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ABSTRACT

A system fgr apo&ch synthesis, buad. on microprocessor
control in real-time, was developed for’ experimental work which is
small enough to fom the basis of a talking \temiual. 'me equ:lpmbnt

&ccapts as input a phonstic string cmposed of standard ASCII charac~
ters and converts thue into intemittent, continuous or connected speech.
Real-time operation pemits the nsa of lou than 3‘000 bytes of memory .
Features are ptovi,ded to yvary the fmdamental frequéncy duting synthesis,
initjiate whilperin.g. or obtain a parameter listing for analysis.
. Stresged speech is obtained through the use of lower case characters.’
The equipment is simple to us‘e and produces intelligible speech.

e

Acoustic, numeric and visual methods used to evaluata per-

formance are described.

which illustrate areas vhere improvement in hardware could be made.

The computer program for synthesis is given along with explanation and

msanner of use.
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Perceptual confusion matrices are provided
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i Un systima de dynthise de la parole, reposant sur une com-
mande en temps réel par microprocesseur, a &té congu i des fins
expérimentales et est de taille mthMt petita pour servir de i)oint
de départ i un terminal p}tlﬂit. En entrée, le dispositif accepte ‘une
séquence plionétique de caractdres normalisés ASCII qu'il convertit en

une lecture intermittente, continue ou cochérenta, Son fonctionnement

" en temps réel permet 1'emploi de moins de 3000 octects de mémoire. Il

" ast possible de faire varier la fréquence fondamentale au cours de la

synthdse, de réaliser une lecture i voix basse ou de produire un listage

" de paramétres en vue de leur analyse.

"I1 est possible d'obtenir un rendu vocal avec l‘acc/sent tonique

grice 3 1'usage, en entrée, de caractdres en minuscules. L'équipment est .

— Mdjw fournit une lecture compréhensible,

-, R

¥ T

—

>, On décrit légalénanﬁ du méthods aoomtiq;xe;,/\n\iwﬁﬂquis*t\h
visuslles mloy&cs pour évaluer la gqualité de fonctionnement du systime.
On présente des ntrice; refldtant les contusions de percepticn, permettant
d'illustyer les dmincc dans lesquels une apélioration du -nt&:icl serait
possible. On décrit enfin le progzamme machine réalisant la synthise ainsi

qgiu des explications relatives 3 son mode d'utilisation.
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This thesis presents a description o!ltb,e development of a
saelf-contained speech synthesjajs system capable of use aithar as a
1 " ' o
talking peripheral or as a tool for perceptual studies. Work on this

thesis com&ncad Jﬁnua:y 1978 while th. author was enrolled in a speech
communications course (304-689B) at McGill. Subsequently, |

Professor Douglas O'Shaughnessy agreed to become thesis director.

&Me dex‘rglopfnent was undertaken at the McGill University
computer facilities on énc of their IBM' 370 systems. Acoustical
umlytié of gynthetic speech was made at L'Institute mt:lonﬁ de la m-
charche Scientifique-Tél&comunications using spacially designed prograns

for spectral analysis and plotting.’

Sections of the synthesis strategy are based on Holmes (1964)
and Nooteboom (1973). Fomant frequencies used in synthesis were ori-
ginally obtained from the works of w: (1968) and Xlatt k1977) but

it was found that substantial modifications ware required for optimum

@

results with the synthesizer in use.
)

In the author's opinion, the configuration ‘of the _system and

‘the sqftvare developed for it constitute new and original work. The S'w

of this investigation is primarily concerned with t\u davelopment of -
ware, system software, as well as priésentation of some upcrhonw
results. nwo:th-lﬁ-,_ mhacbg:ouu:l qncpo-cﬁsyuﬂmh techniques
and brief mention of mjox contributions to this fisld sewm desimble ad

5

®

AR
¥



\nuppoxt from a 1978 McGill Graduate Faculty Summer Research Fellowship wis

~

. . ‘ :
and are covered in the first three chapters. ‘ The last three chapters
dascribe the hardware and software of the de\ulopanental system ‘and the

results of perceptual experiments to determine effectiveness of the syn-"

thesis strategy.

>

It is hoped that this thesis will encourage further interest

in a subject which will undoubtedly become of major significance indman- ‘

- sachine interfaces of the future. A recent. book by Rabiner and Schafer

(1978)is an excellent introduction to this field.

L]

. The author wishes to a;:lmmrledge the very c;:nuidltahln support .
{
and assistance given by Professor Douglas O'Shaughnessy in the preparation
of this work. Mention should be mads of the various members of ny family

and friends who patiently took part in perceptual axpariments. Financial

greatly appreciated. ' . 1
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’ or early 1970°'s, the telecommunications industry found it less expensive

-cockpit man-machine interface for air-ground communications (Eilborn 1972),

'

, cHAPTER I o
3 ." ' O

1.1 Background v

Originally apeech. related research was directed to narrow

band encoding and décoding using vocoders. However, by the late 1960°'s
~ n

to expand bandwidth and interest in narrow band communications declined. l( :

Such use is now limited to a few satellite communications systems and

methods of scrambling speech,

|
|

Despite a decline in‘ the need for narrow\ band transmission
equipment, theras are other very impo t reasoné forh the study of./specch
synthesis. For example, speech syntlitesis has become a very valuable
tool for research into phonology and perception. In the fireld of speech
recognition, synthesis is used with great effect to determine those features
which carry the greatest information. Currently, computer’ EMQ\‘

speech is forging powerful links for future m%chine cosmunications.

Some of the more recent applications of speech synthesis
. |
are an automated weather bureau for general aviation (Thordarsom 1977)
and saveral ui.litary appiicationa (Beék 1977). Earlier work includes a

a reading machine for the blind (Allen 1973), and computar-genaxated wir-
ing instructions for telephone exchanges (Flanagan: 1972). . P
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‘The possibilities of man-machine interface are enormous ‘

and will eventually dictate the n06 for much work of a fundamental f o
nature. ' ‘At the present time, there seems to be a real need for an in- <l
expensive system for speech synthegis which has inharentmflexibnity f\or ‘ .

use as a research tool. This is the reason and motivation in wndertak- - b

ing the development of a practical speech synthesis system.

7 - v

It is appropriate at this time to review some of the charac- ,
teristics, categories and perceptual concepts of speech. This will '
provide a useful introduction and background for developing subsequent .

chapters. . o :

! LI

1.2 The Characteristics of Speech
0 o 1Y

Speech is conposed of voiced and unvoiced sound in conjunc-~

!

tion with periods of silence. Other important characteristics vhich are

used in analysis are the fundamen frequency,. the formant frequencies
. .

and loudness. N

F

Voiced sounds are produced when the vocal cords at the open—
héc!mlm&naﬂd&lom“wmmm . Adx

<3 | -

fmmmmwmmpummmmmm o

rats is known s mtmm &m muy.«auumum
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('me volume velocity of air above the vocal cords when
plotted against“tin;e , produces a trii_a_ggular shaped waveform (Figure 1)
that decreases 12 dB/octave in amplitude (with frequency « as 1/»'2) .
These bursts of air escape through the vocal tract which acts as a re-
sonator ~and determines their spectra; .'rhe type of resonances m
\&ependent on the vocal tract cavity and constructions formed by -the
tongue and the lips. ‘Cmcent;ations of energy i: the specim dﬁ to
resonances are clearly visible as dark bands in spectrograms (Figure 2)
and are called formants. The first three are typically 'located at 500,
1500 and 2500 Hz. Finally due to radjation from the mouth, there is a

6 dB/octave rise in level for frequencies up to 5000 ‘Hz.

Unvoiced sog‘mds are caused by air flag through an orifice
such as the teeth or A narrowing in the vocal tract. A constriction of
this nature produces a Bernoulli pressure that causes a hissing sound.
Pops and clicks caused by the tongue, teeth or lips are also unvoiced
sounds. nﬁwugh the entire vocal tract shapes the spectm of these
sounds, effectively it is only that part of the tract afte'tﬁ the point of
narroving., The sound spectrum can alsojbe shaped by a protrusi;on of the
lips especially when the narrowing is across the teeth. (Sounds as S

in seat, or SH in sheet.) In general, the "spectta of unvoiced sounds

' o ) i e

are above 1500 Hz and are non-periodic. -

‘ Foxrmants phy a very @omt role in the pm&wttou of

. .
P *
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tongue high;

B is) particuldrly noticeable when dealing with plosives.

1.3 Articulation of Linguistic Units \
A t—— .

mant frequencies, they will generate what is known as a vowel triangle

(Figure 3). The lax or lenis vowels (g, I, U) are characterized by

S
little movement from the neutral position of the vocal tract and fall
!

Tense or fortis vowels occur .

close to the center of the vowel triangle.

further from the center. A rough correspondence exists between the first

two formant frequencies and the positioning of the tongue (i.e., low IF1
high Fl1 tongue low, low F2 tonguenback and high F2

tongue forward). Although formants are a characteristic of consonants
!

as well as vowels, they are not generally as well defined. The first

three formant frequenci;es are normally sufficient for individual recogni-

Q

tion of either vowels or consonants.

¢

Loudness of sp\eech plays a part in determining intonation,

rhythm and to Qome extent cues phonetic recognition. Two different

sounds, for example /i/ and /a/ at the same intensity, will yield

different loudness. For short periods of time (less than half a gecond)

-

an increase in the duration of a sound causes an increase in loudness and
Unfortunately,

the loudness of speech has not been well correlated with intensity and this

H
'

results in difficulty of measurement.

> The basic linguistic unit with its own dliti_uquishable sound

i‘hmdonotdhtinquhhmewa»torohﬂwtby

is called a phpnane. . i
- R i& .%‘%_‘

f
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thenselvaé. - Phonemes can be categorizec\i as segmental as opposed to
suprasegmentals (prosodemes) which carry prosocdic information such as
stress, pitch orspause. ‘ pable 1 lists English language segmentals and

examples according to the International Phonetic Alphabet (IPA) and the

. 2

Arpabet.

[y

e Spgech sounds are genera.liy‘ classed in accordance to the
extent the vocal tract is closed. Vm:e'is, for example, are produced
with little constriction in the vocal tract. Consonants are gcharactezizeci

by a definite constriction in the air stream.

!chels can be described in terms of the shape of the tongue,
the position of the highest part of the tongue (front, central or backf, .
the height of ;he tongu;, the tenseness of the muscles of the tongue, the
position of the lips and the degree to which the nasal passages are open.
Vowels are always voiced in the English language. n’ém 4 illustrates
the classification of vo;vels with respect to tongue position and tenseness.
A diphthong is a speci.ai case of a vowel which involves the smooth but

Dl

rapid transition from one vowsl position to another.

Conscnants can be related to laryngeal activity (voiced or

<

voiceless sounds) . amount of tension (tenn or lax articulators), positiou

of maximum constriction in the vocal tract {(point of articuhtion)o

©

the sound producing mchaniu (manner of articulationm). -




TN

Because of a constriction in the air stream, consonants
always contain unvoiced energy but not necessarily voiced energy. The
% pregence of voicing is in fact a main factor in differentiating /b, 4

or g /from /p, t or Xk /. Otherwise, these(,are identical in place and

manner of articulation (l;igure S). ' [

|

s

Plosives are rec;ognizablg for the use of tension alth'otfﬁh
other consonants may have this type of articulation to a lesser geqm.
In general, consonants produced by s@g articilation are classed as
*fortis" whereas those with l;ass articulatior are designated “lenis".
Fortis consonants tend to be voiceless and aspirated whereas lenis conso-

nants tend to be voiced and unaspirated.

. » ‘

Points of articulation are defined in terms of the upper and
lower articulators (Dresher 1972). It should be noted, however, that it

. is common to find intermediate points of articulation. The classifica~

ticns given below are suffici'ently precise to accurately describe this

function.
\ .
LABIAL ~ Constriction formed by ’ o
i N
,. Bilabial upper and lower lips , e
- Labiodental uppar testh and lower lips o
APICAL )
Dental : upper teeth and apex of tougus
. Alveolar : alveolas and apex of tongus ,
Retroflex ' apex of tongue turned back such that
(\ . underside of tip is near the palate.
‘ N b
L 2
- ‘ \
: ¥ ol i \
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o 1Y 1y i beet
\ . m IH I bit
: EH EH € ) - bet .
AR AR t B bat
A AA a , = bax .
' AR AH . but , '
, A0 o A0 > bought
* o : ow u boot
H UH v book .
ER ER 1 bira
Liquids . ‘ :
W w w . °”t " v N N
wH WH w vhich ‘ .
YY Y 3 . yet
RR R r rent
. % LL L 1l let . .
Pricatives . - ) .
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vv C v l v !.t _ - ' R )
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SH SH ‘ I shin
. .= 2 s axwre ) /
Rasals ’ .
i N » mat
NN ~ R’ n nap )
NG NG . n "g .
Aspirant '
HH | ' help
BB B b bat
L‘ DD D d adg
6c ' G g got
» . ' P pot
T T t . kot
e 4 . ) 4 k ~ S0t
Diphthongs ~
. . ’ AMIY 14) 4 ol m
] L AATY Y ax bite
, BHIY 1 4 X > bait
‘ Co- o Koo ow o bost
4 AADW L w bout
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. 2
)

ﬁﬁmnx; . Consteiction formed by . | )

v Alvecpalatal The alveolae in the far front of the . SR
K palate with the front of the tongue,

o ' Prepalatal the front of the-palate and the front.
| I ¢ - of the tongue. . t

. DORSAL ’

! f =

. ] 1
Palatal . the back of palate with the back of |
tlmvelmakqthebackoftheéongm' |

. DUvular ‘ the extreme back of the velum or uwvula
and the back of the tongue.

-

. GLOTTAL | the»vog‘)al cords. -
’ \\ . . . "
: The manner of articulation describes the extent of constric-

—tion in the vocal tract. A Fricatives, plosives (or stops), laterals,

glides and nasals form the various categories. '

1 i

Fricatives are produced by forcing air throwgh a narrow open-
ing resulting in a rushing sound (frication). Fricatives can differ both B

‘in terims of place of articulation and in voicing.

\
J r . |

Plosives are formed by completely blocking the air 'flow |

E

temporarily. This causes a short period of_ silence, rcughly 100 msec .
followed by a burst of noise as the air rushes out from the narrow opening.

Depending -on the time it takes for the onset of voicing (VOT-woica onset

+ time), the plosive is determined to ‘be voiced or unvoicad. Generally, -

]

- the burst of noise is of longer duration in whvoiced plosives. -
¢ - .

]
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. Sémi-vawels which consist of laterals and glides are )

l

conso‘na{ntH‘With vowel-~like propnerties. » These are always followed or :

preceded. by a vowel and are produced by first positioning the vocal.
. s .
" tract in a vowel-like manner- and then rapidly changing it to the position

[
reqiired by the following vowel. - -

o

Nasals are produced &n opening the nasal passages by lower- o

R

ing the soft palate and in closing the oral passages at different points

of articulation. . . ' . |
s ‘ 4
. L
' \ ' P o 0
. <, L3
. 1.4 Perception of Speech . ; \

Perception is the process by which the brain i.nt.rpreti axdio
" information received through the gﬁral process. Design of an 'oppropriatc
set of rules for speech synthesis must include recognition of the inzimq‘

of perception. .

Al
©

. . A number of modéls f.or speech perception have beén reviswed

R

by Cooper (1972). Parhaps the mogt eloqpnnt is that di’vnlopld by Stevens.
‘and !1;113%1967) . This model (Pigure 6) postulates tluto acoustic informa~
tion undergoes .spectral analysis, pitich and acoustic feature sutractiom. . .
'Spectralandpitchiufomtionmtapomuymdmnpcﬁoﬂot |
smr\a} syllables. A preliminary analysis is made on cxtxaet.d mnﬁo .
* features and yesults in the prodquction of _phcmtic ugunt-_ and tm

) used by a control ssotion. The control fumgtion has acoass to the phome- oo
. ‘ . YV . 3 ) . 4‘
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]
tic structure of-past utterances. On the basis of these two inputs,

t:.he control settion makes an educated guess at the phonetic segment.
\

A generative rule system, normally used for speech production uses the

!

' guess to originate the necegéary articulator movements for production of

that phonetic segment. 'I)hese movements are, however, short-circuited

to another section which generates the spectral content of the ‘guess.

This information is compared with the stored spectral information and the
. \\

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

the error is very small.

N , |

Perception can either be categorical or continuous. Cate-
qoricai perception occurs when a small acoustic change can result in a
large perceptual change. A small acoustic change in continuous percep-
tion, however, results in a small perceptual change. Typically atop1
consonants fall into the categorical classification whereas vowels are

continuous.

