several advantages • . 
A diaital forwat facilitate •• ignal tranaformation and digital signaIs 

can b. reteived and retran •• ltted without 10 .. Qf dgnal q·~l1ty. In 

addition, aoae coaaunieation network. (notably the telephone netvork) are 

aoving toward d~gita1 awitehins and control of '*ianals in the network. 

Digital .neoding i. al.o uaeful in several special applications. One 

ia ca..unleation a.curity (e.g. ln poiiee and ailitary .ysteas). The 

digital foraat allow. for aa.y encryption of .eeure ae •• ages. Another 

applicati~i. to the reduction of storage requireaents ln message 
, 

.tore-and-forward systeas, in whieh voiee aas.a,es are stored digitally 

for later retrieval. As the size'of ,the .ystem (nuaber of users, number 

of ae •• age.) Brava, aemory demands increase. Coding before storage 

redue •• aemory requireaents. 
, ' 

Tràditional1y, speech codera have been divided tnto tvo di.tinct 
/..,..-J .. 

fa.iliea: .avaforma coders and vocoder. (a concatenation of the vorda 

~ice codera). Wavefora coder. trr to approxiaate the input waveform. 

They are ge?erally de.lgned without referenee to a .pecifie speech 
." .", 

8enaration .odel. For speaeh inputs, wav.fora coders tend to be robust, 

in the .en.e that there t. litt~e degradation in performance due to 
• 

varyins .p •• ker ehataet.riattea and baek8~ound nolaa. Wavefora coder. 

ean operate in e1ther the U .. or frequeney dOMine ,e PCM falUly [1] 
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exnpllUe. ti .. dOMln "'Vefora eodlna. Sub-baocl eodlna (2) 11 an 

.uaple of frequeney douln •• 'Vefona codlq. 

Vocoder~. on the otber b.nd, .tt .. pt to aodel .peach p~oducUon. 'lbe,. . 
p.raMterize the .lgnal aceordlnl to thl. ~el and tr .... lt only the 

para~tera. ln ,enaral, vocoder perfofUne.e t ' • .ore .a.IU .. to .pa.br 
~ 

v.rlatlona and backaround noi.e. In addition, tb. daeodad .pa.ch of tan 

ha~ â unnatural or .yn$eUc quellty. VoeocIer.~ hovever, can tra,a •• lt 

intelUaible "peeeh at • auch •• aller tranaaia~ rata than ~n be 

achieved~th •• vefona coding_ "Llne.r pr.dlctlve cod~na 13} 1 •• ~ 

exaapl/of. tlae dou1l\ vocoder_~ tt .odele the vocal tract a. a U .. 
\ 

varying l1near filter exclted hy elther • perlodlc .ource (for voicad 
~ 

.ound.) or • nol ••• ouree (for fricative. aad'unvoieed .tope). The .od.1 

requlre. that phy.lcal attribute •• uch a. pitch and yolcad/ua.olced 
1 

deci.lon. be extraeted froa tbe .1anal. The foraant vococlar 1. an 

exallple of a frequency doaaln vocoder~ lt traaaiu .,.ach .oundl, by 
( 

.endlng foraant freq~enete. and b&ndwidth •• 

~ 
The approach taken U1 thl •• tudy Ile. betw .. n pure vavafora eodlng a~ 

"" .-
pure vocoding_ 'lbe codlng Ich ... , known a. tranafora codlnl, encode. a ~ 

tranlforution of the .peeeh lignaI. 11\e adapti .. fora of the .eh ... 

lncludel '0118 epeech-Ipeelfic .odel11na to achie"a better perforaance. 

The purpo.e of tbl1 lnveltlgation 1. ,to axa.ine v,rlou. tra.fora codlna 

strategie. for .peech coaaunlcatlon. Our .tartlnl point 1. a technique 

recently reported by ZeUll8kl and Moll [41. W, ..... 1._ th.ir ba.le 

sc"" vith the al. of lncreel1ng tbe quaU,ty of cocled .pa.ch et lov bit 
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rat.a. we conaider a alnlle t~anafo~iOft, the di.crete co.lne 

t rau fora, and concantrate on ll1Proving quantization~ue •• 

Tt.n .. l.,10n telua. aueh a. channel errors are t eon.idered. 

Thi. atudy addr ••• ee the problem of a .ptive quantization of the 
, . 

ttaufon coefficient.. In adap ve quantization ache ... extra 
~ 

infor.ation, ter.ed side tnformation, mu.t be ~nlcated to the 

rlcliver for proplr~ ~ignal recon.truction. A aide lnforaation atrategy 

vhieh repre.ent. the epectral envelope by an all-pole model outperforae 

~r.viou.ly re90rted techniques. Additional perceptual iaprove .. nte are 

obtained by pre-elllphasiz1ng the input signal to better reproduce high "'-l, 

fraquency f~raant. and by wlndowing the input to reduce"block boundary 

.dl.continuiU... At 16 kb/e.c thi. codinS sche .. Yield. high qual1ty 
~ 

-' 
.p •• eh. At 9.6 kb/eec, the coder .peeeh i& completely intelligible but 

contai.. a ali,ht varbllns Aound. 
/ 

Eerly work ln tran.fora codlna vas done by CallPanella and Robinson (5), 

who e~ar.~ the perforaance of·several trsnaforaation. 'for speech 

COd}DS. Vintz (6) con.idered tranafora codina for plcture. by 

investiaating the choice of traneforaatlon and quantization ,trateaY

aecently, leveral paper. have ~ppeared on t rani for. codf.na of :pee~ [7], 

(8). 'l1tere 18 a reviev in (9) of a ~ar1ety oQ .peeçh ~odini techniques, 

lnc.1Udlna tranefota coding, and a coapar1.on of'vavefora coders and . 
v,oeoder. __ 

- , 
Thi. report 1a or8.nized into five chapter.. Pollowina the introduction, 

, . 
tWo ehapt.rl d .. l vith the th.ory of "tranefora coelinS- Chapur II 

d •• cribe. th. ba.1e .trllctur. of a traùfora coder ,and discuss •• the 
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II 'l'beog of Transfora Coc.tiy 

In this section ve di8Cuss the fundamentals of trànsform codinA (TC). 

'. After deseribtng the basic 8truetur~.of a transform coder, ve motivate 

the choiee of the discrete cosine transfprm (DCT) and present a vector 
.îf2! 

quantization strategy. 

2.1 Basic Structure ... 
• 

The basic structure of a transform coder is shawn in Figure 2.1. At the 
• 

t' 

, 

transmitter a\a~logue signal i89igitized by sampling above its Nyquist 

rate. The input.signal ls assumed bandlimited to a frequency range 
, 

[0, Fmax~ tbat 8ampling st or above the Nyquist rate, 2 Fmax. 

18 a 10881es8 ope~ation. The samples are buffered and grouped into 
v 

blocks of length N. Denote one such block by!. The ~ector X i8 

transformed into a new vector Y, aiso of length N. The transformation is 

linear, and can be represented by the matrix equation 

A quantizer Q opera tes on 1 yielding 1. The,qu~ntized vector Y ls then 

transmfEted across the channel ta thé receiver • .. 
At thé receiver the or~ginal signal ia reconstituted. As a first step ! 

A 

ois invérse transformed to give ~ 8S an approximation ta!. The samples 

ln ! .rê then buffered and pas.ed through 

an analog~e signal. 

6 
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w. proc_cl to .pec1fy the tl'anlforaatiOll anel the -quantlnr. 

2.2 O,ttbolOUl Tl'&D.forution 

The tran.for.atlon. of interelt are orthogonal tran.fo~at10n.;' that 18, 

if A i. the utrlx repre8enting the tran8forution. 

A-l • At 

wbere .uper.crlpt t signifie. ea.plex conjugate transpoae. Such 

tranaforaatlonl are t.portant for digital signal procesaing in Benetal 

[101. Par codiol thair utility 11 two-fold. 
~ 

Pirat, frOli a ,t.Uatic&! v1evpoint, TC can decorrelate the input 

••• plesj that il, the transfora coefficients exhib1t le88 eorrelation 
1 

that.the orlginal dat •• Decortalation faci1ities efficient quantlzation 

1n tbe tranaf 01'11 dOllun. 

Second. TC ca be advatltaleoUl ln explolt1ng perceptual knowledge. It ia 

often the ca.e tnat the tran.fora coefficients have a frequeuey doaain 

Interpretation. In the caa. of .peeeh tslgnals, .uch of the eurtent 

,erceptual theory 18 bal.cl on frequeney eloaun parueter8 (formants, , 

pitch. etc). TC ca facilitate the underatandinl and .the eH.ination 

of percep~ual distortiont re.u1t1ng frca codlng. 
,~ 

8 
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, 
2.2.1 Xarhun.n-Loive Tranaforaation 

An epaple of an' orthogonal tranafol'llAt1on 11 the rarlNn.ft-~ve 

trm8foraation (KLT). '1lle lCLT ta • data clependent tran8forution wh08e , 

ba.i. v.ctor. are the eig~tora of the autocorrelation .. trix R! 

of the ! proc.e... Th. lCLT d1asonalize. the autocorrel.tion utrix of the 

tranafot1led vector 1. Thua the coaponenta of Y are LDcorr,lated. 

The KLT le "optlaal" ln a ... n .quar •• rrot (MSI) •• na.. We digree. 

bri.fly to explain why MS! ia an .ppropriate dlatortlon .... ur. for 

speech codlng. 

~ 

Minlmldng MS! 18 .qul Val.' to .. ximlz1ng the aignal""to-noll. ratio 

(SNR)I. SNR can be uaed f rank the perforunce of codera. In 

particular. modifications to a cOOlng ache .. whlch incr .... S. uaually 

1.ply better perceived quallty. Por speech .ignal. un.iution of SO 

on a black by block. bad. Omon 8S sepental or black SNI.) 1. known to 

be a good objective correlate of aubjecUve preference [11). (~}). lbe 

SNi mea8ur~ al80 œake. the .. the •• tical analy.i •• ore tractable. 

The ICLT 18 optiaal in the aenae of appron.aUng ! by 41.c:ard1na .0IIle of 

lU cOliponenta; that is.)lpproxia.t1ng! by 'oa'e1' ill. lower\) 

di.en.ional space. It cao he .hown that the MS! in r.pr •• enting ! by :fI 

(in place of !) ls .i.ply the .UII of the variancea Of~h. dilcarded 

1 SNI. 11 defined .. the ratio of .ignal .erlY to the enerlY in the 

difference aignal bet ... n the original amd the coded .... fora ... 

9 
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• 

~ran.fora eoeffiei.nt.. Thar.for., If oo1y the lowa.t variance 

coefficient. are thrown ... y, tbe'approxiaation II the be.t (for fixed 
\ 

418lO110n of the approxi .. tion) in a MS! .en.e. 

Th. ILT ha. tva diladvmtage.. Fiut, the tran.fora dependa on B.X4 

Thil 11 und.lirable bec au .. Ille .. y not know lX a prlori and even if 

_,:.,pptoxiu,e Il! by a lona tera average, the slgnal 118y he 
\ 

JII'.' -

non-.tatlonary. In the latter ca.e the tran.toraatlon chanles with ti.e. 

Th11 brinl_ up the .econd diaadvanta.e. The lCLT 18 cOliputaUonally 

burden.a.e. It. calcul.tion requirea O(N2) operations 1• 

Furtheraore, nu.erleal .01ution of eilenv,ctor proble •• 18 difflcult ln 

~he .. n .. chat the .olution. can becœae unatable. Th ... _ are moUvated 

to iook for alternative. to the ILT. 
1 .. 

2.2.2 Di.crete Co.lne Tr.n.for .. tion 

One alternative to the ILl i. the discret, cOline transfora_tion (OCT). 

T,be OCT approxiaat .. the XLT and 18 "11er to iapl_ent. '111e 'DeT 18 

4eUned as 

Y(k) • 2c(k) 
.B 

1-1 
l x(n)co.[~(2n+l)k/2H] 

n-O 
k • 0,1 .... ,N-I 

1 0(.) b ..... ure of the cOIIpIexity' of al,orltba., 

• 0(.2) indlcate. cOliplex1t1)' Increaainl .. the .quare of N. 

< 

L 10 

(2.1) 



c~ 

'. 

( 

... ... ......... 

wh.re 

c(k) • 1/12 

- 1 

k • 0 

1t • l,2, ••• ,N-1 

. . 
. ' 

Eq. (2. 1) the x( n). n-O JI J." ,N-l are the N cOliponenti of ! and Y(k) J ". 

k-O,l, ••• ,N-l, the N cOllponenta of Y. The inver.e OCT (lOCT) iI,11ven 

by 

N-l 
x(n')· r c(k)Y(k)cos[n (2n+l)k/2~] 

k-O 
n - 0 t l t ••• t N"'l' 

, c, 

The OCT converges ln mean-square to the KU in the l1mlt of large bloç,k, ": 
\' 

length N for a first order stationary Markov autocorrelatio~ ~a~rix [l~l. 

One .tudy [4) has.examined aeveral candidate tran.foraation. for uae .in 

t ranlforlD coding of .peeeh and concluded that the DeT appr;oxi.at .. Wll 

the KLT'. perfor.ance. 

To further juatity the choiee of the .ub-optiaal OCT we appeal to, 

pracUea1 considerations. FrOID (2.1)~ 18 obv,ioua ,that the 

form of tbe OCT 18 lndependent of the slgna1 ~tatlsticl.: Furthermore. 

fait alaoi:1thms exlst for both OCT and lOCT ( O(Nloa2N) ope'ratiQna 

when c.aleulaUd uaina st Fourier tnnlforll (FFT) AlaoriChll)'. '" 

Appendix A prllent. an in-p verdon of thia ~echnique; "in-plac~",. 

de.ianatinl a procedure Whereb the component. of X Ar. repl.ced by tho •• 
• 

of Y vi th lIinilla1 auxiliary atorale. 

