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A aptaa for speech syntheai.. buee!. on microproces80r 

contzol in rea1-time. wu developed for' elCper:1mental work which is 
" -

aa1l. enouqh tô fora ~ basil of a talJùng ,terminal. 'lbe equipaent 
• 

&ccept:ll u input a phanetic; string ccmposed of stan4ard ASCII charac-

tara an4 convert.a these into intendttent, continuous or connac:ted speech. 
, • j l 't J 

M&l-d.. operation -perJd.ts the 118_ of 1 ... than 3000 bytes oi memory. 
, 

Futures are provj,ded to "ary the fW'damental. frequ!w=y durin:g aynthea.ia, 

WUate Whispering. or obta.irÎ a parameter listing for analYsia. 

~ Stres.ad speech 18 obtalned tmough the uae df l.ower cue character. ~' 
1 . 

'1be equipment 18 siçle to uae aDd produce. intel.l.iqible speech. 
• / 1 

.\. 

Acouatie, nu.ric and viaual. methoda used te -.1uate per-
t :1>; 

or 
foz:mance are described. perceptual confusion matrices ara piOvtde4 -__ 

which illustrate areas whera improvement in hardware coule! be made. 

!he COIIIPuter progt'am for syntheais is gi"n &long vith explanation and 

anner of uae. 
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Gl ayIItàa da Ityntbllse de la parole, reposant. sur' \mil cee

.ude en ~ riel pu: a1cropzocUseur, a été COft9U 1 cSaa fins 
• 1 

"ru.ntale. et e.t de taille auff:U~t petite pour .erv1r ,de point 

de 46~t 1 un teninal. ~l.aDt. En ~trie.' le di.spoa1i:i~ accepte 'une 

.6quance phonét.:i.que de caractires nonaaUaé. ASCIZ qu' 11 convertit en 

une lecture 1ntez:mitteRte, continue ou ~te. son fClftctionnement 

" en tempe réel permet l'..,loi. de .,ina 4e 3000 oc:tecta de "'1re. Il 

ut ,J»Ssible de faire varier la f~ fondamentale au cours de la 

aynthlae. de réaliaer une lectœe 1 voix baaae ou cSe ptocluire' un liat;age 

de par_très en vue de leur analyse. 

• ' F " 
Il _t possible d' obteDir un :rendu vocal avec l'aQCent 1:oft1que 

/ 

grâce l l'usage, en en~e, de caraodra. en a1nuacu.lea. L'équipment est l' 
l 

----.----si.lLd~~ fournit une lecture caiDPréMna1hle. 
--~-

/ 

vùueUe. IIDPloy4e. P01U' évaluer la quaUt6 de foncti.onna.ent du syatàe. 
o ~/ 

On pr6senta des .. ~lc:eJl nfâtant. les caafwalons da P!lŒception, permettant 

cS'Uluetrer lea dClllltn .. clau leaquala-~ "'liorati.en du _~~ Hra1t 

Ja.'088ible. On cS6crlt enfin le p~"'" Jll,Chin. riallsant la ayn~ .. aiDai 

.v. 4e. elq)1icatiol1l relati_. 1, IIÔD JIOde 4'utJ.11ation. 

" 1 

/ 
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,!ILl. thesil presents ,a description of the deve1~t 'O~ a 
• 1 

.elfrcontained speech syntheà:i4s -tat- capable of U$8 eitber as a 

a tool. for perceptual studi.s. 
, '" 
thesi, conJmced J~~ 1979 whi1e the author 'wu enrolled J.n ,a ~ech 

ccaaunicationa course (304-6998) at M~lU. SUbaequently, , '\ 

Pro~es8or Douglas O'Shaugbnessy agreed to become thesis director. 

SOftWare de~opment was undertaken et the .McGi11 univeraity 
J 

CCIIIIPUt~ ~acUities on 'boe of the1r DlH' 370 .ya~. AcoUItical 

anal.yais of synthe tic speech waa made at L' lnatitute Rational de la Re

cbarche Sclen1:Uique-'rélécomurdcationa ùsin9 speciall.y d .. igned progr ... , 1 

for çectral anal~is and plotting. 

Secticma of the synthesis suategy are based ~ BolMs (1964' 

and ~t.eboom (1973). Pomant frequencies used in synthesla wre od-
, 

9~ly obtainec! ~~ the work8 of ~r (1968) Ud lClatt (1977) but 

it. vas found tUt. .ubstaD~ .odificatiou ven nqùftd Eor opt.ùmll 
\ ' 

reaula v1th the synthui.M~ in UH. 
l " 

- - 1 

, " 

lft the .utMr·. op~, the ÇOftfipntiOir' of -tba ... ,.~ ucl 

," 

'the ."ftvUe developed for. j.t coutitute DW aDd orig1M1 vodt. fte l'ClOpe 
of th1a invuUCJation 1. priar.ily coacema4 vith ~ ~l ... t ~ ~

vue" ays~ IIOft.vare, as .. U .. pr...-ution of 1 .. ~tal., 

" 
nnlt8. 1ImIrthal. ... " aœe ~ 01\ ..,..cli qrata..ta t:eobft1qQH 

aD4 brie! ,~t_ of _:1'" cicmt.rib1lti~ to tbJ.. 1lel4 .... 4eùnb1e ,~ 

lo) .' 

;\ 

'- .1/' 
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and are cpwnd ~ ~ fi%at three cbçten. è ~ lut: thxee chapten 

deacrife the hardware and aoftvan of the de~l~tal. system band the 
, . 

1 -~ resul.tl of< percep4:ual uperiMata to èleteftine effect1.venels of the syn-" 
.. ~ ." ~ (1 , 

the.la atrategy. 

1 

%t Jo. boped that thi. th •• ia wUl encourage hrtber interest 

in • .~ject vhlc:h will undoub~edly becpme of major 8191l1n~ance ~~ .. , 

A recent. book by Rabiner and. SCbafer 

(1978), "'ia 'an excellent introcluct.i.on.to th1e iielel. 

. 
. Ule author wilhea ta ac1mowleèlqe the "ft~ cQlud.cJ!U'able support 

1 

ua ... 1a~ce gi'ven by Prof ••• or Douglu o'S!uIugtme.q h tb.e PftIHZ'Ation 

of th:W work. MlDUon sbo~d œ aa4e of the var10wa ~ of., faiù.ly 

lD4 frieDda who patiently t:ook part in perceptual lçert.Mlta.. 'ÛlIlDCJ.al 

npport fxœl « 1978 McGill Graduate l'aculty Su.I8r RMearch hllDwlh1p ",,-

guatll" appreciated. 

, , ' 
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CBAP'l'BR 1 

INTRODœT%ON 

Origin'al1y speech related re8earch wu directed to narrow . ... 

band encoding and @coding using vocoders. However, by the 1ate 196O t • 

o 
or earl.y 1970'8, the te1eÇODlllunications induatry found it 1 ••• ex;penalve 

to expand bandwidth and interest in narrow band CODIIlUDicationa 4ecliDed. 

Sucb use 18 nov limited to a fev satellite COIIIIIlUnicationa ayste1lul an4 

methods of scramb1ing speech. 

Despite a decline in. thl need fOr narrowt band trmuJllbalO1l 

equ1pment, thera are o~er very imporfant reaso~ fO~ ~ 8tudy of __ speech 
1 

synthesis. For exemple" speech synthe.i. has beCOJll8 a very va1uable 

toc1 for research into phonology and perception. In the field o~ speech 

recognition, synthesia 1s used vith great effect te 4etezaine those featùru 

which carry the greateât infomation. CUX'rently, c:aaputergèD.ez1i.tê4" 

speech ia forging powerful links for future .. à~~ o··,micat1cma. 

SOIIe of the more recent. applicatioas of ~.ch aynthui. 
1 

\ 

are aD autOllatecl weat:he1' bureau for CJeDeral an.1;1011 (!ho~aa 1~77) 

aDd "'Veral milltuy applications (Beelc 1911). BUller wo~k iDcllJ4e •• 

'cockpit mIID1IaChine J.Dterface for a1r-ground ~"njcaticu (BUbom 1'72), 

• readiDg ... chi ne for the blin4 CAUen 1913), D4 OCIiIl'GbIZ .... w.tIIIJ vU:-, 

1 

,. ~ ".v "\. " 

-
l'J}, 

,~:~~ 
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2 

'The po.81bil1ti.s of ......... chine int.rface are encmmU8 

and will eventual1y d1ctat~ tbe ne6 for 1IlUCh work of a funda.ent:al. L 

nature. ' 'At the present tila, there se ... to be a na1 need for an in-

expansive .ystea for apeech aynthe.!. which haB inherent flexibility for 
- \ 

use as a research tool. 1'his 18 the reuon and Imti vaUon in \mèlertak-

inq the development of • practice.1 apeech synthesis ay8t:ea. 

7 -

It 18 appropdate at this tille to revi_ .~, of the c:barac

teristics, categories and perceptual QQ~cepta of speech. 'fhU wU.l 

prevUe a uaeful introduction and background for developing subsequent 
~ 

chaptera. 

1.2 The Charactedat1es of Speech 
o 

, 
t10n vith periode of ailence" other iIIportànt cb.aracter1atièa vh1eh an 

used in analysis are the fuIlet.lot f~,o~.fOlMJlt fhq11MDc1ea 

and lou4n.... J , 

-r'" 
1 

!Dg of tbe larpx fona a fl~. ~ "ta the ~ flow., ~ 
, ,> ... ,s > _ 1 

f~ ~ thi luyDx bt t:M l_gIÏ ca .. ~ coda .->~ .. 
, > 

... ',~~ . l':~ ~ j" • 1 .: -J \' 
,- .. ~-~--".: ... ","." ~'_"'-~._.~'-"'> -.-.. _,~~"'-'....~,---,,"---.:..' '=---~--""""""" 

l " f ~ ,,-

'. ? 

.. 
,-

~, 1 -

, -
,\, 
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~ "---·---*--""""_ .... e-_______ ._ 
"'II"'It'~ ..... ; ct ____ -'"-_____ ~ __ 

" '.. :" 
~ -" ~ -»---..- ""'--- ~ -

3 

'!'he volume velocity of air above the vocal corda wben 

plotted" against'ttme,' produces a tr~9Ular sha,ped wavefo~ (Figure 1) .. , 
that deereases 12 dB/octave in amplitude (vith frequency Cd as 1/(1).2). 

These bursts of air escape through the vocal tract which acta as a ,ra-

sonator and de termines their &pecua. The type of resonance. are 

llependent on the vocal tract cavity and constructions "'fomed by<the 
ré :.- . 

tongue and the llps. Concehtrationa of' energy in the spect.rœ du to 

resonanees are elearly vis~le as dark banda in lpe~ (Figure 2) 

and are called fomants. !he fint three are typic:ally 'located at 500, 

1500 and 2500 Hz. Finally due to radiation frœ the 1IIOuth, there is a 

6 dB/octave rise in lewl for frequeneies up to 5000 iIZ. 

tJnvolced sounds are- causea by air flov tbrough an orifice' 
~ . 

Q 

such as the teeth or ~ narrowinq in the wcal tract. A con&tJ;lction of 

th1a nature pxoducea a Demoulli preuure tbat cauaea a h1esing sound. 

Popa and clicks causea by the tongue ~ ,teeth or lip. are alao ~ced 

sounds. Althou9h the enUre wœl tract shapu the spectr1a of the .. 

soun4s, effectively it ls only ~t part of ,the tract alter: the point of 
j . 

'.fhe soW,;l4 spectna ean &1ao be ahçed by a protrusion of the 

lips especially when the narrowing ls a~s the teeth. (SOumJa .. s 
'r 

In 9e!le!al', the spect.J:a of \1Il'90ice4 so\Dl4a 
r-, 

are abc'ft 1500 Hz and àre nan-per1odic:. 

" 

1 

1 
l " 

" 
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Mant frequencles, they vi"!l generate what 1. known .. a vowel trianglé 

(Figure 3). The lu ~r lenis vowels (E, I, U) are characterued by 

" little movement fram the neutral position ,of the vocal tract and fall 

close to the center of the vovel triangle. Tense or fortis vowels occux 

further fram the center. A rough correspondence exif!ts bebreen the first 

two formant frequencies and the positioning of the tonque (i.e •• low 1'1 

tongùe high; high Pl tangue lov 1 10w P2 tangue, back and hiClb F2 

tongue forward). Although fonaants are a characteristic of con.œanta 

as well as vowels, they are not qenerally as vell defi"Ded. The f!rat 

three fomant frequenci~8 are noxmal.ly sufficient \ for inclivièlual recoqni-

tion of either vowels or consonants. 

Loudness of speech plays a part in detezm1n1ng intonatiOQ, 

rhythm and te ~Q118 ~ent 'eues phanetic recognition. Two Mfferent 

sounds, for example li/ and lai at the same intusity, vill yielcl 

different loudne.a. por short periocls of tilDe (le'8 ttwl balf a .. CCIDd) 

an increase in the duratian of a sound causes an increua in loudn... and . 

_ ~s)partiCUlàrly notice able when dealin9 vith plo.ives. Unfortunately, 

the loudness of speech bas not been vell correlated vith intensity ana thl. 
~ 

results in difficulty of measuu.nt. 

, 
1.3 Articulation of Li.ngt!i,stic œta 

: . 

l. 
1 

'. 



• 
... " , 

" 

e" 
, 
1 

'1 

( 
1 

, 
j 

1 
1 
1 
J 

1 , 
1 

1 ,. 

1 
1 
1 
!\. 
1 

j~' 1 
~ 

C 
"-
~) 

JI 
1 

, 

.= 0"', .' . 

7 

3kHz 
, 

~ 

,L, 
\ i , 1 

~, 

2kHz 

, 

F2 

1 kHz 

1 

se.Hz 

.00 Hz 
201Hz 

'\. 

. 

\ 

, 
n 
i 

( 
l' 
j!'" 

, 
0 

u 

FIGURE S 

. " 

" -" ,.. " 
" , , . '. 1 

~ 
~ 1 ) 

"..,. , ... 
1 ... , ' .-" -, " 1 -, 

'\ E 
, r 

& ".-... \ . , 
• ) 1 .f }. 

~ , "" -... " -' 1 ... . ,_ .... ... , ... ... 
1 "- . , 

• -, ,-- ... 
1 A j ... , 

1 ... . 
1 v-
I \ U , , 
, ,-' '---"' 1 a' J , . ,",- , , ... - -' -' -1 --" ... 

IJ-, ,.- ,----- 1 :» ) \ u ~ .. - .' 

" .,.,' \.- '" 
! 

, 

, 
\ 

. 
1 . 

~ 

251Hz .00 Hz' '''Ha . 1kHz 

" 
THE VOWEL TRIANGU 

, . 

"] ~. ~ ~. ~-. --

' .. ',:'. ' .. '. '~-.:: :~: "~ .. ~~5;'.~}~~ ~~:~~~';~;i::~~\~,{J:.~.;: :, , " 

~ l< ,-" .. ;, :1' .' 
'. . 

, " 

" " '. 

.1 

r' 1 



/ .... 

! 

( 

, è 

J, 

" .. 
8 

.. 

themselves. 0 Phonemes cu be categorized as segmental as opposee! to 
\ 

suprasegmen~ls (prosodemes) which carry prosodic infoJ:mation such as 
.. 

stress, pitch or~pause. 0 Table 1 lists English language segmentals and 

.xaDples accordi.ng to the International Phonetic Alphabet (IPA) and the 

Arpabet. 

1 11' Speech sO\Dlds are generally classed in. accordance to the 
-4' 

extent the vocal tract is closed. vovéls, for example, are produced 

with little constriction in the vocal tract. Consonants are ;characterized 

by a definite constriction in the air etreila. 

Vowels Clin be described in terIDS of the shape of the tongue, 

the position of the hi~st part of the tangue (front, central or backJ, , 

the height of ~ tongue, the te1uJenees of the JIlQ8cles of the tœgue, the 

position of the lips and the, degree to which the nasal passages are open • . ' ," 
<il 

vowels are always wicecl in the Bnqliah language. Figure 4 illustrate8 

the class:i,fication of "9OW8ls vith respect to tongue position and tenseneas. 

A diphthong is a special. eue of a vovel which !D'VOlves the SIIOOth but 

rapid transi tien from one 'VOVel position te another. 

Consonants can he related te luyll9eal activity (~:Lced, or 
~ 

voieeless sounds), amount of tension (teDae or lu artiè::ulators), poaitiClll 
, \. 1 • ' 

of maxiJauIl constrictioo in the wcal. tract (point of articu1atioo), an4 

the sound pEOduci.D9 Meil-ni _ (1UDIlH of art1CQlaUc.). 

. 
o \ 
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Because of a ponstriction- in the air stream, consonants 

always contain unvoiced energy but not necessarily voiced energy. The 

~ - presence of voicinq is in fact a main factor in differentiating lb, d 

or 9 Ifrom Ip, t or le /. Ot.hë'rvise, these are idantical in place and 
f 

manner of articulation (FiCjUr8 5) • .. 

Plosi ves are recognizable for the use of tension althOugb - , 
, 
other consonants may have Ws type of articulation te a lessex: deqree. 

Cil 

In qaneral, ~n!ionants produced by strong arti'eÜlÀt1on are clused as 

"fortis" whereas those vith less artic:ulatiolf are desiqnated "lenis·. 

Fortis consonants t~nd to be voieeless and aspirated whèreu lenu COll8o-

nants tend to be voiced and unaspirated. 

Points of 'articulation ue dafÙled in tezJu of the upper ancl 

lover arti.culators (Dreaber 1972). It. shoul.d be noted, howe~r, that it 

is COIl'IDOn to Und intezmedia~ points of articulation. 'l'be classifica

tion~ given below ~ suff1ciently precise t.o acourttely èlesqibe this 

function.1 

rABUL 

Bilabial 
, 1 

x.biodental 

~XCAL 

Dental 

Alwolar 

IatEOfla 

, 

Coaatriction fome4 b.r 

upper and l.a.r lipa 

upper teeth an4 lCNU l.ipt 

QPRU ~ _4 çea of t:cIIIpe 

a1wo1ae ..s çex of tœv-
... of 1:cDgUe tane4 back Rab .. 
underiia. of tip 111 ... t:!w'~. 

. " 
\ 

l ' 
~: .. 
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vowe18 
IY IY i beet 
IB IR 1 bit 
EH BR c . bat -AB AB .' bat 
AA M & lie 
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tJIf UV u hoot 
œ œ U bOôk . 1 -ER ER { ~ 

Liquida . 
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IIW W V 'wet 
111 1111 " !!!.tch 
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Palatal 

velu 

t1V'Ular 

\ 

\ , 

,c 

Ocmat:IPi ction foDllMl by 

'ftae alftOlae in the far fron~ of the 
pal4te vith the front of the toDgue. 

the fr:ont of the cpalate and the front. 
of the toft9Ui8. 

, 1 
the back of palate with the baek of 
the tongue . 

the velum ~ the baclt of . the tongue -

the extreme back. of the velum or uvula 
and the back. of the tOllgue. 