-1
Continuous perception is subject to context effects. This

is very apparent in vowels, espgci.a;ly \vhan they are close to the catego-

rical boundary. As dn example, a sound close to the boundary between

/i/ and 71/ is heard as /i/ Aif preceded by /1/ and will be perceived

as /I/ if preceded by /i/ . Formant and fundamental freguencies vary

widely for:men, women and children. Lieberman (1973) postulated that .

set of calibrating signals (the vowels /i/, /a/, /u/s or tba glides

73/, I/ ) determines the lgngthmdniuof'?hnm'swmm

’
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and are necessary to assign the acoustic signal to the correct

phonenms. . i /

e

‘ bCai:egrcar:l.cal perception is contingent on several acoustic
cues. Cooper et al 1(1952) + using the Hasgkin Laboratory's pattern-
playback udevice, investigated stop and nasal consonants. ' Voiced-

3 ; unvoiced pairs /b,p/ /d,t/ /g,k/ were discovered to differ systemati-

| cally in VOT, and in the trangitions of the first formant frequency.

When the stops /b, 4, g/ are followed by a vowel, they differ in second
) f

et e ——

- . formant transitions. This also applies for unvoiced stops and nasals

v

(Figure 7).

The duration of silence in stops aids in the perception of

~ voicing/unvoicing. The word ‘rabid', for example, becomes 'rapid‘® as
the period of silence is incrsased from 20 msec to 60-80 msec. The dura-
tion of the formant transitions aiso aids pert‘:eption. * Short transitions

result in hearing stops (/b/ or /4/) - whereas medium tranaitions give

B T

/w/ or /3/ . Longer transitions appear as /u/ or /i/ .

It

. " In unvoiced stops, the relative frequency position of the
noise burst cues perception. A high frequency noise burst results in
\

/t/ vhereas a low noise burst rasults in /p/ . When the noise burst

is level with or slightly above the second formant frequency. a' /x/ is

~

| heard
,
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CHAPTER I1I

METHODS OF SYNTHESIS

o

The earliest forms of speech synthesis were acoustical-
mechanical in nature (von Kempelen 1791, Wheatstone 1830, Gabriel 1879,
ref. Mattingly 1968). Thege machines modeled the human vocal tract

and were true analog equipment. Typically the vocal ané nasal tracts

' were represented by bellows and resonators of the correct size and shape.

' When used by a skilled operator, these machines could be made to produce

vowels, nasals, various words and even connected speech (Mattingly 1968).
This early work had a significant influence on modern research .particu-

larly on vocal tract analog synthesis and articulatox;y models.

fhe trangition \fran mechanical analogues to electrical ones
began in 1937-1938 with the developne/nt‘of the Voder. Just prior to }:his
a vocoder was developed (Dudley 1i939) which performed a crude gpectral |
analysis. _;rhe vocoder ‘used filters covering 250-3;602) Hz and a circuit
to measure the fundamental frequency (E;igure 8). o;.xtput from the funda-
méntal frequency detection circuit controlied a buze circuit at the re-
“ceiver or synthesizer section. If the amplitude was nuffi;:iently suall,‘
it fajled to activate that circuit and a hiss génerator was substituted, ’
The receiver section consisted of a set of filters corresponding to ‘those
of the trangmitter-analyzer driven by the buzz or hiss generators. Out-
put from the transmitter's filtexs controllied the amplitude of the
outputs of the receiver's filters which were then susmed to produce the

spesch.
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FIGURE § BLOCK DIAGRAM OF DUDLEY'S VOCODER
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) ¥
Dudley's Voder (demonstrated at the 1939 and 1940 World
Fairs) was essentially thelrece‘ivet section of the vocoder modified for
manual operation. Dudley's vocoder—: differed from the previous w;rk in
)two main a,spects. Firstly, the model considered speech as an acoustical
not articulatory func?:io}: and secondly, synthesis was produced by electri-

cal methods. b

~

Development of the spectrogram and the Hagkins pattern play-
back device in the 1940's, precipitated a more serious analysis of speech.
Analysis-syntheéi.s soon became an important tool in the understanding .of
the basic features of speech. Speech could now be i:mken down into a

number of key elements and then re-gynthesgized acc;ﬁﬁg to those particu-

& a

lar parameters.

Synthesis by rule is a method of production of artificial

)

‘speech by formulation from a set of rules or algoritims. The ultimate

oijective of synthesis by rule is to generate natural sounding speech with

.2 minimm input, and if possible, directly from a written text. " However,

it was not until the advent of the digital computer in the late 1950's that

progress in this field was possible. Since then, the computer has become

an essential tool in speéch research. l .

2.1 Symthesis-by-Analysnis .

Synﬂmaisofspnchbymﬂylhmth;mﬁ

_ efficient parameters by vhich good synthetic speech can be produced. By

» . , o
. :
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modelling a particular set of parameters, speech can be reproduced with
reasonable accuracy. The obvious limitation toothis process is that
any new vocabulary must be preceded by more analysis. Nonetheless, the
early work in this field is extremely important because it provides
understanding of the spectral contoﬁrs of speech as well as electrical

©

methods for reproduction.

2.1.1 Terminal Analog Synthesis

Terminal-analogs (Flanagan 1957) model the wocal tfact in
terms of its input and output characteristics. A source-filter decom-
position (Fant 1960) takes place separating the scurces of sound and the -

v

vocal tract. This decomposition, common to most synthesis models, as-

sumes no source-vocal tract interaction and re;;;esonts sﬁ'ecch as a source
spectrum, shaped by a vocal tract transfer functijon. Spectral charac-
teristics are generated byé resonant and antiresonant circuits arranged in
series or parallel configurations. Early synthesirers were constructed
along thege lines us.ing‘ analog filters. Bovevct,‘mu computers became
readily available, £ilter simulation became the primary method of synthe-

\
sizing speech.

.
_ Terminal analog synthesizers are often classified by the type

of architecture used in the configuration of their formant filters. In a

amher e ——d——

ot

series configuration, the formant filters are connected in cascade, whereas

apunlldnd.lwﬂlhu;hcﬂﬁkgnmﬁgm-m
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_ . Both parallel and serial synthesizers have their advantages
and disadvantages. Serial synthesis does not require the amplitudes
of each resonance to be specified. Thisg! is highly desirable in synthe-

sis by rule because of the simplification of the algorithms. Serial

’ 4
configurations also give much better production of vowel sounds. A

para}lel configuration, however, propagates noise additi.vely\ resulting

in a better signal to noise ratio. Since consonan}:s frequently require
empliasis on the higher frequencies, the ability to control the anplitudés/
of each formant individually in parallel synthesis is very nsef\ul/  Exrrors
in formant tracking occurring in parallel synthesis do not alter the am-
plitudes of those forn:unts that‘ are following a coxrrect trajectory and are
therefore less troublesome. One of the disadvantages of the parallel
synthesis is the introduction of zeros falling batween resonances. I.f
perceptible, they distort qhe synthesissgiving it a reverberant quality.

The zeros do, however, provide low frequency emphasis.

'Parameters for synthesis-are obtained by spectral analysis
of speech as derived by sonographs or fast Fourier transforms (FFT). The

specifications genérally uségl are formant frequencies, and their bmdwi&ths

or amplitudes.

2

{

2.1.2 Linear Prediction

The ohject of linsar prediction coding (LPC) mly-is:}nm
\ . .

o

predict the cutput Isignnl solely on tha basis of linear combinations of \

¢
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‘past input and output data. Insofar as analysis-synthesis systems are s :

concerned, the linear predictive methbdology appears to be the best
\ . available to date. Fundamentally, linear predictive coding models the
. e
vocal tract and then searches for appropriate parameters on the basis of

least square error. 1

The coefficients used in LPC analysis are varied. They
can be representative of th; impulse response of a vocal tract filter, s
actocorrelation of the signal, spectrum, cepstrum, poles and zeros of the '

filter, or reflection coefficients (Makhoul 1975). Of these, the most

, fregquently used are impulse response and reflection coefficients. .
|
'\.

As &an example of the processes involved in LPC analysis,

- n

- consider the all pole model (Figure 9).° (The output signal is a linear

combination' of past output values and the pregent input:

i ' P ! a
) X (n) = 2 a x (n~k) + A U (n) where x (n) is the R
k=l : .

| present output, U (n) the present input and a_ the LPC coefficients.

o %3

Taking transforms of both sides

PR * P .
x(z) = x (z) () nkz.k),-rnu(:)
' k=l

1

The transfer function H (xz) Athonb.m:’ o

@ -

- X483 _ A ' ‘ \ .
B (=) (% P - {an all pole m!uml
|

£ . 1~ -
C 1 ' ‘ ‘ "kml *x

N
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-Frequently the input is unknown and the output is based

solely on past samples: s
f

p -
; (n) = 2 x (n-k)
k=1 * ) ]

The error between samples is then given by

|

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

/

The ak's are then chosen to minimize t.he’total squared

3R N1,
erxor E, i.e., to solve 3 a = 0 where E = X e (m).
=0

[
The advantages of LPC analysis-synthesis lie in the wvery
accurate estimates of the features of speech. It is also reasonably tut
and robust, i.s., it is tolerant to noise and the distortions of speech
.

typical in telephone line transmission. IPC frequently is used because

it offers the capability of direct analysis and ameans bof,\ obtaining accu~

_ rate coefficients. For example, LPC is a precise way of plotting

formant frequencies and trajectories. Until fairly recently, LPC was
not used directly in synthesis-by-rule. The development of an integrated

LBC syhthesizer chip (TMC 0280) by Texas Instrments (Wiggins and

W

" Brantingham 1978) will undoubtedly have a significant influence on future

applications. For the first time; it is now poxsible to obtain a low

mideﬁcewhichcmhwinrcdtinfortpumm.

i
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speech produced by this methodology was intelligible and human-sounding but

'S .
2.1.3 YVocal Tract Analog -~

~

The vocal tract can be modelled by a series of hard walled
‘ .
tubes, each connected end to end with differing cross sections in such a

-

way as to create a guantized version of a vocal tract. Thus it is

possible to describe the volume velocities or pressures \frithin the vocal
{ .

tract by Webster's horn equation with appropriate boundary conditions

{Mermelstein 1973).

By utilizing the duality which exists betveen acoustical and

electrical systems (i.e.,representing volume velocity by current, and pres-
N

sure by voltage, ete.), it i; possible to represent the vocal tract by a
series of RIC networks. Early attempts to produce vocal tract analog
synthesizers were constructed on these concepts With the advent of com- °
puter simulation, it is now ;ouaible to synthesize (;onnected speech (i.e.,
mea_rxingful" words). ‘

'J.‘he na.i.n problu with vocal tract analog synthesis is that of
obtaining appropriate eontrol data (i.e., cross sectional area, etc.). In

the past, x-ray cinegraphy and. palatography were used, The quality of

/ ~

involved ceusidexable etfort in aﬁjmtinq the nodel for opt:}m results.
When LPC analysiz becams available, these methods were dropped because of
obvious health hua:d:orinconvpnhneeto the subject under teast. The
I.Pc tschnology enables mlysiu to be based directly upon :pecch rather

FAN

thmexaimticnofmlmctwmh.
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2.1.4 The Articulatory Model . .,

The articulgt,/ozy model for speech synthesisL is one in which
the parameters which determine putput are based on tongue position, lip

) *protrusi,on and other physiological factors-.

o

8" -+ ]

Coker's model (1967)/ transformed the physiological parameters

\ into formant frequencies and used a formant synti'mesi'zer to complete

N

of the target configuration and velocities of the articulators. These

parameters were then used in é@ecifying an area function from which the
N . - Ve
formant frequencies could be extractfeyl. e

(

- +

g -

“ ; o sl

Ishizaka and Planagan (1972) Qeveloped a laryngeal and vocal.
tract analog sy;t.em. - The laryngeal model was baséd on the symmetry of -
the v;cal éords, :epresent:mg ‘them by two sepuate horizontall}&mvahle
masses. This laryngeal model when used in conjunction vith a vocal tract

-, -analog is one of the few that does not assume excitation source to be
independent, of 1;:he vocal t;act. Although this epresentatic»n was useful
for evalnation and understanding some physiolog al data, it tended.to
complicate other areas. . The main problem seemdd to be an inability t®
obtain gropervcnnf:ml information. " In generall,' articulatory movements

- are rather complex and are more( appea]:ing to a i)honoticiln than anyone

o . ( ‘ c, i
%- - . engaged in speech synthegis. \
I3 B ]

o . / - . :
‘the task. This was accomplished by classification of each sound in terms

T WY
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: 2.2 Synthesis-by-Rule ’ ' :
T ’ : speech synthesis by rule is a rather broad descriptiox;x of
various approache; to synthetic generation of speech where rules of al-
gorithms are-used. It can be considered as the production of rec;:gniz-
A ;ble ardi:.ificial— speech by transforming a written representation of the
utter;nce into a continuous acoustic outpu\t. Most synthesis systems are
‘categorized by the nanm‘er in which the utterance to be generated is re-

s

presented. Phonetic synthesizers, for example, operate on a phonetic

r?pre entation of speech whereas text synthesizers rely on an ortlwg;aphic
‘ (P Presentation o;‘. speech ki.e., printed text), translating it into phone-
t.flcs and then utilizing phox‘tetic synthesis to generate utterances. The
two most important objectives of speech synthesis~by-rule lie first in
atta.{ning “uatural-sounding speech and second, in genefation of this speech

from a minimal input (ideally from written text or phonetic transcriptiom).

k]

. . Achiew}rement of natural speech requirés a high phonetic quality,
voice quality and good prosodic content. Phonetic quality, to a large
extent, detem.:l.nes intelligibility and is primarily dependent on formant

and spectral conpo:%tion. Most synthesis-by-rule systems are based upon

Ty apr—————

descripti;:ﬁ of formant ttaj,eé\tory. ms‘e‘ degcriptions range from sinple
linear interpolation bﬂ;wun steady state sounds to complex fitting.
Palxmth trqgsitionu occur in any aynt{ho:is system andf nﬂ.}ps for gensrat-
ing them are quite complex. Reasonably good results have besn cbtained

for phonetic quality by using various rules and synthesis models. The
. resulting speech, howevez; usually sounds very.secliinical and. cannot be im-
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proved without careful attention to voicing. ) Voice quality is a very
important factori,in improving the quality of synthetic speech, since
it is the best mLthod to eliminate what might be termed "mechanical

speech" properties, Correct use of voicing can also generate speech

characteristics of either sex and even age groupings. Several rules for:
improving naturalness and voice quality are presented by Sapozhkov (1972);
One method involves modifyiné the hardware such that the aspiration source
is bandpass filtered between 30 and 70 Hz. ‘This is then used to
modulate amplitude and frequency of the woicing sc;urce. At the present
time rules governing wvoice quality are generally inadequate and suggest

* -

the need of a better understanding of the glottal waveforms.

-

m content is determined by the duration of formant

trangitions and g in general. For example, the length of some con-
o

sonants are dependept on the position occupied in a word fp.nitial, medial

or £inal). Stressed vowels are longer than unstressed vowels. Moréover,

the context in which a sound is made determines itg\length as well as itg
position in the breath group. Thus tl‘\e rules goverming duration are com-—
plex. Considerable progress has been made in the development. of rules |
governing prosodic quality by Umeda (1972). Kove_ver, more work would

sesm to be required in the assignment of sound durations if the objectives

of natyral speech are to be met..

» | e

‘ J R -
" Phonetic synthesis systems rely on phonstic strings with .

ipcdm-arksormdifhx:uihput Bommtbnwxitmmtndth

gbomtic string, some form of decision making wust take phgmylﬂ@ d.:mz‘-
Y ‘
S"(

.....
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\ prets the whole gentence. A simple example of this problem is ii1us-
trated by' the ugse of the word ™lead". Obviously the process of sentence
'analysis is not gimple )and becomes increasingly complex as vocabulary is

‘ expanded. Analysis coupled with phonetic synthesis is termed text

-

synthesis.

The English languagé is constantly changing and there is

little hope of ever compiling a complete lexicon for analysis. Fortunately, :

most English words have an intexnal structure consisting of units called \

\

moxphs which can be used to c@ile a lexicon one magnitude smaller than

h the number of words. ' Thus it appears reasonable that a morph lexicon
would be an ideal basis for representing the majority of the words. Adjust- .
ments for morphophonemic anq lexical stress would be required to synthe-

size gpeech from unrestricted text (Allen 1976). :

Develdpment of a text synthesizer capable of handling a
reasonable vocabulary is a formidable task involving storage ‘of a large >

amount of data. It is likely that use of text synthesis will be limited | A,:&

due to cost factors. A phonetic synthesiu;. on the other hand, is much i

! simpler, low cost and ideally suited for small systems. -

X
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; MAJOR CONTRIBUTIONS TO SPEECH SYNTHESIS-BY-RULE !