Another advantage of the DÇT 18 that lt ha. a fraquency doaaln 

int.rpretation anslolOUI to that of the discret. Fourier tran.fora (DFT). 

-

11 

,r' \ ~ ... { 



, . 

. ' 
" 

. ' 

",) 
" 

f 

" , 

, 
" 

/ ~ 

'. 
t 

. . 
0, ' 

, 
, " 

,- . 

,"" 

" " 
, --
" 

. , 

1;,-
oe. ~,. , , 

-• 
\ 

. " , l 

" 
J • 

u(n) - x(n) O· 0,1, •••• 11-1 

- 0 O· Il.R+l, ••• ,2N-1 

'Con.ider the lN point DFT of u(o) 

211-1 
\ , U(k)· r u(n)up(-j (2'1f/2R)nk] 

0-0 

N-l - r u(p)exp[-j(2w/2N)ok] 
n-O 

L 

11-1 

• 

(2.2) 

, "f 1 : : ' 

"', - ap[jkw/2N] r i' u(n)exp[-j (2w/2N) (2n:H)k] 
n-o 

.), 
o • , . 

. , 

o 

'! .' ... /!f/> 
.' .:~:' ;"1' ~OItp.rina e«J. (2.2) vith eq. (2.1) Y(k) can he expre •• ed .. 

" , 
• • . ~" 

\ 

", 
1 d 

\' 

., ' 

.. ~ 

" , 

. , 

'Y(k) - '1le{2c(k) exp [-jkw/2N)U(k) } 
N 

, ' 

. , . 
- 2c(k)1 U(k) 1 cos [Ars{U(k) }-kw/2N) , ., 

N ,.1. '#.<>1 't,t.~'" <j ~ 
;;, l' ~"j,ll, I!""i' ' - J-

l "'_ " ... 0.,. .-~ ~ 

~ '" b l • 

'" Ie follOv. that the envelope of the DCT .pectru.- 18 tut of the DlT . , • 
.9Clu1.~ed \y the tera c08[Ara{U(k)}-kw/2N] Koreo't,er, the OCT 

iI~ bounded b)' the m'T env.lope. 'lbUi the OCT will CODt.in the s.ae 

pereeptual inforaation .. the DPT .pectrwa (e.a. fora.mt structure, 

plteh .triation.). 
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We bave pre.entld tbe OCT a. a 8004 choiee for the tran.tom in TC. We 

next eusine the probl .. of efficient tru •• i,.lon of the DÇt. 
,<,..~->' 

coefficients • 

2.3 'Quanti.atlpn of Vect~r Source. 
Il 

Quan"tization il deUned .. the proee •• of rapre .. nUna a eontinuoUi. 

poa.ibly infinite range of 'value. by el..anta in a finite Ht. If 

the nuaber of value. ln' the Ht (uaually refel'red to tbe nuaber of 

quant1zel' level.) is l~ •• chan ~* ve can repre.ent the variable by an 

a bit vord. As a,conaequence of thl. repre.entation we ineur a 

distott~on ~own.al, quantlzatlon .~ror. lt 1. r ... onab~e to l'equite 

ainiau. distortion for a flxed nuaber of quantlzer leve1 •• 

Quantlzation of vec~or source. (bloek quantizatton) li an .xten.ion of 
tJ 

the ainale variable ca.e. ,A vector of variable. li to he .ultably 

repre.ented by • vector ln loae finlte let. The de.i&n of lueh 

quantlzers II greatly liapllfied if the eoaponent variable. can he 

~uant1zed: lndependentIy Vithout Inereased dlatorUon. The followina 

repre.enta luch a quantlzatlon sehe.e for jointly GaUSllian rande. 

variable. (in vIctor fora) Whera the dl.cortlon aea.ure 1. MSE. The 
'" 

relult. are drawn from [14]. [15l. 

When the variable. are GaUlli.n, the .tatlltlcal Independence requlred 
"f'; .. " 

a.008 the veetor coaponentl rlduc::e. to the requir.~ent that the 

coapoaenu he unc:orrelated. Correlated rande:. variable. can be 

tranaforaed to uncorrelated 00 .. by thè KLT. ICLT decorrelaUon of the 
o j 
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.ector coeponenu a110n .. ch linsle varlable quanther to he del1gned 

IndependentIy [151. It on! y rnalns to fil\d the .1nll1U11 MS! alngle 

•• flahle quantlzer for a 81ven prob.bility distribution. 

The probl .. of ded8ning _lnl.UII MSE quanttzeu vas lolved IndependenUy 

by Lloyd and Max [16], [171. Lloyd-Max quanUzerl are ln general 

nOn-unifora, 1.41. the quantlzer output levels are not unlforely spaeed. 

Morlover, the design of Buch quantlzer. uaually involvea lterative 

technique. to BoIve the equatlon. resulting fro. the alnimum MSE 

Piaure 2.2 UlUitr.tel the optill&l. quantlzation Bchelle. The lIatrix G 

repr •• entl the ILl and,H lt. lnver ••• Slnce G la orthogonal, H • Gt. 

'tha quantil8r Q conailu of •• eparate Lloyd-Max qunttzera for each . 
tr .... fona coefficient. Por reasona .tated prevloualy the OCT can replace 

the D..T w1t;~ only • I.all lOI. in perfonaanee. 

Vith the quantlzer atructure 'p*clfled, the one 11.ue that re_aln8 1. the 

•• 118 .. ent of the nuaber of quantlzer levell to each coefficients. This 

-probl_, tu.ad bit a.d ,_en t , b conltraln"d by the total number of 

bit. per block B. A fraction of B 'bit. i. aIlocated to eech coefficient 

10 .. to Idni.lze MS!. 

~. 

Gh~ a bit ,rate r, a ••• plln, fra<luetlC~y f., and • block l1ze N. the 

• n.ber of bita per block ta 
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Tb. par ... ter r .pee!fi •• th. data rate over th. tran.mi,.ion cbann~l. 

Tb~ 11 the phyaieal eonatraint whieh deter.ines B. 
il' 

Th. solution to the bit a.aianaent probleaa l, from [15). Lét (ai)2be the 

varlaftce~_~ the l-th tran,fora coefficients and let hl be ~he (real 
" , , .. ?, 

valued) ~r of bit. a.sianed to 1. Then 
i (~ ~, ., . 

i • 1.2 •••• ,N 

Reference (15J al.o aives an optimal bit as,iaament technique When bi , 
~ 

ara con'tralned to be Inteaers. Let D(j) be the KSE resuItin8 from the 
l • 

quantlzatlon of a (Gauasian ~i.tributed) coefficient with a j blt 

Lloyd-Max quantlzer. The values D(j) are tabulated in [16]. The ... 
technique 1& to calculate the mar8inal returns, 

Pij • a~ • (D(j) - ~(j+l)] 
i -1,'2, .•. ,n 
j - 0,1 •... (2.3) 

arranae Pij ln decrea.lns or der, and a.alsn bite one by one in the 

'Orted order. In thi.' aannér the alobal lini.na.KSI i. aehieved. 

The devel_oplleDt ab ove- tequired that the quanuier input he Gaussian. In. 

the ca.e of ~teèent 1nterest. when the quantizer input consists of the 

DeT coefficients of a .pe~ch 8egaent, the exact fora of the aultivarlate 
• f 

cl1etrlbutlon of the tranafora eoef'fic1ènts 1& not known. For speech and 

other-.ianal',UDlaodal diatrlbutlona are ca.aon and va do not anticipate 

16 
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the tr •• fomatioa to alter the 4tRrlbutiOil c1ruUwl,. "'ca .. . 
, . . ... .. 

espect tu q,u&DtlzatlO1l IC __ .".t.opad. ber. to ra.w.t 18 iapra. __ te 

o".r lirall.} yar1abl. quaDtiJ8tloa ........ the clbtrlbutlou IDYolyec! , . 
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III AdaptlvL TraD.fora Codln. 

Ad.pti •• tfanafor. codlng (ATC) i8 the naae for a claEa of aodifled TC 

'Dle aea, of ATC 18 to 1Dlprove on the b.sic TC a.thod. 
a 

FirEt cons1der a fixed .cheae. The baatc TC approach of <hapter II ha. 

b .. n ~xaalned for speech Eianals [4]. Coefficient stati8tlas e.ttaated 

from long utterances are used to deLlin a set of quantizer8. The 

quantizer8 are non-adaptlve ln that they are fixed lrrespective of 

. i 

changes ln tbe input signal. This approach gives unsati.factory results. 

One probie. i8 that spiech sounda vary greatly from quasi-periodic 

(vovel.) to nolse-like (fric~tiv.s). Thus speecb 18 not a stationary 
<' 

proce •• and a fixed quantlzation echeae ba.ed po the etationarity 

a.euaptlon yields poor ~rforaance. A .econd difficulty i8 that a fix~d 

de.ign opti.ized for a 8inale speaker .. y be inapproprlate for a 

different spe.ker. ATC is a dynaalc strategy to extend the usefulnese of 

TC. 

~, 
frln.. ad.pU vit y in A'IC rafen to adjuetina the pu_ters of the coder to 

suJ.t ebanaina signal charactedEttc.. In. TC, if we aeeuae the treneforra 
.. . 1 

i. not alterad, the only flexibility reats in the quantization strategy. 

Ideally, we want a ache.e that cau ad.pt to thoee changee and, at the 

.... tiae, ean be d.Lcribed by few pareaeters. 

Tbe latter f. neces.sry bec.ua. the dynaaica of the sche •• auat be 

c~unlcated to the rLcdver fot proper eignal reconstruction. Th18 

.ddlt1onal 1nfo~tion that lIU8t he tran •• itted 18 ter..d "Eide , 
Infonatiba." • 

18 
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Conaider an adaptive quantization oapproach ba.ad on the tranafora 

coefficient variances. We have already seen ln eq. (2.3) that the bit 
. ( . 

aS8ignment dePtnds on the distribution of these variances. Furtheraore, 
.. 

for a glven fora of pro\àbility denalty functlon the Lloyd-Max quantizer 
• 

is determined solely by the variance of the distribution. Thus we can 

design unit variance qoantizer, corresponding to different nu.bers of 
; 

levels and simply scale th. quantizer8 ~~ the standard deviation of the 

variable. Equivalently, we asy scale the variable to unit .arlance, 

quant.ize and rescale the quant1~ed variable. To keep pace with changing 

8ignal properties we;y:.: \~. te the 

need, therefore, an', laate of .. ' / 
~ the' signal 

) 
dynaai,.s.:'-

3.1 Basis Spectruœ Estiaatlon 

scheme on a block by block hasts. We 

the coefficient variances Which refl.cts 

.r 
Zelinski and Noll (4) have coined the ter. "basis spectrum" for the 

distribution of the transform coefficient varianceg. THe problem is 

first to estimate the basls apectrum and then to transmit it efficiently 

~o the receiver as side information. Tbeir technique 18 de8cribed below. 

3.1.1 Smoothlng Technique 

The met:hod of Zelinski and, Noll ia a 81IOOthing technique. Il: attempts to 

t>-

take advantage of the similarity of adjacent transfora coefficients. 

With reference to Figure 3.'1, a crude variance eBtimate.is generated by 

squaring the OCT coefficients of a specific block. The number of squared 

19 
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values is re!luced by averaging over adjacent values. ' B~ the averagins 

operation it is hoped that the remaining values, cal~ed support values. 

will be better estimates of their respective coefficient variances. This 
;,l. 

method, therefore, assumes a certain saoothness in the basis spectrum of 

the signaIs under consideration. The support values comprise the side 

information whlch la then sent to the recelver. At the rece1ver the 
, . 

remaining basis spectrum values are calcalated by linearly interpOlating 

between the logarithm of the support values. Interpolation be~een the 

logarithms of tne values results' in a smoother basis spectrum e,stillate 

than u~ing the support values directly. 

1 
3.1.2 AlI-Pole Model Technique 

We propose on alternative technique for basis spectrum estimation wbich 

involves modellins the basls spectrum by an alI-pole model. This type 

of spectral modelling is well known in 11near predictive coding (LPC). A 

spectrum i8 approximated as 

A 

0'2 - l i 

-/P(exP[jW1]) 1
2 

... 
where (0'1)2 ia an estimate of the variance of the i-th coefficient, P 

is a polynomial of order M, and w
i 

is the normalized radian frequency 
. . 

corresponding to coefficient i. 

Î 

i - 1,2, ••• ,~ 

o 
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The polynomial order 18 8elected accordlng to the nuaber of peaka 
, 

(foraants) expected in the .pec~rua. TheJcoefficients of the polynomial 

are cho.en 80 that the MS! bet_en the model ~d the glven spectrum 18 

mlniaized. 

The aU-pole lIodel of the apectrUII has bean found to be a good 

--
repreeentation for the spectral envelope of speech sounds. COIIplex pole 

pair. 8ive l'I.e to peaka ln the spectrum which correspond to f~~ants ln 

speech aounds. LPC based on the aU-pole model ls a viable coeling schelle 

ln ~ts own l'ijbt. Markel and Gray ln {lB] diacU8s Unear predictive 

cocUng of speech ~d give efficient algorlthas for the cOIIlputation of rie 

be.t fit polYnomial (Levinson's recux8ion). 

The procedure for using the all-pole model in ATCl ls as follows. 

The DCT coefficients of a black are squared as in the siloothing 

technique. This give. a all1ple but crude estlaate of the basis spectrum. 
. . 