12 

'.r11e _liner of articUlation deacribea the ~ent of CODIIulc-

~t1OD iD the 'VOCal. traCt. Fricative., ploaivu (or 8tcJp8), laterala, 
, 0 

gll4es .. a DUala fora the varioua c:ategori. ••• 
, 0 

Q ,0 

, . 
. " 

Fricatives are produced c:by forc:ing air ~gh a n8rXOW open
ing resulting in a rushing souna (fricatien). Fricatives can ailfer bath , , . 
'in texiI8 of oplace of articulation and 'in voicing • 

Plcs1ves axe fo~ l:Iy CCJII)letely blocking the air 'flow 

telll(X)l'U:11y. 'fh1s causes a short period of sUenee, rOughly loo ... e , 
~ . 

foUowed by a burst of noiae as the air rushes out frca the DUZOIf openl119. 

Depending.on the tilDe it takea for the cnset of voic:1ng ~ice œ .. t 

tiM)', . dle, ploSive ia 4eteJ:a1Dec1 to Q" wi:ced or UDwicd. Generally, -

tha ÎluraIt of nQiae 18 ~f longer duration 11i' ufrvo1ee4' ,10111".. • 
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Semi-vowels which cODsist of laterals and glide8 are 

conso~ant~ w'ith vowel-like propertieso" These are al1rays ofOllow.!d or 

precededoby' a vowel and are produced by first positioning the vocal·, 
~ 

13 

tract in a vowel-like manner~and ~en rapidly changing it to the position 
~ 

reqùired by the folloW1ng ~l. -

Nasals are produced \n opening the nasal passages by lower-
,f 

ing th$ soft palat, and in o1t,sing the oral passages at di~ferent pointa 

of artioulation. 

J 
" 

1.4 l, 

perception 18 the pr~ •• by vhioh the brain int:erpnu audio 

Du1p o~ an 'çpropriate 

set of rules for speech synthesi. must include reoogniticn of the iDfi~ 

of perception. 

A n1llllber of modè1s for speeob perception ha". been nvinaèl 
.,\, 

bY cooper (1972). perbaps the IIOst eloq1J8nt ta tbat 4ftalopecf br SteftU, 
o 

'and Bal.l.e~ (l967~ • 
; \ - , 

tion un4eqoes ",spectral analyai., pitic:h aDCl acoutic feai:1t,n ,tId:Z'aottoa. 
• 1 • 

- " ~ 

Speot~ and pitch iDfozation an ~rari1y"at0ft4 O'MI:' oa.ped.04 of 
,\ 

seve'f \eyllllblea. A preU-inety ~y.1s ia .... 00 ext:ra0te4 eoout1o ' 
, ~ 

• 'featurea and a.ulU in the pzoductioft ot pbaDetic NP.Db! ua. fut_ 

uNd by ., control 1IICJt:ial. 

" . . 
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j .-
tic structure'--o4ast utterances. On the buis of these two inputs, 

~e control settion makes an educated quess at the phonetic s~nt. 
\ 

A generati ve rule system, n01'lilAlly used for speech production uses the 

, guess to originate the necessary articulator movements for producti~n of 

that phonetic segment. rltese movements are, however, short-circui ted 

to another section which ganerates the spectral content of the'quess. 

This informa~ion is cœpared with the sto~ed spectral inforlllation and the 

result fed back to the control centre which can adjust its guess unti1 

the error iB very ama11. 

Perception can either be categorical or continuoUB. eate

qoricai perception occur~ when a amall acousUc change can result in a 

large percep~ual change. A small acouatic change in contmuous pereep-

tion, however, results ~ a smal1 perceptual change. 1'ypical1y.top 

consonants fa11 into the categorical classifica.tion whereas vowels are 

continuous • 

- 1 

Continuoua percepti~ is subject t:o context .ffects. This 

is very apparent in vovels, e.c:l.ally 'wen tbey •• clos. to tli. catego

rieal boun4ary. AlI an exaple, a sound close to the botmauy betwaen 

, i 

Iii and "III i. heard as Iii if preceW by )I! ana wiU be perceive4 

as III 1.f precede4 by /1/. !'orMDt.n4 f~tal fJ:equenc1.. vur 

v14ely for, .• , WOMD and ch1l.dr:eD. Li.ebez:IMUI C1973, poRUlatecl that • 

Mt of callbrati119 sigula (the vowla Iii" lai, lui, or t'bII gll.dea 

/j/, Ivl ) 4ete'l'8t ... tbe 1~ an4 .1M of the speùerl. -.oca1 tact 
, 1 

, ' 
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and are necessary to a&sign the acoustic signal to the correct 

phoneme •. / 

... 

ICateqorical perception is .eontingent on several acoustie 

16 

eues. 
l ' 

Cooper et al (1952), using the Haskin Laboratoi:y's pattern-
.. 

playback devic:e, J.nvestigated stop and nasal consonants. 'voiced-
\ 

unvoiced pairs Ib,pl Id.t! Iq,k/ vere disco~red to differ systemati-
.l 

eally in VOT, and in the transitions of the f!rat formant frequency. 

Wh.en the stopa lb. d, gl are followed by a vovel, they c1!ffer in second 
1 

fozmant transitions. This also appli.s for unvoiced stops and nasals ... 
(Figure 1). 

The duration of silence iD stops aida in the perception of 

-. voiciÎ'l9/unvoicing. The vord • rabid'. for ezuple, beCOllea • repic! • as 

the period of silence 18 increased frca 20 maee to 60-80 lISee. The dura-
/ 

tion lof the formant tranaitions &lao a1.ds perception. . Short transitiœa 

result in hear~g stops (lbl or Id!) ',," wbereu me4iua transitions gift 

Ivl or lj/. Il Longer transitions appear as lui or IiI. 
, \ 

In UIlvoiced Rops, the mative frequucy Position of the 

nOise burst eues perceptloD. A high &equency noise burat reaults .in 

, " \ ' ~- ----
It! wh~as a ~ 1101 .. bunt zqulta in /PI. When the ftOi .. bQnt 

ta 1.".1 vith OZ' sUg'btl,. lIboft th ... COIMl roz-at fnqueacy, • \ /kJ la 
1 

, ' ', ... -
, ' , " ~ '... ~.' -,' .. t -. ~ _..... "') "-, --

• 



\ ~ ~\: 

o 

" 

• .. 
~ 
Q 
1&1 
U 

o 
> 

• a ... • 

~ 
a c z 

.... ' *~-,-.. ..... -- 1._.-...._,-_. _ ............ "" ... "''''''!~~l .... , t_!!IIIIb"'l •• 4 ........ 4'~. ""'. _A ..... lt. ___ 

~~1I' 

p. 

~~ --.. 
.... 

~ .r 1 '" 

. " . - 17 "t 

", . . ~, 

.") , 
tat~ ~OOP.' .et._ ftll.) 

'- \-.,...... ,...... 
d. ,. 

'-lit . '-." 
" 1 

~ 

t • 

.l1li .. _. ,-- --.It 

- - STYUZED AFTER THE MASKIHS LAas 
PATTERN- Pl."y.,( 'FtGURES - -

FIGURE 1 FIRST AND SECOND FORMANT TRANSITIONS , 

'IN STOPS AND NASALS 

'-.' 1 

-./ . 
" 

J ....... ~ 

-~},v~ ,T:~' .;. 

'" 

• f 



l 
! 
! " 

1 

1 

t , 

18 

CHAP1'BR Il 

METRODS OF' SYN'l'HESIS 

The earliest" foDIIS of speech synthesis vere acoustical.-

mechanical in nature (von ICempelen 1791, Wheatstone .1830, Gabriel 1879, 

ref. 'Mattingly ~96a). Theae machines modeled the human vocal tract 
,. 

and were true anal.og equipment. Typical~y the vocal. and nasal tracts 

vere represented by bellowa and resonators o~ the correct size and shape. 

When used by a skilled operater, these machines coul.d he made to produ.ce . 
vowels, nasals, various words and even connect~ speech (Mattingly 1968). 

This early work had a significant influence on modern research .particu-

lady on vocal tract analog synthesis and articulatory model •• 

\ 

The transition frall mechanical analogues te electrical. one. 
1 

began in 1937-1938 vith the develoJ;D8rtt' of the Voder. Just prier to tbi. 

a vocoder was developed (Dudley 1.939) which performed a crude apectral 
1 _LI, 

analysis. . The vocoder :used fUters coverinq 250-3POO Hz and a circuit 

te measure the fundamental frequency (Figure 8). output frall the funda-

mental frequency detection circuit controlled a bup ciretdt at the re-

. ceiver or synthesuer section. If the amplitude vas sufficiently _ .. 11" 
. , 

it failèd te activate that circuit and a hi •• guerator wu Sllbatituted. 

The receiver section oonaiated of a aet of fJ.,ltera c:onupond1ng to t;hé;.. 

of the traDUlitter-ana1~ 4riven by the bua or hiss generators. 0Ut-

~t ffta the tranmaitter'. fUtah coDtrolled the aplituae of tbIt 

outputs ôf the receiftr'. fllten wtU.ch .... re theD a~ t.o pzod\lCe the 
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f 
Dudley' S Voder (demolUltrated at the 1939 and ..1940 Verld 

F'airs) was essentially the"receiver section of the vocoder JDOCllfied for 
, , .. 

manu,al operation. Dudley' s vocoder differed from the previous work in 

two main aspects. First~y, the model considered speech as an acoustical 

not articulatory func~ion and secondly, ~thesis wu produced by electrl-

cal methods. " 

Development of the spectroqram and the Haskins pattern p~ay-

baclt device in the 1940 's, precipi taud a D>re sedous analysis of speech. 

Analysis-synthesis soon beca. an important tool in the understanding,of 

the basic features of speech. Speech could tJ.aw he broken down !nto a 

nUJBber of key elements and then re-syntheS~ed ac~9 ta those 0 particu- , 
, - , 

lu parameters. 

synthesis by rule :1.s a' _tbod of pzoduction of artificiel 

. sPeéch by formulation froa a set ot rules or algorithms. The ultimate 

objective of synthesis..,by X11le is to generate 'natural sounding speech vith 

.a minimum input, and if possible, direcUy fram a witten texte . Howevu, 

it vas not untll the advent of the diqita1 computer Ül the late 1950's that 

P,rogTess in this fie~d wu po8sible. Sinea then. the CClIIIPUter bas beccae 

an assenti&! taol in speich ruearch: 

-. 

, ~ . 
efficiAtftt par_tua br vhlcb· too4 -rAtMtie .,.ecb c:aD be pro4aOe4'. ., 
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~" 1 , , . 
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... , 

modelling a partieular set of parameters, speech cu be repJ:Oèluced vith 

reasonable accuracy. The obvioua limitation to this p~eS8 is that 

any new vocabuluy ~ be preceded by more analysis. Nonetheles8, the 

euly work in this field is extremely important because ~t pr~ides 

understanding of the spectral contours of speech as well as electrical 

methods for reproduction. 

2.1.1 Ter.minal An.lOg SYntheala 

1"erIIinal.-analOCJS (Flanaqan 1957) .adel the we&l tract in 
) 

t;ems of lta input and output characteriaties. A source-fUter 4ecc.-

position (Fant 1960) takes p~aee separating the sources of soUDC1 and the 

vocal tract. This decoDp:tSitiOll, ~ te> .oat syntheais .o4ela, as-
~;;.. 

Il 
IIUlleS no Bource-voca1 tract interaction an4 representa 8p88ch as a awzce 

spectrum, shaped by a vocal tr:act trat:'lfer fun~OD. Spectral cbanc-
Ij 

teristics are generated by resOIUIDt and antJ.rellOftllllt c1rcu1ta arranp4 iD 

series or parallel configurations. Barly synthe.uers were ccaat%l)Ctac! 

&lemg the.e linea usJ.ng anal.og fUtera. BOwewr, once CCJlpUten œc-

reedily availab1e, fUter s1aulation became the pZ'Duy _t:h04 of ayntbe
\ 

s!zing ~ch. 

~a.l a.nalo9 8fDt:llealUD an ofteD cl_.ifie4 bI' -the 'ne -
....J 

of arclù.tectun UH4 in the configaraticm. of tbeir toment. fUt:an. XIa. 
1 

aeriea configuraticlD, tbI ~ODaIlt ~Uten an CGapIICtetJ ia cucaIt, ... .; .. 

a parallel ~ wUJ. _ft t:bue fUttn ~ in. 1Ihat·~jIlilIQt. 
t:;} •• l , 

,'~ 



... s;;cz:t ... 6'1 E· . !_ 

, .' 

[ -t-' 

, 
~ ... 

22 

__ Bath parallel and aerial. synthesizers have their advantages~' 

and disadvantages. Serial synthesis does not require the amplitudes 

of each resonance to -he specified. Thifl\1 is hi9h~y desirable in synthe-

sis by rule because of the simplification of the al.gorithms. Seria! 
- - .. - lb 

configlttations also qi ve much better production of vovel sounds. A 
\ 

parallel configuration, however, propaglltes noise additively resulting 
( , 

in Il better signal to noise ratio. Since consonants frequently réquire 

empliasis Qn the higher frequencies, the abi.llty to contro~ the aq>litudès 
,j 

of aach formant indivi.ùually in parallel synthesis i8 vuy ~ C Erran 

in formant tr.a.cking occurring in parallel synthesl.s do net alter the __ 

plitudes of those fODUUlts that are following a cornet trajectozy and aie 

therefore les8 troubleaOlle. one of the 4i.~vanblge. of the paraUel 

synthesis is the introduction of zeros fall.ÏD9 b$tveen resonance.. If 

perceptible, they distort the syIlthe8is.91v1D9 it a raverbel:ant qual1ty. , 

The zeros do, however, provide low frequency aphaaia. 

, 
,,' 

Parameters for synthe.i.s'are obta1ned by spectral analysiB 

of speech as derived by sonographa or fast Fourier n:ansfoms (F.P'l'). 'l'be 

specifications g&nèrally us~ are fOrllarlt freq1,l8ftcie., aIJd tbe1r bandwidths 

or ampli tuâes. 

2.1.2 Linear PredictJ.oll 

The abject of liDear prediction codi". (UIC) araal,.n.. is to 
\ ' 1 • 

, \ 
pradict the oat:put aigDal .o1e11' on the bu1.a of 1i.aear COIIIbiDa~ of 
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1 
. put input and output data. Insofar as analysis-synthesis systems are 

concemed, the linear predictive methodology appears to he the best 

available to date. FUndamental~y, linear predictive coding modela the 
t...e 

vocal tract and then\ searches for appropriate parameters on the basis of 

least square error. 

The coeffici.ents used in LPC analysis are varied. Tbey 
~ \ 'i 

can be representative of the impulse response of a vocal tract filter, 
" 

a;:.tocorrelatlo~ of the signal, spectrum, cepstrum, po~es and zeros of the 

filter, or reflection coefficients (Hakhoul 1975). Of these" the JIIOSt 

fx:equently used are in1?u1se response and reflection coefficienu. 

\ 

\ 
As an eDIIIPle of the proceaaes ~l ved ~ LPC analyaia, 

. consider the a11 pole mode:" (Figure 9). e (/The output. signal. i8 a linau: 

ccabination' of put output val.. and the present input 1 

p 

x (n) • r ~ x (n"'k) + A U (n) 
k-l. 

wbere x bd ù the 

1 present output, U (n) ~ present input and the LPC coefficients. 

p , 

x (x) - x (a) (r ~ x -k). + A U (x) 
pl 

~ 

B 'x) 
_ x (a) _ 

U (a) 
A (u aU JIOl. 1:ftUfR, ~.J 

. . 

. --" .. ", , 

Î ' 

\ . 
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-Prequently the input ia. unJcnCMl and the output ;la based 

solely on past s~l"l 

~ x (n-Id 

The error between smaples ;la' then gi ven by 

24 

e (n) - x (n) - x (n) (also known as a residual) 

~ 

'l'he ~ • s are tben chosen to 1IÙ.IÙ.1IliZe the total squarecl 
N-l -

- 0 were E • l .2 (11). error E, i.e., to solve 

..0 -
The advantag .. of LPC analysia-synthed.a: lie in the wry 

accurate estimatea of the features of apeech. lt ia also reuc:mably fut: 

and robust, Le •• it is to1.erant t;o no1.ae and the clistortiClll8 of speech .. 
typical in telephone line traD_ ••• 1oft. LPC f~tly ia ued bec::auae 

it offers the capability o~ direct anAlyais and all..aD8 of",obtainin9 accu

rate coeffic:ients. For exaIII>le,' LPC 18 a pncùe vay of plottJ,Dg 

fozmant frequenc:ies and trajec:t.oriel. untU fairly recent1y, LPC vu 

not used ~ctly in synthesia-by-rule. 'J.'be dewl~t of an int:egrated 

Li'c Synthesizer cbi.p (De 02~) by '1'exa8 XnsU\:MDta (WiCJ9iDa ana 

. Brantinghaa 1978) vill undoubte4ly have a .ignU1cu.t iDf1~ 0Ja Mure

application.. For the _ fint u.e ... it 18 DOW pou1bl. to obtain ... 1011 

coat devic:e vhic:h can be usee! in %'8&1 t.De for .-ch .J.ttaee:ta • 

,( 

.' 

1 

! ' 
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(-

2.1.3 Vocal Tract AnaloJ ,.-

The vocal tract can he modelled by a series of bard walled 
1 

tubes, each connected end ta end with differing cross sections in such a 

vay as to create a quantized version of a vocal' tract. Thus it is 

possible to describe the vol.ume velocities or pressures vithin the vocal 
1 

1 

tract by Webster's hom equation vith appropriate boundary con~tiol'ls 

(MeDDel.stein 1973). 

CI 

By utUiJ:ing the duaU.ty which-exists between acousti~ and 

electrical systems (i.e. ,representinq volume veloclty by ~t, and pre a-
, 

sure by 'VOltage, etc.), it 1.6 possible to represent the vocal tract by a 
<; , 

o 

series of ~ networka. Barly at1:eDpts to produce vocal' tract analog 
- , 

synthesizers vere constructed on thes. concepts. lfith the a4vent of c:c.- . 

puter simulation, it 1.11 nov po.s1h1e to syn,.theeize connected speech (i.e., 

meaningful' vorcl8J. 

The, ~ P~l." .~~ vocal tract an&log synthes1s is that of 

obt~ appropriatè ~trol. data (i'.e., cmss sectiona.l area, etc.). In 

the past, x"7&Y cineqraphy and.pal.atography were lISed. The quality of 

,,;speech produced by t:his _thodology wu intelllg~e and hUllWl~\JD~9 J;>ut 
, .' e· - 1 ...... 

involved cons1è1erabl.e effort in adjtllJtJ.ng the mcJel for op1:J.:1Na r.aùts .. 

When U'C anal.ysis lMlQa avaUable;· thMe _thocla vent ~ becausa of 

" " LPC technology enabl .. ana1ysis to he baae4: cU.rectly upon ÇHCb ratber --
, . 

-. -, 

, .. 
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'rhe arti.Cul~J,ry ~el for speech synthesis" i5 one in which 
( 

the parameters which determine put put are b~eèl on tongue position, lip 
L 

_protrud~n and other ph)'siolog~cal' factors'. 

into fomant 

co~r's _mode~ '(1:f:~7) transfor.med the physio~ogical parametérs 
( 1 

frequ!enciee and used a fonnant synthes~er to complete 

1 • This "was aceomplished by elassificat;,i.on of eaeh sound in teDUI 

of othe target confi.9UX'ation and veloei ties of the art1culators. These 
, --:...' . t' 

parameters were then used :Ln specifying an area function frem which the 

formant frequencies c:ould be extracUc!. 