A review of some of the major contributions to- the field
of artificial speech generation is helpful in identifying and understanding
, earlier concepts which are incorporated in the synthesis strategy .
develoi;ed in this thesis. Many of the problems encountered in early
work were due to the compu::ational speed of the computers available at

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

speed limitations are similar.

! 1
3.1 Kelly and Gerstman
4

The first attempt to use a computer in synthesizing speech by
rule was by J.L. Kelly and L.J. Gerstman (1961). The computer (IBM 7090)
was used to calculate the necessary p&mtem for synthesis from a

- phonetic input by using a set of relatively simple rules. A serial-

synthesizer was used and controlled by 9 paraneters,\ frication (the hiss
' amplitude), voicing (the buzz a:nplii;ude), the fundamental frequency

(pitch) and the center frequencies and bandwidths of three formants. T

) The program input consisted of a deck of punched cardg. Each card con-
C ,: , tained a symbol corresponding to the required phonems," a ‘stress mark, or,
o modifications in stored values for circumstances that the rulds.were not

’ equipped to handle. Each phoneme had thirteen associated parametars.

s

v - \ \ -
These represented the duration of the initial transition, the duration
of the steady-state, the nine. required synthasis parsseters during
steady-state, the duration of the final transition and whether or not the

&
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phoneme was a vowel or a consonant.

The duration between the steady-state part of adjac;nt
phonemes was the sum of the final and initia)l transitions. The parameters
for consonant-to-vowel translitions followed a snllooth convex path, vowel-
to-consonant transitions a concave path, consonant-to-consonant and
vowel-to-vowel transitions followed a straight line. During the steady-

) ~ state, the parameters are held constant. If a stress mark is included
in the input deci. another parameter tablae is used that incorporates

\ ,
the necessary durations and change to other parameters that are charact-

: \ezistic of stressed vowels.

o ' ‘ The résultg of this synthesizing strategy are a;.batable. It
is capabi\l.e of generating clear and intelligible speech only  after a great
deal of .ad~hoc changes to many of the stored values. The great cmt;rimtion
of Xelly and Gerstman was the use of a computer which permitted the rules

of synthesis to be altered, tested and improved.  This formed a basis for

ruch of the more recent investigations.

B

3.2 Bolms . o

. [5% .
\ . -

i
}
]
\
o

The second use of a computer in synthesis-ﬁy-n;lc was under-

- taken by J.W. ‘llolnes et al msiy. In this s;st_em. the computer was used

*  to prepare a paper tape of control parameters for the synthesizer. Input
to the program consisted of phonetic symbols, fundamental frequency values,

and auxiliary modifier characters. The program did not run in zeal-time

8 .and its only purpose ;u to.prepare the psanehéd tape for future use by the
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synthesizer.

The system is bagsed on a parallel-terminal analog synthesizer
3

t‘:onsistinq of five bandpass filters, a voicing source and a hiss source.
Three of the formant filters have separate amplitude controls and may
be driven frc::m either source. The fou&h €ilter (Eixed at 3500 Hz) used -
only during voiced passages, shéres a common amplitude control with the
fifth filter (broadband from 3400-4000 Hz) used only during aspiration.
The output from all five filters are summed together to form synthesized
sound. The voicing source has a fundamental frequency (FO) ranging
from 50 to 250 Hz in 31 levels arranged to be roughly logarithmic. The
first formant (Fl) consists of 36 levels each spread 30 Hz frqu 130 to
1030 Hz. . The second formant frequency (F2) has 30 levels spaced 66 Bz
varying from 760 to 2‘560 Hz. The third (F3) also has~30 levels spaced
60 Hz but ranges from 1240 to 3340 Hz. Amplitude controls are quantized
into 31 levels. Thirty of these are spaced 1.75 dB. The other level is
used to disconnect the filter, The synthesizer is controlled by a pun;:hed

tape containing all the necessary parameters in 10 msec intervals.

7 The phonetic elements used by the program correspond roughly
to the International Phonetic Alphabet (IPA). Because of 'difficulties in
synthesizing stop consonants, several sub-phonetics were incorporated
(i.e. silence, noise burst etc.). All the paramester values, except SW

(vo:lcing/asPiration) and FO, are determined for an initial transitiom,

\
<

alsteady state period.o and subsequently the final transition. Steady
state values are stored in a table along with corresponding phonemes.
Both initial and final transiticns are computed on the basis of adjacent
phonemes. The table also comtains a rank between.l apd 31 assigned to
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‘ phonemes.

T

S

each phoneme in addition to three parameters governing transitions
typical of the unstressed phoneme. These 'paramete;s (internal transi-
tions, external transitions, and fixed contribution) represent the
duration of the transition for the dominant phoneme, the\ duration of téhe

adjacent phoneme. and the steady-state duration respectively.

If the rank of the phoneme is higher than that of adjacent
phonemes, thenh the transitions are characteristic of that phoneme. . Should
the rank be lower than either of adjacent phonemes, the phoneme with the
highest rank determines the behaviour of the transitions. Generally,
stop consonants havé the highest rank, vowels the lowest, nasals and

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

first phoneme is dominant.

.

Transitions are based upon linear interpolation of parameters
stored in the phoneme table. Fundamental frequency values are entered
by hand from spectrographic data. Should the table parameters need to -
be adjusted on a temporary basis, a set of special modifier characters

7

is incorporated.

The results cbtained from this synthesizer and synthesis
strategy are reported to be quite acceptable and capable of generating
very realistic sounding s'peech but only when the text input is carefully
edited. Problems associated with this technique stem from the lack of

rules governing stress or intomation, which necessitates transcription

of FO val{:es from spectrogramg and alteration of the duratjion of stress

-

vt
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The research work by Rabiner (1968) is of great importance to

3.3 Rabiner

\ihe development of speech synthesis by rule. As in previous ‘exauples.
a computer is used to control a terminal analog synthesizer. The
synthesizer is of the series type with one parall:el' side branch for the
unvoiced component of ft;l.catives. Static phoneme characteristics ari
determined as in other systems according to lookup ltabla. The method
involves considerable couputat'ibn rendering it incapable of real-time
processing. . . . . .
1 .

Considerable effort ;ent into obtaining an accurate repre- "
sentation of the formant transitions. A solution to a second order,
critically damped differential equation was selfcted because it gave a [
good fit to expetiment'al data and required only one time constant for
solution. General motion for a formant with initial position Ai, to a
formant with final position Af and an initial formant velocity Vi is

described by the following equation, , ¢

(AL - af)
T

x(t) = Af + (Al - Af) exp (—-}) + [vi + 1t exp (-%)

fér £t >0 .
N ' "‘

Each formant can move from its present steady state value to
the next at different rates. This necessitates the formtion of a tl;omt
{1) f.ox each fMt per pair of phonemes. There arxe mt‘ly 40
phonemes in English, yialding 1560 possible combinations of phoness pairs.

\

With three formants, this means scme tsmm-mutmmtmma C

4
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to be sorted and stored. By various approximations the number of time

constants to be specified was reduced by one order of mbgnitude.

. As each fo@t progresses towards its target valué, its
motion i's speci\fied by the differential equation. When all the formants
are within frequency bands around their respective targets, the’ progran
determines if the phoneme to be generated is to be stressed. If it is
to be stressed, then the duration of that phoneme is lengthened to
correspond to the value stored in a tablel of stressed phonemes. As soon
as the stressed duration has been generated, normal motion towards t\:he ‘

next phoneme continues. If the phonemé were not stressed, then normal
-
\ . motion resumes immediately.

The remaining synthesizer control parameters are 'time lock‘ed'
to the formant motion.’ The amplitude controls change lineirly at pre-
‘determined rates,’ oximately one time constant (1) after motion towards the
'new target v, init;iated. Nasal and fricative poles start to move
as soon \as new fgsmant target values a:e\ defined. The poles and zeros '
move in a linear fashion towards their targets and reach them as soon as”
the amplifude controls are switched. For nasals the first formant band-
’wid-th is increased from 50 HZ to 100 Hz, 50 msec. 'before and after the
'naéal.( For non-nasals, the nasal pole-zqz:b pair are set to 1400 Hz
where t\:hey will supposedly cancel. Unless the synthesizer is‘ constructed
using digital technology, it is doubtful that this claim wc;hld be met.

For non-fricative sounds, tbe fricative pole-zero pair are set to 1500 He.

| Thefunﬂumtgl’tmqucncynodclthbuadonmkdbn'oby'
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Lieberman. This work is founded upon the breath group. For the first ¢

300 msecs of the breath group, the fundamental frequency rises quickly

to about 125 Hz, whereupon it remains constant until the last 300 msec.
> ) when it\ falls off rapid:\l.y.\ If the breath group is a simple interrogative ‘
sentence (yes-no question) in the last 175 msec FO rises 60 Hz. A stressed .

vowel would lead to a peak in FO for roughly 500 msec. ) "

. The results of this synthesis strategy were excellent. The

)
amount of calculations required, however, make it impractical for real-

: time synthesis. It is, neverthel\ess, one of the best attempts at accurate

modelling of human speech to date.

] g .
~ [ J
; 3.4 - Ainsworth
. Further modificationg of the Bolmes synthesizer were made by

: W.A. Ainsworth (1972) at the University of Keele. In this concept the ' :
values of the first formant frequency (F1l) were changed frdm 130-1030 Az S

to 230-1030 Hz and another filter (PN) was incorporated with a range of

—

-

100-400 Hz for nasal resonances. Otherwise the synthesirer was identical.

* A}

The real improvement .over the Holmes synthesizer was that

Ainsworth designed the system to be controlled-by a PDP-8 computer in real
. ] -
A ~ ' Although the Holmes and Ainsworth synthesizers are virtually

d .o . -

identical, the synthesis rules differ considerably. ' This is pastially
= . due to the constraints of bperating in real-time. The ‘W“o{.u‘
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phonem; having a ‘rank' was eliminated by Ainsworth and only fwo para- .
meters Tl and T2 determine the motion of tr/ansiti;)ns. These represent
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 (F0) contours was made. This is based upon
the isochronous foot theory (Ainsworth, 1972), where it is assumed that
the duration of bre;th groups are constant. Stress marks are incorporated
4nd positioned after each stressed syllable. The inte;vals of time
between stress marks are then detemineé in the program. Shoyld two marks
appear within an interval of time, roughly 400 msec, then the duration v
(T1) of the last stressed phoneme is lengthened until the time between

-

stress marks are eguivalent to the threshold of 400,‘,nse9. Fundamental
frequency was also varied in accordance to the stre;s marks. I;: can rise
linearly to a peak during a stressed syllable and/ then fall away linearly
to a minimum approximately halfway between stressed syllables. This
methodology necessitates a buffer to store all the control paraneten\
until such a time as the first stress mark is found (at which {time the
FO values are inserted into the buffer). This results in a 250-500 msec
delay before the system starts to synthesize speech. The synthe;ir@r
when controlled by a PDP-G and 4 X core is capable of stor:l.ng the con-
trolled program, }-.hc phoneme lookup table and a buffer ot sufficient

length to store about 3.4 ‘seconds of speech.

The rasults of this particular synthasizing scheme are

/
relatively good and eliminate the need to search for fundamental fre- ,
quencies from spectrograms as was the case with tlngm”mmc.




N @
.
: )‘
2
(¥ " i‘
d N

z

Although the speech is not natural sounding, it is reputed to be much

easier to listen to than monotonic utterances.

L

s, Several h_ybri_.d devices have been designed which take advantage
of both' series and parallel coz;figu:ations (Kayto et al 1971, Ochiai et
al 1972, and Klatt 1972). This synthesizer and its later.modifications
(Klatt 1976, 1977) are arranged in such a way that it can change from
series to parallel configuration during synthesis. (A block diagram is
shown in Figure 10). This means that vowels can be generated as a series
network and consonants on a parallel configuration without difficulty.

The synthesizer is thed on a general purpose computer. Second order
digital resonators are required with some twenty control parameters
detemining the output. Advantages of an entire software :imple;mentation

are considerable. Calibrati:on is not required, stability is ass‘dred and

control of signal-to-noise ratio is available.

-

The synthesis strategy of the Klatt mtan is funcomlicatrad' but
the rules are quite complex. EBEach new phonetic symbol determines a
taxget'value for each parameter by table look-up. These target valun
are t;en .moditied according to th;proceding or following phonetic symbols
and st:ess or durational patterns. q Transition time between target values
is also determined by adjacent phonees: Transitions are obtained from

linear :Lntexpolat:l.ai or half-cosine contours. Ths rules take into account




NASAL TRACT

AN4 RN RN2 RN1

. iMPULSE
. QEN, -a{ NG nGe
p
T - :
) , RVe ; | RVS AV4 RVS | ava2 | Av
o »Ft B8rF2 g

VOCAL TRACT (LARYNGEAL)

RFe

RFS

RF4

3 i ' m'.!
S, -
.
5 ©

RF3

RF2

. ' , . Couteur

)

Wyt
L

)».;1 .

X
o
e

Tt -
"
]

TA L ma

Fa- Ay

LR
NE g
Tk

Bt

?

.
\yg
~
" )
o
-4
- o
m
P
>
-y
-
"
<
- 4
T4
=
m
7]
-N
m
> -

e
A
ey L

3




o
i

&
Gﬁs"

N 1
> <

A% such factors as stress, segment duration, fundamental requency variations,
segmental insertions, deletions and substitutions. Although the results

obtained from this system are good, the synthesizer simulation and complex N

/

rules prevent real-time synthesis. : {’ '

SN

'

3.6 The Ifeele System

“

- s A simple text synthesis word processing system was developed
in England at the University of Keele (Ainsworth 1973). In this study, i ,
the ‘orthographic text is traﬁscriheg ontg paper tape and fed to an

inexpensive minicomputer (PDP~8) where appropri&te control parameter

for a terminal an,giog synthesizer are ganeratedL
The synthesis process involves four major states (Figuxe 11).‘
\

’

These are breath group segmentation, phonemic anslation, agsignment

—

of stress and parameter calculation. ] .. e

!
Ny Al

o Breath group sefmentation boundaries are established by . - - P

réading a character string inio a buffer and assigning bout:dagios at ome
of the following identifiers (whichever comes first): R
% 1) at a punctuation mark | ‘
2) preceding a cmjunctioln
3) between a noun and verb phrase ﬂ
4) before a prepositional phrase )
5) befo:c a‘naun'}hmo. | . o

" .| he clisracter string up to this identifier is trmmsfexred .

[ .
- \ N /]
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Cr -
ohward for furthé: processing. The remaining characters are shifted . ,
. ' \ ,

M

down as part of the next breath group. If none of the above boundaries
are found, the full buffer rounded to the next word boundary is designated

as one breath group. Best results cbtained are for a 50 charactexr buffer,
' i

where boundary assigmment is correct 80% of the time.

g The let.'ter—to—soun;i r?xles_ ‘ave bagéd upon a table listing each
§ a \ letter and its common phonetic translation Along with any conditions l
i necessary for that phri)neuic pronunciation. e.g.,
! .
N, (cugh)t = ey O
: . , .
ﬁ b{ough) _ = /a v . . j
| - ) - /A g/ ;!
; ’ " clougw | = /2 & |
% CM exceptions are stored in a .'Lex:i.‘:mn.T Where translation’ ‘
i of a letter proves to be anbiguous and where cor%textlcannot be resclved,
l - the most common or neutral phoneme is inserted.
According to Ainsworth, vowels are the most difficult to ]
translate, with the letter 'O' the worst of all. Consonant errors are
A usually subs.ti'tuticn of a voiced phonewe for un’baieqod phonemes, ®-g- !
o | confusion of /3/ and /8/ . : [.
" (’4‘ > . hny rena}ning srrors are unstressed vowels which are cauged

primarily by letters with similar context, e.g.,
i
| h{ea)rt - /8% §

ter - Yy




\\'t

rlea)lity = o/ ey
gr(ea)t - , BV ¥
m(ea)t Y
U *

It seems odd, therefore, that these words would not be stored:

in a lexicon along with other exceptions. Table 2 lists A:knsworth"s error

analysis of phonemic translafion of several source words.

Words that are usually unstressed, i.e.,“

positions, /conjuctions, etc. are stored in memory a
prefixes.
Words ‘sf;ored? in memory are left unstressed. Those words
not stored in memory 'but with prefixes belonging to the stored list
have the second syllable stressed. For words not in memory and with the

* i
prefix not stored, the first syllable only is stressed.