The e.tiaate 18 inverse (di.crete) Pourier transforaed to obta1n an 

autocorre1ation-Ilke functlon. The function ia then used fo obtain the 

best M-tb order polynOllia1 fi t in an MSE senae (18). The M coatf icients • 

of tbe polynoala1 then fora a coapact deecription of the basis lpectrum 

and are tran •• itted as 8ide inforaation to the receiver. A practics! 

advantage of this repreaentation 18 that efficient aethods of quantlz1ng 

the polynomial coefficient. ha,. been developed for LPC [19]. 
t 

1 Tribolet and Crochiere bave recently pl'opoaed the .... teclmique [B) . . 
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Modlflçatlonl to the all-pole .ode. tecbDlque will be delcrlbed ln 

Chapter IV. Thete aodifleatlonl wt1l/be-lntrodueed to eoabat und •• lr.ble 

quantlzatlpn effectl. 

• • 
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IV Coder SillUlaUon,1and lle8ults 

ln this chàpter we describe a computer .imulation of ATC codere of the 

type discussed, giving detaU8 of the experl.ental Htup and the input 

signal characteri8tics. 

4.1 Experiaental Setup 

The experlmentaI Investigation of coding techniques i8 facilitated by 
, , 

computer simulation of the coder. The flexibl1ity of a software 

1.pl .. entation per~it8 easy modification coder paraaeters and 

experi.ental opti.lzation. For example, tradeoffs betwe~n coaplexity and 

perforaance can thue be thoroughly and.inexpeneively studled before 
,/ 

re.orting to a less flexible hardware design. 

The simulation procedure requires three steps. The first step ls to 

d18itize the analogue signal and place the digitized signal in secondary 

storage (e.g. on a randem access deviee like a disk). The software then 

aimulates the coder action in non-real-time, producing output Which is 

a,ain placed in storage. The th1rd step reganerates the processed 

analogue 8ignal in real-time from the stored digital 8ignal. 

The simulation procedure outl1ned abave 18 perforaed on a PDP-ll/45 
~i> 

1 • 

• 

alni-computer. A 15 bit AID, DIA converter ca.blnatlon alloWB for • 

real-tiae signal acquisition and playback under computer control. The 
• t. 

fa~ity offers variable ... plln, rate as weIl as analogue proce881ng 

( .. pliUera, analogue filtera) on input and output. Tb. coder aillUlaUon 

24 
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runs in approximately 100 times real-ti~. Appendix B lives • listinl of 

the FORTRAN progro. and 8ubroutine. relevant to,the .iautation. 

AlI of the coder simulations to be described .. body two ba.le 

assuaption8. The first of tbese is chat the transalss10n ehannel 1. 

error-free; in pracUee the output from the source eoder 11 further 

protected asalnst transm1t81on errora b)' channel coding. The .econd 

88sumption 1& more closely related to ATC ln particular. We •• sUlle that 

tbe problem of coding and quantlz1ng the side inforaation can be 

separated from the coding of the transform coefficients. Therefore, ln 

the simulation, tbe side information i8 not quantized. We do need, 

however 1 an est,lmate of the extra bit rate required to "nd this e1de 

information if meaningful coapari8ons with other coders are de.tred. For 

the saoothlng technique, we refer to an estimate of the slde inforaation 

rate in (4] and re.triet 2 kh/.ec of an)' bit rate stated ta be allocated 

ta side information transmission. For schemes ba.ed on the alI-pole 
. 

model, we use the &ame éstlmate. Linear predictive coders, which use the 

alI-pole model, can perfor.. reasonably weIl at 2.4 kb/sec. Con81dering 

that in this case, we want ta code onl)' the aide inforaation, 2 kb/see' 

seeJls a generous estimate of the rate needed. We note in passing that 

quantization techniques developed for LPC (reflection coefficient., log 

area coefficients, etc.) are directly appl1cable to coding the si de 

information for the ail-pole mode! case. 

The aimulation uaes speech vaveforas a8 input. 'lbe scope of the 

expert.ent comprises the proce.sing of 2 utterance. each .pokan byf 

speaker. (2 IUle, 1 fellale). 'lbe coder rates c0t\81derated are 9.t, 12, 

25 
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and 16 kb/.ec. 'lbe input speech, in al! cases. ls sa.pled at a rate of 

8000 .a.pleIJeec. The ... plee are then band-pass filtered ~y an FIR 

(finite i.pul.e relponse) digital fi~ter. The pass-band i8 200 Hz ta 

3240 Hz Which approxiaatea the frequency reapa~se of a telephone channel • . 
Block 81ze. af M-128 (16 asec) and M-256 (32 maec) are, utllized in the 

1 

ATC proceadng. Additionallt the input signals can undergo 

pre-procesains operations such as pre-emphaais and/or windowing. 

4.2 Simulation Results, 

The sillulation resulta are presented in three eub-sections. 'lbe first 

deals vith A'l'C. cOll~ined W1 th the smootbing technique of 3.1.1. The 

.econd deall wlth ATC in connection vith the alI-pole technique of 3.1.2. 

The thir4 .ub-aection contains a number of modifications to and 

relineaentl of the basic S'cheae. 

1> 
4.2.1 ATC u.ina tbe .. Slloothina TechnIque 

Ve exaaine the performance of ATC by several lIean8. First, we present 

plots of ~vefor.s at varioue points in the coder for a given input black 

of speech sa.ples. Second. coder performance ls aeasured objectively by 

u8in, segmental SNi as a distortion measure. Third, the ~oder. are 

evaluated subjectively according to the resulte of informa! listening 

tests. 

'nte input block of speech ... ples i. taken frOli the aiddle of an 

utterance. lt i. a hi,h energy voiced ae~ent froa the vovel part of the 

26 ... 
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word "depth~. At thl' point in tQt utterance the pitch 1. conltant. 

Forllanta 1,3, :and 4 are ateacSy, .n.th fonaant 2 dropp1na frOll about 1500 
t 

to 1000 Hz. 
\ . 

. . 
.. 

", 

F~8UI'e 4.1.: ~a) ah'o,,\the DeT .pecttUli for a particular input black. 

Recall t~t"the DCT la not .qual to the Pourier .pectrua. 1t II, 
, . . 
j , 

howevet, bouneSed by bhe Fourler,4pectrum. For future refer_nce the 
fil 

unQuallf1ed .,lera lpectrua iapl1es the OCT .~ctrua. FrOli the filure, ft 
, 

see tbat 'th~ apectrua exh1blta a fo~ant structure and a pitch structure 

analolOUS to the Fourier apectrUli. Note the pre.ence of energy belO". 

200 Hz and above 3200 Hz reaulting frOli the fact that the Input black 1. 

obt.ined froa the input aignaI by reetanlular windowinl. 

The basts spectrua estl'ate, cS.rlved by the •• oo~hinl technique of 3.1.1, 

18 illustrated in Figure 4.1 (b). JU.t 16 support valuea deteraine the & 
curye. lbe interpolated "saenta appear as atraight llnes on the 

logarlthmic dB scale. Notice tbat the e8tl .. te capture. the Irols 

spectral structure. It does not, however, follow t~e flne atructuref 

AI80 the fit 18 pQor a~ low frequeue!es. Pigure 4.2 (a) luperi.poae. the 

e8tl .. te and the signal spectrua. 

We next condder the bit a .. llnaent baa.d on thi. eaU .. te. For 

illustratlve 'purposes, we ute a bit rate of 9.6 kb/s.c. Thil rate allowa 
r 

for sufficiently coarle quantizatlon to aake the coder effects obvioua. 

Por this exaaple 9.6 kb/.ee il equlvalent to 121 blu/bloc:k (black liu • 

128 .. aplea). BeferrlDI to PLiure 4.3 (a), we note the .tep structure of 

the bit a.e1lœent curve. Allo note that no bita are ... lanad above a 
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frequency of 1.6 kHz. This effect 18 cauaed by thé .hortale of bits to J 

be alloeated, toupled with the large dynamic ranle in the .pectrum. , The 

small vAlues of the e.timate at h11h frequencie. re.trict the bit 

aS81g~ent to the more energetic low frequency coefficient., 

The spectruœ afte'r quantization i, that ia the rece1ver .pectr1JlB, 11 

shown in Flgure 4.3 (b). The energy di.tribution atronlly teflect. the 

bit asslgoment ln that coefficients a881gned zero bit. are quantized to 

• zero. Because of the adaptive quantization, coafflcients as.igned even a 

slngle bit are present at the receiver. Fiaure 4.2 Cb) .hows the 

.pectrum"of the quantization noise.' Theoretically ~e coefflcienti 

should undergo ~qual di.tortion in regiona Where blts are al.llfted. 

practlce, errors in the ba.i. spectrua eati.ate and the int_ser bit 

8ssignment constraint give the noiae 8pectrua a fine .tructure. 

[n 

Figures 4.4 (a) and 4.4 Ch) are the input and receiver time ~veforas. 

Figure 4.5 (a> superimposes these two dir~ctly and Fiaure 4.5 (b) i8 the 

errof waveform. Note the large errors near 0 and 16 msec, that !S, .te 

the black boundaries. 

JI 

We now exaalne coder performance averaged ~er different tentence. and 

speakers. The objecti~e me.sures are SNa and ae.mental SHi (SEGSNR) 

[12]. Segmental SNi attempts to eliminate a bia. in the conventional SNI 

aeasure. Conventiona~ SNi tands to, give more welght to high amplitude 

segments. Segmental SNI tries to allevi.te thi. bi •• by averaginl SNI 

.. 

• 

(expressed in dB) over short lnterval. (l0-30 _ec). "Let!k be the k-:th ; , 

" input. block of time .a.ples, !te. the k-th decoded black, .nd 1(. the nuaber 
< 

.,' 
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and SEGSNR _ 10 108
1

0 q2 

vith 

, 0 

Ile.ulta ualng bath llea.ures are preaented in tabular fOrlllat ln Table 4.1. 

Figu.ê. 4.6 Ca) and 4.6 (b) are plots of SEGSNR ~er8U8 bit rate. Wlth 

teference to Pigure 4.6 (a) ft note that tbe SEGSHR drope almost linearly 

vith b1t rate. At a given rate. d1ff~rence8, between speaker' can account 

for up to 1 i dB variation in SEGSNB.. 

A180 ttOli Figure ,4.6 (b) J a change in SEGSB of up ta 2i dB cao. occur 
f 

bet.en the two fentences uaed in the exper1_t. Average SEGSHIl value. 

are Il.0, 13.0 and 15.9 dB for rates of 9.8. ~2, and 16 kb/lec 

"Iù r •• pectively. 

o 
34 
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" 
SNR (dB) / SEQlENTAL SMll (dB) 

Speaker Sentence 9.6 Itb/sec 12 kb/.ec 16 kb/t.e 

1 A 9.9 1 1l.6 12.0 1 14.0 14.1/17.3 

B 9.5 1 9.2 11.0 1 10.9 12.6 1 13.6 

2 A 9.5 1 12.1 10.9 1 14.2 13.0 1 17.1 

B 8.1 / 10.8 9.1 / 12.6 10.5 / 15.2 

3 A 11.8 / 12.2 13.6 / 14.2 16.2/17.2 

B 10.1 / 10.1 11.5 / 1l.9 13.2/14.7 

. 
Overall Average: 9.8 / il.O 11.4 / 13.0 13.3 1 15.9 

By Speaker: 

1 9.7 / 10.4 11.5 1 12.5 13.3 / IS.5 

2 8.8 1 li.5 10.0 1 13.4 11.7 / 16.2 

3 10.9 1 li.l 12.6 / 13.0 14.7/16.0 

By Sentence: 

A 10.4 1 12.0 12.2 1 14.1 14.4 / 17.2 

B 9.2 1 10.0 10.5 1 li.8 12.1 1 14.5 

Speaker 1: Male 

Speaker 2: Feaale 

Speaker 3: Male 

Sentence A: lt's ea.y to tell the depth of a welle 

Sentence B: The blrch canoe slld on the .aooth plank8. 

, 

Table 4.1 SNI. Perforaanc:e of the Saoothina Teclm1que 
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The SNR results have been suppl~ented by subjective evaluation to 

censure a realistic assessment of signal quallty. The subjective tette 

involved seven experienced listeners. 

The distortions in the coded speech vere deacribed as rough or barsh. 

The distortions are annoying but are perceptually distinct fram the 

speech matarial and thus do not affect Intelilgibility. The distortions 

increased vith decreasing bit rate. At 9.6 kb/aec, the speech exhlblts a 

warbl ing no18e Miich I118kes the speech sound unnatural. High level clicks 

are clearly audible. ln addItion, for 80me speakers, the speech sounds 

muffled due to the 1088 of high frequency camponents. 

4.2.2 ATC using the AlI-Pole Model Technique 

We now examine ATC in cOIIlbination with t.he all-pole .ode! technique of 

Section 3.1.2. The samples contalned ln the input black of aize 256 

,include the 128 samples of the prevlous example. ln addition the black 

18 pre-emphaalzed by a simple ~irst order tilter and windowed by a 

non-rectangular window. These refinements will he discU8sed in more 

detai1 ln the next section. 

Figure 4.7 (a) shows the time waveform. Notice that the incre •• ed black 

sÙe spana 4 pitch periode for this speaker. Figure 4.7 (b) shows the 

corresponding autocorrelation function, which ls needed to calculate the 
", 

aU-pole eat1mate of the baa1a apectrUil. In the follow1ng section, lie 

will see MW to extract even a better e.U .. te frOll th1s function. lor 

the preseni, notice the peaka at 8 uec intervala 1ib1ch reault frOli the 

pitch periodicity ln the time wavefora. 
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The block of Ume samples la transformed t yielding the epectt'um in Figure 

4.8 (a). Windowing the time sampI es results in le8. spectral spl11-aver 

in the OCT domaine We see decreased energy ln the 0-200 Hz t'ange and the 

near absence of energy ln the 3200-4000 Hz range (cf Figure 4.1 (a». 

