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ABSTRACT.

Three time-varying functions, whichvcén be extracted
directly from the raw speech waveform, are of importance in
thé field of éutomatic gspeech recognition. These.functions
are the zero-crossing rate, the turnaround (local maximum
or minimum) rate and the amplitude of the speech wave
envelope. The aim éf the work described here was to assess
the feasibility of using these three variables to disting-
uish between the various consonant phonemes in English
speech.

The investigation was confined to consonants spoken
in isolated consonant-vowel syllables, with the consonant
in the initial position. All the consonant phonems which
occur in the initialvpésition in English were spoken with
each of ten vowel phonemes by four male speakers;

The three functions mentioned above were extracted
from the speech wave by computer.rbutines.and diaplayéd
gimultaneously using an on—iine C.R.T.‘display.' On these
traces, the consonant part of the syllable could be
readily distinguished by eye from that of the vowel, and
the consonant was normally represented by a single peak
on each tréde. ‘Further computer routiﬁGS'wére eVolVed to
identify these consonant peaké and extract‘récognitibn
parameters describing the form of the peaks. Mistakes

made by these programmes could be corrected manually from
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Observation of the diSplay.

An attempt wes then made to identify the consonant
phoneme, using the values of the recognition parameters.
The recognition algorithms took thé form of oodified binary
threshold decision trees, and the task of designing these
algorithms to fit new data was mostly automated,

Separate algorithms were constructed to recognise the
utterances of each of the four speakers, For'the apprOpriato
speakers, the performances of these algorithms were very
similar, about 65% of the utteronces being classified
correctly, with a further 25% of 'poséibly' or tentatively
correct identifications. The algorithms were, however,
greatly speaker dependant, and performance fell off sharply
when the speaker was changed. ”

Tho*?erformance of the algorithms was independant of
the vowel sﬁoken after the consonant sound. TFor each
speaker, >atiofactory means were found to identify most of
the consonant phonemes except the semi~vowe1 and naqal
sounds. .

Many similarities could be seén between the four
recognition algorithms, and‘ifAWés concluded that the
speaker dependance might be}redUCediby the use of a Aiffer-
ent type of recognition algorithm coupled with normalis-

ation of the recognition parameters,
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INTRODUCTION,

Interest in speech research covers a wide range of
disciplines and is by no means a recent development,
Linguists have long been concerned with speech research as a
means of discovering the underlying structure of a given
‘language. Physiologists and Psychologists have investigated
the speech communication process as a means of obtaining a
better'understanding of the working of the human nervous
system. In the field of medicine, the aim has been to detect
and correct speech defects, Likewise, Communication Engineers
ere concerned with improving the efficlency of speech
information transfer and with bandwidth-reduction technliques,

The present study is largely concerned with automatic
speech recognition (A.S.R.). Work in A.S.R. has been
stimulated by the growing need for efficient manrmachine
comunication « The development of a practical
speech input (and output) device to a computer would be a
great advance in this field. Speech recognition is one of the
most complex pattern recognition tasks performed by a human
being, and the human Speech recognition apparatus is amnzingly
efficient and flexible, being able to function in ‘the most
adverse conditions. Since the wovk to Dbe described is .
concerned with the question of what useful basic parameters

can be extracted,from speech sounds for A.S.R,, it is hoped
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that the results will be uéeful in understanding the humen

speech recognition process.
Before proceeding to outline the many problems found in
the area of A,S.R., 1t is necessary to review the speech

production process and the terminology of speech research,

I. 1. The Production of Speech,

The process of human speech production is described in

great detail by Flanagan (21). Figure I.1. is a Schematic

disgram of the imﬁortant speech organs (the Vocal Tract),
The gradual‘oﬁtflow of breath~necéssary for the production
of speech is created by contréction of’the chest muscles,
This air flow 1s modulated by pulsed ebdominal contractions
at the syllsbic rate of speech, | |
The breath stream is modified by the action of the

vocel cords (plottis), which consist of two lips of ligament

and muscle. The voecal cords can be relaxed to allow the
passage of air, br’tightly stretched 80 as tb ciose the
vocal tract, s ‘4c (f’ '.MT1H'” A |

The modified stréam of bréath emefging'from‘theeregion of

the glottis passes through the voéél‘cévities and can be

modulated in a great variety of ways to produce speech sounds.
The nature of this modulation is determined by the shapes of

the vocal cavities which in turn are dependent upon the
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Pig. I.1 Schematic Diagranm of the'
Vocal Tract. ’ |

(Adapted from Potter, Kopp & Green,)
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positions of the speech articulators, These articulators are

the lips, teceth, Jjaw, tongue and velum, Like the vocal cords,

the 1lips can be used to close or partially close the

oral cavity. The position of the velum similarly determines

whether the nﬁeel cavity is open or closed.