• __ ~~ \i, 

Ïshizaka and
n 

Pl.anagan (1972) developed a laryngaal and vocal 

tract analog system. ',The larynqeal model. was ba!uld on the Byl88try of ' 

the vocal 6ords, :representing' thea tiy two 8epara~ horizonta11~ movabl.e 
, ! '" l ' ) 

lIIISHS. This 1aryngeal model when used :Ln conjunctlon vith a vocal tract 
o • 1 -

,anatoq is one o~ the few tbat, dces n~t, asstllDe :J excitation source to be 

independent: of the vocal tra~. Alt}lOugh th1s .presentation vas uaeful 

for evaluation and understanding soma physiolog al data, it tended, b:, , 
o 

n b 
1, J 1 

complicate other areas. 'The main 'problaa seêm8d to De an inabllity te 
" 0 ' i 

" • , ! 
tO c. 'à.I' 

obtain proper eontro~ infonation. In general, articul.atoxy movements 
".' 1 1 

are ratber comPlex and axe mor~ appealing ta a ~bon.ticJ.an than anyon. , , 

, ( , - ,) 

~~9a98din~-.peèch ~~ •• 
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2.2 Synthesis-bf-Rule 

Speech synthesis by rule ia a ratber broad description of 

various approaches to synthetic ganeration of speech where rules of al-

CiJOrithma are" used. Xt can be considered as the production of recogniz-

"" able artificial speech. by transfom.ing a written rep~sentation of the 

utterance into a Continuous acousUc output. Most syntllesis systems Ue 

categorized by qte manner in whicb the utterance to be generaiTe! ia re-

Phonetic synthesj.zers, for example, operate on a phonetic 

of speech wher.as tut synthes!zers rely Otl an or1:hographic 

of speech (i.e _, printed text), translat~g it into phone-

tics and then utilizinq phonetic synthesis to generate utterancea.' The 
1 

tvo JIIOst impo~ant objectives of speech synthesis-by-rule lie firat in 

attaining natural.-sounding apeech and secand, in generation of this speech 
• 

fram a minimal input (ideaUy f:raa written text or phonetic transcription). 

Q 

Ach.1evement of natural speech requires a high phonetie quality, 
) 

.J 1 1 

voice quality and good prosodie content. Pbonetlc quallty, to a l~ 

extent, aetemin.s intelligibility and la prillarily dependent on fomant 

and spectral CCJIIIN)aiti.on. 
\\ 

Most synthesia-by-rule aystaa- are bued Çon 

description of fomant traj.Ctory. 
,r 

TheÎe 4eacdptiou raDp fZ'Oli a_le 

l.inear intexpolation betwMn ateady .~te aounda to cœpl.ex fittiDg. 

P~_~ tr~sitiou occur ln any ~1. mtea ancl" nl:e. for ~-
, " 1 

ia9 tha are qui.te c.pl.ex. 

, 1\ ~ j 

"zeAltiDg ... ch. ~",~.,~y ~ ~~-~caJ; -~'~'''.--, 

"~.,~r"'t. ::j~' 

... ~ ~,I'; 

r{ 

: ..... ~t t",4 . . /.",,. ..... :~' 
~ * !,.:"~ ~ ': J.' ,~ ~ r~ J ~ '!.}~~~·l'\t-t( 0: t' ,. 

• i.., in 

J~: ~_'I>:;~ ~ .. ~~ ?' .. 

, , 
; 

1 ~, 1 J" 
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proved without careful attention te voicing. Voiee quality 1. a very 
l' 

important factorr1in improvjng the quality of synthetic speech, sinee 
l " 

it ia the best Jthod to e11J11inate what ,might be termed "mechanical 
l, ' 

speech" p'ropert~es" , Correct use ~f voicing 'can a1so generate speech 

character:f.stics of either sex and even aqe groupings. Severa! rules for, 

iJIIproving ~aturalneSlS and voiee quallty are presented by SapoZbkov (1972). 

One method involves modifying the hardware such that the aspiration ,source 

is bandpass filtered between 30 and 70 Hz. This is then use4 to 

modu1ate amplitude and frequency of the ~icinCJ source. At the present 

time rules governing volee qUality are g'eneral1y inadéquate and suggest 
\ '. 

the need of a better understanding of the glottal wavefor.s. 

r ~~c content ls deter:mined by the durati~ of foxmant 

translti~B and ~g in general.. For example, the 1engtb of SOJll8 ccm
i" 

sonants are depend~t on the position occupied in a word pnïtial, medial 

or final). Stressad vowe1s are longer than unstressed vowe1.. MorltoVer , 

the context in ~ch a sound lB made detemines it~enqth as vell .. ite 

posLtion in the breeth group. 'rhus the rues governing durat10n are caa-

plex. Considerabl.e progress haa been made in the de:ve1opaent of rol. •• 

governing prosodie ~ity, by UlBeda (1972). Howe".r, more "WOrk woulcl 

.... to be ,requ1red in the ... l~t o~ lIO\DlC1 clur:a~ if tbe objectivas 

of nat"61. apeech are ta be Mt., 

, :. " '\. \~ . 

{' ,,1 

" 
'. 

" 
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prets the whole sentence. A siJlple exuple of this problem is iilus-

trated by the use of the word ·lead~. Obviously the process of sentence 
, 1 
analysis is not JJimple and becomes increasingly complex as vocabulary is 

expanded. Analysis coupled vi th phonetic syntheàis ls te:r:med text 
1 -

synthesia. 

The English languag. ls constantly changing and there' is 

little hope of ever cClllpll1ng a coaplete lex1c:on for analysis., ~ortunately, 

moat Bnglish varda have an interna! structure consisting of œits" calle<! 

morphs which cm be used te cœPl1e a l.ex1con one' magnitude smaller ~ 
, , 

the number of words. '1'tlus it appe&rs reuonable ~at a morph lex1c:on 

would he an i~eal basis for repreaenting the .. jority of the words. Adjuat-

ments for morphopbonemic an4 lexical stres. would be required té, synthe-
\ . 

Bize speech from unrestricted text (Allen 1976). 

Develôpllent of a text syntbesizer capable of baud] hl9 a 

reasènable vocabulary is a foxmidable tuk iJrvol~ atorage of a large 

amount of data. . It ls like1y tbat use of tezt Qlltbasl. ri:ll be l1Jùtecl 

due ta cast factors. A phoneti.c syntbe.1ze~, on,the otber band, i. JIUCh 

simp1er, low cast and ideÂlly suited for small aysw.. " 

" , 

l 

1 . , 

\' 1 ~ 

, . - ,"" 

l' 
" \ 

\ , 
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C}iAP'l'EIt III 

MAJOR CONTRIBUTIONS 'l'O SPEECH SYNTHESIS-BY-RULE 

A re"iew of seae of the major contributions to- the field 

of, artificial speêcb ;eneration is helpful in. identifying and understanding 

earlier concepts wh'ich are incorporated in the synthesis, strategy . 

developed in this· thes1s. Many."of the problems encountered in early 

work veré due to the computational speed of the cODlPuters a1railable at 
Î 

that time. . In this respect, the use of a microprocessor and its inherent 

spe~ limitations ,are similar. 
-, 

3.1 Xelly and Gerstman 
- 1 

The first attempt: to use a cClDputer in synthesiz1ng speech by 

rule was by J. L. Kelly and L.J. Gerstman (1961). The computer - (IBM 7090) 

was used te calculate the necessary parameten for synthesis frœa a 

: phonetic input by uS!ng a set of relatively simple rules. A aezoial

synthesizer vas useël and controlled by 9 par_ter.) fricatian (the hi •• 

amplitude) t voicing (the buzz amplitude), the f\D2dpental frequency 

(pitch) and the center frequencies and bandwidths of tm:ee fomants. 
, / , 

'lbe progr_ input consist~ ".f, a declt of puIlched cud.. Bach cam 000-

g tained a aymbol correspon4ing ta the require4 pholl •• , . a ~.s ..m, or. 

/ 

.of the steacJr-state, the nia_, requUect erntM.is par .... 41adIIg 

s~-state, the duration of the final tr ... 8itJ.cID ",,~ OZ' DOt"~ ;. 

~ l' J 
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phaneme wu a vowel or a consonant. 

The duratian between the steady-state part of adjacent 

phonemes was the'sum of the final and initial transitions. The parameters 
> , 

'for consonant-to-vowel transitions followed a smooth convex path, vowel-
1 

to-consonant transitions a concave path, consonant-to-consonant and 

vowel-~o-vowel transitions followed a straiqht line. Durinq the steady-

state, the paraJlleters are held constant. If a stress mark is included 

in the input deck, another parameter table is used that incorpOrates , 
\ 

the necessary durationp and change te other parameters that are charact-

eristic of stresse9 vowels. 

The results of this synthesil:ing 8trategy are debatable. It 

i8 capable of generatinq cleu and intelliqible speech only' alter a qreat 
\ . 

deal of .ad"hoc chanqes ta many of the stored values. "l'he qreat contribution 

of lCelly and Gerstman was the uae of a computer which penaitted the rules 

of syntbesiS to he altered, tested and iJlprQVed. ,,:21ûs fomed a buis for 

emch 'Of the 1IOX8 "J:ecent investiqatiOtls. 

3.2 IIolM_ 
l', 

The second use of a computer in synthesis-J)y-rule wa8 un4er-

. taken by J. W. JIOlIIes et al (l964). In this system. the COIII'Uter vas uae4 
/' ' 

te prepare • paper tape of coatrol J;?arUleters for the ayJlthe.u.r. Iaput 

to the p.I'09l!_ coosiste4 of pbonetic &yIIbola, fun4aental fnquency values, 

and «uxiliary .od1fJ.ér' char«cters. •• p~r_ 4iclnot nn 1n:,c-iàl-u.. 
, 

.,.and lb Only purpcHMt w_ tc,Prepare the pancb8a ~ for fatUZ8 uae Dy the 

, ," 
,. ~ :. , . 

,\ -, 

i .. , 

" 
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synthesUer. 

The system is based on a parallel-,terminal analog synthesizer 

\ . 
consisting of five bandpass filters, a voicing source and a hisa source. 

'l'hree of the formant filters have separate amplitude controls and may 

be driven from either source. The fourth fUter (fixed ât 3500 Hz) used 

only during voiced passages, shares a common ampli.tude control vith the 

fifth filter (broadbanp frOm 3400-4000 Hz) used only during aspiration. 

The putput from a11 five filters are summed together to fonu synthesized 

sound. The voic~g source has a fundamental frequency (PO) rang!ng 

from 50 to 250 Hz in 31 levels arranged to be roughly logarithllic. The 
1 

first formant (Pl) consists of 30 levels each spread 3~ Hz from 130 to 

1030 Hz •. The second formant frequency (P2) bas 30 levels spaced 60 Hz 

varyinq fl;'Om 160 to 2560 Hz. The third (P3) also liàs---30_ levels spaced 

60 Hz but ranges from 1540 to 3340 Hz. Amplitude controls are quantized 
~, 

into 31 levels. 'l'hirty of these are spaced 1. 75 dB. The other level is 

used to disconnect the filter. The synthesizer 1s controlled by a punched 

tape containing a11 the necessary parameters in 110 msec intervals. 

The phonetic elements used by the progr .. correspond roughly 

to the Intemational Phonetic Alphabet (IPA). Because of difficulties in 

synthesizing stop consonants, severa! sub-phonetics vere incorporate4 

(i.e. silence, noise burat etc.). All the paraMter valuea, exçept sw 

(voicing/Ufir4tioa) &D4 FO. are deteDlined for an ~itia1 trau1.t1~, 
~ 

a ateady sute periocl. and llUbsequently the final traJl8itiOll. St:eady 
o " 

state Values are .tond ln • table alOPg vith correçODCUD9 phcJt .R ••• 

80th initial _4 fiDal. tranait10u are COIIpute4 Oh the bUi. of a4~aceD~ 

pbcD.... t'be t:ab1e alao CCIIlta1Da a raQk betWlIi;"1. .. 31 ... lgDe4 to ' 

, .. -- • , 1 • " \, , ~ 

• :}:_ ',' ,,~, 1 ~\;':~_ 
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each phoneme in addition to three parameters 90verning transitions 

typical of the unstressed phoneme. These parameters (internal transi-

tions, external transitions, and fixed contribution) represent thé 

1 

duration of the transition for the dominant phoneme, the duration of the 

adjacent phoneme, and the steady-state duration respectively. 

If the rank of the phoneme is higher than that of adjacent 

phonemes, then the transitions are eharaeteristie oLthat phoneme. ,Should 

the rank be lower than either of adjacent phonemes, the phoneme with the 
" 

hiqhest rai.Jc. fie termines the behaviaur of the transitions. Generally, 

stop consonants have the highest rank, vowels the lowest, nasals and 

fricatives falling somewhere in between. If the ranks., are equal, the 

first phoneme is daubant. 

Transitions are base4 upon linear interpolation of ptrameters 

stoxe4 in the phoneme table. Funciamental freque~cy values are entere4 

by hand fram spectrographie ab. Should the table parameters Deed ta 

he ad.justed on a temporary buis, a set of special modifier eharacters 

is incorporated. 

The results Clbtalned frOll this synthesizer and synthes!. 

strategy are reported te be qui te acceptable ana capable of generatin9 

very realistic 80unding speech bUt" only when the tut input lB earefully 

tildited. Probleas usociatecl vith this technique st .. frau the lacJt of 

rules govexn1ng .ues. )or intcD&ti.cm, vhich necea.itatea transcriptiOD 

of PO val.ues frca apectrogras and alterat~ of the duration of atJ:ep 

phon ..... 

1,' r, 

• J 
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. 
3.3 Babiner 

The 1 research work by Babiner (1968) ls of qreat iJIportance to 
-

the developDent of speech synthesis by. rule. As in previoua exU()les, 

a computer is used to control a terminal. analog synthesi&er. '1'be 

synthesizer is of the series type vith one parallel side branch for the 
y 

unvoiced component of fricatives. statie phoneile charac:teriatics are 

determined as in other systems aceo%dinq ta looJwp table. 'J.'be_th04 

involves considerable cOlll'Utation rendering it incapable of real-tw. 

processing. 

Considerable effort vent into obtaining an &ccurate repre-

sentation of the formant tr4DSitions. A solution to a second 0Z'der, 

critically daÇed differenûal equation vas selfcted because it gave a 

l , 

good fit to experiJllental data and required only one tt.e constant for 

solution. General motion for a fozmant vith' initial position Ai, to a 

formant vith final, posi~on At and an initial fOJ!1lla1lt veloc1ty Vi is 

described by the following equation, 

,x(t) - Af +' (Ai - At) exP t-t) + [Vi + (Ai ; AtJ)t ex,p (~) 

f6r t~,O 

:) ~ 

Bach fomant can 110. fxoa it. present atea4y- .taU val_ "to 
, , -

. , 

):he nut at diffennt rata .. 1'hia D8~tatea t:ba 1ozi,atioil ot au.., couta\ 

(1) ~or each fomant per pair of P}M:a.... t'ben ua ~te1y 40 
'---

ptaon .... tA, ICDgllû, fiel4t.n9 -U&O padble ~ of pbca.eM ~. 
< -

With tbr .. t'ozaata, tId8 ....... 4680 poaaibltt t:t.-~ .... ' 

l' 
/ ,-

~ ' ... ~< ,- • 

't " J - ,~" , 

. , 

. ' 
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te he sorted and stored. By various approximations the nwaber of tille 

constants to he specified vas reàuced by one order of magnitude. 

As each foraant progresses towardS i ts tarqet value, its 

~ 

motion is specifiee:! by the differential equation. When all the f"ormants 
! 1 . 

are vithin frequency ,bands around their respective tarqets, the proqram 

detemines if the phoneme to be qenerated is to be. stressed. If it is 

te be stressed, then the duration of that phoneme is lenqthened to 

correspond to the value stc;>red in il table of stressed pbonemes. As saon 

as the stressed duration bas been qenerated, normal motion towards the 
\ 

next phoneme cœtl.nues. If the phonemé vere not; stressed, then nomal 
go 

motion resumes iDmediately. 

. 
The remaininq synthesizer control parameters are 'tiJDe locJced' 

to the fonumt moticn." The amplitude controls chanqe l1nearlt at pre-

'determined rates,' oximately' one tilDe constant (1') after motion towards the 

Nasal and fricative poles start to JDOve 

as soen as nev f~rmant tarqet values are defined. The poles and zeros 

110ft in a' linear fashion tovards their tarqets ana reach theIIl as soon as ~ 

the amplitude controls are switched. For nas~ the f4"st formant band-

width ls increased from 50 HZ te;, J,OO Hz, 50 msec. before and alter the 

nasal. For non-nasa1s, the nasal pole-z~ro pair are set to 1400 Hz 

wbere they will supposedly' cancel. Un1ess the synthesuer is cœstructed 

usinq diqital techno1ogy, it is doubtful tbat tIQ.s claia voQlcJ be -.t. 

For non-fricative so~, the fricative péde-zero pair are set to 1SOO Hz. 
\ 

The fuDdall8ftt«l "frequency ..,.1 itI Nse4 on wor:k c10Da bY , 

f ' 

'.- ~"',~::':~":; .. ;;:~i-::;::~:.' ;,~~.:.~~~~~, §.::~:< -
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Liebersm. This' work is founded upon the breath group. por the first 

300 lItSecsof the breath group, the fundaaental frequency rises quicJcly 

to about 125 Hz, whereupon it re.ains constant untll the lut 300 msec. 

when it\ falls off rapl~y., rf the breatb group Is a simple interrogative 

sentence (yes-no question) in the lut 175 mseci FO rises 60 Hz. A stressed 

voWel Would lead to a peak in FO for roughly 500 ... c. 

_ The results of this synthesls strategy we~ excellent. The 
\\ 

aDIOunt of calculatiens required', ,however, make it illlpractical for real-

time synthesis. lt is, nevertheless, one of the best attellpts at accur~te 
\ 

modellip9 of hWllaÏl speech to date. 
1 

• 
• 

3.4 . Ainavorth 

Purther modifications of the &olmes syntbesizer vere JUde by 
1 

\ 
W.A. Ainsworth (1972) at the University of Jraele. In t:his concept the 

values of the fi~st fomant frequency (Pl) were cbaDgèd fràD 130-1030 Hz 
\ . 

to 230-1030 Hz and another filter (PH) wu incorporatecl vith a range of 

• 100-400 Hz for nasal resonanees. othezwise the syntbeaueJ:' vas identical. 

The real ~rovement ·over the HOlmes syntheaiau ~ that. 