Figure 4.8 (b) illustrates the alI-pole model estimate for this black. 

The analysis uses ll-th'order fliter (12 parameters including filter 

gain). The fl1ter order Is chosen to Include four formant. (8 poles) 

plus three poles to approximate t.he speec.h apec.trum roll-off. Note the 

smoothness of the estlmate and the good averall fit to the spectrum. The 

alI-pole model ls known to fit formant peaka very weIl. For Figure 4.9 (a) 

the spectrum and the estimate are superimposed. Notice that the estlmate 

fits the valleys more poorIy. The match i. especially bad st the 

extremea of the spectrum. As the model i8 ba8ed on a minimUlll KSE 

formulation, it 18 expected to flt peaks better than valleys. 

Blt asslgnment based on the alI-pole model 18 shown ln Figure' 4.10 (a). 

A totar o~ 212 bits (at 9.6 kb/sec) are assigned to the coefficients ln 

the black. The bit 8ssignment remains step-like. le differs from the 

one based on the smoothlng technique. ln that 80me bits are allocated to 

hlgh frequencie. in the thlrd formant region. 

The spectrum at the rece~ver 18 plotted ln Figure 4.10 (b). The spectrua 

exhiblts illproved high frequency re.ponse. Large apectral gapa r_ain, 

however. Figure 4.9 (b) shows the spectrum of the quantlzat10n Dolle. 
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We next look at the time wavefot'1œ for thia scheme. In Figure 4.11 <a> VIl 

have repeated the input wavefora for coaparison wlth the receiver 

vaveform in Figure 4.11 (b). Figure 4.12 (a) coapares these wavelorm. on 
- 'f 

the same graphe Figure 4.12 (b) II a plot of the error waveform. 

Referring to Figure 4.12 (b), note the reduced error near the enda of the 

block (cf Figure 4.5 (b». Thi8 18 another con.equence of the windowing 

process. 

We now change our foc us from a particular 8~ech segment to the overall 

performance of tbe alI-pole model scheme. SNR values are listed in 

Table 4.2. Figure 4.13 <a> illustrates performance a8 a function of the 

speaker. We see that the SEGSNR is relatively lnsensltlve to the 

d~fferent speakers. The maximum deviation is about t dB. Figure 4.13 (b) 

shows the performance variation a8 a lunction of sentence .. terl.l. A 
1 

difference of up to 2i dB i. apparent. Thua thi. scheme exhibit. 

approxlmately the same sensitlvity to sentence variation as the saoothlng 
( 

technique. OYerall average SEGSNR values are Il.2, 13.1, and 16.0 dB for 

9.6, 12 and 16 kb/sec, about the same as the smoothlng technique. 

Subjectively, the alI-pole model scheme exhibits different distortlon.vhen 

coatpared to the 81Ioothing technique. The coded speech contdn. a 

background sw1ahlng or Whi.tling sound. This distortion il clolely 
\ 

correlated vith the .peech wavefora and as :tch 18 not perceptually 

,dlsUnct from the speech. StarUng st 12 kb/ sec liateners notice s 

reverberant lpeech quality and some IMlffling. At 9.6 Itb/aec a warble or 

burble 18 pre.ent. Moat listener. prefer thia acheae to the •• oothing 

technique. 
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Sp •• ker 

o 1 

2 

3 

: 

Sentence 

A 

B 

A 

B 

,.,. A 

B 

Overall Average: 

.y Speaket: 

1 

2 

3 

J 

By Sentence: 

A 

B 

Speaker 1: Male 
• 

Speaker 2: Female 

Spe.ker 3: Male 

SNi (dB) 1 SEQŒNTAlo SNI. (dB) 

" 9.6 kb/aee 
;" 

12.0 1 12.1 

11.5 1 9.9 

10.\~ / 12.2 -

11.2 / 10.9 

12.7 1 12.2 

13.6 1 10.2 

11.9 J 11.2 

r ; 

11.7 1 11.0 

10.7 / 11.6 

13.2 / 11.2 

11.6/ 12.2 

12 .. 1 / 10.3 

12 l~b/.ee 

14.4 r 14.4 

13.8 1 11.7 

11.9 1 14.1 . 

12.9 / 12.5 

15.2 1 14. ~ 

15.9 / 12.0 

1" 
14.0 / 13.1 

14.1 1 13.0 

12.4/13.3 

15.5 1 13.1 

13.8 / 14.2 

14.2 / 12.0 

Sentence A: lt'a ••• y to tell the 'depth of • weIl. 

Sentence B: The blreh ~anoe 'Ud on the •• ooth planu. 
l ' 

~ 

1 Sil. 

" 

16 kb/.ec 

17.6/17.& 

17.1 1 14.6 

14.8 / 17.1 

15.4/14.9 

18.-1 1 17.3 

19.2 J 14.7 

17.0 J 16.0 

17.4/16.1 

15.1 J 16.0 

18.7 J 16.0 

16.8/17.4 

17.3/14.7 

,Table 4.2 S. Perfonanca of the AU-Pole Model Technique 
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4.2.3 ATC Modifications and Reflnements 

We now c1arHy some of the modifications and reflnements referred tp in 

previous sections. To some extent several of the se refinements hav~ ~en 

Incorporated into the alI-pole model technique. A major modification, that 

of adding a pitch estimate to the basis spectru», will he "lntroduced and 

11lustrated with the same example used in the previous section. 
! 

In the course of the experimental investigation it was discovered that 

ATC could he improved by use of pre-emphasis, de-emphasis techniques. 

Pre-emphaslz1ng the input waveform boosts the energy at high frequencies 

relative to the energy at low frequencies. This alteration of the signal 

spectrum agrees in principle with the perceptual importance of hlgh 

frequency formants. The result of this refinement i8 to cause more bits 

to be assigned to higher frequencies. Those high frequency components 
, 

vhich are allocated bits are reproduced in the receiver spectrum. 

The complementary operation of de-emphasis Is then performed at the 

receiver. The filters used ta accomplish pre-emphasis and de-emphasis 

are given by eq. (4.1) and eq. (4.2) respectively. 

1 

n - 0 
n - 1 
e1sewhere 
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, -(n+1) 
hd(n) - 2 (1+Cos[~n/5]) 

- 0 

n - 0,1,2,3,4 

e18ewhere 
(4.2.) 

Bd (z) = _---:.1 __ (4.2b) 

-1 l-(2z) 

These fiitera were selected from • faa1ly of pre-emphasis charactert.tics 

w1th the parameter hp(l) • -i selected exper1aentally. 
'. 
'" 

A second refinement la the use of a non-rectsngulsr window. When a 

tapered wlndow 1& 1ncorporated, adjacent blocks are overlapped. The 

amount of overiap 18 determ1ned by the expl1clt window shape. lbe 

ra1aed-cos1ne window, given by eq. (4.3) 1a employed. The window reducea 

both spectral spill-over and the dlscontinuitles st black boundariea. An 

overlap of Ha3l sampleawas found to be a good value. 

{ 

~1(1 - cos[w(1+1)/(H+l)] ) 

wH(1) -

~(l - cos[w(N-i)/(H+l)] ) 
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The window and Its OFT are shown ln Figures 4.14 (a) and 4.14 (b). 

The above refinemen.ts operate on the Ume waveform. We now describe a 

modification to the basis spectrum estimate. We term the scheme 

resulting from this change the modlfled alI-pole model technlque. 

In [8] Trllo1et and Crochiere describe a way of addlng pltch information , 
to the basis spectrum estimate. The autocorrelation function ls searched 

for the pitch perlod P (in samples) by looklng for a peak away from the 

orlg1n. ln addition, a gain value G il determined as the ratl0 of the 

autocorrelation functlon at P to its value at the origin (zero sample 

lag). Note that G must lie in 'the range (0.1]. 

~ 

The new all-pole estlmate ls obtained from the origlnal estimate 

where 

by multi,Plylng 

,. " 
CJ~2 - 0 2 • 02i(P,G) 

i i 

the estimate by a pUch factor CJ2(p,G) 

a 2(P,G) - \DFT[ {ï Gm 
ô (n-mP)} , • [U (n)-U (n-N)] ] 1

2 

m-O S S 

'and U.(n) 18 the unit Itep functlon. 
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The pltch excitation ls modelled as a decaying impulse train with perlod 

P. The amplitude of the pulses are geometrically weighted by G. 

Fur thermore , the sequence is windowed by a rectangular window of length N. 

Note that the pitch model ls described compactly by only two parameters. 

These parameters must be included in the side information sent to the 

recelver. 

We demonstrate the modified technique by example. Figure 4.15 (a) i8 a 

repeat of the speetrum in Figure 4.8 (a). Figure 4.15 (b) shows the 

basis spectrum estlmate uslng the modified alI-pole modela The pltch 

peaks sp8ced by the fundamental frequency (I2S Hz) ari clearly evident. 

The esti~8te çaptures both the gross formant structure 8S weIl as the 

flne pltch striations. Figure 4.16 (a) compares the estimate and 

spectr6m directly. Note that the estimate Is still poor at the spectrum 

extremlt1es. 

lt i8 appropriate to mention one further refinement at this point. AlI 

the basis spectrum estimates do poorly near 0 Hz. To avoid wasting bits 
/ 

on a region Where input signal bas no energy, 8 change ln the bit 

888igament i8 introduced. Coefficients ln the range of 0 Hz to some 

cutoff fc are allocated zero bits. For the simulations fe 1s chosen 

8S 125 Hz. This value is consistent vith the band-pass fHter and window 

cbarllcterlstics. 

Figure 4.17 (a) shows the bit as.igament vith the number of bits/block 

set at 212. The bit a88ignment reflects the pltch perlodlclty in the 
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bas!s apectrum eat~mate. Peaka in the spectrum are allocated bits while 

few bits .get asslgned to nulls. Thls frees addlt10nal bits to be 

48signed to higher frequency peaks. 

The receiver spectrum 18 shown in Flgure 4.17 (b). The receiver spectrum 

di.plays the fine s~ructure of the input spectrum. Aiso high frequency # 

energy 18 extended to the fourth formant region. The quantization noise 

spectrum is plotted 10 Figure 4.16 (h). 

Time waveforms are illustrated in Figure 4.18 (a) and Figure 4.18 (h). 

Figure 4.19 (a) compares input and recelver waveforms directIy. Figure 

4.19 (b) Is a plot of the error waveform. Note the amplitude of the 

error i8 reduced' in comparison with alI-pole model error ln Figure 4.13 (b). 

We next present resul ta to indicate the performance 0,fthe overaii 

scheme. Table 4.3 dlsplays the SNR performance for the modified alI-pole 
, 

model scheme. Figure 4.20 <a> shows SEGSNR sensitivity to speaker 

variation. The introduction of pitch, a strongly speaker dependent 

phenomenon, into the hasis spectrum estimation has increased the 

performance sen81tivity to dlfferent speakers. Variations in SEGSNR of 

up to 2 dB are ahown. # 

Figure 4.20 (b) shows SEGSNR variation to 8ent~nce mater!al. SEGSNR can( 
\ 

dacrease by as 'much aa 2i dB. Thua the senaitivity remains unchanged 

from the other achemea. 

) 
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SNR (dB) / SEQŒNTAL S8 (dB) 

Speak.er Sentence 9.6 k.b/_ee 12 k.b/.ee 

.. 

1 

2 

3 

A 

B 

A 

B 

A 

B 

Overall Average: 

By Speaker: 

1 

2 

.. 3 

8y Sentence: 

A 

B 

Speaker 1:' Male 

Speaker 2: Pemale 

Speaker 3: Male 

14.4 / 14.2 

14.8 / Il. 7 

13.8 / 14.5 

15.0 1 12.5 

14.0 / 12.8 

14.9 1 10.7 

14.5 / 12.7 

)" 

14.6 1 12.9 

14.4 / 13.5 

14.4 / 11.7 

14.1 1 13.8 

14.9/11.7 

,? 

_ ') 

16.6 1 16.4 

17.1 / 13.6 

15.8 1 16.5 

17.2 / 14.3 

16.2/.14.7 

16.8 / 12.3 

16.6 / 14.6 

16.9 / 15.0 

16.5 1 15.4 

16.5 1 13.5 

16.2 / 15.9 

17.0 1 13.4 

Sentence A: It'. ea8y to tell the depth of a weIl. 

senteofe B: 'nte birch canoe alid on the .aqoth planu. 
1 

1 
1 

----·--·-~·1 

16 k.b/.ee 

20.1 1 19.3 

20.5 / 16.5 

18.8 1 19.4 

20.4 / 16.8 

19.1 1 17.4 

19.9 1 15.0 

19.8 1 17.4 

20.3 1 17.9 

19.6 / 18.1 

19.5 1 16.2 

19.3 / 18.7 

20.3 / 16.1 

• 

1 

1 

Table 4. 3 ~NR Perfonaa1tce of the Kodif1ed AU-Pole Mode! Tec:bu1que 

1 
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Fig. 4.21 coÏapares tbe average performance of the three SCDellleS 

examined. The modified alI-pole model.shows the Oest average 

perfo~nc~; 12.7, 14.6 and 17:4 dB for 9.6, 12 and 16 kb/sec. ~is ls 
.... ~ 

almost l~ dB better than the other schemes. 

when speech processed vith tbe modified alI-pole model ~cheme ls 

presen~eJ to llsteners, they characterize the distortions as heing 

similar in nature to those of the alI-pole mode!, 8cheme. Listeners 

general1y find the distortions 1ess objectionable and they suggest 
~ 

that the modified scheme' has the best overa!l quality of the three 

"chelles investigated. SOlDe listeners, bowever, notice only a sUght 

improvement with this teç~nique as compared ta the alI-pole mode! 

scheme. 