Table 3 lists eryors incurred by mis-pssignmer{lt of stress for.

text, bisyllabic words, trisyllabic and longer words.

Where a phoneme is preceded by an identical phomeme,

the second is deleted and if a word ends in a vowel with the next word

starting with a vowel, a glide is inserted. The remaining speech pmce/ssi.ug
is perfomed by a synthesis by rule program as described earlier.
According to Ainsworth, the system worked well, especially

the letter-to—-sound rules employed. On the average, a seven word sentsnce
N = 3

will only contain one phonetic erroxr. When tte\ttod on uninformed listanefs,

.

|

twaen 50 and 950 puiccnt h'xtolnqibiugg were cbtained,

L

o, .
4
F~“'},“" .
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TABLE 2 .

ANALYSIS OF ‘ERRORS IN PHONEMIC TRANSLATION ‘

1

Stregsed Unstressed v ‘
Error vowels vowels Consonants

Source (percent) (percent) exrcent) (percent

Textbook 8s 4.5% 2.2 1.3% \

Novel 11s 6.8% 3.0% .28 +

Newspaper 118 ~/ 6.9% 7% LR 1.08 "
N ' : F) i
(j "“\«».&h\_ ! i ‘F i - | ‘ ',
- TABLE 3 ,
ANALYSIS OF ERRORS IN ASSIGNMENT OF STRESS -

) Error
Source (E\rcentl o v

Textbook 10% 3y

Bisyllabic words only 17s _

oY

Trisyllabic words only 3
all longer words - 44 .

.
9 ¥
wf - 4
o N \S
*Note 90% of text was monosyllabic. .
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! ~ to lose track for a few sentences. Apparently the onus is placed on ;

: -the listener to concentrate on the utterance to determine its meaning. \

\ In all, this system is very encouraging in the sense that synthesis -
was performed on a small computer with rather limited facilities.
’Improveménts in the rules assigning stress and increasing the existing
lexicon could lead to a highly acceptable system, ‘
1 < I ' ]
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o 4.1 Systems Configquration :

° -

i
. ’ -~ The development of the phonetic synthesizer described herein
! is based on the use of an MC 6800 microprocessor with MIKBUG firmware.
The complete system has available 16 K RAM, 2 K ROM including monitor

and floppy disc programs. Peripherals such as Model 33 Teletype, Volker

g Craig 303A CRT, Control Data Vucom 1, agssociated magnetic tape drive,

PerSci disc and Computalker Consultants CT-1 synthesizer completed the

. :
3 .

¢ . mo -

The program was initially assembled nging a SWIPc editor- ,
; ' . assembler but was ht;ar re-ngsenbled usiﬂg the Moto“rola M68SAM cross—

;sscwler. This was executed on the development system’ described

previously. Program de-bugging was undertaken using the Motorola decode~-

- disasgembler (C. L Bilbe M6800 user group library # 56) with manual

insertion and deletion of breakpoints. f:

. Since the design objnctive for hardware was visualized ;fj a
’ /

self contained woice syfithesizer and rot as a minicomputer adsptation,

-

nenory and input-output facilities were minimized. The final system con-
T figuntion can be msttucud on one circuit card and if used in eoujmc-
tion with the cr-l 'synthuiu:.thotoulmtambchowinn

R or enclosure m:zoxSu-.-mczmuympmmu. The systems con-

24 ! .
figuration is shom in !19&:- 12
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FIGURE 12 MINIMUM SYSTEM CONFIGURATION
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g 4.2 The Synthesizer

4.2.1 General Description

A number of options are open in the selection of a synthe-
; sizer. For example, a synthesizer can either be designed and co'nstmcte]d
with the attendant problems of stability of £ilter networks or a unit can
be p&rchast and modified as necessary. These consid'etati‘ons are well

covered by Cochen and Massaro (1976).

o

!

Currently there are several commercial synthesizers available.

_ Of those studied, the Swedish equipment made by FONEMA (Model OVE 111d) has

/  the most versatile features but is a relatively expensive device. The
VOTRAY. manufactured by the Federal Screw Works is a pre-progxagmad synthe~ '
sizer with fixed phonemes and :C cgd! a\x:ot be used. A relatively new
synthesizer has recently been introduced by r Consultants (Model
CT-1) which appears to have the desirable features and is attractively

S

priced. It was, therefore, decided that thp Model CT-1 would be used as

.

AY

the synthesizer and modified if necegsary. L

The synthesizer is similar in organization to that of Klatt

(1972) in that series metworks and parallel side branches are arranged into

. - /
e the CT-1 synthesizer clossly resambles a simplified wersion of the OVE 1114

by Fonema. The block diagram of the CT~1 synthesizer is shown in FPigure

1

i v , nasal, frication and formant networks. From an architectural standpoint,
{
{
!
!
i

13.
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5.3

2o

. There are two gsources of sound in the CT-l1 synthesizer. ';;:fr,'
These are-the voicing and noise sources. The voicing source frequency : “
.is controlled by an input FO and its level by a signal AV. The T

voicing waveform has to be carefully shaped to model the glottal pulse -

A}
and associated spectral slope of -12 dB octave. The noise souxce

leével is controlled by AH and AP and its spectrum is esgentially f1l ‘

. '
v

in the audio spectrum. . : Lo o
A The formant network consists of three variable filters in u
series. Th;se are excited by either woicing or noise sources, or both. T -
Voicing level is controlled by AV and aspiration level by AH. Formant w
R
filters Fl, P2, and P3 are controlled in frequency only. - -
. \ T

The frication branch consists of a single _var’il\lble regonator .

\ »

driven by the noise source with level control AF. Centre frequency of

the filter is controlled by FF. \ :

'

Nasal effects are created by a wide-band rescnator with its

centre frequency fixed at 1400 Hz. This side branch imparts a‘broad
. formant to the output which is common to nasal sounds. The resonator is
driven by a voicing source in such a way that the input cannot exteed the

voicing component of the formant network.

, e ©

*
I3

Output from the three branchas (nasal, formant and fricatiom) -
are added'u;gcthnttofmupuchmm. Contyol of the various para~
. meters is obtained by application of 8 bits of data to sach of the 10

. A
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our (A4-A7) are compared to a DIP switch and partially enable transfer of

52

address positions. The received data is converted to the appropriate
analogue signals within the unit. A list of control parameters, func-

tion, address and range is shown in Table 4. _/

4.2.2 Signals and Timing

The Model CT-1 is optimized for an S100 bus and operation h :
with an aoéo inicroprocessor system and ﬁses only 8 address lines. It
was therefore necessary to modify the synthesizer to interface with the )
bus system used on the 6800 microprocessor. The following description

gives a brief outline of signals required by the synthesizer and the methods

pf interface.

Of the eight address lines used by the synthesirzer, the

first four (A0-A3) select the specific parameter to be updated. The last

data from the computer to the synthesizer. ' Data transfer occurs when ~/

signals SOUT and PWR are in their active states (high and low respectively)

and A4-A7 are’ valid \ Two a‘dditimn_:l signals EXTICILR an& POC are used to

inhibit synthesgis by disconnecting the andio output whenever either is low.

Because the processor treats the synthesizer as writa only
memory, the eight bit data bus can be either unidirectional or bidirsctional.

*

mma&mmtm,aﬁmuuumnmsfsqutm

o
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o

Address
===

A3---AD
0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011

1100

. . . L
CONTROL PARAMETERS |
Mnemonic Hame Approx. Range
AV voicing Amplitude \(&n) 40 .
FO Voicing Freque;mcy {Hz) ) 73.4~463
PL First Formant Frequency (Hz) 174 .9-1452 \
F2 " Second Formant rr;qyancy, (Hz) 524.2-4356 ”
~ F3 ) anuza. Formant Frequency (Hz) 1704-5508
| AH’ Aspiration Amplitude (4B) o 40-
AP Frication Amplitude (da)b 12
FP Frication Prequency (Hz) 1706-14160 ‘
AN Nasal Amplitude (dB) e , |
- | N "
available as analogue voltages g T
} . L npot used by rsynthuiut : ) ‘*
s Mudio On / OFf svitch
\ . ¢ J
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- )
\l two unidirectiona]i uses to permit use of inexpensive RAM. The q
d;:ta-out ;midirect o'nal bus is used but only out ‘?§= conveniencce.)
The signals, S "1:9 m.mﬂ :13'63 are tied high and PWR is
gegeratéd fic;;;; the NAND of- ?R/-"W-,q g2 and VMA signals from the -

MC 6800 bus. Adér;sg bits A4-A7 are selected such that the synthe-

sizer is addressed above existing RAM, 1i.e., for location 2000 Hex.

=

. A4-26, are connected to A4-A6 of the computer, while A7 is connec- ‘

ted to Al3,
Y |

s
Y

On receipt of ‘the correct address and write signals', the eight '

A v

data bits and addresses A0-A3 presented tc the synthesizer are stored

LN

in a latch. The data component is connected to an analogue voltage and

1

directed toward the correct paramei:er channel according to address bits

AO~A3. 'The analogue voltage is then retained by a sample-and-hold
"device for use by the analogue circuitry of the synthesizer. A minimum of /

20 microseconds is aliowed between individual updates in order to permit :

the sample~and-hold to stabilize under worst-case cond{tidqa. Further-~

) / more, these updates should not exceed 50-100 milliseconds as the sample-
. . , \. .

°

and-hold will lose ability to maintain constant values.
. ¢ ,&QY“ ' o
. ]
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5.1 Synthesis Strategy //

The main objective in developing the program was to construct
a set of rules for uge on a 6800 microprocessor system that is capable of '
producing intelligible speech. It should also be flexible enough to
pemit basic research on speech mﬁesis or perception. A small scaio
system with limited memory is desiz/able because it can be developed into a
self-dontained voice s\ynthesis per%pheral and operate as a talking termi~
nal. These requirements qtrongly/ suggest real-time operation £o reduce
the mémory and elimina;:e the neeq” for peripherals such as disk drives. Un-

/
fortunately, the slow speed of microprocessors limits oomputatiqnal capabi-

lities and therefore imposes constraints on the synthesis strategy.

Coneequentlx; rules must be developed which are essentially a compromise
between those that minimize comp tatio; and yst still provide adcquatg in-
telligibility. , : ‘

i v
Natural sounding speech not only requires phongtic information

i

but other information such ufmdmntll frequency contours, stress and
duration pat‘J!:strns as well as syntactic and semantic factors. “This requires
anthu: complex set. of mlubcyondtln capubiliti«otthc-iczmmmr
system operating in real-time. 'llm:thomu an attempt has been Ild‘ to
introducpm ‘elemants such usm“m dnueunmchnuItInlm
natural :o\mﬁimtpqch 1;umummm w;lnunm

bilicy stmitxmtly, m it dou m th. muﬁ m m mn
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. !
The input to the program (Pigure'l5) consists of a sequence
of phoneme representations and a group of secondary modifiers which are
used to control pitch, duration and periods of silence. A 'ph?:netic
coding scheme. is used that is similar to the ARPABET (Table 1) but ex-
tended to two characters per phoneme. Other characters have been

introduced to aid in editing phonetic strings or performing special

functions (Table §). i '

1
t

A look-up table is resident in the program and supplies informa-
/
tion concerning each phoneme. This information is in' the form of 22 bytes

\
organized into three fixed format fields (Table 6):

The first field contains two ASCII characters which represent
the phoneme. A second field contains nine parameters used to represent
steady state sounds of each phoneme in igolation. The thi:d‘ﬁ.cld with

the remaining eleven parameters, represents the duration of onset, transi-

tional and steady-state parts of the phoneme.

/

Grouping of the timing parameters in the third field shay on .

, .
+ first glance seemn arbitrary. However, changes in Fl, P2, F3 and PP

$ccur as the articulators move from one position (and sound) to “ﬁmr

and consequently share common timing. 'rhe parlnn—tcn AaAv, AI!.\ Ar -nd |
AN not only rely on the positioning of the larti.culatou but alao depend

on other factors such asub-glottal pressure and volume velocity.  In 1

addition, these four parameters change independsntly of each other. AF

~




”
EVTOY I TN 3 R ] “llua; .

Y

>LUMEALFI Y003 Time Frame Time: 10 msec.

& >20 35> br EY 99 ¢u 00 80
- >4 35 FE£ 52 B2 00 Y 80
‘ >0l 35 Fr 53 B3 0v 00 8o
*>60 35 FF¥ 53 B3 ¢0 ¥0 30
>60 35 Fr 53 b3 00 90 %0
>60 35 Fr 53 B3 00 YV YO
>66 35 rF 53 E3 00 00 B¢
, >66 35 FF 53 B3 00 00 ¥%¢
' »>60 35 Fr 53 B3 00 0¥ %0 FF
>6A 35 29 SA U6 V0 6B BV’ 00 .
>74 35 53 61 59 G0 0D 8O 00 ’
>7E 35 7D 63 AC ¢¢ 9@ 89 00
>30 35 1E 68 AD 00 ¢8 B0 8P
>4@ 35 Tk 6% AL 00 00 ¥0 0@
>d@ 3b 7E 68 Ab 0 00 60 v@ .
, \ >80 35 72 68 AL 00 po 40 0o
>80 35 7E 68 AD 0¢ vy 8¢ 00 ‘
30 35 7TE €% AD 00 Bu 40 v0. .
>4 3530 77 C5 00 09 30 0@ .
>3@ 35 32 56 E3 00 v ¥Y VO
>30 35 34 95 rx QU Vo B0 VY
>80 35 85 Y6 Fr W0 BY BY U6 LN
>80 35 35 96 Fr G0 00 BO OV
>80 35 6D Y6 Fr 0¥ 00 3¢ 0V
>30 35 5 96 Fr Yu 0B 80 09
1 . >8C 35 65 96 FF vd 00 80 00
H
|
|

n %, w1
AR i

", 5, w, =
(B B TR I

>80 35 65 96 FF 00 20 30 09
>35 35 94 BA 18 00 00 %0 00
>dA 3% A3 DE 31 00 90 80 90
> 3% B2 U2 4A 00 VU 80 VO
5 >99 35 Cl 26 63 @@ 00 B0 00 P
‘ - *»93 35, D@ 44 7C €0 ¢0 36 0b
' ;99 35 D¢ 451 40 0L 00 80O 09
/296 35 Db 4E 88 @@ L8 80 e
" >90 35 Db 4& 80 00 AB 80O ¢O :
»90 35 D¥ 4E 80 00 v BL VO .
, 200 35 80 BUY 80 UV 00 B0 6O '
o . 3P 35 30 8¢ B0 @Y B BY 0@ . - |
. >0 35 HU BE BV VP vk YL VO . ] :
>AV F® F1 F2 F3 AN AF FF AN . , g

(WEXADECIMAL . NOTATION) _ ' ’

FIGBRE 13 SAMPLE OF INPUTS FOR NOR“AL OPERAW
AND ﬂWBRIC ﬁiﬂlﬂﬂ(

] "‘%‘ oo

4




N

'cNm, 0°
twy |

(R}

@

’CRI

'#°<CR>
l$|<CR> '
e '<CR>
(t'<CR>
'ESC'<CR>
Ot'<CR)

' /Y<CR>
"\ '<CR>

' t<cR>

NOTES:

marE 5%

COMMAND SUMMARY OF SOPIVARE

59

BACK SPACE/CURSOR LEFT, DELETE LAST CHAR

REPEAT LAST STRING -
END OF LINE, GENERATES CR/IE/
PUNCH A TAPE OF LAST STRING

END OF STRING

INITIATE WHISPERING

INITIATE VOICING (DEFAULT)

INITIATE PRINT OPTION

- INITIATE SYNTHESIS (DEFAULT)

RETURN TO MONITOR (MIKBUG)

CLEARS SYNTHESIZERS PARAMETERS

CAUSES THE FUNDAMENTAL FREQUENCY TO INCREASE
CAUSES THE FUNDAMENTAL FREQUENCY TO DECREASE
SETS UP A TIME DELAY BETMEEN WORDS

<CR> INDICATES A CARRIAGE RETURN

ALL COMMANDS SHOWN POLLOWED BY A <CR> MAY BE UBED
IN THE STRING AND EXECUTED AS SYNTHESIS PROGRESSES

UPPER CASE CHARACTERS ARE UNSTRESSED

X

" LOWER CASE CHARACTERS ARE STRESSED

/ . '

» o

1
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STRUCTURE OF PHONEME TABLE

Byte Field Mnemonic
1 1 Ll
2 1 L2
3 2 AV
4 2 FO
5 2 Fl
6 2 xrzl
7 2 P3
8 2 AH
9 2 AP
10 2 FP
11 2 AN
12 3 ™
13 3 2
14 3 %)
15 3, ™

16 3 5
17 3 6
18 3 T7
19 3 8
20 3 ™
21 3 710
22 3 1 -

1

Function

First Character of Phoneme Label
Second Character of Phoneme Label
Voicing Amplitude
’ Voic:&x;fg“ Fréquency
First Formant 'Ftequency
Second Formant Frequency |
Third Pormant Frequency
Aspiration Amplitude
Prication Amplitude
. Prication hrrequency
Nasal Amplitude
Total Duration of FPhoneme
Ons;t Time for Fl, F2, F3, and F?P
Transition Time for F1, F2, F3, and .
Onset Time for AV
Tz:mition Time for AV
Onget Time for AH
Transition Time for AH
Onset Time for PO .
. Transition Time for PO
Onset Time for AF, and AN
Transition Time for AF, and AN
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1

and AN, however, can be grouped together since frication is excluded
in the synthesis of nasals and vice-versa.
i

Basigally, the program operates as follows: A phonetic com-

mand string is deposited in a buffer. The phonetic information is later

sequentially read from this buffer as synthesis progresses. Editing of

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

and correcting the error. Provisions for accepting paper or madgnetic

tape input are also incorporated in the softvare. The carriage return is

~

interpr;ted as the end of the string, therefore the character '+' is

—

used to generate a carriage return and line feed for those machines that

do not generate them:autmmatically.
g | S

Recex?(wof/u:r‘iage return causes the s]ynthesis to begin by

reading the first phoneme in the buffer and comparing it with field 1 of >
o —

each entry in the data table. If the phoneme is not found in the table,\\\

. )

an error message to this effect is generated and synthesis resumes on the

next phansne Should a match occur, the steady statq and timing parameters
of fields two and three are sorted and gtored in seve:al buffers. These
are arranged such-that each steady state parameter is assigned three time
Aintervals. These are the onset tin;e. transition time, and total phonems
duration (Pigure 16). The onset is that period of tine at the beginning:
of the phoneme that the parameter sent to the synthesizer remains at its
previous value. ‘The transition time is the duration of the linear change

from the past value to the new steady state value. 'tzaniit:l.om
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are generated by linear interpolation. The phoneme duration is the ¥
s
J

total time allotted the phoneme and in effect, determines the duration .

of the steady state value of the parameter in question.