,Ainsworth designe" the syst:em to he contz:olled -by • PDP-8 ccapat:er iIl ~_ 

) 
AltbDugh the lIo_s Qd AIl.uwortb ayntbedsera .ue ·riftually-

ident:!ca1,. the aynthesls zul .. · cUffu, CODai4erIàbl,... ''1'b1S .la ~7 

. dUe ~ the oarm:raints of àptDf1at ,ln ~-~. ~ '~b ,ol,'. 
~ - - , .~ 

, . . , 

'" 
l " t 

• "~,-' , " 0 

r _ ~ ... 1 - -.> • - ,,; 

, . 
=. i/~!~~~~~[i,~;~Ct /f · 
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phoneme havinq a • rank t vas eliminated by Ainsworth and only two .para-

meters Tl and T2 deteraine the motion of transitions. These represent 
D , ' 

the duration of the steady-state and transitional parts of the corres· 
\ 

ponding phoneme respectively. An attempt at generating a set of rules 

for the fundamental frequency (PO) contours was macse. This ia bued upon 

the isoehronous foot theory (~rth, 1972). wliere it;., Is assumed that 

the duration of breath groups are constant. Stress marks are incorporated 
/ ' 

6nd positioned after each stressed syllable. The intervals of tilDe 
\ 

between stress marks are then detenained in the program. Sho'qld two marks 

appear within an interval of tilDe, rougbly 400 msec. then the duration 

(Tl) of the last stressed phoneme Is lengtbened until the tilDe between 

( C 
stress marks are equivalent ta the thrubold of 400 ,JlSeC. FundaJaental 

1 
l 

frequency was tiso varied in ~ccordance ta the stress marks. It can rise 

linearly to a peak during a stressed syllabl~ and' then- faU away linearly 

te il minimum approximately halfway between stressed syllables. This 

methodology necessitates il baffeZ' to store all the control par.-tera 

until such a tiae as the tiret stress IllU'k is foune! (at whi.eh tt.e the 
1 

FO values are inserted into ~ butfer). This re.ults in a 250-500 .aec 

delay before the systea starts to synthesize çeecb. The synthes~r 
. . \ 

when controlled ~ a ~r-8 and 4 Jt core ia ca.PBble of .torlnCJ the ~-

trolled pZOgr_. ~ pbaa". J.ooq tête and a huff~~ of IlUfficiellt 

lea9th to atore about 3.4 .. CODda of apellCh. 

'!'he reaulta of tIWJ puticular syntbuJaiDg' .~ an 
1 

relati".ly 9OOcl_4 .U.jute tbe Deecl to ..xcb fOr f1m4 ..... tal fn.. , 

'Ci'*lc1a. tzo. spec:tJ:OgI:~ U,,. tb.!I ~ vltb. ~~ .. _~. - \ - ~ .. ~ ,.. ~ , 

, ~I"-

., . ..~, 

, .:'l' 

" ' , ~ 
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Although the speech is not natural sounding,' it i8 reputed to be mueh 

easier to 1isten to t~ IIIQnotonic utterancea. 

\, Several hybr,id devices have been designed which take advantage 
, 

of both" series and parallel configurations (lCayto et al 1971, OChiai et . 

al 1972, and Klatt 1972). This synthesizer and its later" modifications 

(Kl.att 1976, ,1977) are arranged in such a w,y that 1t can change frca 

series to para11el configuration during syntbesis. (A block diagr_ is , 

shawn. in Figure 10). This means that vowela can he generated as a aèdes 

netvork and consonants on a parallel confi'9UZ'ation without difficu1ty. 

'!'he synthesizer 1s simulated on a general puz:pose cClllpUter. Second OJ:der 

d.igi ta! resoutors are required with SOlDe ~enty control parameter. 

deteJ:llli.ning the output. Mvantages of an entire software implementat1œ 

are considerable. Calibration 1& not requ~d, stability is as.ed and 

control of signal-to-noise ratio 1& available. 

, 0 

, The synthes1a strategy of the 1Cl.att ~ ia 'UDCOIIIplicat;ed but 

the rules are quite coaplex. Bach nev phonetic ~l cJète:rlli.œa • 
1 

taxqet va1ue for aach par_ter by table look-up. ~ .. t8rget val •• 

are then mocl1f1ed accord1Dg to the prece4iDg or follOlfincJ pbaaeUc:: ayIIbo18 

and stress or d1IratiOnal pàtte%lla. TraDsltioc tille bttweeD target: val .. 
, 

ia wo detemiDed by adjacent, pboIl .... ~ 'J'raDaitioDs are obtatM4 fraIi 

l:1near iDtez:polatiœ or half-c:x»iDe CODtoIIn. .. nlea t:aJre :lI'1t:o ~ 
/ 

/ ~.--

'1 . 
• '" '1 i 

,",,' " .. " ..... : --,,~.,~,:"'~:' .. 

t" "": '"::.~. 
-;: ... ~' ~'- ;:-"'-' 
/.~·:-r~~:.a_~ ~th<,~"""~""_'".l<;:W.'" 

,:.( '., 
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8uch fa'ctars as stJ~ess, segsaent duration, fundamental requency variations. 

segmental insertions, deletions and subatitutions. Although t;he results , 

obtained from this system are gOocs, the synthesi~er simulation and complex 

if 
rules prevent real-time synthe~i •• , • f-

t 
\ , ( 

3.6 The lCeele $Ystem 

A simple text synthes!a word proceasing system vas developed 

in England at;. the University of ~ele (Ainsworth ~.973). In thia study, 

rt.heorthoqraphic text is transcribe~ ontQ paper tape and fed ~ an 
, , 

inexpensive minicomputer CPDP-8) where appropriate control parametera 

for a t~ndna1 ~iog synthesizer are generate4l 
- . 1 

The synthesis process involves ~~url major states (Figure 11). 

These are breath "group segmentation,o phonemic tanslation, a&signment 

---of stress and parUleter calculation. 1 •. 

\, 

~ . 
Breath group se§mentation boundaries are eatab1iahed ~ 

rèacling a charaeter string into a bufter and a •• 1gn1Dc; boum:Jari.. at one 
) , 

of the fo~lowin9 identifiera (whichever cœ.. fiirat) 1 

1) at a punctuatiOll art 

" 2) preced1ng a conjunctiClft 
\. 

3) betveen a noun and- veJ:b pbrue 
tfl, 

If 

4) betOl'e • prepositional phr ... 
~ 

5) ~toèe a·noun~. 

, ' 
\ 

.; 

:' 
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Figure' 11. 
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OMHOGRAPHIC TBX'l' , 
SEGMENTATION IR'l'O 

BREA'l1I GROUPS 

"' 1 

TltAHSlATIOR IN'l'O 
~ LEXICOM 

PHONEMIC SYMBOLS 

1 
LEXICAL STltBSS 

ASSIGNMEII'l 

1 
CALCtJI.A'l'ION OF 

SPEECH PARAMB'J.'BRS 

• , 

Proce.... of the ~.l. t.e.t 8YDthut_r. 
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obvard for further proc:essing. The remaininq charaetus are shifted 

down as part of the next breath groqp. If none of the above boundaries . ' 

are found, the full buffer rounded to the next woxd' boWldary 1s dési91lated 

as one breath group. Best results obtained are for a 50 charactex: buffer, 

where boundary assigmaent i8 correct 80' of the tille. 

~e letter-to-sound rules 'axe L upon a table list,fng each 

letter and its common phonetic translation along vith any cOnditIOns 
1 

necessazy for that phonemic pronunciation. e·9·, 

""- (ough)t .. /::J/' ", 

~'\ 
' ' 

\3' b(ough) - /a UI' 

,.~) .. lA ft Il 

( 

c(ough) .. /';) 1ft 
• 

COlll*)1l exceptiona are stored in a lexicoD.' Wbere translation ' 

of a letter proves to be ambiguous and wbere contest cannot!Je resolved. 
, , ' 

thé moat CCJlllllOl1 or Deuual phcm- 1s ineert:e4. 

According to "Ainsworth, VOIIel. are the .,81; cUfficu1t to 

translate. with the letter '0' the worst of aU. Consonant errors are 

usually sub~titutiOll of a voicèCl phone. for unVoi~ pba1 ... , ~.9., 

~fu&1on of /a/.ad /8/. 

primadly br lettere vith .!ai~ COIlten, •• 9", 

heea)rt 

t(.)1' 

.. 

.. 
1-'/ 

Il ~ 

, . 

. " . --, ':., .. .., 

",'- t 

-"', ' 1 

" . 

'1""'/X' . " 
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. '. 
It seems odd, L t~f~, that tbese words ,would no~ be stored' 

in a lexicon along with other exceptions. Table 2 lists ~worth's error 

analysis of phonemic translation of several source woxds. 

words that are usually unstressed, i.e;!:, ~ e:!les,. pre-
~- . 

, positions, conjuctions, etc. are stored in memory a 9 with a list of 

prefixes. 

Words 'stored in ..,ry are 1eft unstressed. '.rhose words 
-~ 

not stored ~ memory rbut with prefixes belonging to the stored list 

have the second syUable stressed. For words DOt in memory and vith the 

1 

prefix not stored, the flnt syllable only ls stresseeS. 
, . 

Table 3 lists en;ors incu:r:red by mis-assignment of stress for 
, 1 

text, biS~ic wot:ds, trisyllabic and longer'~rct.. 

Where a pboneme ls preceded by an identical phaDeme .. 

the second is deleted and if a ward ends in a vovel vith the nezt wozd 

starting with a vowel, a glide is inse:r:ted. The remaininq speech p:r:ocessiDg 
1 

is perfol'llled br a synthesis by rule prograa as 4escdbed eailJ.er .. 
\ . 

According to Ainsworth, the syatell vorkecl vell, eçecially 

the letter-to-sound mlea elllployeèl. On tM a~.,e, a sewen' vord· .. taace 
. ~ 

\ 
will only COI'ltain one pbonetic er:r:or. Mben ,te8t:e4 011 Wlinfome4 listanen, 

tveen 50 and 90 pm:eat intelU91b1U,!.f. Wft abtaJ.De4. ' 

e, h~r. vheD a c~, of ~ ..... t1Ie l~ 
, , .. ' ", '; 

.. , 
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Source 

1 

Textbook 

Novel 

Newspaper 

'lABLE 2 

ANALYSIS OF 'Z~RS IN Plto!ŒMIC TRAHSIA.,XeJa 

8tre.sed Uutressad 
Error vowela vovels 
(percent) ..œe:ceent) ~t 

8' 4.5' 2.2' 

11' 6.8' 3.0\ 

11' './ 6.9' l.U 

JUW,YSIS OF ERRORS IN ASSIGNMEN'l' OP S'rRBSS 

Source 

TeXtbook 

Biayllablc vorcla 0111, 

'l':cisy11ablc wœda 001, 

a11 lon,.r: wOzdI 

o ", 

El.-:cor 
<eercentl 

, Il 

10' 

1" 

*Note 90_ of ~. 'wu .. .,l1ab1o. 
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COJ:l80nants 
(percent) 

1.3' 

1~2' 

1.0' 
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to 10se track for a few sentences. Apparently the onus is placed on 

. the listener ~o concentrate on thè utterance to detenaine its meaning_ 

In ail, this system is very encourél9ing in the sense that synthesis 

was perfoxmed on ~ amall CQlDPUter vith rather limited facilities. 
, ' 

Improvements in the rules assigninq stress and increasing the existing 

lexicon could lead to a h1ghly acceptable SY8t~ 

/ 

- , . 

\ ' 
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4.1 Systems configuration 

, 
'- The development of the phonetic synthesizer described herein 

18 based on the use of an If: 6800 microprocessor vith MIlCBUG fiDDWar8. 

"!'he CClIIIJlete systelll bas availabl~ 16 lC RAM, 2 K BOM including monitor 

and floppy dise proqrams. Peripherals such as Model 33 Teletype, Volker 

Craig 303A CRI.', Control Data Vucom 1, assoeiated lDIl9lletie tape drive, 

PerSe! dise and CQlllNtalker. Consultants CT-l synthesizer eoaplete4 the 

\ l' 

syata. 

The pxogr_ was initially .. sabled uaing a SWTPc edJ.tor-

ass..,ler but vu later re-usembled uing the Motorola M68sg cro.a-

.. .-b1er. ~. vas esecuted on the development system" descr1be4 

previoualy. Program de-buqginq was undertaken using the Motorola decode-

.. 1. l, 
disass8DlD1er (c. a. Bilbe M6800 user group library t 56) vith manual 

insertion and deletion of bre~int8. 

, 

Sislce tbe design objective for hardware vu v1~1Hd ~a 
1 

self contaiDed 'VOiee IIYhtheaiaer and- Dot as a m1.nic~r a4aptAt1œ, 
/ ' 

""Z)' aDd input-output faciliti ...... re mDi.j,ad. ~ final .,. ... cc:m-
~ , 

figuratiœ caa be ccmat.i'ucte4 on one circuit carel an4 if .. 4 iD cce,..,.. 

tiœ vith the 

acloRN 30 z 20 Je 5 ca •. 1iIctlUIU.Ag the ~ suppl,. 

figur:ati.oll 18 ... J.A fitun 12. 
, 
, ,-

" 

.' 
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4.2 'l'he Synthesber 

4 • 2 .1 General Description 

sizer. 

A number of ~tiODS are open in the selection of a synthe

For example, a synthesizer can either be èlesigned and constructed 
, 

with the attendant problems of stability of fi.lter net~rks or a unit carl 

é 

he P~chas~d and modified as necessu:y. 1'hese considerations are wall 

covered by Cohen and Massaro (1976). 

currf".ntly there are several COJIIDercial synthesizera availab1e. 

Of those studied, the Swedish equipment made by FO!ŒMl (Model OVE Illd) bas 

the most versatile featuree but is a relatively.expensive 4evice. 'l'be 

VOTM7. manufactured by the Federal Screw Worka la a p:re-ProcJra1111184 syntbe

si&er vith fixed phonemes and ~~ot be wsed. A relatively new 

synthesuer has recently been ~uced by~r .Consultants (Mo4el 

C'l'-l) vhi.ch appears to bave the de.trahle ,atures and 1a attract1.vely 

priced. n w .... therefcre. decl.4od t:ha~ 4 _1 C'l'-1 -W he - .. 

the synthesuer and IIIOd1fled if necesMrY. 'l . 

The aynthesizer la siJIilar in oxganizatiao tO that of natt 
1 

(1972) in that serie. networb an4 par.l1~1 si.c1e br.-ac:he. an ~ iDto 

nasal, frication _d foz..nt netwodts. ~ an uchitectural .taDcJpoiâ ~ 
. / 

the CT-I synthe.1.zer cloaly ~lea a si1Ipl.U1e4 wrÛCll of tbe on 1lld 

by~_. 

13. 
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'l'here are two sources of 10W\4 in the "cT-l synthesber. 

'!'hese are ,-the voicing and noise sources. '!'he voicing source frequency 

,is controlled by an 'input FO and its level by a signal AV. 

voicing waveform bas to be carefully shaped ta model the glottal pulse 
\ 

and associated spectral slope of -12 dB octave. 1'be noise ~ce 

lêvel i8 controlled by À1i an4 NP and it8 spectrum. i8 essentially, fI 

in, the aùdio spectrulD. 

The foxmant network consista of thrée variable tilters in 
, 

series. '!'he.e are excited by either voicing or noise sources, Or' bath. 

VOicing level is, control1ed by AV and aspiration level by AB. POXIIADt 

filters Pl; F2, and 73 are, contl:olled in frequency anly. 

'!'he frication branch conailts of a aingle .var~le xesonator 
l , 

ckiven by the noise source vith levaI control AF. Centre frequacy of 

the filter is, controlled by ",. 

Nual affects are c::reate4 br a vide-baDc1 hllOD&tor vith tta 

centre frequancy fixed at 1400 11& • 1'bi. side branch iIpIrta • 'broI4 

• fomant ta the output which 18 cœauJ;l to nual" 8OUD4s. 

driven by a voic1ng source in auch • vay that tba inpùt ~ .•• éeed the 

voic1ng cClllpÔnent of the fODUnt net'Mon. 

Il 
are edde4. tog.t:bar ta fom 8P •• ch ClGtpat • 

.-tus is obt&iM4 br ..,Ucat.iGD of 8 bita of t1IItà ~ ... of" le 
, , , 

" , 

" ' 
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address positions. The received data is converted to the appropriate 

an~loque signals within the unit. A list of control parmneters, fune-

tion, address and range i8 shawn in Table 4. 

4.2.2 Sigpals and Ti!1Dg 

The Model CT-l is optimized for an SlOO bua ~d operation 

with an 8080 trdcroprocessor system and ~s only 8 address lines. lt 

wu therefore necessary to modify the synthesizer to interface with the , 

bus system used on the 6800 microprocessor. The followin9 description 

"- 9ives a brief outline of signala required by the synthe sUa%' and the meth048 

f inte~ace. 

/ 
Of the eight address llne~ used by the synthe. ber , the 

tirst four (AO-AJ) select the specifie par_ter to he updated. '1'he lut 

our (A4-A7) are caapared to a DIP sw1tch and partially enable transfet of 

ta fram the COIIPtater te the syntheaUer. '; Data trusfer occurs vben 

signals SOU'l' and iii ue in theu actift statu (bigh anc1 1011 reapectbely) 

,-
and A4-A7 are' valide 1'Wo additional. signal. D'1"CL1l u4 POe ar. UH4 te 

inhibit synthesi.s by disconnec:t1.D; tbe audio output wbeDevar either ia loIf • . 

Because the proceaaor tzeata tbe .,.....1 .. 1' as ma QD1r 
, ' . 

..... ry, tM eipt bit cJata bas ca be eJ.t:MI." _hlincU..-J. 01: ~. 

In the cSeftl~t eyat:ea, thé c:wpatu bU1nctioDa1 INa JJI ..,u~ lato 

,
" ~', 
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" 
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A4~ •• 
. .t_ 

Kn..onic 

A3-AG 

o 0 0 0 AV 

000 1 PO 

o 0 10 Pl 

001 1 F2 

o 100 P3 

0101 AH' 

0110 AP 

o 111 J!'F 

1000 AB 

1001 

1010 

101 1 

1100 

f 
110 1 

1110 
} 

1111 • 

.:' :-:}:. ,i:,.. 
J. 

--
Voicing AIIlP1itude~~(da) 

Voicing Frequency (Ba) 

Pirst Formant Prequency (Hz) 
1 

Second Formant Prequency, (Hz) 

• 0 
Third. Famant Frequeucy (Hz) 

Asp~ration A1IpUtuc1e (48) / . 

Prfcation Amplitude (48) 

Prication l'nqUIDCf ,Ils) 

Rual Allplitude (dB) 

availeble as analocJae w1tag .. 

- pot useeS br syntbHiUr 

, 

-r ,"" 

t '1.",( 
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Approx. Range 

40 

73.4-463 

174.9-1452 

524.2-4356 

1704-5508 

40 

12 

1706-14160 

40 

l ' 

\ 

I~ 

" 
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~. 

two unidirectional usas to permit use of inexpensive RAM. '!'he 

data-out unidirect anal bus 18 Usee but only out ~~" convenienfe. 
'Y ' (, 

The signals, S EX;cLR and ,POC are tied high and PiiR 18 
genera~d f~Qp1 the NAND of· R/W, ~2 and VMA signaIs from the 

"-

MC 660() bus. Addres~ bita A4-A7 are selected such that the synthe-

sizer i8 addressed above existug RAM, i.e., for location 2000 Hex • 

. A4-A6, ase connec;ted ta M-A6 of the computer, wh;!'1e A 7 is co~C"" 

ted to A13. 

f 

On receipt of -the ~rrect address ud wri te s1gna18-, the eigbt 

data bits and addresses AO-AJ presentéd ta the synthesizer are 8tored 

in a latch: 1\1l! data component is connected te an analogue voltage aM 
, , 

directed toward the correct parameter ch~l according to ad4ress bita 

AO-AJ. nte analbque vciltaqe la then retained by il- sample:-and-ho14 

devipe for use by the analogué circuitry of the syntheaizei'. A' miai .. of , 
ç 

20 microsecon<is 18 allowed between individual u,pdates in order to pemit 

the saJDPle-and-hold to stabilize Ùb.der: waret-case ccnuUticm.. rurtber-. , 

JDOre, these updates should not exceed SO-~OO -.illiaecon41 .. the, saçle

\ and-holeS vi],l los. "ll~ty to ~inta1n co.nataDt 0 val ... 
J. 
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9W1'!R Y 

SOl"ftlAM 

5.1 Synthesia Strat!9Y 

'the main objective in developing the pr09'r .. wu ta construct 

a set of rul.es for uae on a 6800 aicroprocessor system i:hat is capable of 

prCcsucing intelliqible speech. It shou1d alIo be flexible enou;h to 

permit basic research on speech syn~eli8 or perception. A smal.l sca1e 

system -with limited memory 1a des Jable becauae J.t cm he devel.oped iDto • 

• elf-ckmtained voiee s~tbesiS pertPheral. and operate .. a talking teDIi-

1 
nal. Theae requirements "trongly: aUCJgest real-t1me operation 1:0 reduce 

1 ~ 

the DIemory and el1minate the need' ~or peri.pheral.8 such as disk drives. Un-
I 

fortun~telY, the slow speed of 1crop1'OCe880rs limita CODIPutatJ.~ capabl-

liUes and therefore imposes ~ COJ18trainta on the synthea1s strategy. 

consequentl~, rules must be 
, 

between those that minimize 

telUgibiUty • 

c1evet.0ped ~ch are essent1ally a cœlPrc:aiM 

itation and yot IIt1U p_ ~te i,n. 