1 
r 
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V Conclusions 

ln this chapter we 8ùmlDarlze the' contenu of preceedlng chapteu and 

state the conclusions of the s~udy. In a final section we outline areas 

for future investigations. 

We have presented a basic transfor. coding fraaework. The flexibility in 

TC lies in the choiee of the 'transforaation and in the choice of the 

quantlzation strategy. We have aelected the OCT as a cOlllputationally 

efficient approximation to the optimal Karhunen-Lo~ve tran.formation. As 

well. a general quantization strategy has been for.ulated, vith sever al 

specifie schemes implemented in a computer sl.ulation. The simulation 

affirms than ATC Is an excellent alternative for speech coding. lt 

offers a range of qual1t1es froll very good at 16 kb/sec, ta noticeably 

dlstorted (bu~ completely intelligible) st 9.6 kb/sec. In fact, at 9.6 

~._kb/sec, ATC (using the modified aU-pole sche.e) gives better qual1ty 

than any other scheme present!y available. 

The performance. of ATC depends to a large degree on the accuracy of the 

basis spectrum estimate. ln this regard, the smooth1ng technique is too 

crude an estimate to model speeeh spectra accurately. ~e estiaate 

yields a step-llke blt a8s1gnment curve Which does not ca~ture the fine 

structure (pitch striations) in the original spectrum. The ssoothlng 

technique is not speech specifie. This apparent drawback,may be an 

advantage in the coding of inputs other than 'speech, or in cases Where 

the coder aust handle several types of inputs (aa in the telephone 
1 

network whlch carriès both speech and voiee-band data). For exaaple, we 
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have sho~ that a 24 kb/sec ATC coder using the smoothing technique, when 

~pplled to volce-band data at 4800 b/sec, yields an error rate of 10-4; 

this compares favourably with other coding schemes, and can certainly be 

improved. 

Basis spectrum estimates using the alI-pole model yield better quality 

c~ed speech. The alI-pole model prov1des an sccurate, concise 

representatlon of the overall basis spectrum shape. The addition of 

pitch informatlon into the modified alI-pole model scheme results in the 

best overaii performance of the three schemes investigated. The pitch 

model provides the necessary fine structure for the basls spectrum 

e8timate~ The improvement obtained using the pitch model seems somewhat 

speaker dependent. 

The quallty of speech coded by AIe is improved by the use of a 

non-rectangular window. Windowing reduces clicks by reduclng energy near 

the black boundarles. An additionsl benef1t of windowing 18 reduced 

spectrd spUI-aver. 

A pre-emphasis fH ter at the transmHter and a de-emphél:sis fil ter at the 

receiver can further improve ATC performance. The pre-emphasls fil ter 

eauses better high frequency reproduction by boosting the energy in the 

hlgher frequencles before coding_ The de-emphasis f~lter helps to reduce 

click amplitude since the fil ter attenuates the high frequency components 

of the clicks. A disadvantage of too much pre-emphasis is that the 

proce8sed speech has an audible swishing background noise. 
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Ac low rates 8uch as 9.6 kb/sec, speech processed by ATC exhibits 

noticeable distortion. One type of distortion 18 a kind of warbIlng 

or burbling noise lIIhich is perceptual1y integrated with the speech" 

mater laI and" 80unds quite unnatJral. We speculate that the warbling may 

be caused by a lack of continuity ln the formant trajectories. Sin ce the 

quantization of the transform coefflèients le independent from black to 
, 

block, It ls possible that formant trajectories (especially those of the 

lower energy second and thlrd formants) can become dlscontinuous. 

ATC appears complex when compared to conventional waveform coders. The 

main sources of complexity, however, are two types of signal processing. 

First, the computation of a DFI is an intesral part of the OCT 

calculation and of the alI-pole basis spectrum estimate. Second, a 

récursive matrix inversion (Levinson's algorit~) 18 requlred to generate 

t he aU-pole fil ter. ln a practical ATC coder the se two functions IIUSt 

run, ln real-time'. The general usefulness of the DFI as' a signal 

processing element may well mean that a DFT module (perhaps a self-
~ ';. 

contàtned integrated circuit) mght be available ln the near -future. ! The' 

alI-pOle fllter calculatlon can presentiy be done ln real-time with fast' , 
mlcroprocessors. Hence, a real-time adaptlve transform coder is a 

feaslble device. 

A situation where ATC may prove uaeful, Independently of whether or not 

'" 
the requlred"c1rcuitry becomes 8ufficiently inexpensive in the short term 
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because a single coder serves a large group of subscribers. Arc may also 
, 

be a viable alternative for secure communications. ln this case, digital 

transmission facilitates the encryption of high security messages-!-. A 

constraint in some secure systems ia that existing communication links 

with limlted channel capacity must be utilized. For example, a telephone 

channel with special compensation (i.e. adaptive equalization) ean 

support transmission rates of up to 9.6 kbl sec, a rate at whi ch ArC 

yields speech of communication ,grade quality. 

/ 
Last, we ~resent several suggestions for future work in ATC. One area 

'1 

which needs further investigation is the determination of those waveform 
<{' 

characteristlcs whlch correlate with the preceived distortions. Such a 

study is fundamental to the extension of ATC to even lower bit rares. 

Below 12 kb/sec the coding scheme has few bits to assign and therefore 

'must aUocate bits only to perceptually important spectral components. A 

second area of interest Is the transmIssion of volee-band data using ATC. 

The apectrum of VOlee-band data differs markedly from th~t of speech. 

The ability of ATC, a frequency domain technique t to adapt to varying 

r 
spectral energy distributions makes ATC a logical choice for systems 

which transmit both speech '~nd data. Other specifie issues in ATe tbat 

need investigation are the effects of channel errora on coder 

performance, pole-zero modelling of the basls apectrum, and aide 

information quantization strategies. The solution of these problems will 

help push ATC toward~ practicaUty •. 

66 



"l"l"II.~t_!!IfIr"R ____________ _ 

. " 

( 

APPENDIX A 

Efficient, In-Place Computation of the Discrete Cosine Transform (OCT) 

. il 

'Let x(n), n - O,l, ••• N-l be an N point data sequence and X(k) be its 

corresponding OCT. Then 

X(k) - 2c(k) 
N • 

where 

N-l r x(n)cos [w (2D+l)k/2N] 
n-O 

c(k) • 1/12 

• l 

, 
k • O,I, ••• ,N"'l 

k • 0 

k - 1 ,2, •••• N-l 

Reference [20] describes a method for using an N point DFT to 

(A.I) 

calculate an N point OCT. For convenience, ve now rederive this 

result. 

Let t~e s~a~ion ln eq. (A.l) be deno~ed by 

N-l 
F(k) - r x(n)cos[n(2n+1)k/2N] 

n-O 

Assuming N 18 even, define auxl11ary sequence yen) by 

yen) • x(2n) 

(A.2) 

n • 0.1, •.• ,(NI2)-l (A.3) 

y(N-l-n) - x(2n+l) 

Substituting yen) for x(n) ln eq. (A.2) yields ,.. 
• 

N/2-1 
t(k) - r y(n)cos[(4n+l)k/2N] .. 

N/i-l ~ 
+ L y(N-i-n)cos[(4n+3) /2N] 

n-o 
1 
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If we let ni - N-l-n in the second summation. simplify, and 

combine the SUd8, we get 

N-l 
F(k) - L y(n)cos[w(4n+l)k/2N] 

n-O 

We may evaluate F(k) as the real part of the sequence 
.; 

N-l 
H{k) - L y (n)exp[-jw(4n+l)k/2N] 

n-O 

N-l 
- exp[-jwk/2N] l y(n)exp[-j2wnk/N] 

Identifying the summation as the DFT of yen), namely Y(k), 

F(k) - Re[H(k)] - Re{ exp[-j1fk/2N]Y(k)} 

Furthermore, it can easily be shown 

H(N-k) - -j H(k)* 

(* denotes complex conjugation). Thu8 

F(k) • R. [H(k)] k - O,1,2, ••• ,(N/2)-1 

F(N-k) - -lm [H(k)] k - 1,2, •.• ,{N/2} 
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and X (k) can be evalU4ted frOID F (k) • 

().,~ The above derivation shows that an N point DeT 1I&Y' be caleU'lated 

us~ng an N point DF'!'. We next consider the problem of in-place. 

calculation. 

The rearrangement indicated in eq. (A.3) ia a1œplified when one 
'1) 

considers x(n) as a 2 by (N/2) aatrix atored in a linear array 

(as in ~e FORTRAN convention). 

For example, if N - 8 

rX(O~ 
Lx(l) 

x(2) 

x(3) 

x(4) 

x(5) 

Consider the transpose of this matrix, 
" 

Camparing storage order, 

x(O) x(l) 

x(2)' x(3) 

x(4) x(5) 

x(6) x(7) 
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Or111nal Transpose 

x(O) ~ x(O) 

x(l) x(2) x(2) 

x(2) x(4) x(4) 

x(3) , x(6) x(6} 

x(4) x(l) x(7) 

X(S) xO) x(5) 

x(6) x(5) x(3) 

x(7) x(7) x(l) 

Thus rearrangi.ng the transpose order to get yen) ié a simple, 

matter of reversing the order of the elements in the second 

half of the array. Algorithms for the in-place transposition 

of rectangular matrices May be found in [21], [22]. 

To summarize, the steps in computing the DeT are as follows: 

1) following eq. (A.3) rearrange the data in-place (using 

matrix transposition) 

2) use an in-place FFT algorithw (for real data) to calculate 

Y(k) (note that an FFT ofnan N patnt resl sequence needs 

only N storage locations) 
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3) perform the camplex ~ltiplication in eq. (A.4) 

4) calculate F(k) fram eq. (A.S) 1 

5) multiply F(k) by 2 c(k)/N 

The inverse OCT 18 computed 1n a sim11ar manner. The IDCT 18 

def1ned 8S: 

N-l 
x(n) - r c(k)X(k)cos[w(2n+l)k/2N) 

k-O 

n • 0,1, ••• , N-l 

The IDeT may be compu ted 

as 

N-1 
w(n) - Re r {c(k) X(k)exp[jwk/2N)}exp[j2wnk/N] 

k-O 

and-

x(2n) • w(n) 
.' , 

n ·.0,1, ... , 

x(2n+l) - w(N~l-n) 
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Note that the real part operation may be performed in the 

frequeney demain. If 

R(k) • c(k)X(k)exp(j~k/2N] 

we can tau the IDFT of i{R(k) + R* (N - k)] and avoid taUns . " ' 
o 

real parts in the sample demain. 

The IDCT can be calculated in-place ~sing the fol1owing steps, 

1) replace the X(k) sequence by ![R(k) + R*{N - k)J 

2) use an in-Pl~_~FT algorithm (for transforms of real data) 

to calculate a permuted version of x(n) 

3) use matrix transposition to unscramb1e x(n) 

Two subroutines (listed in APpendix.»), DeT and IDCT, implement 

the8e~rocedures for N a power of 2 ranging from 4 to 2048. 

RFFt performs the real forward and in~erse FFT operations. 
.. .' 

MTIP2 la used for in-place matrlx transposition. Note that the 

complex exponentiais are ca1cu1ated recursively for increased .. 
effi'Mency. 
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APPENDIX B 

This appendh liate the FœTRAN aodulea Uled ln the coaputer alaulat1ona. 

Oo.1y routines Which are directIy relevant to the, ATC aiaulatlon are 

pruented. Auxlliary progru. uaed for fil tarins and window1ns t a ..... 11 

~ a8 aU "system dependent routines, are excluded. 

A sequence of operations 18 requiI;ed to sillutate the coaplete coder 

action. A file contatnlng the speech sa.pla.' i8 firlt pa'led through a 

pre-emphasls fllter. The fl1ter!p speech ls partltioned into codlng 
~d) 

blocks by windowing the speech uaing overlapping windows. Thus ad)acent 

blocks" have ca.aon speech samples. l'bese bloclts are placed in a 

'temporary file. This file Is coded via the ATC progr... After eoding, 

the overlapping portions of adjacent blocka are added tog.ther to uodo 

the &ffeets of windowing. A last .tep de-eaphasizes the coded, speech to 

produce the desired output file. 

Functional Description of Prosraa Modules. 

( 

ATC - Adaptlve tranaform eoding .sin progr .. 
.1 t, 

ASSIGN - Bit ass1gnaent for ATC 

AUTO - Autocorrelation method of deteraining best 'alI-pole aodel 

Ulter 1 

1 

.' 
( 
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DeT - Fol1lard {itr-plac.} di.crete codae tr_dora 

DlCHCI. - Geu input and output file ua .. 

DPCLOS - CIOR' a file opened by DPOPEN 

.. 
DPOPEN - Open. a fUe for t •• d. (W~) or writ •• (WITW) 

BXIT - Stopt prolr_ exac:ut~OD 

. 
• PLTYPE - Adda. default file extenslon to a fil. n .. e, 

• 

HDR.IN Inputs an aud10 file header (head.r cont.ina ... p11nl 

fr.quency. creation ~e* apd file length) 

HOROur - Outputs an audio f1l. bead.r 

op 

lDeT - Inverae (ln-place) drscrete c081n. tranafora 

MBSSAG - Int.rfac. to 8y8te ........ utllity (used to print 1/0 

errora) 

KT2l - Nucleqa called by MrIP2 

. MTIP2 '- Tran.poaes • 2 by H/2 or a N/2 by 2 .. trlx In-plac •. .. 
, . 

o 

r 14 

1 .. 
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.. 
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,,~ 

1 l' 

h , 
... 