The sound pressure wave emerging from the glottis and

entering the vocal cavities is termed the excitation; two
distinct types of excitation are of importance in speech.
Voiced sounds are excited by the vibrating action of the
vocal cords, The vocal cords can he made to vibrate by a
combination of glottal tension and the Bernoulli fofce caused
by the passage of air, allowing short bursts of air to enter
the vocal tract., The frequency of these glottal pulses is

governed by the subglottal pressure and the glottal tension

and is termed the fundamental frequency. The fundamental
frequency determines the pitch of the sound. “

The action of the glottal pulses sets the ancoustic system
sbove the vocal cords vibrating at its natural frequencies.
The frequencies and amplitudes of these vocal tract resonancés
are governed by the shepe of the cavities and are extremely
important for the discrimination of voicedisounds; E

In unvoiced (or voiceless) sounds, the vocal cords are

relaxed and partially open. The sound pressure wave emerging

from the glottis is noiselike and strong vocal tract resonances
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do not occur, though the sound is still greatly influenced by

the shape of the cavities,

I, 2. Sounds of Speech,

The articulators are capable of moving rapidly and to some
extent independently to change the character of the sound
produced.ﬂ Only smell changes in the vocal organs are necessary
to produce a perceptual difference in the sound to a human
listener., Of the vast number of possible articulations, only
a restricted subset have meaning in any one language, These
sounds are perceived by the listener as the mutually exclusive
signals of the speaker's language, and are classified‘by
linguists ihto categories called phonemes. The phoneme is
defined as'the smallest linguistic‘unit wh;ch can cause a change
of meaning in & given language (7 ). The many distinguishable
versions of a single phoneme are called Allophones.

Phonemes are hot’dohfined to'static“afrahgémen£s of the
vocal tract,'and a single‘phoneme utterahce'éften c0rresponda
to a sequence of articulatory events, A phoneme,set can be
‘defined for any language. A l1ist of the English phonemes of
importance in'thisystudylis givgn’in figure 1.1, In English,

the phonemes can be'diVided into the f011owing classesi
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I, 2,1, Vowels and Vowel-like Sounds,

Vowel sounds are produced when the vocal tract is unobstruc-

ted. In normal vowel articulation, the excitation is purely
voiced, the entrance to the nasal cavity is closed by the
velum, and the remaining articulators are held more or less

-stationary. Vowels are continuant sounds (i,e. they may be

susteined at will). Dipthongs are produced by moving the
articulators continuously from one vowel position to another
within the same syllable. Gliaes (/3i/, /x/s /X/y /5/s /0/
and /n/) are made in a similar manner by moving the articulators
smoothly from some initial positiop to the position for the

. following sound, the excitation being voiced throughout.
Nasals (/m/; /n/‘and Al/) are produced by opening and closing
the nasal tract by means of the'velum and simultaneously
closing the oral tract, again with voiced excitation. Since
the preriod of timelin which the nasal tract is open can be
varied at will, nasals, like vowels, are continuant sounds,

In English, the nasal port is normally closed except for

these sounds,

L 2.2, Tricatives (/n/,/t/./v/2/8/2/3/s/5/sL2/s/5/ era [[/).

In a fricative'sound, a turbulent flow of air is created ‘
by means of one or more constrictions at some roint ‘in the

vocal tréct. The excltation may be voiced or unvoiced for




‘different phonemes, FPFricatives are continuant sounds.

I. 2.3, Stops. (/p/s/b/a/4/s/3/2/x/ end Je/).

To produce a stop sound, a closure is formed at some
point in the vocal tract, causing a short period of silence
while voiced or voiceless breath pressure is built up behind
this point. The vocal tract closure is then suddenly released,

causing a short, sharp explosion of breath,

T. 2.4, Affricatives, (/tJ[‘/ and-/d:s).

Affricatives are a combination of Stops aﬁd Fricatives,
in which the stop sound is exploded quiqkly while the
articulators move 1nto the fricative position, The excitation

again may be voiced or voiceless.