1 

\ -
Ratura! .-ounding ... ch not OI11y reqW.I'U phon~tic info.:.aUoa 

but other infoxmaUon auch as' fun~ fnquiuacy COIlt:Gun, .uen ..a 
1 

duration patterns .. vell .. syntactia lDC1 8eaan't1.c flCt:œl. \,ftU r~ 

a rathK COIIPl- Mt- of rul .. beycm4 the c:apab111ti. •• o~ tU lIicz'Optoceaor 

system operat.1DcJ in na1-t.Uie. '~'i aD _teIIpt 'bal __ ..... t.o 

9 ' - , 
11ntr04uqa _. el-.'tII ._ ~ ttru. and •• tJoD Wb1cb nftH; D !l' .... , 

natural .0 .. :1., ç •• ". %~ 11 ~ ~ tIda ' .... ~ 1.Dte11'J9t.- " 
, ' ," ,\ ",", -

j, 

Itll1t:y .~~~r,. .'t-t ~ ",''tIâ ~J",,"~, ~. " '; ;' 
~ J r~ i .. " "~,l _,,' :~~,."~,~,!~ ... ,, ~-,.-..,~' . ·t'-" ~ '.. ~ _" ... " ~ ~\ J' , .. ",'~' 

1 .. ,1 " ,,_ ~," , • 

. :. _, "",~_",:~;,::;,.,.,".:';].'.' . .',~/, _;~,~.:_~;.:~,~~';i;~~i'fJ~'; ;,;,;:; ~';,;l::,'i')j'Î; l~:,;~~, ~i":I1t;:i~:6{ 
.,._. ~ ... ~~ . ~ ...., . /, :'!J,;'[,,'1.·~~~E;!!.~ :.:\ ... ~·~1 :,.,::.~-r.J'~1' '-Jo,.' "l=*!t.~.>ot.",l~\< /"~"1.~..)i,~~·f'{~~'!'~':;"~h~idl .. ~";;.! ... "r~u.""'r.~-r.~;t· 
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The input: to t:be prograa (Pigure' 15) consiata of a sequence 

of phoneme repreSèntations and a group of .econdary modifiers which are 

used to control pitch, duration and perioéls of silence. A phonetic 

codinq scheme., ia used that .is shû.lar te the AWABE'l' ('l'able,l) but ex-

t~ded to two characters per phoneme. 'Other characurs have been 

introduced to aid in eMUng phonetic strings or perfoJ:1lling special 

functlons ('l'able 5) • 

A loo~-up table is real4ent in the progra and supplies informa-
( 

tian conceminq each phoneae. '1'h1. infODlation 1& in 1 the foZlll of 22 bytes 
\ 

Ol'C]anized into three fixed format fields ('.rab1e 6) ~ 

The first field cantan. two ASCII c:haraater8 which repreaent 

the phoneme. A secqnd field contain8 nine par_UA used to repreaent 
Q 

steady ,.tate aounda of e&eh phon_ in isolation. 'l'he third field ritll 

the rusaininq el.veIl par_ten, reprennts the duratioD of ODIJet~ tranai-

Gcouping of the timing par_terl in the tbJ.J:d fi.ld My on . 
'. ' 

1 

tint glance' s •• arbitraxy. Bowever, changes in Pl, 1'2, Pl" and n 

accu ail the \arti~.tors aovè froa one position (and.è>und) to ~r 

and conuquant1y share CoaK)n t1Iainq. The par_tan AV, lB. JI ao4 

AH not on1y re1y on the poeitioning of the arUculaton !Nt alao ~ 

on othar factors auch .. _ub1lottal pHS.un lDCl 1I01~ wlocd.t:.y. , lia 

IMSdition, tbaae four pu_ter. cban9. i~t:1y of each ot::blIr,. .-
o ' • 

. ' " " " 

/ 

\ ' , ," >. :.' .",,::,':',,:.'.: <~~:;::"~)~~i~::';~"<~ :., , 
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'Time frame Tlme: 10 meec. ? 

>e., 3:> br' r:'1 ~tl '''' CDk' d0 1'
>4"-1 35 *'.~ S2 )je 00 ~~ \Se .. A;; 
>f)~ 3~ ir- :.3 a3 .,'" 169 tS" li' 
>60 3t1 *'r- 53 li] 00 \J", ~0 il"' 

1-">60 :f:, i,. :;'3 b3 00 00 'd0 il' 
,>60 3t1 ,.~,. 53 83 00 160 tS" i. 
>61:i 3!) t· .. • 53 é3 00 00 th' ,."r· 
>6~ 3~ ,.'j' ~3 E3 00 1/10 tS0 ~F 
>60 3:' i,' :;,3 li3 00 "'0 !:Se ri 
>6A 3:;, 21J !:lA "'6 00 00 Utt- 00 
>74 35 !l3 61 !l1J 00 00 de 00 
>1~ 35 7D bd AC 00 00 d~ 00 
>dld 3~ /,ii'. 6d AU 00 0~ d0 00 
>d0 3!l '1 J:; 6~ AD 00 00 d0 00 
>cS0 3:;, 71:: btS ALI 0e 0~ d0 00 

\.. >d0 3~ 7 i: 6tS AD 00 /60 tl" 00 
~tH} 3!) 7:r; 6d AD {60 0(6 dtt 00 
>d0 35 7 1:: fo~ Al) 00 0~ ~0 00-
>d~ 3!:1'13fJ 77 C>:s 00 00 '.H) 00 
>I;i~ 3~ ~ 2 !:'Sb i::3 0(IJ ttf!t dt' 00 
>cS 10 35 ,; 4 ~:> # li. 0t! !rilo do'" 160 
>d0 3:>!:S!) ~6 ~~l" 00 "., ~Ir' S:tItJ 
>d~ 3~ d,!) 'J6 lI' 01à "ft) d0 0ft:t 
>dlO 3!:1 cS!) ~6 il'" .,0 00 ~" 01tJ 
>dlO 3!:1 cS!:I ~6 f,.· (q0 00 80 0~ 
>dB 35 ~s ~6 Fi' 00 00 8'0 00 
>l;H~ 35 ~ 5 96 li' 00 00 8-0 00 
>t:f!) \35 94 BA hS 00 00 d0 00 
>dA 3:' A3 DE 31 00 00 80 00 
>S&-- 35" lJ2 "e 4A (!J0 (!J0 d0 00 
>'10 3:;, Cl 26 63 00 0.0 1:10 '''' 
~'10 35,\ ~ liA ,'c 90 e0 de 00 
>~0 3!) D0 41: d0 "'0 00 se 00 

""'9~ ~ 00 4E J:Ua 61a '*' S~ N l " 
l '>\i~ 3::; lM 4Â 130 00 00 d0 00 

"lie 3~ D6t 4lt: ,dE') il., 1ft" .tU, "ft) 
~0" 3:' 130 ~" 60 tW 00 de i0 
~e"-l 3::; 30 80 130 ftl" "-0 d'" "" 
>~~ 3~ ~0 ,tUt su 00 170 d" b0 
>AY F' Ft '1 FI A" A' •• ,. 

(HEUDIC'tML, ,""'A1'" 

1. 

9' 
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FIGURE 11 SA""! O' INPUTS FOR NORMAL OPER.TIOfI 
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COMMAND SUMMARY OF SOPnrARE 

'CrfrRr. 0' BACK SPACE/CORSOR LEFT, DELETE LAS'T ~ 
,., 1 

'.' 
'@' 

'CR' 

"'<CR> 

'$ '<CR> 

• & '<CR> 

~.'<CR> 

'ESC'<CR> 

f • '<CR> 

REPEAT LAST STRING 

END OF LlNE. GENERA'l'ES CR/II 
, 1 

PUNCH A DPE OF LAST STRING 

END OF STRING 

INI'l'IA'lE WHI,SPBRIIiG 

INITIA'l'E\ VOtCING (DEFAUL1') 

INITIATE PlUH'l' OPTIoeJ 

INITIATE SYlmIESIS (DEFAUIl') 

RE'l'ORN 1'0 MONITOR (MIDtJG) 

CLEARS SnmmSlZERS PARAMB'l'BRS 

t /'<CR> CAUSES 'l'HE FOlmI\MENTAL FREQUENCY 1'0 INCRBUB 

"'<CR> CAUSES THE FtJNIWŒJr'l'AL FREQUENCY 1'0 DBC::RBaSB .. 
'<cR> SEm OP A T%ME DBLAY BB1WBBIt 1fOlI)S 

<CR> IRDlCA'ŒS A CARRIAGE RBWRI 

AU C'ClJIII...JIDS SIIOIfB FOLUJIŒD BY A <CR> MAY, 88 USBO . , 

Ul'PD cap CIAItAC'l'B1IS ARS UlISftlSSID 

UIIIR CASJI awacsas AaS ss.sSID 
\ 

'. '. 
" > 

~ -~.~ .. ': ... " 
~ ~ ~:~fi~l- P __ 

~ ~:~fi1~:"r~ 
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2 

3 

4 

5 

6 

7 

8 

10 

11 

12 

13 

14 

lS 

16 

17 

18 

l' 

20 

21 

22 

, , 

Field 

1 

l 

2 

2 

2 

2 

-2 

2 

2 

2 

2 

3 

3 

3 

3 t', 

3 

3 

3 

3 

3 

3 

3 

~~.:-...:;.... ...... _ ..... __ • ____ ~ ~. ~'~1:: 
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--, 'l'ABLB 6 

S'1'RUCTURE OF PIlONBME TABLE 

MneD)nic Function 

, 1 

Ll First .~racter of Phon~ Label 

L2 Second Character of Phoneme Label 

AV voicing AIIIlHiude 

FO 
"é\ 

VOicing Frequency 
'\ 

Fl Firet Formant Frequency 

F2 Second Formant Frequenc:y 
1 

F3 'l'hird Formant Frequenc:y 

Aspiration AmPlituc!e 

Frication Amplitude 

Frication Frequency 

AR Nasal Amplitude 

'1'1 Total DUration of P110Daa 

'12 ODSet 'l'lM for Fl, F2, F3, and .", 

'1'3 

'1'4 

'5 

., 

\ 

no 

Transition 'l'iJDe to~ Fl, P2, F3, and Fr 

Onset TilDe for AV 

Trauition 'l'i.a for AV 

onaet Time for AlI 

Ti&ll8itiœ TiM for AB 

anaet TiM for J'O 

t'J:1U\II1Uœ, " .. for rofl 

• 1) 

OnHt tilla for ., ana .. 

... . " , .;# " 

-, 
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and Mt, bowever, cu be grouped together Binee frlcation 18 excludecl 

in the synthe sis of nasals and vice-versa. 

Basically 1 the prog'ram operates as follows: A phone tic com-
1 

mand string ls deposlted in a buffer. The phone tic information i8 latar 

sequentially read from this buffer as synthe sis progresses. Editing ~ 

the phonetic string 15 provided for by backspacing from an input terminal 

and correcting the *:!rror. Provisions for accepting paper or mac1netic 

tape input are a1so incorporated in thè sof~are. The carriage return is 
,-

interpreted as the end of the atring, therefore the character • +' ls 

used to generate a carrillge return and line feed for those machJ.nes that 

do not generate theul' autaDatlcally. 
/" 

.... ~Liage retum cause. the "l"'_18 ta be91a 1:1Jr' \ 

readinq the first phoneme in the butfer and caapar~g it vith ~1eld 1 of /' 

_ach entry in the data table. 
~ \-:J 

If the phonelae ls not found in the tab1e 1 \::' " 

, -...) 
an e",or Jll8Bsage to this affect ls qenerated and synthesis resUlDeS on the 

nut p\_ Shoul.d a match occur, the steady sta~ and timinq par ... ters 

of fields two and three are sorted and storecl in several buttera. 'l'be .. 
--

are arranged such ·that each steady atate par_ter is assi9Jled three t1JIe 
. 

. intez;val.s. "l'hesa are\ the onset t1JDe, transition tiM, ànd total phon_ 

The ODHt J.s that perioc! of tiIae at the be9fnnfng' 

of the phoneme that the par_ter sent to the 8YDthuiaer reui.ns at iu 

previoua value. t'be translt10a tJ.e a the 4uratioD of, the l1De&r c:IaD9. 

~rœ the p .. t value te the nev ate.4y atate val,.. 

~'t'! t é _ .. ~:.~ ... ", 

, ' 

1 \.. • , • ~ 

" , 



l, 

,~ 

1 

- ,J 
i 

o 

PRÊVlO,US 

VAWE 

ONSET 
T'ME 

START 
OF NEW 

PHONE.E 

/ 62 

TOTAL PHONEME DURATION 

STEADY-STATE VALUE 

, 

TRANSITION T'MI 

FJGURE 11 PROGRESSION OF A PARMlI"'" 

THROUM TIM. '. 

'Ii " 

• 
• ,:,""',1-;"',);,:',_, 

~:, ~;j'., 

.' 

, 
.' l 

, " 

" ,L, 
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are qenerated by linear inte%polation. 'l"he phoneme duration is the 
( 

total t~ allotted the phoneme and in effect, deterDÛ.nea the duration 

of the steady state val.ue of the parameter in question. 

In this manner, it i8 possible te produce moat of the 

sounds of speech. The rulea of synthesis\ eppear.in the data ~letI and 
-;i , 

are explained for the folloving categorie.1 

5.1.1 Vowels and Liquida 
1 

Vowels and liquida are the eui.st soun4s to QIl~e.iu ainee 

J 

both are alvays voiced vith 'cleu, sharply defined fo.rmant atz'Uctur ... 

Vovela \ contain hiqher IlCOWJtic power than consonants becauae during tbeiz 

utterance, there are no constrictioas in the vocal tract. 'Both vowela aDd 

\ 
liquids Clin be identified accordinq to' th.tr' fomant frequency location and 

lenqth of, fomant transitions. VOiWel.a have short foxant trauiUons aru! 

a lenqthy steldy state •. Liqui4s, on the other band, have lengthy !amant 

~ansi tions and a relati ".ly short atea4y .tata. 

':v The,. aOUD4a an px04uce4 br the ".,i~ 80UCe aD4 ~t 

netvoù of the ~tbe.1Mr. LiquicSa ndl .. /tIIfI /Tr/ ~te .. 800D 
\ ~ 

as the foaaJ\& finiab. t:bak tr.aitioaa ___ fD.I aa4 /UV Me ca.-

platee! 0Il1y ~ter rr.tnift9 in the atéadf .tate for ... ~ 
( " 

.. ~-y.~ 

V'OII81& lune ai-Uar cbar:act.u~ to • ~ ~, ...... "-~::'" ".'"". 
" ." ~ ~ - , 
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IMI, /ER!, IIYI and /UW/ dvell in the steady state longer tban lenis 

vovels, /EH/, /IHI and /fJH/. Information re foxmant frequenciea and tia-

ing is given in the Phoneme Table in AppeDdix C .. 

5.1.2 Fricati ... 

Fricatives are chAracterized by the oc~e of austaine4 

noise. 'l'hey are produced by forcing air through a constriction in the 
l' 

'vocal tract which produces a turbulence that acta as the noise source. 
1 

The vocal tract ahead of this constriction toms reS01lances in the noi •• 

spectra while the cavity behind cauSes anti-resonances. 'l'he latter ft-

1 
stricts A;he noise cœrponent of the fricative spectra to above 2 lCIIZOo 

The specifie cut-off frequency of the fricative spectra i. 
1 

larqely deteDdned by the location of the oonstriction and consequently 

i. important in identification 01 phon ..... In voiced fricatives, the 

vocal cords are set in vibration and thé re.ulting spectra contains WN.k 

fonunt structures in addition to noUe. Unvoiced fricatives conta1n 

only noua. 

i syathesizea fricative u pJ:Oduce4 by a ~iaatioa, of t:he ., • 1 
1 

\..-_ . .noae .ource, fricative ~tor, voiciD9 IIOurce an4 tOZllDt _~. 
~ \ 

UDvoiced fricatb .... the Z'UODator &IJ4 IIOlM .ource CIlly.. l'ODIIIIt 

trans1.Uou for frica~ .... u. 8Gb ~ rap14 tha for 'WIIIMÙ and ...,u-

t.uc1a (AP) v.-lu I:IIPi41yOo •• 11"...... fJ:eqaacJ.u an4 relative' fd.catica 

_litulla anl li ........ 

\ . 
' . 

. ; . 
~ ," ~;~' , ,J' 

_ *L, .:;f:_ .. ~',,).L ~':_-;~~~ < 
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5.1. 3 Sasa.1s 

NuaIs are the result ot a complete closure ot the vocal tract 

anIS, lowering of the velum which force 'sound through the nua! p".iIge.; 

'1'be cavity behind the eonstriction of the 'VOcal tract acta as a .resonator, 

'[ 
absoEption at its natura! frequencie. causès antj.-resœances in the spect:ra. 

'l'be nasal pusages
l 
cause resorumce. te occ:ur whicb are bzoa4er tban ~ 

due ta the increased .urface area and convolutic;ms ot the nas~\ tract. 

Spectrally speaJd n9, nasals ·(!Hfer tJ:CII vowela b,y thé praseDcé 

Of a low rcy "wice bu" f_t. ft~~ of - ~ ...s 
third '9 t help detem1ne the point ot ~çulat1on aad tbe type of 

nasal 1mrolve4. 

an4 .1.U .. to ww1s. ~ -.UtUille CAII~ howMd, •• ,.. WIll' 

~y fRa fully oft te *aUy GD ..... the ....... ""'t to ..". .. 

,\ 
" ... 

)·:·i.:;~;-.~.; ~:: . [ 
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very sudden1y. Voicug amplitu4e bu to be reduc;e4 alight1y to accc.-

. madate the effect of..---- the parall.1 configuration o~ the nasal br_ch 

and the additional sound en,rgy that it ~1 ••• 

5.1.4 A,81?iraot 

The aspirant /SHI 1& synthesusd vith the voicing' and DOiM 

sources in conjunct~on witb. the foJ:'IUDt netvork. Relative ta the follow-

ing vowe1, the &q?litude of the aspirant 18 sub!kaecl. Darlng traui~, 
, 

the voicing UlplitUde nses te .et that of the vowel and upiratiœ cSe-

creues to zexo. 