. , ,. 
j 

'1 

~ 

"1 
~ 

v ... , • 

·,1 

... ., 
~ ",. J 

~ 

l 
1" 

.i , 
"1 
f .li) 1 , 

q 1 ", 

+~. 
: ~ " . . . 

!. , 

~lZE -~Quantize. a variable g1ven Àquantizer cbaracter18tic 

lAD~ , ,- iSC!J Ji '!nterua! c:baracter fomat ~ l "-ta , 
\ 

, , 
~-, 

'. 
\. . 

llEAW - ileada, Hoa a file • 
, 

1$' 

, 
t'l~ 

'- ~.hhe. : butfer .:t'fil • ~.y, •• t of oupl •• llENEW 

1" 

, ,,' 

aENlttr ... Initiallù,Uon for RENeW-
\' 

. ' 

- leque8t8'~xeéution of a apeclfied ta.t. (used to invoke Kaster 
p 

Coniol. Routine Nell) " 
" 

--. 4' , .... -
UFT' 'I1i-p.t~e FFT :('J~ inverse yp.T) ,fo:~ rea1 ~t.I 

• 1.. , 
~I 

1 • 

RLTU'K -) Nucl~ called' by IFlT 

" 

", SC~D-"'-- Sche"ule. ta.t, fO~ 'executi~n! at a gtVeR Uae 

- Side 

r ~ • 

TCSDiFO 

, . Dt" " './. \. ' 

1nfomatwn usina the _oothi technique . .. .....lt 1.. • 

1 ..... 

.",-

or ~ifi.d all-pole , ' 

\ , 

1 • " "'" 

, , .. 

l 

~ 

~ 

" ;~ 
" 
~ ~ 

-, 

" 
c' 

0> -
'1' 

(' 
, . 
t ... 
<, 

t'\.,~ 
;" rot 
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,1 

vrYT - Nucleus c:alled by IFFT . 
Ir 

~~(, 

VSœTP Sort. en array (tn increaainl order 1 keeping track Ç;,f sort 

) 
per.utation) .. > 

,_Y 

... 
WIUTW - Writea to a file 

,1 
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c 
c r~A"S'OM~ COOIN' ~.uçaA" 
C 

c 
C V'TA O"IMlfIOMS 
C 

:: 

c 

:: 

c 

c 

c 

c 

t~ 

C 

c 
\ 
\ c 

I.U1l5 
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~'M'"&T'~ "Al"MI.25~ 
PA"AII~T'" IIA'llr ••• 
'A"AMLr~a ~Sl'L-~lO 
PAM'M,rLM UP"0-J'JIJ •• ~O.'*Oa·I'JI4. 
PA"A"~Tt" rtla'r t , Mua'~', 1~"Ha'/' 

1 1 ... OCII. IP,'CH .urrE" 
l,M'X tll,"arOll" Il'~ 
1 III Ou'"tl"a I1T. 
, 2·'(AA1'ltl~ll·2 
1 DIA aUGa: 

p'"A",n. ." , .. UI-l " lLa:uut-2,' ,,,':OIIT-l.1101 Il ••• ".Ole$ ,1t'00.5. 
:' Iop" ••• rlLlPU.1 

IIUL 
l 
J. 

lMfl"lfJ.I,OUrtlLiIJ",UMT.'''il(20 •• '.TIM'''. 
lU"I,,,"C •• IOU"MI .... ""C ,111111" ,"U"A. ,Qtl.E. 
~IU.I.CAMM.A .. A •• OfY't. . 

LUCICAIo '''OT.%EMOrM".pltCH 
fi 

l.ttGt:k'l l.urr'kl'Utll'tl.ltlTIIIIAIPAMAI,lOIT'21.IA.P~I. 
1 "Ar.:.H.IU'C'T.'M"CHt,u,,~r.kRl.MIM.I'C 

l.tEGEM' •• rHAMt:.140U""' 

MUI. IIUrtlM,"UnIUI.u,"IUE) • U'''AlMAXI'UAJ .r'AI''''U''"''. 
l ~'C.AO"Ol"Al""'l.oac'~IIlA"ITII 

LQUtwALL_CE (105T,IOlt.), (.U",R.I.uVr&R) • 
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l '.'6'Q','.','I'.,.vl 
CL1P(1).A"Al'~'I.UP •• 0). Io0W.IO) 

I.U.' •• "IOI 
.. UIIUUI·'.OIl 

C lOto' m .. UPUT AllO OUT,ur nu "A"EI' 
C 
10 

t: 

CaLI. ULC.C~(·"UPI0 rl~". ·.UUTrlL'.·AUO',I.rl~'."UO', 
1 LU.J •• IoU.OUr .... CR) 
.f(OurrILE'II.a:O.O .OM. J.rIL'll).LO.O)~U tO la. 

CU, ... IKt: I.PUt 4UOI0 'ILE 
C 

c 

~&LL uPUP,.,flL'l'.IOIT.'.'ILE •• ·1I14D •••• LII 
CALI. " .. II&G(.IOlr) 
alltUbr'.LE.OJCO ta la 
•• L'.IAH'(lU.T(2»)·1 
lr( .... It.Io~.IJGU ro .50 

C k~AO IHt 1.~Ut t'''~ HtAU~R (4~10 PMI.rCD 01 "PA, 
C , 

c 
CAL" HO"I.'tl~'I.,IOI'.I'IICO •• O.L •• LPII) 
'fIIUIT •• LI •• IGO Ta , •• 

c U~~. rH' uurrur 4UOI0 rlLI 
c 

•• Lle ••• ". 1 IL~At' A 101.CO.'IG.OUI '1La: 
CIL" U'U"."II.'UUt.lust,uutfILK •• ·CMEAfK· ...... ) 
CAIolo MKlaaG(.IOITJ 
,tCIOlrH.GT •• JGO fO &0 

C ~MMUM •• u.,.a.G OUf,at '1L& 
CIL~ U"CIoOI,'1L&II,lUI'.·IA'C', 
C'Io" .'.IIG(.IOITI 
COll ru la 

C 1 
C •• lr~ T"K uutPUT 4U~'0 rlLI'.'AOKIl lALaO PI'"t'O O. LPII) 
C 
4u 

c: 

CAL~ .Ulluu"rl~'OUT.lu.T,.racl.I .... I.L'.' 
1'(IUI1M.LI.vlCO to 15. 

c ra.o UUl THE 'MA.' Ioa:IÇTH II ""L&' 

'rILu.uut.KQ ••• OO, •• 't~(LU.Ou'.I •• a) 
MI.0(LU.'.,lI00,a:RII_.',K."'IOI.AMPLC • 
• Pltta .... 'a.c. 
l',.'AM'.",.4 .ua •• PAIII.Gt •• AI'AI4JGG ru ,. 
14uU".' •• IL'-' ' 
.'A4H'·'.OU •• '.2tt, •• .,LCI .... 
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C 
C rl.~ UUT tH~ YU.Htl~LR tr'L 
C 
_U lr'LU~uut.~~.K_OO).MlTL'LU.UuT.14UO) 

c: 

MEAU'~~.l •• tl~O.t'P-l'UJHCHM.yTrp~ 
UO.CHM,IIL.llliU fU .0 
l'(wTr~L.L~,L.PLC .UH. utrV~.LU.CAU58 .UR. 
1 UTJVt.L~.~.IIMIGO lU lU 
l'lOtlpE.~L,UN1' .AMP. Qrrp~.N~.IIU~ ••• AND. 
1 QTr'L.HL.A .. A.JGU ru bU 

C U~,H gUAlltl~~" 'ILE 
C 
1U 

c 

C 

It(UlIPL.~U,LAPLC)J-1 

1'(UTIVL.LU,UlIlt )Ja2 
It(UTI~~.LU."ULA.)J.J 
1"UTJPL.Ly.Ç~U51)J •• 
1'(QTIPL.LU,~,II"JJ·S 
l'(url'L.LU,ALA. )Ja. 

• 

UVËM(U"lT •• tLtg"T."~"L.gNTMA"Ebll.J).TIPE.'OLO·,NEAOUM1.1. ~ 
l 'M".':1U,ru,,". 'UN'UItNATlEU' .lIurn.RCOUITa2) 

C tlLL IH IIU"UILEN ARIlAI 'Q
e: 

':lU 
C 

~Lt.Y·I L 111011.-' 

00 90 '.I,H~l~lTI 
~LAU"ILLUllt.EMA-1S0)(Q'JJ, .1NOX.INDX.NLE~-I) 
l"O~·IIII1UN,,~y 

.U:'ltNLLU2 

C CLOSL YuAllfl'LH tlLE 
c 

c 
C IILAO "A.U '"'U .. IIU"~EM Dt 'Inl lM II~ ALLUCATEll TO AN &NDI VI OUA" COl::fnClt,.I 
c 
10U 

C 

"(~U~UU'.EU.KIOO'aMI'~(LUNOU'.1700J 
~L~OILU.I •• llUG,'~Mal0U.'MU.l:lQJRAXA&N 
1"'"AlAia.LT.U ,DM. ~"I",",Ct.RAX'lTI)ÇU 
If("""' •• 'U.u'."1"'.·.A'.IT. 

C M~~u IIUAIIIlUIt I.UloU1l' "'CTOIII 

rD 100 

C UAL tUM t.AC" HUA.ER or 11T5 1"Al COU LU ME ASIIGIIED 
C 
JIu 

C 

It(~u.uU1.~U.K.UO,.MltK(~U"OU1.I.UO)"A'A&1I 
.LAUlI.U.l.,ISGU.'MR-l'0,I::"U.l~UJ(U'~ALL'11.1.!.~AlA5"J 

C OLr_~Lr f."UL tUR asCALE la I.U 
c 

III 

UU III 1.1,II~AAI" 
1'(U6CAL~11'.LI::.O.OIU'CALLll)·1.O 
COltrh.,I:: 

CCL' .015t. I~A~I.' PARAlIl::tER 
C 0 

liS lrILU.UUT.~U.A.DO).Rt'E(LU"our.l'OOJ 

:: 
MI::AO'LU.IN,I~GO.IRR-115.I::.U.'50ICA."A 
lflNAH",.~t.-l.O .OR. GANMA.çr.Q.oIGO TO liS 

CCLI ul5101lUOIi 'UIICUON TI .... 
IJ "Je 

~ .. ' 

III If\~U.u~t.CU.A.DO'.klTE(LU.UU' •• O'.) 
MLAUlLUNt •• IJOu.'.O-lS0'.CKII.DTI'E 

.. -
lfl.C"M.EQ.OJufl'E.OT"t 1 O'~ULr 15 OTI" 
lrlurl'~ •• L.LA'LC •• NO. OTIP'.~e.c"uss .ANO. 
" ot,,'.HE.UI"'OO tO 111 

:: ,&1 .n M"U 
c' 
UQ 

c 

lr(~U.UYT.CQ.~IOO, •• l'E(LU"OU',l'OO) 
MI::.D'LU.l •• 15.'.~R •• 120.L.O.'5"'lTMA'~ 
lr(.lrMArE.~ ••• O'GD ,a tau 
_AT~·_'''kA·.lt~aT'/5r~EQ 
t'~."AT~.5r.~Q'.'.RA 
.f".u~ •• ur"&I::/'A.P~" 

c PA~'M~rEA rUM '.A"' ta fRA.E .'.01' II '''l'ANCE l.t'KAtE 
C 
lU ,F'L~.OUI.KQ.~'OO) •• "'ILU.out.) •• O) 

"'.U'LU.1M,I~OO,INR.125.'"U.710).~'KA 
,r'.L'.'.LT,O.U .Ok. 'L'd •• ' •• l.~)'o rD 
aCtaal.0-.LPIlA 

c of 
C ,~t '.'.letOII UMULM 
e 
IJù l'("U.~Ut.'Q.k'OOl.klrC(LU'UUr.).oo, 

\~ 

78 

\ 
G '" ~r ~. 'rt!".,(1 ~ ~,~ .,~ ,1~~f'U,~ ••• iii_iiliii.l-iJlm~1:i4!r.o;:;;~':------::--;,,:-:,';:'"':;;'.;;~;-:,-;:;~,~,:;;~,{;;;>-;::,,"t;-~~,.--: -'--,;--~?" ' ,,'iilf~\":-'-
, ' " , 

,. 



Î 

• 

c· 
C 

"~'UI~U.l.,~'OO,EMM.llO,t'O.7~U).CMR •• 
It,.e~ ••• Q.u .OR. ~.LT.~ ,u~ ••• ~f.241'U TO IJO 
4P".tI 
PI TCu."",,,. 
It(".EU.U)~~ lu l'~ 

C 'LI PITC~ .Irl.AtlD. PAM'"ETE~ 
c 
,tU If(LU.ODT.~Q.l.OO).RITE,~u.ùUT,J900) 

C 

R.AUI~U.l.,IJUo,t.O.750)NCMM,.OU""~ 
lr(.D~~MY.~Q •• ù)GO TO 14~ 

1".OU."I •••• I.I, •• IO. "e"k.~T.O)GU Ta 140 
PI TClla. IMIIE. 

C aUl,DT COuiN' ICnE"' PARrlCU~~Ka Tu fIl ~l.~ PMI.tER 
C 
14!> 

C 

.RITL(LPR.1JUU)NPAkA.QTY~~."'lAI. 