In this manner, it is possible to produce most of the "

sounds of speech. The rules of synthesis appear.in the data tables and
o

are expla\ined for the following categories: ‘ y
. ki

S.1.1 Vowels and Liquids

/
\ waels and liquids are the easiest sounds to synf.hesiz; since “
both are always wvoiced with clear, sharply defined fclaxunt structures.
VWels\contain higher acoustic power than consonants because during theixr ‘ .
utt;rmce, there are no constrictions in the vocal tract. ‘Both vowels and
liquids can be identified according to their’ formant frequency loca\tion and R
length of. formant transitions. Vowels have short formant transitions and ) i?:

a lengthy steady state. . Liquids, on the other hand, have lengthy formant

transitions and a relatiwvely short steady statas.

Thepe sownds are produced by the voiding scurce and formant
network of the :ynthumt.l Liquids such as /W /YY/ terminate as soon
thmatmmmumémwmmrwmw
plctdmlyummmtm-ﬁﬂysmtor“m Although
mhhnsmwmtmimmthmmw MMW
into categories of long and short. mh Portis. m. IWJ#I:/WL ,-;23
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[ /A0/, /ER/, /I¥/ and /UW/ dwell in the steady state longer than lenis
vowels, /EH/,/IH/ and fUH/. Information re formant frequencies and tim—-

ing is given in the Phoneme Table in Appendix C.

! 5.1.2 Fricatives

Fricatives are characterized by the occurrence of sustained
noise. They are produced by forcing air through a constriction in the
b

‘vocal tm\ct which produces a turbulence that acts as the noige source.

The vocal tract ahead of tﬁis constriction forms resonances in the noise '
spectra vhile the cavity behind causes anti-resonances. The latter re-

stricts £he noise component of the f\ricative spectra to above 2 m.

The specific cut-off frequency of the fricative spectra is
) \
largely determined by the location of the constriction and consequently

!

R is important in identification of phonemes. In voiced fricatives, the
vocal cords are set in vibration and the resulting spectra contains weak
formant structures in addition to noise. Unvoiced fricutives contain

! .
. only noise. \

[
A synthesized fricative is pzoduead by a combination of the
e ,;m. source, fricative momtor. wicing som:ce and fanmt notavock
Unvoiced fricatives use the t@m and noise source only. Formant
transitions for fricatives are much more rapid than for vowels and ampli-
tuds (AF) varies rapidly. Resomance frequencies and relative frication

pmplitudes are, 91!!0 below.
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Phoneme Fricative Resonator . Relative Amplitude ’
Voiced Unvoiced Frequency (PF) ‘ (AF) o
2H SH ~ 2520 Hz ’ 1.0
ey ' \
22 ss 4894 Hz o 0.8 -
W P 7289 Hz . 0.6
™= ™H 14160Hz _ 0.6

/s \ \

oy

P

5.1.3 Nasals ‘ \ '

| . . Nasals are the result of a complete closure of the vocal tract ’

and lowering of the velum which force sound through the nasal passages.

£

The cavity behind the constriction of the vocal tract acts as a resonator;

absorption at its natural frequencies cauul‘is anti-resonances in the spectra.

‘.

The nasal passages cause resonances to occur which are broader than vowels

TETTTE S

due to the increased surface area and convolutions of the nasal tract.

Spectrally speaking, nasals differ from vowels by the presencs
!
of a low frequency "voice bar® formant. Transitions of the second and

third fo t help determine the point of articulation and the type olt !

nasal involved. .

4.

PRS-

N

/ Nasals are synthesized by using a nasal resonator, a voicing' -
. source and a formant network. Formant transitions are relatively smooth ‘

“ ' and similar to vowels. Nasal amplitude (ﬁ) howevei, changes very

abruptlyfto-fuuyctuftctuuyonmmmiﬁoauwwm
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very suddenly. Voicing amplitude has to be reduced slightly to accom T
- modate the effect of the parallel configuration of the nasal branch

and the additional sound enﬁrgy that it carxries.

5.1.4 Aspirant
The aspirant /HH/ is synthesized wvith the voicing and noise
sources in conjunction with the formant network. Relative to the follow-

ing vowel, the amplitude of the aspirant is subdued. During transitions,

the voicing anplifude rises to meet that of the vovél and aspiration de-

a N 4

[+ creases to zero. ' o

- J Q | )
5 5.1.5 Stops ' ‘
| Stops are characterized by a period of silence of about 100 s, o
- followed by a burst of noise; for voiced stops voicing accospanies the
noise burst whereas in wnvoiced stops a period of about 50 ms of aspira~ ‘ ) *’w
tion p:eu;lu the onset of voicing. Following the noise burst the formants fﬂ

change towards their new target values. mmpdchuumts'ucd
stops is the rapid change in amplitudes. mumﬁmm.um .

|
onutofvoicinqhmhnq thdfonmt trmitimqmmtmaduly

and pcrceptm of the -top becomes difficult.

~ - : - : . ]

. mmammmmmuumm

umzummmumm mmﬁl
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silence is synthesize.d with a separate ‘phoneme’ /QQ /which turns off
both the voicing and noise sources and sets the other parameters to
neutral values. The noise burst voice onset and transitions are gene-'
rated the following phoneme. For exnplej\ Sat becomes /SSAEQQRTTOO(

Figure 17 shows the six stops and their characteristics. vy

f

The dipthongs /0¥, AY, EY, OW, AW/ are synthesized as two
successive vowels, i.e., /0Y = AQIY, - AY = AATY, 8'! = EBHIY, OW = AOUM,
AW = AAUW/ Their/characteristics and rules, therefore, follow those of .

the vowels and liquids. )

{
The affricates AH/ and /JJ/ can be generated by /TTSH/ and X

/DDZH/ respectively. It was discovered, however, that.the preceding stop.
is not critical to perception so long as it is woiceless and woiced re-

spectively. For this reason, the parameters of /SH/ and /ZH/ are altered
50 as to have rapid transitions and changes in mmplitudes. = Thess mev
phonenes, U/ and /33, give stop like qualities to /SH/ and /ZH/ and ‘
wh;q precedsd by "Q0" give better.results than previous methods. ,

’

o
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Reference ‘Pigure 18a.

special control characters are present.

’ 0500 hexadecimal).

EOT is stored in f_:heuléc'zation directed by the X

" buffer content.

e mt o et gn

<nlle

5.2  Software Description

7

The starting location for the program is at 10100 hexa-

decimal (Reference line 94 of the listing, Appendix A)_which initfa‘lizu
commands for clearing variables VOICE\ and

o

whispering and dump options.

, - disabling the o

OLD DATA bhuffer lit-zude parameters are

then cleared 'and resonance parameter values are set to their mid-ranges.

' '\ Following the initialization procedu}:e; the program proceed. x

-

to read a line from the console character-by—charﬁcter and stores this in

a RAM buffer. At the same time, back. spaeing, tape pzeparation, TTY “

formatt-:ing and re-synthesis of the lutp: string entered are processed it ‘

_(The RAM buffer starts at

A character string prompt isiprinted by carriage re- \
.Bml. . .

register is now set to the beginning of the buffer jand acc\mulator A is K(

turn (C/R) ;s a line feed (L/F), three nulls and a'>' The X

lpaded with the ASCII value of any character iu‘ duced frm the console.

”
N »

° ([Exceptions -ara:- - _

4 A
~ bl ; »

L v
'

If the character introduced by the console is a C/R then an

gister. Automatically

a LF is returned to the console to show line te tion (end of buffer).

Tﬁ?‘éxogram then proceeds to LINK 8 which initiates syntl;n-i;s of the

4

S
o
S
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%

does not correspond to the location of the start of the buffer

'withoqt terminating the buffer.

i , =

' If the input character is , CNTRL O and the X register

{0500 hex.)

then the X register is decremented and a BS (back space or cursor

lefi:) is transmitted to the console and the program continues by reading

1

another character from tixe console. In the situation where the X regis-

-

ter is at 0500, the CNTRL 0 command is ignored,

a L

If the‘ ini)ut\ character is a "+" , then the prompt

(C/R\gr ; Nulls ; > )

character from the console.

is printed and the process returns to read another
This feature is added as a: facility for those
terminals whic;h do not posmess an autometic C/R and LF when the end of
a line is reached.

Thus entering a “+" gymbol will cause a CR, I1F
K | q .

This permits the develdpment of long

strings. ‘ .

If the chancte'r is a '"' then the program procseds di.::ect:lyi~
to LINK B p Since this leavas ‘the contents of the buffer undisturbed it
provides a conveniant means of :ep;ating synthesis o{ a string. Care must
be taken in the use of this control as it relies in an embedded EOT in

the string.

£

«

&

(If the input chardcter is & '¢* mduie X register corres-
pmd.tothentn:totﬂnbuﬁoz,thma DC2 wc:: chaucu:hmtto
the console toactivattlgy amucpunchor tlpc tlciuty. ml is
zouwodby 25 nuu-. mat:mtozmmm.\momx 25 %Is,

CXEay

ﬂnanya DC3 ASCIX mm:udnuﬁvaummﬂm-fmnty.
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Should a '@' be received and X register location not equal the start
of the buffer, lxhen an EOT 1is stored to terminate the string and then

activate the punch or tape facilities. .

. {
If the input é:haracter is a 'NUL' it is ignored and the
program returns to read another character. NULLS will only be used as

»

leaders on tape f.unc\tions. C g

° All the other characters received are intezprotod as part

of the string and stored in the buffer as directed by the X regilter.

i |

- After each character, the X register is automatically increunted and \
‘ another character'rend from the console. Thus character~by~character,

the phonetic string is assembled until aithu a C/R oxa '™ com::ol

i
BT et

P

,5" is received. . Either condition will transfer the Program to LINK 8 where

b ‘_ 1
the string is prepared for proeeuing.

-

At LINK 8 (Reference Figure 18b) the X register is resat
‘ to the start of the buffer (0500 Hex.) and the first character is read : ° It
from the buffer. This character could eithex ropreunt control data or a
' ] ) phoneme These contrxol characters change the parameters used for syni;h-- 1

ﬁ?} sis 62 phonemea and are upanted from incoming information.

a ” g

‘ If the incoming character is a- "/", then the varisble \
P ‘ FO is increased by 5, (i.e., FO = FO + 5). '-{-mu in-
creases the fundamentil frequancy of all subsequent syn-
! thesis by a factor of 1.03676. The X register is ) ]
then incremented and unot.bor character yead from ‘the buf- RS
- -  fer. (Refer to Pigure 1ac for details of -LINK'13) . ) *

L

r
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If a "\" is read, the ;a:iable FO - would be decreased
by 5, reducing the fundamental frequency by the fac-
tox 0.96453 (reciprocal of 1.03676). The X regis-
ter is incremented and another character read from ths
buffer. (Refer Figure 18c Link 14) .

o

The variable F0 provides a means of altering the fundamental

| ]
frequency to something other than that stored in the look-up table. Thus

. i
by using FO as an offset of the tabled value controls / and \will result -

in changes of 4+ 125 which will remain in effect until either is changed

or a power-down gituation occurs. ‘
. . A\

-

o If the incoming chamacter is an asterisk "*" , than
the parameters stored in the old data buffer are cleared.
Effectively this causes a period of silence equal to one
interrupt cycle and is used in the synthesis of stops and
* occasional initialization of synthesis. The X register

is again incremented, to read the next character.

I
2

- 1f the chnzjlcter read is "#° , then thé VOICE parameter .
is incremented as well as the X register. Ancther o
character is than read from the buffer. ’
1
If the cliaracter is a ;é” th?n the VOICE parameter 1:
ciearec}. Again, the X xegister is incremsnted and an=-.« . r

~other character read. , . N
9 * o

The VOICE parameter u an indicutor that the puzage follow-

" ing is to bc voiced or ‘to. be whitporod. ﬂhhpa:inq is achievod

by eqnat:lng the aspiration and voicmg mputude- and then rcdncinq m
voicing to uro . -

‘ = - e 0T ey e
[ .
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If the character "&" is read from the buffer, then
the parameter HRDCPY is incremented as is the X
. register and another character is read.

1 B ‘'
If the character read is a “s" then the HRDCPY is ' ’ e
set to zero before incrementing the X register and . v
return to read another character. ' .
. 5
The HRDCPY variable determines if a dump of synthesis para- ,
/ 1;‘- I
meters will take place. The dump will list all the parameters used by - ‘ -
the synthesizer for each interrupt cycle. When this feature is used C s
synthesis is slowed down to accommodate the printer or terminal used. v
& . “ N
This option has proven to be extremely valuable in developing look~up T
. . o

tables. ‘ 1
. ¢ [33:\‘}1

If the character “ESC" is read, then the starting ‘ g

. location of the progrm;l is saved as the program |
counter such that it can be reatarted easily by-the
MIKBUG contrpl G and the program retwrns to the

" monitor (MIKBUG). . ) S

Finally, if the character resd frpm the buffer is an.
\EOT, the end of the buffer has bean reached and the’
progran returns to its. starting point (LINK 1) . ‘

a ~
Aputfmthnabowoogtrolsynbdlp all other data will be

p:ocetnd in pairs of charactexs xcpmonu.ng phcnau The first is’ - .

stored as INP1 mdmxtquuznmc:mm ‘Mdu:w

mofm\\g:.x»mm.mu IRP2. ~The X mhmwah

\‘ - 2
4
S0 .fk;:r‘g;,m frc E p



being used as the buffer pointer is then incremented to the next loca-

t‘ion and stored in the variable THERE.
¢ 1

The first character read (INP1) is.then compared with ths
first character in the look-up’ table. If these are not equal, then the.
look-up table pointer is advanced to the next table entry where INPl is
again compared with the first characters in that entry. This cmtigmolg
until ei(ther'a match is. found or until the end of the table is reached
(indicated by an asterisk). . Should the latter occur an error message is
generated, the X regigter loaded wit.'h the stor’ed value in '.I.‘HERB and

returned to LINK 9 where the next character will be read from the buffer.
T « .
“If a match between INP1 and the first character of field

one of a-pu'ticular entry in the look-up table is found, then the second

" character read (INP2) is compared with the second character of field.