/ 

5.1.5 ~ 

StaRl are characteriu4 by a peri04 of silence of about 100' ., 

followed by a burst of no1lleJ for wice4 st0p8 voicin9 accœpaniu tba 

noise bunt wbereas in \lDw.ice4 .tqpa ._ perl04 of. about 50 _ of up~ 

tion preoe4u tU oaset ot 9Oicing. ~o1loviag the DOba bu.nt tbe foDMau 

chlnp towuda tbes.r MW target val... 2IIe pdIIoi .. c1MXlCtad.8ttc of 

.tops i. tbe rç14 cbaDge in allpUàISea. 'fiII1D9 la cd.UoI1 for, if t:M 

ODNt of voi.c:iD9 i. tao.lcIag', ta. fOl"RDt trllDll~ IN aot bMi:d c::lAIIIcl, 
1 f 

84 perceptiœ of tbe stop beC"CPU diUicu1t. 

.. 
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silence i8 synthesized vith a separaq. ·pboDe_~. IQQ/ which turna off 

both the voicing and nolISe sourcea and set. the other par~ter. to 

67 

neutral values. The noise burst volee onset and transitions an 9e1le-' 
a 

rate7 the following phaneme. For exlll.Pl~ Sat becomes IS~ 

Figure 17 shows the six stops and their eharacteriatica. 

5.1.6 DipthonSls and Affricatetl 

The dipt.bollg's IOY, AY, Et, OW, NA/are aynthelize4 u t:wo 

successive vovel., 1.e., lof. - ADIY, . AY • JUUY, BI' - BKIY, CM - ACMf, 

Ml • ~ Their/characteri8tica aD4 rul •• , therefore, fo11ov tbo8e of 

the vowela and liquid8. ) 

!Df1Z.H1 reçectively. It wu 4iscovere4, howeftr, t:hat, the preœdiNJ stop. 

ia not critical ta perception sc 10119 as It ~s wicelu. and. wice4 ft

spectivély. Por this reuon, the par_tan of /SBI and lUI are altered 

,sou to bave rapi4 tranaitiooa and cbanqes iD 1IIJP1ltucJes •. 'f'bne MW . 

phOG_., tall aD4 IJJf, 9ive stop l1ke qual.iU •• to ISHf aa4 ,-/ .ad 
o 

~ 

~ p~ by -gg- vive l:Ietter .resu1ts the pnvlou ~. 
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5.2 software DescriPtiOn 
/ 

The ~tarting location for the pr~ram is at 0100 hexa

decimal (Reference Une 94 of ~the Usting, ApPendix A)-'which init1alize. 

collllllimds for clearing variables VOla\ anâ 

whi.sperinq and durnp options. OLD DATA buffer 

then cleareQ and resonance parameter values are 

Reference 'Figure l8a. 

" 
Y, - di~ablin9 the 

litude parameters are 

their mid-rangë •• 

to read a 

Following the in.i tializaUon procedie; \ the program proceeda 

line from the console character-by-char~cter ~d stores this in 

a RAM, buf,fer. At the SaD1e t:iJDe, back. spaGing, :tape preparation, T'l'Y 

fol:1llatting and re-synthe siE ot the last string enterecl are proce"sed it 
, ~ 

special control character~ are present. (The RAM buffér starte at 

0500 hexadecimal). 
1 

A character string prompt is printed by carriage re-

turn (C/R) , a line feed (L/F), three nulla and a symbole '!'he X 

register 18 now set to the beg:tnning of the butfer, land accUDNlator A '1 •. t( 
. lp.,aded with the ASCII value bf Any chàracter in 

o .Exceptions .aret--

If the character introduced by th; .co 

~ ls storecl in the location directed by the X 
~ - ~ t:: 

uced tram the console. 

CIIt tben an 

AutomaUcally 

a LF i. retumed to the COMol. to mow lin. te~"t-t:l.œ.. (end of buffer) • 

~~rogram then proceecJa to LDIt li 

bufter content. 

( , 

, 

(". "',. ~ ~. ~ 
~l \ \.,;. , • 

.J l j~l':. ~ 

" . , 1 1 .. 

, , 

I, 
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If the input character is \ CN'l'RL 0 and the x" regi8ter 

does not correspond to the location of the start of the buffer, - (0500 MX.) 

then the X register is decremented and a lBS (back space or CUr80r 

left) is transmitted to the console and the program continues by reading 
l " 

another character from the console. In the, si tuation whera the X 

ter i8 At 0500, the CN"1'RL 0 c0.IIIIWl4 is ignore4. 

:If the input, charàcter il a "+", then the proapt 
, 

(c)~~~ 1 Null. 1 » la printed and the procas. retupts to reaa anoiiher 
~' 

charActer fram the console. ~s feature is added as a facility for tho •• 

terminals whicrh do not pos.e •• an au~tic C/R and. II when the end of 

Aline ia reachad. Tho ente ring a \ "+" aymbol will cause. CR, II 
\ 

witbout tedl1nating the buffer. 
, ~ u " 

7' 

If the c;:haracter ~. a ... , then the progr_ pl'Oceects 4irectly 

te LI" B • 
p 

sinee thil lea".. ·the contents of tM bldfer' un4istuzbe4 it 

pro~ide. a convènient .. ana of repeatin9.ayntbest..S of, a striA9. 

be taken in th,e use of thi. CC!'trol .. it. reU.s in ... ~ed "BOT in 

the string. 

;'1 

the conaole to act1vau- "!1 aut:c.ati'? ~ 01: t.pe ~acU1ty. - ~ la' 

fOl~.bJ· 25 D\1l~, 'tba atrJ.b9 for ~~'1tI,~ 25',~~.,', 'ad 
, •• , r 

-t fiql.l)' a JlC3,'UC= cIuIJ:aCt:ft", to 4eàcu"'~1:a,,'t.be'~ -~:~"~~~~' 
" ,l,' . ,> •• " 1 -'., ' .. 

," 
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• 

Should a '@ 1 be race! wd and 'X r891ster' location not equal the start 

of the buffer, ,hen an EO'1' i& stored te teqllinate the 

activate the punch or tape' facilities. 

1 

string and then 

If the input ~acter ls a 'NUL' it 15 iqnored and the 

program returns to read another character. 

leaders on tape functiona. 
\ 

HULLS will only be used as 

• Â 

All the other characters rec:eived are interprete4 as part 
" . 

of the string and storae! in ~ bldfer as directed br the X ravi_ter. 

After aach character, the X ~i.ter i. automatically increJDe.nted aD4 
1 

another charaetar read fraD the CODSole. '-':hua c:haracter-by.-cbar&eter, 

the p~etic string i8 a •• embled until e1tbar a c/R or a'·' cœtzol 
, ' '-

i 

\. 

111 receivee! •. JUther conditiOn will transfer the program to . LIIIK 8 where 

the string. is pnpared for proce •• 1Dg. 

At IoDle' e (Réference Figure 18b) the X regiater is r ... t 

te the star1: of the buffer (0500' HU.) an4 the f!rst charact8r 18 qtad v • 

tram the butfer. Thi. chUacter coule! eitber zeprelent c~trol ~ta or _ 

phoneme. These control characters change the ~aMter. u.ed for syn~-
'ri ,~ 

sis Of phoneJlleB and are •• .Par_teeS from inCOlling infomation. 
• /? , 

If the incœa1ng c:haracter .t.., · 'W , tben the -v:ar11ble 

FO ia inc:reased by5, (i.e., !'O. PO + 5). '- '1'bi8 in
\ 

crease., the fund8llleAUl f~ of a11 subsequent eyn-

thesis by .' ~ ôf 1.03616. '!he X r.9aur i. 
t " J '-' 

-tben increJllO~ atld' enotl.r ~.cter .aa fzqm, t;he bUf-, ,r .t ~ 

~. (_ter' to ngœ. 1'80- lot &tta11a of . LlBlC '13),' • . 
'\' "-

, ho -(, ~ 1 

• >' 
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If • ,,\" is reacl, the variable 1'0 - veuleS be c1ecre.-4 

by 5, reducing the fundamental fr:equency by the fac-

tor 0.96453 (l'eciproea1 of 1.03676). The X rB9is-

ter 18 incrementea ana another character read frOll the 

buffer. (Refer Figure lac Link 14) • 

12 

The ~iable 1"0 pravides a means of al ter1ng the fundamental 
1 

frequency ta s~thi~9 other than that storeeS in thè look-up table. '!'hua 
• 1 

Dy us1Dg 1"0 as an offset of the tabled value controls 1 and \ vill result . 

in changes of !. 125 which will re:main in effect until eitber 18 changee! 

or a power-down situatiOn occurs. 
. / \ 

If the incoming chaRcter 18 an asteriak ..., tban 

the parameters stored in the old data bulfer are cleue4. 
Q Il ~ 

Effectively this cause, a per:iod of silenœ equal te one 

interrupt cycle and is ua.a in the synthes1s of .tops lID4 
> 

'\ oceuional initialization of synthes1a. '1'be X reg'!8ter 

is again incremented. ta read the next character. 

If the cbaracter read 1s ...., then th. VOlee par_ter " 
'" o 

18 incremen~a as well as the X reguter. Another' 

character 18 ~ read from the buffer. 

, . 
If the charaoter 18 a -$" then the VOleE par .... tu ia 

" 
clearecS. Again, the X rég11ter is Incrementee! anct aa"'!'·" • 

~ voxœ par ... tu ta an indicator tIlat, the pua. follow-
\ . ~ \. .. . . ' 

hg i. ~ ,he 901ce4 or . to, be '!h,iQ8re&t., Whlsper~ J.à achieva4 

by ecpaaUng ~ .-piraUon lIl4 wiciD9 'MlPli~~ ., ~. recSucU9 the 
~... " • ~ ,. , ~' : ~,"I',j \ ',., , ~ .. 

w1.è1ng te SeJ:o. 

• * , 1 

.. 
• l, 
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It the character "," is read from the bulfer, the 

the puameur HRDCPY is incremented as is the X 

. r~ister and another ehAraeter le read. 

If the c~acter read 1a a _,If than the HRDCPY 1a 

set te zero before inc:re.menting the X reqister and 

return to rea4 another eharactar. 

,U ..... 

73 

The HRDCPY variable deteZlllines if a dump of synthe.ie para-
I 

maters will tait. place. "l'he dœp vill litt a11 the parameters UNd by 

the syntheeber ~r, eaeh in1;errupt c:yc~e. Wben thi. feature il \WecJ 

synthelis il slowed dcIwn. te aecC8D04ate the printer or tendnal UM4. 
f/} 

This option bas proven to he extraely ,VIluable in developing look-up 
. 

tabl ... 

Il the charaèter "ESC" 18 read, then the start1Dg 

," .1oc~tion of the progrUl 18 ,aveel .. othe prOF

eountèr 8Uc:h- tbat ~t can be reatartecJ e .. Uy by--t;be 

HIDOO contl'Ql G ~ the ps-ogr .. ntunu. ta ~ 

, mon! tor (MII:EIUG). 
1 

.' 
c. 

Finally, if the ch.aracter iea4' f1'fJa the butfer 18 aD, 
,.... Q ~. 0 

, EO'l' , the end of the INffer hu bMn reaêhe4 an4 the . " 

~ro9raJll; ret~ ~ tu. ,tutlAg point (LIB:, 1) • 

~ ~ the above ~~l ~, .11 otbd' data vill," 
.. Q .. \ 

proœ.~4 ip paire ot ·cb.u'ac:tue ftP%U8Il~ pboa..... • tkat: ta' . 

~ .. _1 0D4 ,tbAx· ~~. 10 ü.a •• ~ ~ rl-~. 
ter ot t:Iae~Wf.r ~.~ âo4 ,.~ !Ii ·Dt~. ~""''»' ~tIJtF WllGb.!Û 

.... ~ . , - ~ .... t; ~ , '~ 

~} .' , \)', <fi",J;!,' j 1 , { ",", ,:r" j. t. ~ ~ - .... ,1 ~ .. :' • 

.~ ~, .. , f 
.. ~ • l' . 1 
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being useeS as the buffer pointer 1& ,then incrementeeS to the nut loca-

tion and storeeS in the variable THIRE •. 

t' \ 

The first chAracter raad (INPl) ia .then caapared" vith ~ 

first cbaracter in the look-up table. If 'the.e are not equal, then the_ 

look-up table pointer ia advanced to the next table 1 entry where IBPl 1a 

agaiJl C:ODlpared with the first char~cters ,in tbat entry. '!'hia cœtinue. 
, , 
Wltil ei ther a match i8. found or until the end of the table i. reacbee! 

(indicated by an asterisk).. " 5hould the latter occur an errer .... -ge 1a 

generated, the X regilfter loaded vith ~e stored value in THEBE and 

returned to LINK 9 where the next cbaracter will he rea4 frem the butfer. 

IJ • 
/ . 

If a match between DPl and the firat character of field 

one of a particular entry in the look-up table is found, then the secone! 

charaètar read (INP2) is ccapared vith the secone! character of f1.14. 

I-fo. these are not equal, then the look-up table po1nte~ ia a4vanced te 

n~ entry and .!NPl ia agd.n cCllllpared to the first cbaracter of field 1 

in that entry • . If ~2 is equal to the second character of field one, 

however, the table contents are sorteeS and stoneS into the ~fer. .. 

MTA, OHSET, ana 'l'IWCSITION. The deltas (delta - nev ê:1atr~i~!!n4ate, 

are then fonaed for aach 8ynthe.is~par ... ter ane! stond in ŒIIlA. 

l'ive butlers contain all the necessary infomaticm .for ayntM-

sis. 

• 1 

fer contains the Ready-atate valuea ~ .yD~.1s par_ter.-. fc tbe pr._. 
, ,.. - ' 

, lé' 
.' . 
'. 
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phoneme ta be synthe.bed. The butter OlfSET c:ontains the onset tilDfs 

for each synthesis parametér whereas TRANSITION contains the Itransition 

times for each synthes!s parameter. FiJ)ally the DELTA buffer contain. 

the step height necessary to change linearJ,y from OLe DATA to NEW 

DATA witnin the transition time. 

Once a11 buffers are readied, the proqram checks the variàbl. ~ 
.' 

VOlœ. If it is non-zero, then whispering ia desired and the par_ter 

AH is made equi valent to AV thén AV i8 cleared. If VOICI is zero, 

AV and AH are not changed. The offse~ value 1'0 is then added to the 

fundamental frequenc:y parameter. Frame Ume Tl is then decremented and 

compared to .zero. If zero, the input buffer pointer ia resto;red and the 
.... '< 

,prog%'aa reads the next phoneme. If '1'1 i. non-zero, the progrUl stop. 

and avaits ~ interrupt of the firat par~ter. 

The interrupt routine' tranafera the infcmnation in the OLD 

DATA buffer to the synthe suer • Experiment's vith • variable interrupt 

determined that a good quality 0 of speech generation can ~ ach1eved pxo- 1 

viding the interrupt tilDe 1& less than 20 ... 

On campleti9n of' the J:nterrupt, th, QQftt tiM of the firllt -
par~ter i.a COIII?&red ~ zero. . Xf noP-zero, "it 1& dec:r~nte4 .ad. ~ 

1 fi 

pointer moved to the next par ... ter and ita onset tu. 18 again CCIIPU'1HJ 

to zero. If any ouet tiJIe i8 le88 thaD or equal ta HrO, ita tdft81dcD 
L ! . 

Ume 1& COIII()arecs ta zero. If the transition ~ 18 1 ... than or equa1 

to Hro, tben tha~ pa.r ... t:u of the but~er OU) DeA u replaOl4 btj t:ha 
->i 

" 
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\ ' 

thesis parueter and if there are raaain!Dg parameters the JIèXt para-
, 

t.. 
_ter onset t1:me ia again cc::.pare4 te zero. 

In the cue liber. the transition tiJDe 1& greater than zero, 

the apprqpriate delta 18 .&!ed ~ the correaponding par_ten in om 
- , 

DlTA and the relu1t 18 COIIIPUed to the value in NEW DATA (the tarqet). 

The purpo.. o~ this rout.,lne la to cSe~raine. if an overahoot occurs. I~ 

it doesn't, t:he re.ult 18 .tond in OLD DATA" If it doe, ovenboot, 

the value of RIW IW.rA ia stond in OLD Dl'lA i.n8tead of the re8Ult. 
, 1 

.' ~ 
Detead..Dation of the ove~boot cr,iterion i.s CCJIIIllcatad by"the m1croproces-

,)i"l ~, 

aor!. interpretation ot the data as bein9 sl9J18d (i. e., -128 ta 128) 
, , 

vher_ the synthe.tzer ...... lt 1. uulcjDed (0-256). Conaequently. the 
1 

signa of the relult, IZLTA and ... DU'A uw detetmne4 an4 tht. fora 
/ . 

. the bui."of the 4eciaion. '!'his routine 18 ~~t dea=i.be4 by the flov 

cbart, nferenee rlgun l8f. 

, 
'1'be Foces. continues until al1 the qnthuis p~r. baw 

œJ converte4.' The valpe. of the ~ariabl~ IlaDCPY la tben COIIPU"~ to , 

zero. If non-ze~o, the parameter. of the butfer OU) _ are 4iaplayecl \ 

or priJ)ted on the &y.ta ~le aD4 Oben the fraM u.. 'l'l la 4eœ .èn-
, ' 

ted 8J1d cpntinues the lôcp. On the other hlDd,' if lII1DCPY Wh~, 

then the frUle t1me will he de~ftt«l '_di.tely, &Id tbeb CtlDtinue i~ 

loap. e cycles v111 cêmtimJe _tU tIIe fr_ t1ae la &erG At wb1dl , < 

Î:eada IlDOtMJ:' ~ fxc:. tba iDput butfer _tU ai 
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CHA,l)TER VI· . 

RESULTS AND CONCLUSIONS 

6.1 Evaluation-Criteria\ 
" 

There are a' number df requirements t~t should be met by any 

sYnthesis system .. The:e~i~ent shod1d be versatile and ea~y to operAt~ • 

.IÏ1eally, the apparatus shou1d inco~orate features which ènable àcopstiè, 

num~:pt'~ and visual feedback. 
/ . . Faci1ities' for adjusting and testing the 

effects of one or more parametèrs, 
... 1/ 

.".:' . f~ 

independent of the synthesis strategy 

a~e h1ghly desirable. The system should be flexible enough to permit e -
/1 

~ 

perimentation with variou5 camponents of speech. lt should produce intel-
'/ 

ligible and if possible, natural speech. The synthesizer should have the 

capability of a large vocab'l~lary and incorporate economical '(minimal) 

message storaqa. 

" • 

.. 

6.1.1 Acoust!c Feedback 

One of the methods of evaluat10n lB what'ma1'1)è teXmed the 
" 

"listening test". . . \ 
Acoustic feedback ls the proce~of listeninq ta the 

results and then mak1ng modifications'to improve the output. This ls use:-

fu! for improv1ng vowel: sounds but. has very limited application where 

categorical perception la involved. 
• 1 

Wlth increased exposure ta synthe~c 

speech, comprehension ±nereues ta web an extent that the object-ivity of 
1 . / 

the l1atener can be questioned. Therefore, in developing data for synt)le-
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• 1 

sis, the subjects were,given ve~ short tests and the'sounds or words 
f 

were -rotated to prevent-both listener fatigue, and elfminate the phenome-

non of comprehension by exposure. 