-RITiILPM.3iïu)(UaCALLIIJ, •• 1,.A1A."J 
wRlTLIL'R,l."U).ATE,TEMP 
.~IT~ILPk,2Jl~)'A""A,OTYP~ 
IF(".'f~).MIT.'LPM,25UDI",PITCK 
IF(".LU.~J."lT~ILPM.2'OOI 
IF,.L'dA.Cf.U.O).RITt' .. PM.l'VU)AL'HA 

C PM~i"P"'il' - DiL.P.AIII D'TIDI 
C ( utt'ULT 1& N" P~EL"PII"" ~ O~'E"PK.'lS 
C 
I:'U 

c' 

c 

H' ( &.U80U 1 ... u .I\IIUO l ~. UU "".OUT , 290V) 
M&.UI~".lM,'UUO,EMR.1~O.~NO.1~O)'CHR,"RK1,"R'~ 

, IJ 
U~"TAr.6'kt.U'(1.'M~AR') , 
t'aO.1I 

DO l'U lal.IIII'KA 
"G"IMBJ-I.U 
~1.(t8R~2.çr.t'I".llf"I.(II~(I •• ,r/"R.ll •• 2l 

C l~ITIA"I&~ .IGAlULO TO &&MU 
'" ... 'IJ",,(1I*U.II 

lit" "a.".ot.LT't 
C 

C ~~ot 'A~I' bllLCt_U" OPTION 
C 

"""Ta .• '''St:. 
IMU ' Ir("UNJUT.~W.l"UO'~RITE(I.".ÙUT,l200) 

:: 

"i."&II"u.'''.llOU .tIlU*7$1I lNC'"t.Il""'''" , 
1".UIIMAffLU.lla .OR. IICHM.'''.UI~ TO t'S 
l'(.UU".I •• ~.lEalçD TO l_y 
PLUI-.ttlUE.' 

C 01'''01 P&.OT "I.E 
C 

c 

1I1I .. " ....... ItA .. (H (lIPAIlA'4.~III/SUI d 
C ..... D.O"E~I'11.('''f.10IT.·U'1,PLT.OlTI,.'caC'Tt· ... k''KP) 
IF('u','.Cr.UI~U TU l'~ 
CAL&. ",i,'Ge.IOaTl 
-k'T.'''U.~r.JSOIlI 
.. L~Ta.'A".~. 

C UII niN .tAU 1111. Til" 
C 
ln 

C 

c""" "A .. nIM) {'lJ 
It(!.VNUuT.EU.'loOJ.MITL'&.UMOUT,41DOJTJe 
In"".U"1'.CQ.UOllhMlTt.'(&."IIUII'r.UO" " 
REAPC"v.l .... JD.,ERM·l.S,C.D.71.)" •• ,.I •• '~C 

ç .CII .. II""': TAU 
C 

c 
C '_ltl,,,,&.tIO" 
C .1' •• '1'P81 

•• LUC.'·,.'''H'+la11/12' 
•• ITU •••• ,., •• 
....... D 

\ 
• 

o N'.,-a 
Il •••• '''"&IIa:.. 1 

If'.' IT .LOCI 2 ,aKI. ~UC.' 
110. or 0&.OC.. .ca ourrtll 

~MC.E ... I",".~ •• ,,.aU'·IJ/""U' 
aa-o.o 
.:a-o.1I 

c 
C JII11IUI: "Ut TM,.'''A, 
C 

C 
PU JOO '''''"'.1,1_'"':'' 

C 
C '.veLa. " .~. dll"'" 
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c 
CA~~ ~CNL.\.UtrLR,M,lu$t) 
If(lU't •• ~L.U)ÇO ra l~O, 
~A5ta~/5l.'!.~1 • 

C 1kAkitURM rhL 'UtrLR 
c 

uv 
c 

uo "u rHKCMral.~All 
utr",-,fRMCAT-,'.IAM'LLb+) 
CA~1. OC"'Uffi:II(,Ort ''''11 ,u,I\'!."" 

C ~U\ktlt~ TH" tRAMEI 
C 

C 

DU l50 rRMCNT.l,~lST 
OfrILT·lfR4CRT-I'·SAMPLtl 
140URKY-"OU""V+1 lACRL"EMr UVERALL rRA"E CUUH' ... 
UU 22~ 1a l.NPARA 
r"K,a'IUf.E",J+O".ET).-21·'GA1J,tl 
t"KufMK.tL«ufMM ,.AO. t""P'''u.Q.~ 
JfIAL'HA.LG.O.O)GU TU 22U 
r~K,.aLPMA'IIÇM.O~O'I)+ILTAaTtKP 

"'RAULOII).""' 
lJU 11G"A(I,atEft' 
C 
: If AM ~"'JHL fRAM' 15 t .. RU SKIP UUA.Tl~rlU" 
c 

C Pk"PAHL 110~ lKrU~ftAt1u" 
c: 

J'IH.GT.OICA&.&. tCIINfOlSlCM~.HPlRA."P.SFREQ.PlTCKI 

1fl.Kur. P~Ut)ÇU to 232 
c' 

, 
~ ~II~IC 11&115 IIPECfilUR 10 '''Ot t'l".. \ 

CAlot. .RJt_(r ... ~p~T.IUat.R6't~.M6YfL~,SlCHAI 

• C 

•• lt' •• ~.tP ..... UCKI 
Irl10.Ja.Gt.Q)GO tu ~la 
CAio&. MC.UGI .loar 1 -
CA~~ D'CI.UI(rl"CP~t.10at.IDc"Ett') 
c.t." AC'IAGt,lo.rl 
.R'TCC'd~our.l3001 
~~or •• t'At.llc • 

C fJT AI.1G.A,a' 
C 
ln .aMA'E 

CAt.~ A'.JGalllG"A,llTa." •• PAMA,MAXAII.GAMMA,SrRLQ,DTIPE' 
c 

C 

C 
lfll 

x, •• urrEM(I.urr.ETI 
XlalhlUU 
l1aG.O 

Jf(I"~A(l'.Gr.u.o)çO ro A40 
IIRJrCtL'M,J1(0)J40U.Rr,J •• ,ç_AI(1 
Jr(11G.'(1,.a.l.0.O'GO TO l~O 
GO tu )4' 

I,t.,f.(J'.CU.O,GU ro a4. 
I.U.CA"(.".(I', 
AI. .. '.2-_.' ra, 1 J 
""CL1&11Le'-1 
rl.I.'U"~('1G.A(1)'rGAIIC1)J 

".'1'" 0 

C'~L QU.lt(1LCr,.Q(LC"'l,,"lf) 
UaYH,. 
El-C"., •• -rJ'··" 
.U,r~'l.U',.ctJ.rl 
CO.,,"UC ;ru 

c 
C I.VEM'~ tM'.lfUM" TM' 'OrrLM 
C 

au 
C 

002.U"MMelll a .,LAIT 
or"er·l'RMelr-".I ••• , .... ' 
CAlot. IDCrt_dfreICOrrleT',',.''''') 

C PLACC IARPLI. 1. 'lfCGtR OUtpUT 
C 

iu;nR 

UO Il''e ,.,.. ' 
'170 'IU"CIIU).C:l.lPe",,.;,,.u 
c 
C OUT,.r I~"~' ru 0"1 rll.~ 
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CAL," ... u r.'rl"i.J~JOST," .. n,tllln .. ,., 18I1f'-':lI) 
l'IIU8TH.L".O)~U TO 1~0 

JUU N~'T.N_.t.~U. 

C SIG.A~ TU MOllE C'LCU~AfION 
SNR.'~ •• A~~Ç,O(I~/l2) 
.1I'T~lLPM.al"O)'.R 
.Alr"l~.Ou,Z100)1.1I 

c 
C UIT tu C&.UIOt: ,,,PUT. UUnul' f 1I.t. , UII ,"or .(IU ·IF IIlcua""p 
c 

CA~1. M .. a'Açl.lOST) 
CALI. IIPCLOIU·ILEOUf.lOllr.'UH.') 
1 t'l.lIor. '!.OflGu TO 150 '" 
CA"L "L"A'I,t8ST) 
CAL!. UPCl.u.,rlLt:~~r.JOsr.·'A'~') 
GO ru .50 ~ 

~ LAIT ru c&.u~t. lN~ur, UELLrt. uUt~UT flLE IANU OE"Ef~ PLOT Fil, 
c Ir IIICISIAMY) 
c 
/3U CA"L M~I"A~(,IUST) 

C 

CA!.L UVCLO~'f'L~UUT.IOST.'Pt.Lt.tE'J 
l.(.~ur. ~I.or)~u TU ISO 
CALI. MLI6A~l,IU6f) 
CALI. IIVCLUI('I&.t.~LT.IOST.'O~L~r~') 

C CI.u5t. 1Nvur '11.~ 
C 

c 

CALI. "LISAGl.JUST) 
CALI. UPCLui,.lL .. II,IUlf.'IAVi.') 
CALI. .. ~I'AGl,IU'f) 

C U~T1U. Til ~tlUCL'& AIIOfHER ILr or DATA l' AN INDIRECT 'ILL 
C 111 ~"ECUU:U 
C 

'IIuu 

c 

lf(I.IIH1"."~.I"Olll)LU TU ~uo 
k~A~ILUN1~,IJUU,~kU.900)_C~M.luuMMJ 

Cl.U.U"'" 1f.,,"I<) 
,t'.OU~",W'~".5".I~)GO TU 10 
lr('ACM~'U.NU .ANO. LUN1N.N~.1.U1R)CA"L 
CA .... toUT 

\ 

HEgU~llRAD~O('.,.NCR'») 

C fO"&1I 

il/Oll • "."Utl!.'"A"" .U'" .1) 
111111 hIM"'A t( 11 U, • 
Ilull rO"NAtl/"WU'"tJ&ER T'''&I ') 
IJOO fOM"Arl~,'OAI) 
14UI/ tORN"'" &.r .. M'.13.' VUA.t"IR .. OAOI.G P,RAN'T~R" 

I~OU 

11UU 
1101/ 
aJ\I~ 

1 "".TAR11., ,RO" 1 lit UIIAlfIIER). ') 
fUII~'tl<"A"lT.~EIO.O) 
.0R"AT(i"~NT"R "AIINUN Ilf AL&.ocArtoN. ') 
.UH"'T'~"'lr MaTt ,lltl,.,COIO,& ') 
fOH"Atl~ _U •• 'M or 'AR, ... rEMI PI~ 'MA"E",14.~I. 
1 -:.iIUAtltlr. .. 1I TIPI" 1,.u"U.'N'lIItUII liT A .. a.OCAUOI,',U' 

IJ~U 'OH"A1(~uu •• rl&t.. LOAOING 'ACtOR., 'rCM,'.lrl>rIO.J) 
IJ1~ rUteNAT,'ollu,a .. a."l.' 'AMAN,rlR",r'.J,'I, 

l 'U1UOllflOll,Q_CTlUN Il'1' '.U) 
l4UU rURNATl'~forA" N""'''R qr III' ,,~ rIlA"~I',ll.101. 

l~ull 
lUO 
ll11U 
2Uu 
llll/U 

1 ·IOU ... U liaIt:!' ,,..0) 
'UIINAT1"VR~U'C10k UIIO'III',I)",."lfC" ,.T1HAIIOI., ... 2, 
rURN,T"OIU I~l' "ICtAU. "'I1NAfI0I" 
'OIl.,t(/'O'I~.AL·rO •• OJ" MArJO .'.G~."J 
fORNAT (" .Ut) 
rO~At("".Tt" 'RtuU'.C' .M~I.'O'NT' rOll'. 
l ' '"Ca:.'"AU'.Oa:C,,""A~II' " 

J~UO fOMMArlY,al •••• ) 
Jlvu rOR"AT"O'.~A~-"Ol.I' YUII '"&~.PIIAal'·O'C~'"Aala ARI', 

HUO 
Huo 
HOU 
JUO 

l"''' nI/II 

llvu 
JfOO 
.000 
4100 
"'uv 
4100 

1" .... 0,. A.U',,,,,~O.' 11&') " 
'U".At"',,~or rl~l' ') " 
rOIl.AI'· ••• l'LOt Yl"~ U~La:f&O •••• ) 
rOIl.AT(,'.rMAH~ ru rRA.' IlIAOMr 'AMaIlITIRI 'J; 
"UIIIIAII.O'"'II~ TO ... all& IIIRo.f 'AIIAM"'II",'''.4' 
fORNAt,".'1lK81CTOII ~~III 'J 'O ••• T"'O ••• .a'-'O"I'" 'AlIlalCl Dlt~CI'U •••• , 
l 'rRAII""" •• , './I.Nn,.,'.'.,' f •• UAIICCI',CU.U 
tO""Al1"'.0'.' 'MA.llle 'ARa.,rlll' '1 
rUMNA1(".'IIC. Ilfll1l"UII' ., 
rU •• AII"'OJaToarlulI rUIICIlu. 'DI .1T a"JÇNII'lIf. ') \ 
YOR.Ar'·"II,.~t l'II~ ,a ·,.a11 
fU •• Al"'.&.t~ arAIITllle tl~&. '1 
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12/01/7. D. SLDAN 

IIUUTI.~ TD AISIG" A 'ON110N ur KITl'f arTS 'ER rRAME TO LACH 
Ut' f .... N l'AII""'TEIII. THE AIIIC:NI4ItIlt iii DDNE III AN OPTIMAL 

c 
C 

(IL. "INIMUIt MI~1 IIAr If tHE PAHANlrEMS ARE INUIt'ENOEIT RANOOM 
VlRlA"I.EI. 