If these are not equal, then the look=-up table pointer is advanced to
next entry and INPl is again compared to the first character of field 1
in that entry. 1f INR2 is equal to the second character of field one,

however, the table contents are sorted and stored into the bufgerl NEW

. o Dev data - old dlgl
DATA, ONSET, and TRANSITION. The deltas (delta transition

are then formed for each synthesis‘parameter and stored in DELTA.

Five buffers contain all the necessary information for synthe-
sis. The buffer OLD DATA contains the values of the synthesis parameters
_ for the last phoneme when its frame time vas exceedsd. The NEW DATA buf-

fer containc the steady-state values of synthesis parameters. for the pfoupi
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4
\ -

l;honm to be synthesized. The buffer ONSET contains the onset times °
for each synthesis parameter whe;'eaa TRANSITION cc;ntains the 'transition |
times for each synthesis pérmt;r. Finally the DELTA buffer contains

the step height necessa;.'y (torcha.nge lineaxly from OLD DATA to NEW

DATA within the transition time. ' A

Once all buffers are readiéd s the program checks the variable &
VOIF!B. If it is non-zero, then whispering is des;.red and the parameter
AH is made equivalent to AV then AV is cleared. 1If VOICE is zero,
AV and AH are not changed. The offseft value FO is then added to the
fundamental frequency parameter. Frame time T1 is then decremented and
compared to -zero. If zero, the input buffer poix;ter is resto;ed and the
progranm reads the next phoneme. ’ If T1 18 non-zero, the program stops

and awaits an interrupt of the first parameter.

The interrupt routine transfers the information in the OLD

DATA buffer to the synthesizer. Expe'i’imenﬁs with a variable interrupt

detexrmined that a good quality of speech generation can be achieved pro- |

viding the interrupt time is less than 20 ms.

On campletion of' the interrupt, theg cnset time of the first
paxfnntcr is compared to zero. - If non—zero, uitwis dacr‘q.n“t‘d and the 4
pointer mci to the ne:;t parameter and its onset time is again compared
to zero. If any onset time is lessh than or aquloto zero, its trangition °
time is compared to zero. If the transition time is less than or oqul

to zero, then that parameter of the buffer OLD DATA is replaced by the
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one contained in NEW DATA. Thopoinui: is then moved to the next syn-
thesis parameter and if there are remaining pumtar; the next para-

7/

.
meter onset time is again compared to zero.

In the case where the transition time is greater than zero,
the appropriate delta is added f.? the corresponding parameters in OLD
DATA and the result is compared to the value in uaw DATA (the target).

=

The purpose of this routine is to determine if an overshoot occurs. 1If

it doesn't, the result is stored in OLD DATA.  If it doeg ovexrshoot, ; /J

the value of NEW DATA 1sstorqdin OLD DATA inateadofthezcsult.

<

Determination of the overshoot criterion is’ calplicaud by.the microproces-

sor's interpretation of the data as being signed (i.e., -128 to 128) /

vhereas the synthesizer assumes it is unsigned (0-256). '.Conseq\wntly- the o 1

i - . .

signs of the result, DELTA and NEW DATA are determined and thus form
Vd

.the basig-of the decision. This routine is best described by the flow

1

chart, reference Figure 18f. - ’ (

~.

hREE

The process continues until all the synthesis paramsters have = Ny
been converted.’ The value of the variable HRDCPY is then compared to . o

zero. If non-zefo, the parameters of the buffer OID DATA are displayed \ TS {

o

or printed on the system console and then the frame time Tl 1is decremen-
ted and continues the ldop. On the ott;c: hand, if HRDCPY wers zsro0,
then the frame time will be decremented immediately and then comtinue #-
loop. e cycles ;111 continue mmmtrh.ﬂmigumatuhich\\’

time the prograij reads another’character from the input buffer until an|

“EOT* 1s .. This returns the program to its starting address
/(0200 EEX). S "
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. RESULTS AND CONCLUS IONS

6.1 - Evaluation.Criteria,

There are a-number of requirements that should be met by any

. ‘

sy;lthesis system. . The equipment should be versatile and eaé\y to operate.

‘I'deally, the apparatus should incoxporate features which é&nable acoustic,

numepic and visual feedback. Facilities' for adjusting and testing the

et £ » ’ .
N eﬁfects of one or more parametérs, independent of the synthesis strategy
/A :
fé'r,e highly desirable. The system should be flexible enocugh to permit ek~
// - 1
perimentation with various components of speech. It should produce intel-

* 8

ligible and if possible, natural speech. The synthesizer should have the

. . capability of a large vocabulary and incorporate economical ‘(minimal)
' . . * ‘ .

~ nessage storage. i » °

6.1.1 Acoustic Feedback

L V’/ g 0;1e of the methods of evaluation is what may Be termed the
["l§st;ning test". Acousptic feedback is the procegs/ of lisi:ening to the
results and then making modifications to improve the output. This is uge-
hful for improving vowel sounds but has ve:ry iimited é;iplication wheré
categorical perception is involved. With incraaéed exposure to .sy’nthe?:ic
! 7 speech, comprehension increases to such an extent t":hat the ohjgétivity of

. 7

the listener can be questioned. Tﬁerefore, in develoPimj data for synthe-

' . a
3 - . 3 -
" 2
' 2 -
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-

sis, the subjects were given very short tests and thé'sounds or words L '

5 ' .
- were rotated to prevent-both listener fatigue, and eliminate the phenome-

‘ ' non of comprehension by exposure. -

«

Qe K " - -~

6.1.2 Numeric Feedback - °

Y 4 .
2 /-.\//
aw

The parameter dump feature referred to in the software des-

- : - cription will activate a print-out of all parameters sent to the synthesizer

’

X each intetrupt éycl_e for all inputs'between &' and % symbols. This is a

v

S

very valuable aid in establishing values for all variables and a basis for
B ~ N

observing change from one sound to & new sound. Numeric feedback was

found to be i:articularly_ useful for-jinterpolation between sounds and in

. . R
establishing timing.’ - -~

. -

| . 6.1.3 Visual Feedback /

¢
Y .

)

. . Spectrographic and acoustic waveforms give accurate informa- '
N : '

\

tion on frequencies, formants and amplitudes. This graphic information

st
5

3‘.£ very useful in verifying transitions, timing and amplitudes. Although

By

o Gk gkl o 35

visual cbservations are a powerful method of getting feedback to improve :

~
Py
a
.

speech output, measurements tend to be time consuming and have to be re-

stricted to specific problem areas, )

4 - — oS

I
'

[

Waveforms were plotted at L'Institut National dé la Recherche

Scientifique Télécommunications (INRS) using specialized software. Addi-




bﬁity of the speech output of the system. These tests took the form of |

85

LI

tional spectrograms were also made on an analog machine at the-McGill

' Department of Ling;.xistics (vocieprint's Sound Spectrograph Model 4691C).

L]

v Y

\ »

~

6.2 Experimental Results ) K

6.2.1 , Intelligibility Tests

A number of tests wehre performed to determipet the intelligi-
exposing a group of‘ listeners to a synthesized sound and recording their
responses as to what each perceived the sound to be. Listeners' responses
were thenlplottecri'on what is ;nown as a ‘confusion matrix'. These dis-
play not only those sounds which are corréctly understood but also sounds -
that are nearly correct.. The position in the matr:;.x determines the degre_e
of comprehension of various sounds and the type of error.:s which are occur—

ring. All the phonemes were tested except /WH/ which is virtually

interchangeable with /wW/. .

Steady-state vowel sounds used in intelligibility testg were

lengthened to approximately one second so as to give sufficient .dwell time

-
-

for the 1ist.aﬁera. CQnsonaixts were generated at thelr conversational rates.
Stops, affricates and sonorants were followed by the vowel /AH/. Nasals

; ) . . !
were preceded by /IH/ and fricatives Froduced in isolation.

Five people were tésted vwith ‘\;owels and diphthongs, two of

them taking the tests twice. FPour people took part in testiné consonants

~Z

\ e

o

-
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each taking the test once. Results of intelligibility tests are ghown
in Tables 7 and 8. Confusion with vowels can be attributed to the
uniform one second duration of the sound. Fortis and lenis vowe e
often different'i'ated by the duration of the sound. 'rhi's :'fndicates that
a better test could be based on consonant-vowel-consonant groupings at
conversational rates.

i

[y

A second item which is believéd to have influence is that most’
of the subjectls used in these experiments have no prior experience in phone~
ties oz: with synthet(ic gpeech.  Although they were supplied with a list of
phonemes anﬂdl several examples, there may have been-some éonfu’sxion. This
could result in the selection of the first phoneme in the list that sounds
similar. A supporting example would be tc‘:»\consider the vowels /A0/, /An/
and /RH/ which are in the sequence of the list of phonemes supplied. It
‘'was found that /A0/ was incorrectly chosen for /AA/ 338 of the time
* and for /AH,/ 288 of the time. Selection of /A0/ constituted the

'majority of errors in both cases. ) o

The consonag/t/, confusion matrix indicates that voiced
stops are‘°a problgm. The sounds /BB/, \ /Db/ and /GG/ are heard as
788/ "S08 of the time for /BB/, 25¢ for /DD/ and 3| for /G6/w
'I;he most probable cause ‘for this is too rapid a transition time for- thel}
- formants. The sound /BB/ is perceived 50% of the time as /BB/
508 ‘of the time as /PP/. _ This indicates a confusion between voice and

unvoiced sounds and is most likely caused by the volice onset tine Thexe

N o

-

[N IRt

Ty
G
L




v

is a problem between the nasals /NN/ and /NG/ . The sound /NN/ is

chosen incorrectly as /NG/ 4%\ of the time and /NG/ chosen as /NN/

N —

33% . of the time. A potent’ial cause would-be too rapid a transition of

formants or possible masking of the}f%ﬁnsitions. Voiced fricatives in
general are chosen correctly 45% of the time wherbas unvoiced fricatives
are correct B80% of the time. ., The errors tend to be scattered among

the fricatives and do not indicate any specific cause.

’

1

In swmary, the.overall merits of the system can be repre’ser'x-

\

\ L . e
ted by the articulation scores. An articulation score is the percentage

of sounds heard correctly. The articulation score for consonants was

.
‘o
‘e

determined to be 65.7%, for vowels and diphthongs 79.0% .

- N h
~ /

g | .

6.2.2 spectrographic Analysis

- A series of spectrograms made on a Voiceprint analog machine

are presented (Figures 1% to 19g inclu)ive) . "Whén"j.nterpreting this in-
formation, it should be rememp;re_d t_hat this partiéular measur;ment
apparatus has a 12 dB dynamic rangfa. This narrow .dynami{: range means
that low energy sounds are not visible, in particular the third f;:mant;

and makeé Bome sounds appear better than they dctually are.
)

vowels contain the correct spectral content (Figures 19a and 19bj.

Apart fram lack of the third foimant due to dynamic range, the

Exis-

-~

FT N



AS °

tence of the third formant and other low energy sounds were verified by *

r

sectional spectrograms (Figures 20a and 20b).

Liquids and diphthongs (Figure 19¢c) have the required
characteristics although the trangitions in the diphthongs weould have been

better if made slightly longer. ’ )

» [3

Unvoiced fricatives (Figures 194 and 19e) appear correct

for /f/ and [/s/ ,but /£/ and /8/ have too.much low fre;quency noise,

'

More accurate analysis at INRS confirms excessive low frequency noise
] 1 %
in all unvoiced fricatives with no indication of anti-resonances (Figure
- ’ LS

¥ ;

20c) . A sharp cutoff causing a definite spectral gap is essential to the

correct identification of the phonemes.‘ The source of this problem was

.

determined to be the CT-1 synthesizer and is more fully described in

Limitations of t%e System. . Voiced fricatives (Figures 19f and 19g) have

s
the same proplems associated with low frequency frication, but are not as

much &F a problem because of the voicing which fills in the spectral gap.
» .
The voiced fricatives, however, have a tendency toward excessive voicing,

causing almost vowel-like qualities to be observed. While these frica-
f 7

tives are readily identifiable in an intelligibility test, in connected
t
speech®™ the frication has a tendency to be ignored by the listener as )

static and consequently intelligibility is lessened.

e

‘ Unvoiced stops are correct from a spectral standpoint (Pigure

IR ¢

19b), whereas voiced stops (Figure 19i] hdve a voige onset time which is

v o

N
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: too long (espec:fally /9i/ ) and could cause these sounds to be per-

| e ceived as unvoiced stops. This could be corrected by decreasing the
- J
i \ - '
’ veicing cnset parameter in the phoneme tables. "
A .

The nasal formant appears as a fixed formant centered at
%

. 1400 Hz, bandwidth 1 kHz. This masks all second formant transitions

i . I
which are primax"liiy\ responsible for distinguishing /NN/ Zfrom /NG/ .

] .

Ideally the nasals should have a concentration of low frequency energy L

o “with mid ranges subdued and not exhibiting major resonances. Spectrally

this would result in an intense low frequency formant (a voice bar) and
/

)

’

weaker, broad formant structures.

Affricates (Figure 19k and 192) have the correct spectral

- content. The aspirant also exhibits the correct characteristics. The

vowel /3/ in church could be slightly shorter, because of adjacent >
'\ N . -
s.\ phonemes but it does mot detract from intelligibility. - ‘ )

’

Following the above f‘./igures, a spectrogram of connected speech

[

(the title of the thesis) is shown (Figures 19m to. 19q). .

- @

. ' 6.2.3 Acoustic Waveforms

Amplitude vs time (acoustic) waveforms for the ‘corresponding

Yen, oo

) spectrograms are shown ({;gue 2la to Figqure 21h). Those acoustic wave=—

(M : . forms representing vowels, diphthongs, liquids and unvoiced fricatives

\ -
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/

agree with accepted values. Tl\g voiced fricatives (Figure 21d) axe .

-

again shown as having too much voicing amplitude. Unvoiced stops
(Figure 2le) have somewhat more frication than is necessary whereas the

voiced stops are characterized by an excessive voice onset time (VOT).
&

The nasals (Figure 21g) have amplitudes that are slightly

. /
high but are otherwise satisfactory.

6.2.4 Limitations of the System . ‘ :

4

The quality of the speech produced by the synthesis equipment

described in this thesis is satisfactory but has room for improvement in

a number of areas. The defects in the fricatives and nasals descriped

' earlier are quite apparent to listeners. - It is unfortunate that much time

was spent in trying to solve what was originally believed to be a software
prol?lem, but was in fact, a hardware defect. The r?rcablem_s associated with

fricatives and nasals are directly related to inadequacies, in the cr-1

synthesizer.

)
-

g

The frication brénch in the synthesizer should l;ave incorporated
a sharp var:.able high-pass filt; and not a band~pass filter as used. A
‘sharp filter would eliminate the low frequency frication and mprove intelli-
gibility. Ideal;y a/ high-pass filter and a low-pass filter pair could have
been used creating a band-pass network. Both filters, however, should be

of high order to ensure thezlow frequency frication at least 30 dB down be-

3

Y

o
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3 | / |
% / s
3 s b
¢ .
low the pass band. The nasal b‘ranch resonator of the Cr-l synthesizer
should not have been fixed and broadband. This causes interférence with
| second formant trajectories and results in confusion of the sounds /NN/
and /NG/ . The nasal resonator should have been constructed as a
w - variable l;ar;d-gass filter \::ith a bandwidth of 600 Hz.  Another solution

would be -to eliminate the nasal branch altogether and introduce éontrol of

the bandwidths of the formant filters. . The formant ngtwork could t}xen be

used effectively "in the -syﬁthesis of nasals.

' An attempt at imprxoving the fricatives was made by adding a
fixed second-order Butterworth high-pass filter (cutoff at 1800 Hz) in

- series with the frication band pass filter. This gave some improvement

but the problem still remained. Higher order filters are necessary to
achieve the impression of the spectra; gap typical of fricatives,, Even

this filter is at best a partial solution. A

In order to remedy synthesizer faults, a major redesigning
- 1is required. G:.ven a redesign based on the above comments, a substantial

improvement can be made to the quality of the synthesized speech !

6.3 Recommendations and thg

' The synthesis system presented is relatively easy to ‘ rate

onc7 the modified Arpabet is learned. Supra—segmentals are handled by a

- simple set of commands. As experinental eqnipment. the numeric feedback

. +
P &
-
. s /

LM
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‘feature provided by the parameter dump is a very pd{)‘ferful tooll in

verifying synthesis %trategﬁ}o\t\qr detecting software errors. The ‘appara-

i

tus can be used to experiment with transitional or steady state sounds.

Like the speech from many other synthesizers, the syntfxesized speech here

is intelligible but does not sound natural.

3
¢
The equipment memory requirement is low due to real-time

operation, A scratch pad memory of 1K bytes is required for temporary
storage of wvariables and the input buffer. The pr'ogram requires only

' A
l1X bytes RAM or EPROM. ' The phoneme table requires an additional 1K

bytes.