6,.1. 2 NUJI\eric Feedback" 

\ 

, The- pararneter dump ~eature referred to in the so.~are des-

cription will 4ctivat~ a print-out of aIl parameters sent ta the synthesizer 

each intet'rupt dycle for ail inputs' between & \ and , symbols. 
, . This is a 

very valuab~e ~1d in establishing values for all variables and a basis for 

observing change from one sound to à-new sound. Numeric feedback was 
found to be particularl~ use fuI for-inte~lation between saunds and in 

, \\. 

establishing tindng •. 

, . 

6.1. 3 ..:;.V_1s:;;.u=.;al=-_E'-.é.-.edlla==ck,;;;;. 

Spectrographie and acoustie wavefoX1llS give aceurate informa-

tion on frequencies, formants and.~litudes. This graphie infonnation -, 

~{ very useful in verifying transi tiDns 1 timinq and èUIIpli tudes. Although 

vbuai observations are a poverful method of getting feedbaek to improve 

speeeh output, meuurements tend ta be tillle consum1ng and have te he re-. 
. -

stricted to specifie prob-leJll areas • .. 

Waveforms vere plotted At LtInstitut NAtional dè la Recherche 

Scientifique TéiécœauniCAtion~ (INRS) 0 using apecialized softwue. Addi-

'. 

' . 
• leCi 

.< .. , 
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1 .. 
tionai ~pe9troqrams vere also made on an analog machine at the~McGill 

. 
Department of Linguistics (Vociepri?t' s Sound Spectrograph Mode1. 4691C),' 

, 
6.2 Éxperimental ResultS . ' 

A number of tests were performeâ to determipe the intell~g~-

bUity of the speech output of the system. 
-

These tests took the form of 

exposing a group of listeners to a synthesized sound and recording their 

responses as to what each perceived the sound to be. +ois,teners' responses, 
a ' 

~ 1 
were thèn. plotted on what 1s known as a 'confusion matrix 1 • These d18-

play not only those sounds which are correctly understood but also sounds ' 

that are nearly correct.. The positi9n in the matrix deter.mines the degree 

of comprehension of. vario~ sounds and the type of errors whicp are oceur-

ring- AIl thé phonemes wer~ tested except./WH/ which is virtually 

interchangeable with /WW/. 

Steady-state vowel sounds used in intelligibility tests were .. 
lengthen~d to approximately one second so as to give sufficient dwell ttme 

,/ 

, ~ 

for the listefier. Consonants vere generated at their conversational rates. 

Stops~ affricates and sonorants vere followed ~ ~e vowel IAB/. Nàsa18 

were preceded br IIB/ and fricatives iroduced in isolation. 

rive people _re 'tested With 'vovel. ana diphthong8, two of • J ____ / 

, 1 

them taJdn9 the tests twice. Four people' took part in teat1ng con~onanta 
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each taking the test once. Results of intelligibility t~st8 are shawn \ 
, . 

in Tables 7 and 8. Confusion with vowels can be attributed'to the 

unifom one second durat;io~ of the sound. 
, 

Fortis and lenis vowe 

" 
often differentiated by the duration of the sound. This indicates 

a better test could be based on consonant-.YOwel-consonant groupings at 

con versational rate •• 

A second item whi& is belie:ved to have influence is that JlK)st' 

of the subjects used in these experiments have no prior experie.nce in phone-

tics or with synthetic fUH!ech. 
1 

Althpuqh they were supplied with a list of 
1 

phon8Jœs and séveral examples, there may have been 'some Confusion. This 

could result in the selection of the first phoneme in the list that sounds 
/ 

similar. A supporting exalllple would b~ to consider the vowels /AO/" lM/ 

and lruil which are in the sequence of the Hst of phonemes supplied. It 

. 
was found that IAO 1 was incorrectly chosen for lM! 33\ of the time 

, and for IAH/ 28' of the Ume. Selection of IAO/ constituted the 

majority 0; errors in both cases. 

The c:onson~~ confusion matrix indicates that voice4 

stops are "a problea. The sounds /BB/ , /Dn/ and /GGI are he~rd as 

/BB/ 50\ of the time for /BB/ , 25' for /DD/ and 3B\, for /00/,0, 

The most probable cause 'for th;is i.s too rapid a transition Ume for' ~ ~ 
, l ' 

.~ fomenta. The sound ,IBB/ ia p.rcehed 5o, of the tilne as /BB( ~ ','" 

50\ 'of the' tilae as /nI. , This 1ndicates a confusion between VOice~ ~ 

unvoiced soun4a and is lIOn liJtely causee! by the voiee on.et t1me. 1'here 

\ 
i, 
1 
1 

l' 

: '. 
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\. 
1 is a' problem betwe~n the nasale INNI and /NG/ • The souna INN/ is 

cl 

chosen incorrectly as (NG/ 4~' of the time and /NG/ chosen as /NN/ ____ ~r 
.~, 

33\ of the time. A ~otentl.al cause would.be too rapid tA transition of 

f~rmants or possible masking of ~e~sitions. Voiced fricatives in 

genera1 are chosen correctly ,45' of the time wherèas urivoiced fricatives 

, are correct 80\ of the time. rJ The errors tend to he scattered amonq 

the fricatives and do not indicate any specifie èause. 

In summary, the. overall meri;ts of the system 'can be represel',l-

\ 

ted b'y the articulation scores. 
, 0 \ 

An articulation score' is th~ percentagè 

of sounds heard correetly. The articulation score for consonants was 

determined to be 65. 7' , for vowels and diphthongs 79. 0' ~ . '. 

f 

,) 

6.2.2 Spectrographie Analysis ~ 

. A series of spectrograms ~de on a Voiceprint analog machine 

are presented (Figures 19a to 19q inclu)ive>. 'When ~terpreting this in-

formation,_ it should he ~embered that this part1cular measurement 

apparatus hu a 12 dB dynamic range. This narrow ,dynamic range mean. , , 
• \ , r 

that low enerqy sound:. a,re not visible, in particular the third foxmant, 

and makes èQme sounds appear better than they lctually. ~,.' 

Apart fram lack of the -third fQimant due to dynamic range, the 
, 

wwels contain the cornet spectral content (Figure. 19& and 19b). 

\ 

./ .,. 

1 

l ' 
,. 
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ténce of the third formant and other low energy 'sounds were verified by 

sectional spectrograrns (Figures 20a and 20b). 

Liquids and diphthongs (Figure 1ge) have the required 

characterastlcs al thOU:h the trans,i tions in the diphthongs WOUl; have been 

better if made slightly longer. 

Unvoiced fricatives (Figures 19d and 1ge) appear correct: 
. 

for 111 and Is/ -but Ifl and' 18/ have tao Jmuch low frequency noise. 
1 

More accurate analysis at INRS confirms excessive low frequency noise 
, 

in all unvoiced fricatives with no indication of anti-resonances (Figure 
F ~ 

20c). A sharp cutoff causin~ a definite spectral gap ls essential to the 

_ correct i~èntification of the phonemes. The source of this problem was 

determined to be the CT-l .synthesizer and ~s more fully described in 

Limitations of tte System. Voiced fricatives (Figures .l,9f and 199) have 
f 

the same proplems associated with low frequen~ frication, but are not as 

much ~f a problem beca~se of th~ voicing which fills in the spectral gap. 

The v~iced fricatïves, ~owever, have a tendency toward excessive voicinq, 

causing almost vowel-like qualities to he observed. While these frica-

tives are readily identifiable in an intelligibility test, in connected 
\ 

speech1i t1'1e frication has a tendency ta be ignored by the listener as, ~ 

static and consequently intell1gibility 1s lessened. 

unvoiced stops are correct frOJn a spe~ral standpoint (FiCJU%"e 

19b) , Whèreas voicec1---stops onset ttme which 1. 
____ ~r 

1 
1 
1 

/: 

l' 
1 • 
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-
too long (especially /9i/) and could cause thes!! soumis to be per-

ceived as unvoiced stops. This could be correct::ed' by decreasing the 
1 

voicing onset patameter in the phoneme tables. 
\ 

The nasal formant appears as a fixed' formant centered at 
/ 

\;> 

1400 Hz, bandwidth l kHz. This masks aIl second fonnant transitions 

which arel~prima~iîY_ responsible for distinguishing /RN/ from 
l' , 

Ideally t, e ,nasals should have a concentratio~ of low frequency 

/HG/ • 

energy 

/"'Wi.fh'·ndd ranges subdued and not exhibiting major r~sonances. Spectr~ly 

this would r~sult in an intense low frequency fonnant (a voiee bar) and 
1 

weaker, 'broad formant structures. 

Affricates, (Figure 19k and 191) have the .correct apectral 

. content. 'l'he aspirant' also exhibits the correct characterlstics • 

, ' 

vowel /$/ in church could be slightly shorter, because of adjacent 

phonemes but it does not detract from intelligibilJ.ty. 

d' 
Followinq the abO~ fiqures., a spectrogram of connected speech 

(the title of the thesis) i$ shown (~ic3ures 19m to, 19q). 

6.2.3 Acoustic W~vefo%JIIS 

Amplitude vs Ume (acoustie) waveforms for the 'corresponding 
" 

spectrogrems are shown (Figure 2la to Figure 2lh). 

" 
':hose acouatic wave.-

-
foms representinq ~vowels, diphthongs, liqu.ids and Ulm)1ce4 fdcat.ivea , 
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Agree with accepted values. The voiced fricatives (Figure 2ld) are 
- ; 

again shown as having too much voicing amplitude. Unvoiced stops 

(Figure 21e) llave somewhat more frication than is necessary whereas the 
Q 

vpiced stops are characterized by an excessive voice onset time (VOT). 

"" 
~e nasals (Figure 219) have amplitudes that are slightly 

/ 
hi.gh but are otherwise satisfactory. 

6.2.4 Limitations of the System , 

The quality of the speech produced by the synthesis equipment 

desoribed in this thesis is satisfactory but has room fO,r improvement in 

a number of areas. The defects in" the fricatives and nasals described , 

earlierc are quite apparent ta listeners. " lt is unfortunate that much time 

w~s spent in trying to solve what was origina1ly believed to be a software 

pro~lem, but was in fact,' a hardware defect. The problems associated with 
r J • 

fricatives and nasals are directIy related to inadequacies, in the C'l'-l 

sYnthesizer. 

The frication bran ch iIl the synthesizer should_ have incorporated 

a sharp variable high-pass fil tl and not A band-pus filter as used. A 

,shup fil ter wOuld eliminate the lev frequency 'fricatiori and' improve intelli-
~, 

" 
Ideal~y a high-pass fUter and a low-pass filter pair could have 

, 
been used creating a band-pass network. Both filters, however, should he 

o~ high order ta ensure th aw frequency fricA~on at least 30 dB down he-

\ 
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, 
, 

low the pass band. The nasal branch resonator of the CT-l_ synthesizer 

should not have beeI?- fixed and broadband. This causes interference with 

second fo:r:mant trajectories and results in confusion of the sounds /NN/ 

and /NG/ • The nasal resonator should have been eonstrueted as a 

variable band-~ass filter with a bandwidth of 600 Hz.' Another solution 
, t . 

would be .to eliminate the nasal branch altogether and in'troduce control of 

the bandwidths of the formant filters. The formant network could then be , 

1 

used effectively -in the -synthesis of nasals. 

An attempt at improving the fricatives was lllade by adding a 

fixed second-order Butterworth high-pass iilter (eutoff at 1800 Hz) . in 

series with the frication band pass fiiter. This gave some illIprovement 

but the probleJll still remained. Higher order filters are neces~ary to 

achieve the impression of the spectra1, gap typical of fricatives., Even 

this fil ter is at best a partial solution. 

In order to remedy synthesizer ~aul ts, a major redesiqning 

is required. Given a ;re~esign based on tpe abovÉ! comments, il ~stantial 

improvement can be made te the quali ty of the synthesized speecn. 1 

6.3 Recoll1lllendations and Commenta , 

The synthesis system presented is relati valy easy to \ rata 
1 

\ 

Supra-segmentals are handled by a 

sÙlple set of coatands. As experiJaental equipaent, the numeric feedbaclt 

, 
i 

f 

[: 
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~ '" 'feature provided by the parameter dump is a very powerful 

verifying synthesis strate~~r detecting softw~re errors. The ' appara-

tus can b~ used to experiment with transitional or steady state sounds. 

Like the speech from many other synthesizers, the synthesized speech here 

is in telligib:Le- but does not soUnd natural. 

( 

The eqU:ipment memory requirement is low due to real-time 

operation. A scratch pad memory of LK bytes;s required for temporary 

• 
storage of ,variables and the inpU'~ buffer. The p1':ogralll requires onJ,.y 

, \ 
lK bytes RAM or EPROM. The phon~e table requires an additional lR 

bytes. 

well. 

sary. 

0- f' 

• 
The software for the system is quite adaptabl,e and functions 

Other features could have beep ~co~orated but were found unneces

For exampJ.e-, a fo'rm of vi sua 1 feedback can be prov~ded by utilizing 

the four sw:;plus analog outputs available on the CT-l synthesizer. These 

signals can be fed ta an oscilloscope and displayed with respect to time. 

A slight modification of the inteirupt routine would enable simuitaneous 

displayof the FI, F2, F3, and FF or FO, AV, AH, and ~ contours. 

In order to operate in real-time, a number of cOlI\Promises had 

to be made which limit the scope of the synthesis strategy. However, 

from the standpoint of the strategy developed, the equipmerit' perfo:naed very-

welle The major limitations of the system vere in the production of nasals 
\ 

and fricatives 1 caused br inadequacies iIl the design of the syntheslzer. 
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Some attempt was made at rectitying this but it becllJlle apparent that a. 

complete re~design was necessary. TWo courses of action are suggested. 

The synthesizeL can he redesigne~ using modified 'and 1mproved filters,or 

a synthesizer can be constructed ar,ound a recent1y developeêÎ LPC chip. 

The latter course might result in the converse situation+Where it is not 

hardware but software that "limits performance of the ,system. 
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:2"..,1 _ ",~----------~--------------------------------' 
"-~'':~ ..... -

,:."::l, 
, , , 
"é 

, .:;l, 

.}, ~,*EEeM'.,' MCrtlJ:'OL~ "'€les .. ,. eQOss-ASs14SLeFl 
t \ 
t 
f 

'-

----
PAG'O 3 

;;.,. " 

t'li 

~,! 

l 

" 

0043 4e 
0044 45 
00-5 40 
0046 45 
004'" 20 

00089 00-111 4!! 
0049.fI 
00-. !S4 
0048 20 
004C: 49 
O~D .. ~ 
DM!: 20 
00 .... , 54 
ooSt) 41 
oost, 42 
005~ .C: 
-GoS! 4$ 

FeB 1 ~"O.IT •• 20. '1.IN.S20'.OT. '1. •• ~.t .. e: 

"",' " " 

o 

o 

.) 

~ 

) 

. .) 

;} 

:,j 

1 
J 
1-. 
1 

00090 OM. ID 
0055 'OA 
OOS6 00 
0057 00 
005e 00 
005~ 'O. 

00091 
00092 
00093 

;' 00-0 •• 0100-
,.,. 0-009!!l 
~ OQOW 

Olt091 

t ... -

pee SO •• , .. O. 0.0. $04 

---
• ,. PROGRAM STARTS,AT LOCATION 0100 HEl( • CJlG S0100 • • JNITIALIZAT,ON '. • 

0009& 0100 .". 
000'09 0 1 OS .,... 
00& 00 OJ06 ao 
00101 

OOOf; L11111t) t'"LR v[n CE 
tfROCP,/, 
CL" "Ii 

CLEAR .HIspe~ING 
0001' - CLP' CL~"~ PAR"~ETE~ LISTING 

GOTO SUSROUTINF. CLEAR 29 8SR 

00102 
00103 
00104 
0010S 
00106 
0010'" 
00108 0.08 CE 0030 
00109 OIO~ gO E07E 
00110 DIO! ce 0500 
0011& 0111 8D EIAC 
00lt2 011. ~l 00 
OO.IS 0116 27 79 
OOt,,, Otl8 et OF, 
O:U 15 cu lA 27 ~l,Q 
001&6 one tU 21:' 
0011'7 0 ilE 37 3A 
00118 0120 ~l 22 
OOII~ 0122 21 76 

• - THIS SECTrON INPUTS A LtNE FROM THE 
• C~NSCLF- JNTn A ~A~ BUFFf.R, PPOCESSSS 
• RACk SPACE FUNCTIONS. TAPE P~CPA~ATTON. 
• CP,lF ~EN~RATION. ANO PEP~ITS ~HE LA~T 
• STP IN<; E~lTEqF.:D 1'0 OE OlESYNTHES l ZED • 

LINK2 

t.CIlC 
JS~ 
LOl( 
JSR 
C~tP A 
BEO 
c~,,> ,. 
l'f"o 
C~P ... 

~~g ;. 
E'EQ 

'STRING 
POAU,I 
'AtIFFEJ? 
INEEE 
""00 L !NK7 
"SOF " 
LII\Il(3 
"f~6 
L INKA 
'522 
L INltS 

X='STF!ING' 
PIUNT STQtNG 

1('" ST ART OF l'tUF Fl"J:! 
INPUT A 
1'" ",.IC.,· 
T~N LrNK7 
t:Ls'e IF fi"" c", ... 1=>t.. O' 
THE" l t NK3 
~'SE' II'" A=' toi 
Ttf!:''' l. INI<4 
ELSE IF A"'.·1t TI1"" LINteR 

• o 
----

.. 
" '~ 
\, 

.. 

, . 
, ----

, 
'. 

'. 

1 

\ 
, ~ ! ç E 
'~ 1 

II, :.J.. ~ _, ~~::' ....... .. .. :;:: ... =_. --" (! 

l~~ .. ~~~~~.';~\j'~~1~~'·'f;::V~ ~~'. ~f::';~~' ~,~~~ <;: :; ..... ~, 

, 

\ 

: \ 

.. , LJ 



" .... ~~" 

i 
1 " 

~ 
-t. f. 

'.' 
t " 

~ ;:..,'f-

,J, ' .. 

'" 

~ /// 
...-

\ 

""', ---- '/ '1; ~::t". , .;: ..... , ~ .~; " :' ~ - ~ 

:~~~~~<.~:j ,;.' ~,' ~. ': 
t'v")';" '-'-~ 
'-~ <, ',", '; 'SP~Cft ,///-r MC'TCIOOLA ':685"'" CRCSS~( 

,- :)' Î ,4' , 
PAGE " 

i :~. >" ï 
OOi20 0la4 81 40 ""S,ë ,00121 OUt. 27 3. 
00122 0128 81 00 
00123 0'2" 27 E~ 
00124 oize A? 00 

, ' .. 00U5 ~12! 08 
" -', 00126 012ft '20 EO 

. , OOlZS 
',', ,00\29 ' 

" '~OI2'" 

'_',9' G 00130 OUI et. 