c: 
c 
c 
c 
c 
c 
c 

l'GMl - VARIANCL VECtOIl 
dItS - IU14"~M ur .'TI rUII EACH ~ARAIIETLM 

( CAN eE ~ rON 1.011 'AMIlNC~ PARA"t:T~RS 
NltSl't - turAI. IIUMBEII or l'tb 'EH fMalli 
Il - NU'IIIEM Llr NMAIU'ta:Rb 
"A1BltS- "Al 'MUN 611 ALLoCAtlUN TO A 'A/I'MiTLII 

c 
c 

( IIUTEI IIAlalTa IIUll ~E Lili THAII OR EQUAI. TO • 1 
GA"MA - IIUIIE IHA~ING PA"A"ET~H 

c 
c 
c 
c 
c 

I.R~Q - IA"''''"G rREQUilCr 
Urt~E - o,.'lrr trrt: 'OR OIITUKT'OIl rUNCtloN 

OT.PE. '10' tUR LAPLACIA. DENIITI 
OT1"- 'II' rOR GAUISIAII OLMSI!I 
DT! PL- • U' rUII UNI"O'UI QUAIIT UER 

c ~ .. 11GN'0 'OM GAUISllN OENIITr 
c 

l'AMAllt.nK I.0"t'Ht.U-12,.O 1 fHt:IIUt:NCr TO START BIT ll&lGNIIENt 
PAMA~t.r~" M'IPAMA-2~' 
Itrt. 11111'': 
'"ftGtM'~ 8Ir.(NJ.IIID~IINAlPAR4'il.BITapr 

C 
M.iL IIÇ~A(M,.p~NAap~R"~I.~Il( •• JI 

CU'''UN/wKARt.A/P,INOLl 
CO~lIu~/CUMMtCt/GCOM(MAX~AMAI ICORMECTION AMMAr tMON rCIIHru 

c 
C THIS OArA srAT~NLNT INITIA~ll~~ THE OIITORrIU" Dlr'ERENCL AMNAY 
C 

."U lill/if. JIt.t.-l. 2.459t.-1. '.2951.-2. 2.50H.-2. b.99fJt.-l. 
1 1 •• ItI .. ·J. ' •• O.~-•• I.H1t.- •• 

1.127'E-J. :1 lJ.IJOU .. -I. J.Hlt.-I. 1.2171.-1. J.ua-2. 
l ).0421.-). 7.9141-'. 1.\lUt.- •• 

• •• J ....... 1. 2 ..... r:-1, • ~U6.:-:l. 2.590E-2. _.OSOL-l • 
S 140.111 

C 
lrl •• GT.MA"'"A.OM •• AlaITS.~I._I&TOP' BIr ASSIGNMLMT LRRO~' 

c 
C SE~'CT 01ITO~~I~i YIINCtJON 
c 

C 

C 

ItIUrrPE.i:v.'II·II-1 
l'(OrY".K~.'L'll-2 
lrlurtPE.i:Q.'U',l.J 

C Zt.MU .ITI AIIMAY 
C 

l' 
e 

uu II J-I.N 
fi r''''I!,O 

1 

c CAI.CU~Ar .. &TAMtl.',I"Ol' fUR aIT AIIIG.,,'.T 
C 

c 
00 JO J_I.N .-0.0 , 
lrIJ.U'.I.U.Jl ••• 1'.'(J) 
1,(G'MMl.I.f.O.Oll.I'(GC~~(JI •• ÇA""A) • 

lU 
C ( 
C 10Rt I.1.'AR , •• Al , lM oiCMEAS1.G OMDEM lEE'I.G 
C l'''CIl U' ~'MII"nr.l. ... , Ut lII11u 

C CALI. VIO,' ,'U, .... ÀlIlT •• lRUUJ ' 
c . ' . 
C AIIIGII ~,r. Ullt: 1. UMK '" ~OKA ur IUM1ED , ARRAI 

•• C 

4U 

vo 'U Jal.BITa" UU.·'_OIU.,,,) 
a,f.(laUI,-.lt."au.)., 
11&11". 
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C 
c 
C 
c 
C 
C 
C 
e 
c 
c 
c 

C 

c 

c 

111 
C 

c 

hUijKUUl'"L AutU,".~."P.A.A~'"A."C) 
• U/09l1ll D.nUAlt 

rHI~ SUo"OUlIHE CALCULAT~S fK~ P~~OlCTO~ CU~"JC1E_T. AMD TM' 
"..,",-CUUII CU':""ICIUU UII ... " nu: AUrOCURRELUlU. T~C""JgUE. 

• - UI~~."ùlI UF AUtOCU"k'~AtIU. ViCTOR 
k - AUfUCUMM~LA'IO" .~Cfu~ 
"1' - .. U"bIl.R ut PUU1CtOll 1.1111 REt'L~CT 10. COII:" le 1.ElltI 
~ • tLeroM or pMEOlcrOk CQCrrlCltlTI 
0"'"4 - .~k"ALI&AT1UII 'ACfUM 
MC - IILt"I.":CUUoi COHICJUTS 

011l11l11UII Atll",RC(IIP) 
1I111,.iI0. M(.) \ 

ACI.I.-RllI/All) 
U"c,,11 
AUlcMCU J 
A"~HAcM(lJ.M(ll·RC(IJ 

"1'1I18 .. ~-1 
IIU SU "IIIC-2,lIflll .,.u.u 

"J.u ... IIIC.~ 

DO JU l,al,lUlle 
lIaSoMlllr.o-,p)'AIIP) 

t:IJ .. [l,nl[ 

"C"·-IIo/AI.I'"4 
MCIII1"ClaMC" 
"H·hHIICIlJtl 

ou 4U 'P.~," .. 
18 ... rIlU-II' 
1.1 •• 1.('01 
AI".""P 1 
Ar-.,p.HCII·U" 
A'l~)·'l •• "C~.Al' 
AUI'I-U 

.11 CUUII .. I~ 

UII1IIC.118I\CII 
A~~ftA.ALP"A.IIC~·& 
U"CAIoPHA.&.t:.U.UI GII TU 01/ 

)" CU/IItl'ul"; 
C 
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1~lkUÙ1'N~ OCT(I.N) 
C 14/01/71 O. I~OAN 
e MuurlNE ru UU A OlleRlTl C051Nl TMANlrOM" lM PLACl 
C USING A CU~~~~I N/2 '01N1 rtl • 
C M~r.~ •• CLI ".J. NAMAIINHA AMD A.M. P~Tl'$U" 
e '~lE tNANS, o. eUNM. vu~. 2. NO •• JUHl 1971 
Cl· IN T"~ AKKAI ur UATA IAA~~EI UM 'NPUT AMD THE 
C AKHAY Ut uCt 'ANPL~' ON UUT~ut 
e "- II THL 'I~E ur TNt tRANlrOM" 
C 
C _., •• Nu.r e~ A vo.," ur l Nur GMtATEM THAN 10 •• 
C 

PA.ANE1~M p,.r2al.~101"1~1.HHUUT'.O.70110'7'IO 
""AI. UN) 

C 

C 

A""t'IIlIUN 
CC-CUI( ANG 1 
lia. -UNUIIG) 
UCTOMaa.U/N 
"rn·.n 
NnoUa.HOt/2 

C ~~M"Utl I.PUT AMMAI 
C 

CAL~ ~ll'a(I.N.l) 
DO 10 J.I.Nr. n 
T.Palll.llr'T) 
_(ltHtrr)-'I"-"I) 

lu l(II-ltll.T.' 
C 
C TAO NUI. "T 
C 

C 
C CUHVLll ~U~TIV"I AND ICAL'NG 
C 

C,aCC 
u-.. 
ltl)aXI1,a'ACTURaHHuOT2 
1(II"l.I)allllrrT.l).rACTOR'HMOurZ 
uO 2\1 .-a,lfy .. t 
UaltO , 
IJa'UflirtrJ .l" ,a(C IfU '-U'. 1 )arACTOR 
'l't~rrr)a-lC"IJ.I"IJ)a"ACTOH 
rMPaC l'CC-Il'II 
Il.C .... tll 'CC 

au Cl."''' 
c 
C ~'M"ùt' UU1.UT ARHAI 
C 

JO 

DU lU l-a,NnoT~ 
r .. "., ( 1 ... , ... t, 
llltllrrf)al(N-l.z) 
",,-HUalltl' 
AItUMII 
u~ 
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c 
C HUUT1~~ lU UO A 1I1VER'~ 01ICR,r~ CUS'NE TMANlrUM" 1N 'LACE 
C ualNe A CO~PL~, 11/2 .0INT ,rT 
c M~tLK~NCL' ".~ IlAMAll""A AN~ A.M ~'tlMao. 
C UU: TRAJIS. 0111 CO"". VOL. l6 NO. , ~UNE un 
c 
c 
C 
c 
C 
c 
C 

c 

c 

A - T"' AkMAt or OCT 'A"PL~I 011 IIIPdT 
'"0 T"~ UAlA IANPLil ail ourpUT 

Il - tML IllE or THE TMAN'tOR" 

PARAM~TLM P1~rJ.I.S'019'Ja7.~"UOT2aO.l0110'1"O 
RUL 1(11) 

.IIGaPIIUUH 
CC-COlI AIl(. , 
51·SUU"'" 
IIH't-1I/2 
IlrrU-IIrrrU 

C PLMHVTL rh~UT ANRA' 
C 

UO lU 1-2 ... ,. f2 
lMP-A, ... n-TI 
AII •• trTI.1III-I.21 

lu llll· .. al·T .... 
C 
C PMt.~AMt. &.IAtA 
C 

ClaCC 
SI·Sl> 
1(1)-IIII'MMUOf2'N 
1'''FrY.JI-1I"rrT.II'"MUUr2~. 
00 lU 1-J.lrrT 
U-llU'" 
II-A\ltllltFOtll 
.'11-II"C'."·ll"0.5 
1'1>Ht'TI'IIJ"l-rl'CJJ·U.~ 
",paCI'CC-Sl'" 
IilaCUIIiU .. CC 

ZO C,aY041' 
C 
C rAK~ MLAI. lIlV~MI~ FrT 
C 

CALL Myttll .... ·ll 
C. 

P't;N"U rt. ou fPUT ANNA r c 
= 

...". 

uo )U·I.,,~n·T" 
r""-ll1uHU 
AI ltlltt UaUII-, .1' 

JU AI"'·'>II-f"" 
CAwL ATIPZIA,II.-IJ 
lIt.rUltll 
~.U 
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14/01l/W.J. C\,ISU 

;: HN)V lICAH~"U:'t.» lllt: IIn"u "'".NUI 1" PUCt: 
C 'tM<V tM.~S~UIt.~ 'HL "At"'l 4(h/~.21 1" .. L.ct: 

c 

-.. 

hAlo l(l) 
If"t •• Lw.V,M~tUR~ 
""al 
flaa .. "O .. " 
ltl"l.G~ •• 'M~TVkft 
oila./''A 
'tt,rH.'t.u,C.L~ "t"ll •• ",.H~1 
Ir'lr •• ~r.vJC,~~ IIr~I,.,.I,.'J 
GU ta , 
... 0 

.. LAlo AI M'I.,,1 J 
OU 1 J.'.IIJ.2 
vu 1 "I,~I,,, 
UlO ft.J' 
Alltl.J,_AII.Jtll 
.1,,40,1-1 

""'lIk" ""u 

C "OUt'H~ ru UUA1I141 .. 1 UII"G UUAlltIJ~M U 
Ca· UN ,"~url 'AMI.ILL tu Nt: UU'"TI'LO 
C • ". uur~UTt aUA"rllt:O 'AM'A'Lk. 

10/04119 ~ 6LvAN 

c ca - ,n"lIlu.eM A"klr Ot UUT~uT ....... 10' UIHCU l'Ol'tl' .Al 
C "AL' -.t .~t.E'. UUt~ut L~'EL.' -
C ~tI,~,- .UM.LM Il.- Ln"L' ,. \IU"11%I:H 
" .. 
C 

C 

lU 

c 
u 

c 
)0 

:: 

.u 

MUI. u(LUt.UJ 
11I1L"""." L,U 

10-1 
U&"t.-..'" 
'.'LoU'U 
Itll-V"'Jlu,.a.40 

-"a'-I 
It IUr~ ... ~H:U tU ~O 

'·a-I 
GI) tU ~O 

10·1+1 
lt 1 U.C;'; ... ":1) tu 20 

1t" .Ca .I/IIiU ru ... 
'·"IIl-
Il,,rUII. 

"(I.Io,.LE.tL.)GO tu ,. 
11l1lILLf''''J 
.... rUIIII 

ratV("tYIJtlJ'.O., 
lr~ l.A.t.. U ... U 1) 

art&.'J.f".Yl.t.' 
.. "rulu, 
Uo 

l' 
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_sb 
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t 

ll/OItU 0-. '''UA Il 
C IIUUU .... ru UU , """ .. n lN .... AC .. 
C S'Io.t. MUAr" IIUCMIl'tJO. t'OH DATA UHIIUIiIIG 

1 • OlTA AllIlAI 
.utl' " '"OU"U al A PU_lM ur 3 JAIIGIII' rJOM a ta 204' 
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C 
C 
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t 
t 
C 
t' 
t 
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Ir !fIl ) O. 1 li COII/UU'M':.,' At fIl" t",,~ ""'LI 011 .. ,ur 

AIIU Tller; nUUL."C! 'POUTI Ol! UVfPUT - 'X 
U' 1'" < o. 1 111 CUIiI1I1LII 'I! tHl 'Mt:CIU'.CI ItOUti 01 »nUT 

AllO Til .. TillE "'MUI UII UÛT'Uf 

H ..... 1(/1 J 

c 
Ifl .... r.l .UR. Il.cr.a04r,w.rUII'' 

JlIIJ·"12 
It 1 u •• ,,"i".UH.U ro IV 

c 
C tU~.'HU rHA •• 'UMIl 
C 

tA .... IIrl'~IA,.,.JI 
CAL" ~,rTI,.,(_ela.I),IIM!a •• I) C'"" MI.TMtII(I.UII.n'l J'III1U,.l J, 

t 
~UUH" 

C 
C ltoVlHlll. TH'''b.'I)HII 
t 
lU CALI. A .. tH'"('.X( ••• a'I),II~r2,·IJ 

CAL" "rTI',ll."2+1J,IIHI2.·'1 
tALI. "'IPlI' ••• ·11 
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