- [
[

’I‘he'software for the system is quite adaptable and functions
well. ' Other features could have beep in'corporated but were found unneces-
sary. For example, a form of visual feedback can be érovj.;ied by utilizing
the four surplus analog outputs available on the CT-1 synthesizer. These
signals can be fed to an oscilloscope and displayed '4with respect to time.

A slight modification of the intex’?rupt routine would enable simultaneous

N

. display of the Fl, ¥2, F3, and FF or F0O, AV, aH, and AF contours.

e

In order to operate in real-time, a number of compromises had

-

to be made which limit the scope of the synthesis strategy. However,

‘from the standpoint of the strategy developed, the equipmeﬂi' performed very:

well. The major limitations of the system were in the production of nasals

©

and fricatives, caused by inadequacies in the design of the synthesizer.

\




Some attempt was made at rectifying this but it became apparent that a
complete re-design was necessary. Two courses of action are suggested.
The synthesizer can be redesigned using modified ‘and é.mproved filters,or

a synthesizer can be constructed around a recently developed LPC chip.

The latter course might result in the converse situation where it is not )

hardware but software that “limits performance of the system.

v

IR

o,

AR
o SRS

ok

L,
1

*

T,




-

- L'mwafﬂfw@w

24

ey o TR Lo

.o ‘ K, 122

1

¢
BIBLIOGRAPHY

&

Correspondence,

o

Ainsworth, W.A. \“A Real-Time Speech Synthesis System",

N

¢ -
IEEE Transactions on Audio and Electroacoustics, December

1972, pp. 397-399. . .
. RN

Ainsworth, W.A. "A System for, Converting English Text into Speech",

IEEE Transactions on Audio and Electroacoustics, Vol. AU-21,

¥

- No. 3, June 1973, pp. 288-290.

i

~

Thg Technical Problems and

&

Allen, J. "Reading Machines for the Blind :

: the Methods Adopted for their Solution", IEEE Transactions,

o

vol. AU-21, Nc/;. 3, June 1973, pp. 259-264. )
j )

. a : o
"Synthesis of ]peech from Unrestricted Text", Proceedings IEEE,

b
Vol. 64, No./ 4, April 1976, pp. 433-442.

Allen, J.

‘ a
-

-

Beek, B., Neuberg, E.P. and Hodge, D.C. "An Assessment of the Technology

of automatic ?peech Recogniti/oriior Military “I»\pplica'tions".

S

IEEE Transactions, ASSP-25, August 1977 ,\‘ pp. 310-322.

“

"A Real-Time Speech Synthesis System", Monitor - Proceedings

Clark, J.E,

of the IREE Aust., March 1977, pp. 56~67.

.

CO‘hen, M.M./ and Massaro, D.W. "Real-—'l‘in(e‘ Speech Synthesis”, Behavior Re--

Ll

search Methods and Instrumentation, Vol. 8 (2), 1976,

i

pb. 189-196, -

- "synthesis by Rule from Articulatory Par ers”, Proceedinh

and Procass-

Cokexr, C.H.

of the 1967 Qénfe;e’nce on Speech Communichti.

e V

ing, Cambridge, Masgachusetts; IEEE ;967, A9, pp. 52-53.

7

-
-

s




- - ¢ [}

.
L R e R s e et s
e
.

s AR

123 . v

v o

- Cooper, F.S. "How is Language Conveyed by Speech?™ In J.F. lKavanagh and

I.G. Mattingly (Editors), Language by EAR and ‘by EYE : *

The Relationships Eetween Speech and Reading. - Cambridge,

Massachusetts : M.I.T. Press, 1972, 'iap. 25-45. . .

4 ' Cooper, F.S., Delattre, P.C., Lieberman, A.M., Borst, J.M. and Gerstman, L.J.

"Some Experiments on the Perception of Synthetic Speech of.

o Sounds", The Journal of the Acoustical Society of America, -
, ) : \
Vol. 24, No. 6, Novembexr 1952, pp. 597-606. !

Crichton, R.G. and Fallside, F. "Speech Analysis-Synthesis on a Small

Computer"”, Spring Meeting British Acoustical Socgiety, paper

73SHB7, April 1973.° . J

Dreshner, E. "Sound 1, a module on Sound developed under the supervision

of the Departments of Linguistics and English, MtGill Univer-
, sity, Montreal, 1972. ' ‘

Dudley,® H. "The Vocoder", Bell labs. Record, 18 (1939), pp. 122-126.

Fant, C.G.M. Acoustic Theory of Speeéh Production. The Hague, 1960.

Ferrero, F.E. "SPAR - A 'rermix;a‘.l‘ Analog Speech Synthesizer", ACUSTICA, j_"

- f i

Vol. 22 (1969/70) , pp. 357-362.
' ) \l (i: ”" ']

Flanagan, J.L. "Note on the Design of 'Termirial Analog’ Speech Synthesizers", o

Journal of the Acocustical 5ociety of America, 25 (1957), -

4 Ad ;W

pp. 306-310. :

.
N 7

Flanagan, J.L. "Coamputers that Talk an8 Listen ; Man-Machine Communications

¢ %A

by Voice", Proceedings of the IEEE, Vol. 64, No. 4, April 1?76. ' O

& - i
. . Pp. 405-415. a (F

» : -

&

<

L AR TN B S Y A S T4y 7 L o



. Flandgan, J.L., Coker, C.H., Rabiner, L.R., Schater, R.W. and Umeda, N.
"Synthetic Voices for Computers", IEEE SEctium, October

1970, pp. 22-45.

PP .
7 . - . o
s < A T

g

" Flanagan, J.Lf’*; Rabiner, L.R., Schafer, R.W. and Dénman, J. - "Wiring

o i = .

L a _ Telephone Apparatus from Computer—Generated Speech", The.

. . Bell Syséem Technical Journgl, vol. si, 1972, pp. 391-397.

¢ ' G’ - o
Hillior;\, E.H. "Pi:eliminary Eyaluation lf Synthetic Speech" uU. S, Depart-

r 3 Ad -

>

ment of Aviation, Federal Aviation Adm:.n:.strat:.on, Interim

5

. Rgport No. "FAA-RD—72—19_9_L Washington, August 1972.

Holmes,  J.N. ' "The Influe%e of Glottal Waveform on the Naturalness of /«*
) ) [
Speech from a Parallel Formant Synthesizer", 1EEE Transac—

<

’

-t

tions' Vol. U"21, No. 3' June 1973' pP. 298"‘305.

-

‘Holmés, J.N., Mattingly, I.G.'and Shearme, J.N. "Speech Synthesis by

-

Rule”, Language and Speech,7,(1964), pp. 127-143. \

/

‘

~ )

Ishizaka, X. and Flanagan, J.L. - "Synthesis of Voiced Sounds from a Two-

Maas Model of the Vocal Cords", The Bell System Technical

1
1

Journal, 51, (1972), pp. 1233-1268. *

Kato, Y., Ochiai, K. and Araseki, T. "A Terminal Analog Speech Synthesizer’

in a small Computer”, 1971 IEEE International Convention

°  pigest, Paper 2F.4 (1971), pp. 102-103.

° - . ' -

.Kelly, J.L. and Gerst:mah, L.J. "An Artificial Talker Driven from a Phone~

¢

_tic Input"" (,abstrac{:) ’ Jodrnal of the Acoustical Society of

« A | ' ]
L mr;ca. 33, (1961) , p. 835,

1
r

T

A




=

1

" Ochiai, K. and Araseki, "1‘. *A Terminal Analog Speech Synthesizer™, 1972

! 125

3

Klatt, D.H. "Acoustic Theoxry of Terminal Analog Speech Synthesis",

. . 1972 International Conferénce on Speech Communications

and Processing, Boston, April 1972, pp. 131-135.

(Iq.att. D.H. "Structure of a Phonological Rule Compox;ent for a Synthe-

4

sis-by-Rule Program", IEEE Transactions, Vol. ASSP-24,

No. 5, October 1976, pp. 391-398.

- 1

3

Klatt, D.H. "A Cascade / Parallel Terminal Analog Speech Synthesizer and
a Strategy for Consonant-Vowel Synthesis", Handout for Spring

Meeting of the Acoustical ISOciety of America, June 1977.

1

n, P. "On the Evolution of Language : A Unified View", Cognition,

»

2, (1973), pp. 59-94.

Makhoul, J. "Linear Prediction : A Tutorial Review", Proceedings of the
. s .

v

. IEEE, Vol. 63, No. 4, April 1975, pp. 561-580. ° '

. ' ¢ . :
Mattingly, I.G. "Synthesis by Rule of deneral American English”™, FPh.D.

Thesis, Yale Univer}sity, New York, 1968.

!
-4

Mermelstein, P. "Articulatory Model for the Study of Speech Production”,

The Journal of the Acoustical Society of America, Vol.53,

No. 4, 1973, pp.\1070-i082. N

- -

Nooteboom, S.G., Slis,-I.H. and Willems, L.F., "Speech Synthe‘si.._s by

Rule; WHY, WHAT AND HOW?", I.P.O. Annual Progress Report, 8,

' S

(1973), pp. 3-13. -

¢

International Conference on Speech Communications and Pro~-.

u
i

< cessing, Boston, April 1972, pp. 427-430. ' L

-




Rabiner, L.R. "Speech Synthesis by Rule : An Acoustic Domain Approach”,

{1 . .
The Bell System Technical Journal, January 1978, pp. 17-37.

v

Rabiner, L.R. and\Schaater, ia.w., Digital Processdj.ng of Speech Signals,

-~ ‘

\ ' ‘Prentice~Hall, New Jersey, (1978).

il

Rao, P.V.S. and Thosar,R.B. "A Programming System for Studies in Speech
. / -
Synthesis", IEEE 'I‘ransactions.,Vol.‘ ASSP-22, No. 3, June

1974, pp. 217-225.

Sapozhkov, M.A. "Improving the QuaJ:ity of Synthesized Speech", Soviet ,

Physics - .Acoustics, Vol. 17, No. 4, April-June 1972,

"
-

pp. 510-5130

. Stevens, K.N. lle, M., "Remarks on Analysis by°Synthesis and Dis-
tincti Features”; .In W. Wathen-Dunn (Eﬁifor) , Models for

the Perception of Speech and Visual Form, Cambrifige, Massa-

7

‘

- . chusetts; M.I.T, Press, 1967, pp. 88-102.

Umenda, N. "Vowel Duration in Polysyllabic Words in American English®,

\ , Journal of the Acoustical Society of America, 1972, pp. 52-133r

warmuth, D.B., Mundie, J.R. and Vaughn, G.L. "Voice Communication by Speech

Synthesis”, National Aérospace and-Electronics Conference Re-
. N
coxd, 1976, pp. 933-937, ‘,

o

Wiggins, R. and Brantingham, L. "'n‘nree-Chip System Synthesizes Hum&n :

’Spéech", Electronics, Vol. 51, No. 18, August 1978, pp. 109-116.

K3

»

ot
P 2

e

ey
R

- 2

T
o

g




. - - - -
e
R - .
. ' . '
« r~ . 5 - \\\l 04 ¢
) o hd - T : N )
-4 -
Xw. \ - -
m« ’ 4- ¢
! - .
H -
i . R . - -
% s
\ .
. .
bd ® "
) '
- T . ¥
R . .
. . o . <
v - - « N
* < -
- N
) - ! - ’ M .
- ' . f
N . \ - : .
- . N \ !
.D - hd
B .
b - m IS -
, .
- * .
A T . ’ b 9 .
. w0 -
B - N - . .
- I e
. M .
. . N .
R W L4 .
84 : ) . : . )
S B8 < . . .
\ T Q
{ N -
-~ Y - «
\ - . - v
; o N . -
- - ' o *
- - 4
> x =
) o . 1 = .
N - . AN ’
. ’ t ) - . . - -,
/ . — . . . . , t s K v e
/ , / - e b. 3
‘\ . . N s A
. \ / . " - U
- 4 . S——— e T .
- N . - B e i - . - - - T Tl
. ~ 5 .
. “ / M = . = ' - -7
N . t - B . LT - .o .
R o P - . . B N
- LY - by . - - A
- et " : ,
' - - - — - - “ o L]
- = . TN a - )
f - - ~ . - . ;
- . ~ - + - -
R . : ' . . R RS
. , - @ i F P
i .‘ 1 -
- ~ B
- . . : ~
. > - - \ - -
C - ~E ¢ .
; >
- R . \ - -
/) . . ‘




allil . . - . R o T T I R AN R D L S Y P e
= \ - o

- N 5 s e ai - . o imas oo .
. 5 o i

Y

-~
» .
- ) o
“ f " . i n
| ' 3 s : - !
o ‘ < . : \ - ¢
2 i R i . - , )

~ - -
_ . S ) ‘ # T°T 3Sv31de *¥3TBRISSY S3uUaD COBSA YION0.Om

) . ; X -~ ONI YIONOLOW AB il LHOINAIED
. N a = .uzh *QuS VIOHOLOW 40 ALH3ulid 3HL, SI WYSBOW e
- - . . ra
’ E . - . . R - _ _ m
- . o - - ) - - . |l\ -
g
- o 8, - i h )
. Qibil&l’lﬁi&il*’i'i#iliiﬁ’.Gi*&_#ﬂﬁdh##d'.Qﬁdéiﬁliifddiiiiﬁi *EREE EERNPERE ORI ERS -
) {o2*o0z) #)33dS 000€E NYSEON HILWI
v ) AY
s ) o T N

. : § . ' - v -
» A - - 2, .

~ * - -
! ' i N N ot
. . N b .. A o

. . -
. + N 4
~ ~ e - - - R . N ~e
il - a- - ~ ! - . - —_— .




L
Fidw

¢

McGitl Lnivencity Gomputing Dedfpe’

“w M VO O

R sty "
o = e .
g&ii\.i;.? (.ﬂi*:?“l‘ \{J 5o RSN

-~ ™ \xh -
. - ‘ ! - = Yoo
R 5
\ + '
AS - - \
r
f
MOTOROLA M6MSAM CROSS-ASSMBLER PAGE 1 - s
. NAM SPEEC .
* A GENERAL pnocnm FOR SPEE(.',,H SYNTHES1S .
s BY SULE FOR THE MCAS0 ) .
& PPNGRAW RY JOMN P PINNELL ' . ° ’
- NOV 31978 -
% ~== COMMAND SUMMARY FOF VERSION €T-1.73 . . o
. bl
. .
& YONTOL Ov BACK SPACEZCURSOR LEFT.DFLETE LAST CHAR .
* . .
b REPEAT LAST STRING ) i
+ \
* ver END OF LINEJ.GENERATES CR/LF . t
}
s v PUNCH A TADPE .OF LAST STRING . . ;‘
Ll - - ee- -
s vZRe END OF STRING . :
* > - ‘
* v
4 *aeCIR> INITIATE WHISPERING ! <
. .. .
\\ 4 PSYLCR> | INITIATE VAICING (BEFAULT) . - L
. * . ‘
T.°CICCR>  INITIATE PRINT CPTION . oo - 3 I
% *XVCCR>  INITIATE SYNTHES!S (DEFAULT) - . “ |
‘ v
£91ESCICCR> RETUSN TO MCENITOR (MIKBUG) (
* i \ K4
¢ *e0<CR> CLEARS SYNTHESIZEFS PARAMETERS 4 . ;
[ 3 * -
% $/VLCR>  CAUSES THE FUNDAMENTAL FREQUENCY TO INCR o {
* 1 —
& v YKCR>  CAUSES THE FUNDAMENTAL FREOQUENCY TO DECR . !
* i .
* v 12Ca> SETS US A TIME DSLAY BETWEEN wORDS
- ;e N
H - ‘ 3 o !
& NOTES3
* . :
: ggg:} & CCR> INDICATES A CARRIAGE RETURN ] ;
L - ot
‘ gg:gg ¢ ALL CCMMANDIS SHOWN FOLLOWED- By A <CR> MAY BE USED ;
4 ¥ .

' o004~ * IN THE STEING AND EXECUTED AS SYNTHES IS PROGRESSES ' : !
00048 . * . :
ggg;g * UPFERP CASE CHARACTERS ARE UNSTRESSED . .