... 
_ ~ ,~' ,13' OU3 '97 

80 
l~""2 
lFI"3 
IFF. 
lF,,"7 

0;)132 0136 eT 
01U3~ ()l'. B'l' 

'" 01)1,34 ~J3C 137 
• GlU:!!! 1)t3~ .~ 

00.36 0140 87 IFFO 
,OOl:s-t' 0143 8'7' IFFS 

:~ A ••• 0 ELS~ l~ A~'~' 
qeo 1. r'~1C.5 THE'" LI t.lKs 
CMP A _SOO FLSF Ir A='NUL' 

. P.r.O llNI(2 THE" L 1"'1(2 
\ S'fA A O.X fLSE ST'lPE 1. il X 

INX X=I( •• 
!"RA L'JNKl! GCT 0 L INK2 '. ' • SUDqaUT1~E CLeA~S OLO OATA TAP,Ce (I~ITI~LIZATroNt · ' .fLEAR ."'10 

IlFF2 
lFF3 
IotFF" 

""'F" 
'IFFO 
IoIFFS 
• l"''''6 
SlFF8 

A:12e 
STO~"E 
STORE 
STCRE 
5 T'1RE 

, ""0 

FC'J; FI 
"'QI';! "'2 
roI" r3 
FOI:! FF 

STn~e FOR AV 
STORE FOR AH 
i!'TORE F"t)R loF" 
STOR~ FOR AN 

, QOI·3!) 0'''6 8?' tFFe 
00139 Oi49 sv IFFS 
00'40 0.4(;'39 

LeU. __ 

STA " 
~T" l 
S'!'. A 
STA'. 
CL~ .. 
ST. A 
ST" A 
ST" li 
STA A 
rns RETURN FROM SUBROUTINE 

-7 

t~ )' 

l, :;) 

" 

, :> f 

~, .. ~ .... 

00.4" * 
OOt42 0 •• 0 se 0500 LINK3 

lOIn 43 0)150 2'7 af' 
001" IUS2 09 
00'41$ 0153 S6 oe 
ODI4e 0155 aD ElOI 
00147 oise 20 87 
00.4' • 0030 Lt"IK. 00t49 01SA ct: 
OOlSO 0150' 80 
OQIS' 0160 20 

EO"E Ar 
03152 • 
001S3 ~ 
OOI~. 0162 SC OSO:l L1NK!S 
00155 0165 27 o~ 
001 ~6 0167 et> 04 
OOlts? 0169 1.7 00 
O~I~S 0168 86 '2 
OOtS9 0160 eo ElOI 
00160 01'7'0 80 10 

" 04161 01.,2 t;t; 0500 
OOl~2 01~5 ~o EO?E ( :~l:: ::~: :g î~ 
00t6$ 017C BP ELOI 
00166 Ol7F TE 0100 
0016'7 ' 

LtNK6 

LI NIC,. A 

• 

CPX 
!lEO 
DEI( 
LOl A 
JS~ 
8~A 

LD-X 
JS~ 
BRA 

CPX 
SEO 
LPA A
srA A 
Lt: ... " 
JSf:1 ' 
351:>' 
Uli( 
.lSR 
aSR 
Ln.. " JSq 
J/<A'" 

• SUE!';OU'r 1 NE Oilles 
'00169 
OCU7Q 0182 <:6 ,lA 
001"1'1 OIS" '5A 

\ 
~_.;.~ .~\..." .... _ • "~ ... '!t,,Y "~'-.... -..~ 

• NUl. '- LO," l'\ 
"',llL LI CEe A 

~-

• au FI' ER 
1. ''''1<2 -,-
•• oe 
OUT!:!::tr 

~ I.I""I(! 
.STRING 
:lOI'U1 
L ,M(2 

.SUFFEP 
LHoIl(t. 
•• 0" o.x 
'512 
OUT'!EE 
"IULL , 
.. ""FFER 
PD" ..... t 
NULL .. '" ('UTEEE 
L' t~ltq 

IF X=STA~T OF 8UFFER 
TH::N L INK2 -, - -" -
ELSE X&)(-1 
A .. ' "S' 
I>qt NT A ' 
GOTO L INI{2 

1(:',sTRING' 
P~l~T STQJNG 
GOTe LINI<2 ' 

IF" JC=STAPT 0'" BUFFER 
THEl\, l INK6 
.... ·Eor· 
STOI:t~ A i) X 
A='OC~' 
PPl"T A 
!>!>JNT 25 NULLS 
IC=ST"~T OF Bu,,"FEP 

PRtNT o;TI>I"'C; 
P"JNT ::!5 NULL5 
'='0<:3' 
PlU NT A. 
COTO 1. 11111< 1 

PQINTS 25 NULLS 

·.lA "''''26 
6"'8-1 

,,~.~~ .. 

t._:-

Ci 

. 
., \, .' . ~. ~ 

.. 

\ 
"" 

&4$ ~ )lU) 4ZVAQJ,coiif~M a.!iM!''' 

o. 

---

.. 

-~-

/ 

,... 
\,0) 

N 

r 

l' 

, 

U l 
---.---.:..---__ .11 \ 

\ 
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. ~ ~ ,2 
~ ~~, 

.,~<' /-:}J 
.;."';. .... ~~ l' 

_ .. ~~-:", ~"'.: 

~4"\~ 
~ ~ 

',' 
r!J':: ~~ 
,; < .. 

j, ~,' 

;ç': '<' 
~-< t· J ' 

" 
~o ' 

;/ 

~' 

1',,-

-.l' -

:) / 

.;J 

-:J 

\] 

,Q 
~ 

-' 

" 
" . 

\ 

r . 
~ 1 • SPEECH MOr~R(,LA M,,!,SS"OC ::~:lSS-'SS"'9LEI: PAGE 

---
0.0172· 01S5 Cl 0.0 
00.171 0.187 ~7 0.7 
:~17. Ot89 86 00 
~1?5 0.1.8 80 ElOI 

00176 OISE 20 F4 
<tIU?? Ot~O 39 NUL OUT 
Oc."l"1S - • 0.0179 OI~1 86 0.4 LrNIC? 
0.0.1,80 0193 47 Qi) 
00181 019~ 86 OA 
!ilè2 OI~7 80 ~lnl 
o 183 Q19A CE 0500 LJ~Ke 
o &4 0190 46 00 LINKq 
00185 Ol9F el 2F 
00185 ·014. 27 -H 
0.0187 0.143 81 SC 
GOI8~ 0..45 27 45 
0.0189 OIA? 81 2' 
00.190. 0.149 27 25 

.0.0191 0148 81 23 
00192 0.140 27 4e 

C"'F 13 
SEQ 
LOI. A 
JSR 
eqA 
~TS 

L"" A ST' A 
LDA A 
.,1 SR 
LOX 
LDA 4 
CMP A 
EtEO 

.... 00&93 OUF 81 24 
, OOI9.~019t 27 4~ 

CM'" " !.'!E:Q 
c~p A 
seo 
CMP A 
BEO 
'MP A 
SEO 
CMP" 
E'EO 
CM'P A 
flF.Q 

! 
[ 

'i 
i 

0.0.1",0.183,8126 
00.196 o.1QS 27 50 

o lB? 81 25 
0.189 al' St 
otIJ8 (li 18 
0180 27 35 
0. l''1F 8,' 04 
&lel 27 se 
lel 97 0.9 

eues 08 
o lC6 .. 6 GO 
gIg: :!-PC 
oIes DF I~ 
DleD 'lE 0.211 

OlDO O~ 15 

• 

c .. '" A ee:Q 
ClIoIP A 
BEO 
STA A 
fNJ( 
l.OA A 
ST" A 
t"lX 
ST" 
JIIP 

• CL!" APS OUT • LI"'kJ 0' sne 
~0214 01D2 CE tF~O " LD~" 
---15 o.1D5 6F DO Ll"PJO CL~ 

If: 0107 oe nlle 
___ I~ Dl~e sc 2000 ~" CPX 
oG2ia Oloe 27 02 nEO 
00219 01D~ 20 F6 EPA 
00220 OiDF OE 15 LI 1\10(1 1 LOX 
Q02i1 a l'E t 08 LH'K12 INX 
002 2 01~2 20 e9 PRA 

'00223 • 
;, 

" 

"'$00 
N\;LOUT 
.SOO 
OUTEEE 
~~'JLL 1 

""04 .,.x 
WSOA" 
m,TEE'E 
.,SUFFEP 
o.)!' 
'$?F 
LJ"'K'~ 
""Sc 
I.INKI. 
.$2" 
LJNI<JO 
.$23 
LINI<16 
'$24 
LI .... J(I~ 
.S26 <J 
l.lNlC.Je 
.S25 
LI "11(19 
.SIB , 
LtI\!I<!H' 
.SO. 
L J"'K~" 
1 NPI 

O.X 
[1"'1"2 , 
THE"E" 

- LOOp 

OLO OIoTA 

HEr:E 
"'SlFFO 
o"x 
"'$2000 
L 1~!1(11 
LIMPIO 
t-tE"E 

LtNK9 

IF 6=0 
'TH"~ NUl.OU'T 
EL<;E A=t>JUL' 
PR1",T 

" 
GOT'=! "'ULL 1 
RETURN FRC" SUBPOuTINE 

l' 
A"'EOT' 
ST~~E A a- x 
4::wLF' -~-

PQIfI,T A 
x=S""Ri (11'" BlJ~FEP 

L040 A il li: 
fI'" 10='/' 
THE" ';:INKI3 
ELSE IF A=' , 
TH.'::I\I L!NKI. 
ELSE.IF t,,,,'.' 
T~.. L J l'4K 1 a 
El.SE 11'" A.:'" 
THE'" L JNI( 1~ 
EL'iE IF Ar:' S' 
TtEN LINIH7 
ELSE IF ":'G' 
THE'" LINUS 
ELSE IF À:' '" 
T.,HEN LINIOO;> 
f'LSE IF "='ESC' 

~~~~ \~~!~<€OT' 
TH':Il LINKI 
J"IPI=' 
)[=X .1 
LOAO " il x 
1 Nr'2=-" 
~=X+l 
THEJ<E=X 
GCTC Leop 

HF"RË=)( 
'X=STA~T OF 'lLO'.PATA 

ST':'RE () al X . 
Jl=te4l , 
JF x= END OF OLD DATA 
TH"N L INK Il 
FL;~ LIMOIO 
X='iERE 
11=><+1 
G~TC L INKQ 

;:: ...... 

'. 
" 

. ~ 
so 

" 

. " 

-"1~"'> ~ :.' 

"" " 
~ ", 

> "', 

;' 

"'''~ 

~ ~ 
!$l. *4PP z~ .GA Pk ;"1 2PI'!'~~ 

D 

0. 

" 

, 
~,~ 

. l, 
i 

J 

~ . 
. - \' 

'" 

l ' 

-----

~---

'\ 

-----
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1,.0) 
w 

\ 

i· 

j ~' 
1 
l' 
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~: ~-;~': 
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PAGE e; SI»~ECH MOTO~~A M68SA~ C~OSS-Ass~eL~R 

oOlh, 
002M 
00226 CU~4 9t. 00 
00227 OlE6 8B 05 
002Z!! OIES 97 00 
00229 CtI!!:A 20-F5 
00230 
00211 
00232 
00233 
00234 
00235 
0,)236 
0023"r 
00238 
0023~ 

cnec 96 00 
OIEE SO OS 
OIFO 97 00 
01F2 20 EO 

• C~USES FO TO BE 1NCREASEO .
LINK13 LO~ A 

• 
11.00 A 
STA A 
tiRA 

FO 
•• 05 
FO 
LINK1Z-

A=FO 
A:A+5 
FO=A 
X=X+1 & GOTO LJNK9 

.• CAUSFS FO "'0 BE DECREASEO ". 
--~ • L''''IC.J4 LOA • 

• 
'>UB A 
ST" " BRA 

FO 
.505 
PO 
L JNK12 

A~FO 

"""-5 FO=" x-x.l & GOTnLI"'K9 

• ~ETURN TO MIK~UG SAVING STARTING ADO~ESS 
• 0100 tINKIS LOX X=LINKI 00Z40 OlF. CE 

002'U 01F7 J=F 
002&2 OIFA 7E 
002.' 

A 048 STx 
EOOO JMP 

jfLfNKI 
, 511.048_ 

STAf;'T 
STORE X AS P.C. ON ST.CK 
GOTO START OF MIK8UG 

0~244 
00Z&5 • 
002.6 OlFO 7C OOOF 
gg~:~ OUO, 20 OF 

00249 • 
00250 
00251 1)202 '7F OOOE 
00252 02"05 20 DA 

, 002!!3 
OOZ~-

00255' 
002~6 0207 7C OOOF 
002!1 020l 20 05 
00258 

• • INITI4TE • t.INKI6 tNC 
BRA · , • INt Tt ATE • t.1NK17 CLR 

, flRA 

• 
• ' 1 N r T lA TE' • LINK18 INC .' BRA 

WHISPERING 

VOleE 
LJpofK1Z 

VOICING 

VOICE 
LINKI2 

VOICE=VCICE+l 
X:X+l & GOTO LtNK9 

VOICEi'O--
X:X.l & GOTO LtNK9 

PARAMETER oU,,",P 

, HRDCPY 
, LINK12 

HRO(PY=HROCPY", 
X=Xtl & GOrD LINK9 

00259 • INITIATE NOQNAL SYNT~ESIS 
00-260 
002~1 02~C ?F OOO~ 
00262 020F 20 DO 

• Lt"'KI9 CLR 
BRA 

00263 '. 

HRDCPY 
LINK1Z 

HI'lOCP .. =tI 
X=X+l & GqTO LtNK9 

''', 00264 • 
00265 <> • ST""T OF SYNTHESI S PROGRAM ,.. 
00266 • 

~ 

00267 • 
OOltS 0211 CE 1000 LOOP LOX jfTJBLE SET X TO TOP OF T~BLE 

, 002EQ 0214 A6 00 L~~Pl L~A A a.x LOAO FIRST CHAR 
002'0 0216 81 2" C~P A .~2A !F A='.' 
00271 0218 ?7 09 flFO FOT THE" GOTO EOT 

'-

~ ~ 

01 

\, 

'\ 

- " ,. 
'" 

.. = 

'---

\------'~ '\ 

\ 
\ 

, 
~.:; ~ 

~"t .. 

, j 
i 
1 

r 
1 ~ 
i 4 

l' 
1 

l'i 
~ 

ç; 

1; 
l', f 1 

t J 

U 
1 
1 

00272 021A 91 O!' C~P A l"lPI _ ELSF. IF ':INP l , -
00273 02le 2-7 17 _ BÉQ LO':lP-3- THEN LOOP3 1 
00274 021E 08 LCQP2 INX X":,l(+1 , 

, 0027!!! 021 F 80 OB BS~ 1 1 .... X x=l(+21 t-' 
1 w 

J 1 ~ ,1 

S' :..:{, ..... ~ .. 

j..{) .li> •... ,.... ., l, •. ".. ••. .. '. .. 6_5 ... -.... ~ ... , •. , l ,.. .., i 
'" 

l 

Z7 v J ,~;~.q',!,; ,~t;:\~~:,; 
.~·;:)f.t~ .... 14; .. ·a;":i <~"'1" :pi .. - 'l'''''' ~~ • .., --.~-.::-:~+fL~t4.""''J.( .... i ... )-::-J.)4I:_~~tk~t~tj.-jj-t',,- .. ~ ~"'-''I'-~ .,,~_)r «: ••• 

,., ~ ~, "(A ~ ..... ,'4,~t:",::r ~ "" ,~ t.....,.. ... ~ ...... ' 'r. ,'" 
_., _ ... ~ ... ::::.. ~' ..... ~"I".~ t J':!!l _~! ~ J. '. ~ ... _ ... ;rl'" ,v," 
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.~ ~"f t"''' ... "(.:' .~.~ t.. . :~, +0-.'" _\..:;" ___ ~ 
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l'> 

!_ ~1tE!!eH MOT01>OL A "'foeS"", CP-OSS-ASSM!!LEP PAGE 7 

,;:>'. t 

:.> 

') 
'J, 

,>"D 

) 

00276 9221 ~~ FI 
OOZT!, 0223 CE 0031 
OOZT~ 0226 8D_E07~ 
002~ 0229 lE 0321 
00280. ""'"--
00281 --

Olze 
OUE 
022F 
0230 
;)232 
0234 

!6A5 
oe 
4,\ 
81 00 
26 FA 
39 

(tRA LOOPI GOTO LO~Pl 
EOT LOJ( "EPROP X:ERQOR 

JSR P:lAT"! PRY hT ERROR 
J"'p EnTA x=THE~E & GOTO LJNK9 

• • SUB~OUTtNE JINX X~X.21 Bs8 .=0 .. 
LO-A " IINX ,,"S15 .=21 

AGAIN TNX X=X +\ 
DEC A: "="-1 
CIolP " _SOO IF ."0 
BNE AG"'J~ THFIII AGAIN 

( ~TS "'ETllRN FROM SUBFCUTIIliE 
• • LOQP3 LOA A I.X LOAO SECOND CHAR 

CMP ".~ lNP2 IF ""INP2 
SNE LOOP;.? THf;N LOOP2' 

... _t" 

00282 
00ZII3 
OOZ", 
OOZ8!.' 
01)286 
\l 0 28" 
OQ~8A 
00289 
002'00 
00%91 
00292 
0~29., 
0029. 
0029S 
00296 

0235 A6 01 
0237 91 OC 
02'9 26 E3 
0238 OF 17 STX CE"'ITR ELSE X=TOP OF 5ELECTEDI SECTIO 

',) 

-:;. 

, ) 
-" 

.J 

J 

.) 

J\ 

; .... .! : 

~ 
.'~ j 
.~, , " ,,1 

00297 
00298 0230 ee lFEO 
0029Q 0240 OF 19 
00300 0242 DE 17 
00301 3244 A6 02 
00302 0246 08 
00303 OZ47 DF 17 
00304 0249 DE 1'9 
003'05 024e 147 00 
00306 0240 08 
01)30" OZ4e OF' 19 
00308 0250 SC IFE9 
00309 0253 27 02 
00310 0255 20 ES 

,00311 , 
00312 0257 CE 0000 
00313 02510 OF 19 
00SI4 OZ5C DE 17 
00315 0-25E 146 02 
OO:H6 0260 08 
0031'7 0261 OF 11 
0031e OZ63 OE 19 
OO.,IQ 0265 A7 00 
00.320 0267 oe 
00321 026e DF 
00322 OZU ec 
00323 026D 27 
00324 OZ6F ZO 
00325 

19 
0006 
02 
EB 

00326 
00'327 
~ , , 

• *OATA TRANSFER 

• LOX _lFEO 
STX CENTx 

LOO&24 L.DX CENTR 
LOI. A 2.X 

~~:. CENTR 
LOX CENTI( 
STA A 0.)( 
'Nl( 
STX CENTX 
CPX .slF'E9 

'8=:Q LOOP4A 
B~~ LOf')P'" .. 

LOO"'4A .LOI( ' •• 6000 
STX CENTl( 

LOOP4a LDX CENTR 
LOlo " 2.X 
INx 

• STx CENTR 
LI)X CE~lTX 
STA A o.X· 
JNX 
~TX CENTX 
CPx "001).6 
BEO lOr,PS 
~A LOQP48 .. 

• F;)R'" nEL T"5 
• 

;;~~ 

X=START OF NEw DATA 
ClOl'I TJC .. X 
X-C~ ... T~ 
LO"O DATA il )(.2 
X=X+ 1 
CENTR=X 
X=CENTlt 
STORE -. iii X 
X=X+I 

.CEWrx=x 
IF X=ENO OF NFW DATA 
THE" LOOP4A 

XsTt 
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