-~

! 00051 ¢ LDWFRZASE CHARACTERS ARE STRESSED \\ - !

i 00052 . - - ,
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PAGE 2

000D CRG 30000 R
E1AC INEEE  EQU SEIAC | (MIKBUG INPYY ROUTINE)
E1D} QUTEEF c<qu [388:]] {MIXRUG OUTPUT ROUTINE)
EO7E enATAY Eou $EQIE {MIK3UG PFINT STRING} ;
€000 STARY EQU $£000 (START OF MIKPUG )} .
EOCA aurZHs Fou $EFOCA (MIKBUG PRINT HEX VALUE+SPACE
0500 ayFFER E£GU 29500 START OF INPUT BUFFER .
v 1000 TaqLE QU $1000 SYART OF DATA TABLE
0003 24091 T il 1 OVERALL PHONEME ' T IMING : -
i 0003 0001 T2 L] 1 ONSET TIME €} F2 F3 FF
) 9002 0001 T3 el d:] 1 7 YRANSITION TIME Rl F2 F3 FF
0053 00012 Ts fug t ONSET TIME AV
o 000a 0001 15 RME v TRANSITION TIME AV
P 000S 0001 16 PuMa t ONSET TIME AH . - >
N = 0007 0DO& 0001 T7 £MB 1 TRANSITION TIME AH n
- == 000BR D00T 0001 T3 RMB 1 ONSET TIME FO .-
[ : 00069 0008 00231 Ta ang 1 e ‘TOANSITION TIME EQ
. e 90070 00 0001 Ti9 R¥B 1 ONSEY TIME AF AN . - .
<2 { 00071 000A 0001 T EpB 1 TRARSITION Time = &\ ,
'y © 30072 000% 0001 | INPL  RMB 1 STORAGE | ST CHaR . .
“#sF 00073 Q03C 000} INP2  RMB 1 SYORAGE 2 ND _CH . -,
E=8 . 0007a 000D 0001 FO £vg 1 FUNDAMENTAL FREO uwcnvu .
2 ‘,-:" i ggoYsS 0ODE 0001 VOICE @M@ 1 wHISPER ING OR VOICED e
=3 00076 000F 0001 HRDCPY PMB 1 LIST SYNTHES1S PARAMETERS v
= 00077 0010 6001 TEMP  RMB8 t ] .
! =R , 00073 0011 0001 CNTR eMe i - . ;
o p | 079 0012 0001 CNTX  AMB8 1
g A 20080 0013 Qdo2 THERE RAMB 2 . -
Y 0081 00GIS 0002 HERE RMB 2
. &2 0017 0002 CENTR RMB 2 - . <
< IR 0019 0002 CENTX aMB 2 ; v .
<% | o0 0013 0002 RZMB  RMP 2
JERE | 0008S 0030 ORG $3030 . “
> 0085 0030 DD STRING FCB $DeSAs0:0+0+3$3E,308 C/RILF> . !
N = B 0031 DA . -
PR 0032 00
N 0033 00 . B \ .
Y = W
= ! oocoer 3333 g: £RROR  FCBH TR TR Ry TE, YRy 'R ’
. T A CetR o’ 'EW 'R 'Ry 20 'R .
~ B 0038 2a . P . .
") ] © 003Q 2A
. ; 003A A4S } "
- R 003B 52 - - )
- i 0032 52 . /
p ! 003D 6F
i 003€ %2 : . |
' poo8s 003F 20 FCa S204 0P P H L IN G INGIE M, ' 20
i 0040 SO - ;
) ! 0041 4B
' 0042 &F - 5
r 5 s .
3
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‘ N 2043 & \
0044 &
o~ - 004S AdD - 5 ‘ .
: 0046 A3 , .
< 08A% 20 . ‘ _ .
00089 DOAN 4E Fes TNe"De?'TeS20+'1s'NS20:°T %44 "BodL.*E
H D049 4F . . \\
- 00AX Sa . - . . B
L 0AD 20 i
004C A9 R ’ ~ :
DOAD ap W i
T 00AE 20 ' .
[ DOAF. Sa - . .
o 3939 31 I ' ..
s 0082 &C ; ,
e | 203% &S .
. 1 ' 00090 0054 , rce SDeSAs0:000,804 . ~
s 0055 0A i ;
= 0058 00 e o
— 008”7 0D . i )
= 0058 00 5 - « -,
0059 04 . ; A
j=2 | 00091 s
= 00092 - .% PROGRAM STARTS AT LOCATION 0100 HEX - i -
fak 00093 * . . .
-Fang - OO0U4A 0310D- : CRG $0100 & *
;.3 0009s *
> o009 & INITIALIZAT]ION ? : -
h-8 . 00097 ‘. ° ’ - “
[F . 000%9 0100 7F DOOE LINKL LR VCICE CLEAR WHISPERING . :
I8 « 0O 5103 7% 000OF - CLR HROCP Y CLEAR PARAMETER L ISTING ;
gf gg:m 0106 ap 29 . 8SR CLF AR GGTO SUBROUTINE CLEAR i
= 00102 . ¥ THIS SECTION INPUTS & LINE FROM THE )
R . 00103 ¢ CONSCLE INTO A RAM BUFFER, PROCESSES
k . 00104 * BACK SPACE FUNCTIGNS, TAPE PREPAPATION, .
—8 . 0010% * CP/LF GENERAT ION, AND PERPMITS THE LAST i
= 00206 * STPING ENTERED TO BE RESYNTHESIZED
- 00107 . .
- 00108 0108 CE 0030 Lo X #STRING X=*STRING®
Lol 00109 010R 8D EQ7E JSR PDATAY PRINT STRING
« 001310 O10% CE 0500 LDX #BUFFER X2 START OF AUFFER o
00111t oxp 8D E1aC LINK2 USSR INEE INPUT A t
. 00112 J1ia A1 0D CMP A #% IF AssCRe -
oD113 0146 27 79 » BEO L INKT THEN LINK? - .
00314 0118 81 OF. CMP 2 A3S0F ~ ELSE IF A2*CNTPL QO°¢ ¢
00115 011A 27 31 PEO LINK3 THEN LINK3
00115 OLIC 81 2nm CMP A 9828 E1SE IF Asves . .
© Q0L1” O11E 27 1A REQ L INKa THEN L INK&
; 00118 0120 St 22 - c¥MBe L #s22 ELSE IF A=ens
¢ 00119 D122 27 76 £EQ L INKS THEMN LINKS ’ :
i - : “
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‘i_. :* . P z = - .
00120 D124 81 A0 :&p A w340 ELSE IF A=sa»
00121 0126 27 38 ' REQ L IMKS THEN LINKS
00122 012% S} OO0 CMP A  ®¥300 ELSE 1F A=snNyL*
00123 G124 27 ES , | BEa L INK2 THEN L INK2
00124 012C AZ? 00 \ STA A DX ELSE STORE A & X
00425 d12€ 08 1N i X=X 44 .
an:gg 012F ‘20 EO ? BRA LINK2 GOTC LINK2®
e} ‘& - - -
§gi§s . % SUBRIUTINE CLEARS OLD DATA TARLCE (INITIAL IZATION) —
. 12% . » : - .
00130 0131 8¢ 80 CLEAR LDA & #3930 A=128
131 0133 @7 1FF2 STA & S$1FF2 STORE FOR F1
09132 0136 B? IFF3 <TA A 1FF3 STNRE FDOR F2
00133 5139 B? IFFa i STA A SLFF4 STCRE FOR F3 .
00134 glsc 87 IFF? STA-A SIFF” SYARE FOR FF
GO138 DI3F &F CLF A  A=D
00136 0140 87 IFFO STA & £1FFO STNRE EOR AV
00137 0143 B 1FFS STA A SIFFS STYORE FDR AH .
T Q013 QiA& aY IFFs STA A SIFFS STORE FOR AF
00339 0ias B? IFFa STA A SIFFa STYORE FOR AN
R goggo OIAC 39 rrYs RETURN FROM SUBROUTINE ~ .
. 001ay ' - . :
| QOE42 014D 8C 0500 LINK3 CPX #BUFFER IF X=START GF BUFFER o
L 00143 0150 BF BEO ™~ LINK2 " THEN LINR2 ~~° - ) - T
{ Q00jas 0132 Q9 DEX ELSE X=X=1
00148 0153 86 08 LOA A #3083 Az RS .
0014& 0155 BD EID} JSR OUTEEE  PRINT A . i
: ggt:; o158 20 87 8RA LINK2 GATO LINK - |
* = -
. 00149 DISA CE 0030 LINK& 1LDX YSTRING X=tSTRING® . P
: 001580 0130 8D EQ7E JSR IOATAY PRINT STRING
00151 01680 20 AF BRA LINK2 GaTC LINK2 . o !
03152 . s . . - ;
" 00183 - « ,
001%A 9162 8C 0509 LINKS CPX #» BUFFER IF X=START OF BUFFER +
© DO1SS 0165 27 D4 BED LINKS THEN L INKG i
00158 0167 86 04 LDA A  #304 aasECQT
00157 0169 A7 00 - STA A QX STORE A @ X ‘
a31%% 0168 12 LINKG LDA A #3512 A='pC2e
00189 016D ®D E1D1 . JS®R - OUTEEE PRINT 4
00160 0170 8D 10 356 NULL ORI NT 2S5 NULLS
X 16 0172 CE 0500 Lok #3UFFER X=START OF BUFFEP
001€2 01?5 9D EO7E JSR PRATAL PRINT STRING .
' 00163 0178 8D 08 as5Rr NULL POINT 25 NULLS
0Q1é4 0174 86 13 LDA A #3%) A='DE3Y -
' o016S O17C BD E1D1 Jsa CUTEEE PRINT A )
: gg::g 9L7F 7E, 0100 &lera IMp Uinkl GOTOD LINK] i
" po16s * SUBROUTINE PRINTS 25 NALS
0016% .
. 00170 Q182 Cé6 1A NUL L LDA B #B1A P=25 -
, 00178 o184 SA. NULL! DEC 8 a8=p~1
1 - -
} L. ! N w
i \ | i
T R T I el T v =
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LINKI O STX
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PAGE 5
#3000 IF 8=0
NULOUTY THEN NULOUT
£300 ELSE A='NUL!?
GUTEEE PRINT A 4
NULLE GOTC NULLLE
RETURN FRCM SUBFOUTINE
I3 .
¥304 A=®EQT?
DeX - ST~RE A @ X
EESOA™ A=eLES T
OUTEEE BRINY A
¢BUFFEF x=START OF BUFFEP
OeX LDOAD A & X
¥$2F IF A=t/
LINK1I3  THEAN LCINK2Y3
¥35C ELSE IF A=zt o
LINKL1S THEN L INK1a
HS2A ELSE . IF Azt &?
« LINK1O THEN LINXKIO
%23 ELSE IF aztw¥s
L INKLS THEN L INK L€
524 ELSE IF A=sS?®
L INKL? THEN LINK17
526 ELSE IF Az'¢?
LINK] B THEN LINK1S
*$25 ELSE IF aA=%X* °
LINKIO THEN LINK1D
18 , LSE IF A=’ESC?
LINKLS THEN LINKLS
#30a ELSE IF A=tEQT®
LINKGA THEN LINK]
INPY INPt=A
x=zxel
Osx LOAD A @ X
UNP2 INP2=A
s =X ¢ 1
THERE THERE=X N ;
- LOOP GCTC LCOP .
oLD DATA
HEFE HWERE =% |
¥$1FF0  “%X=START OF NLD'DATA
orX STO2RE 0 » X ‘
x=x &l .
#32000 1F x= END OF OLD DATA
LInklg THEN LINKILY
LIMPLO FL3E LIMD]O
HESE X=HERE
X=x41
LIMNKS GTTC L INKD

B I T TR
HALE, QT Sl
iy X! I N 5‘_’{?@_@}3:%). Eiag
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t CAUSES FO TO BE 1NCREASED

01E4 96 00
Ol1E6 88 08
Q1E8 97 QD
O1EA 20-FS

01EC 96 0D
OLEE 80 05 P

*
t FETURN TO MIKPUG SAVING STARTING ADDRESS

DD
STA
BRA

L!NKIB LDA A FQO

A #3055
A FO
LINKLZ2™

LIVKIA LDA A FO

UB A 2805

91F0 97 0D - STA
0LlF2 20 ED BRA
OL\F4 CE 0100 LINKIS LDX
OLIF7 FF AOQ&
OiFA 7E EODO JMP
*
. INITIATE
OIFD 7¢ odof LINKIO XNC
0200, 20 DF . 8R
- O !NITXATE
D202 7F OO0OE LlMKI? CLH
0205 20 DA - BR

O’IN!TIATE
*=

0207 7C 00O0F LINKIS

A
LINK]2

WHISPER ING

~  WOICE
LINK12

VOICING

VOICE
LINK] 2

A=F° :

A=A+S

FOo=A

X=X+l & GOTO LINKI

t CAUSFS FO 7O BE DECREASED -

e

A%FO

AxA-S

FO=A

X=X+1 & GOTﬂL!NKg

X=L INK]

STORE X AS P.C: ON STACK
GOTO START OF MIKBUG

.

VYOI CE=VYCICE+1 _
x=X¢#1 €& GOTO LINKS

° . -

VOLCEE0 ™ oo

X'XOI € GDTO LINKS

PARAMETE SR DUMP

vel

i
L

INC  MRDCPY HRO CPY =HRDCRY #1
0204 20 DS ' BRA _LINKL2 =X#1 & GOTO LINK9
*
& INITIATE NORMAL SYNTHESIS
- - >
023C 7F 000F LINKIG CLR HRDCPY ™ HBRDCPY=O
020F 20 DO 8RA L INKL2 X=X+l € GOTC LINK9
~ a
. * - N
¥ € START OF SYNTHESIS PROGRAM -
‘ o
021t CE 1000 LooP © LDX #TKBLE SET X TO TOP OF TAaBLE
0214 A6 00 LOoPL LDA A DuX LOAD FIRST CHAR
0214 81 24A CVMP A  ®#32A IF A=t x
0218 27 09 . BEQ FOT THEN GOTO EOT
021aA 91 o8 CMP A INPL ELSE IF A=1INP1
0o21C 27 17 . BEQ LODP3 THEN LOOP3
O021E 08 LcoPrPZ TNX X=X &1
021F 8D 0B BSR 1INX - xSx+21
\ -
Ty o - T XASaLT] -~ N Vﬁ"‘-".%":.MLGW.. Ll
Y

Ly




00276 9221 zc}
00277, 0223 CE
00278 0226 BD.
03279 0229 7E
00280 . -,
qu2el

00282

00283 022C P&
00284 022% 08
0028% 022F AA

09288 0238 39
00209

00290

03291 (235 A6
00292 0237 91
00293 0239 26
Q0294 0238 DF

00302 0246 02
00303 0247 DF
00308 0249 DE
00305 0248 A7
00306 024D 08

00307 024E DF

00308 02350 8C
00309 0253 27
003!0 0285 20

s i
00312 ‘o257 cE

00313 .025A OF
00318 025C DE
00315 025E A6
00316 0260 08
60317 D261 OF
00318 0263 OE
060319 0265 A?
00320 0267 08
00321 026& DF
00322 026A 8C
00323 026D 27

00328 0256F 20
00325
00325
009327
Y
L A ,*é:‘.“ i

= s r
; - . &‘

. ) / ) .

can X R ’ .
. cx “; A 4 I * ’

. o )

MOTOPOLA M6BSAM CROSS-ASSMBLER ' PAGE 7
Fi BRA LGOP) GOTO LOGP)
0037 EOT LDX $ERPRQR XzERROR
EOQ7E JSR PDATAL PRINT ERROR
0321 4 JMp ENTA © X=THERE £ GOTO L INKS

N— a SURROUTINE FINX X=X#21 Bz8 AzD

AS IINX LDA A '315 A=21
AGAIN TNX X=X +1
) DEC A: AzA-1
00 cMP A #300 IF As0
FA BNE AGAIN -~ THEN AGAIN
. r ]RTS , SETURN FROM SUBF CUTINE
*
‘ -
01 LOOP3 LDA A 1.X _ LOAD SECOND CHAR
oc . CHMP A~ INP2 1F_AWINP2 |
€3 BNE LoOP2 THEN L 0O0P2
L7 STX CENTR ELSE X=TOP OF SELECTED SECTIO

'DATA TRANSFER

"lreo LOX #1FEO X=START OF NEW DATA

19 STX CENTX ;& CENTX=X
17 LDOP& DX CENTR % X=CENTR
oz A A 24X LOAD DATA ® Xx#2

INX - X=Xt}
17 ) STX CENTR CENTR=X
19 LDX CENTX X=CENTX
00 STA A O,X STORE A ® X

- 1M . X=X+1
19 .- STX CENTX JLCENTX=X -
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APPENDIX B
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150 C1 00 CMPB #$00 IF Bs0 -
150c 27 02 EEQ THIS  THEN GOTO THIS
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