The production of the individual phonemes is discussed
more fully in Section 1. 4. ~Pitch infléctions‘(in 6hinese)
and vocal elicks (South African Hottentot) are: exomples of

speech sounds which are phonemic in lqnguages other than Lngli%h.

I. 3.  The Frequenéy Spectrﬂm of Speech, -

The moot widely used tool 1n speech reuearch io the rhortu

‘time energy spectrum. This may be approximated by the outputs
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of a filter bank, and is norﬁﬁlly displayed visually by means
of a Sonagraph ( or Sound Spectrograph)., The record of the
spectrum of a speech sound produced by a sonagraph is called
a Sonagram (Spectrogram). In this, time and frequency are
plotted on linear scales horizontally and vertically
respectively, and the darkness of the trace at any point is
proportional to the amount of energy present at the
corresponding time and frequency,

A classical study of the sonagrams of speech sounds was
performed by Potter, Kopp and Green(44).The sonagrams of vowels
and vowel-like sounds are characterised by several dark.bars
of energy corresponding to the natural resonances of the vocal
tract, These energy bands are called formants, The formants
are given numerical subscripts from low to high frequency, so
that the fundamental frequengy is termedf{;,(F.noughﬁ) the
first formant Fl and;so_on. | |

Formants can also be observed in the sonagrems of the other

voiced sounds, but the formant structure“is genera1ly less
clearly defined than‘for vowels., The sonagrams 6f unvoiced
sounds are_characterised by the presence ofva broad, dark o
region of energy (called a "fill" by Potter, Kopp and Green)

due to the noiselike quality ofvthg;sound, Sonagramsapfbvarious
consonant and vovel phongmes in isoclated consonant-vowel

syllables are shown in figures 1.4, 1.5, 1.6 and 1.7.



1.4, Problems in Automatic Sveech Recognition,

No géneral revue of the literature on Automatic Speech
Recognition will be given here; the reader:is referred to the
recent survey by Hyde (28). Flanagan's book(21) covers the
whole range of speech research,

Despite considerable effort in the last twenty years,
progress in the field of A.SQR. has been extremeiy slow,

The difficulty of‘the speech reCOgnitidn task can be seen in
the extremely large number dfpermissible vafiations for each
single phoneme, The acoustic repreéénﬁation of a phoneme varies
considerably with the talker, speed of utterance, the adjacent
phonemes and so on, Quite different sounds, for example, due
to dialect differences, may occur for the same phoneme,

The speech waveform is extremely redundant; 4t has been
estimated that a saving of 1,000 ¢ 1 in channel capacity would
be goined by transmitting the phoneme string instead:of the
original spoken message, Human beings are able to exploit the
redundancy in the speech wave by the use of a’hierarchically
organised recognition system which functiom on many}levels.
vThis information about physical and linguistic constraints,"

knowledge of the vocal characteristics of the speaker,
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‘the content of the message and many more perceptual clues are
utilised to overcome the inherent ambiguities of speech sounds,
The construction of'a system with this sort of capability is
at present beyond the limits of scientific knowledge, and it
is likely that the development of a general purpose A.S.R.
device will have to wait until the human perceptual processes
are better understood.-

FPor these reasons, only partial solutions to the speech
recognition problem have been sought, and generally only
limited success has been achieved, Four factors which are
involved in the development of all A.S.R. systems are of

interest here, These factors ere by no means independent of

each other,

I, 4,1, Choice of the Recognitions Task,

In many A.S.R. épplications, it is possible to restrict
the number of allowed articulations to a small subset of the
whole range of speech sounds, The use of iﬁolated wofds
gfeatly’siﬁblifieathe difficult problem of the temporal
segmentationwa the speéch signal, and such'word recqgnisers
have many practical applications. Further féduétioh‘td the
level of syllables or phonemes spoken‘iﬁ‘isolation‘is very
useful for thé'evaluation'of recégnition'techniQues,,though

it is rarely possible to extend the work directly to connected



10,

speech, since phoneme or syllable representations dften differ
greétly between the isolated and connected situations.

The recognition problem can also be simplified by restriction

of the vocabulary, for instance to the ten digits or to a

small set of command words. In the very simple case of isolated
digit recognition, a marketable device has Tteen designed( 38)

and is being evaluated for sutomatic parcel sorting. In some
instances, the vocabulary can be reduced by eliminating certain
phonemes which are difficult to recognise, Reétriction to a
single speaker enables substantial improvement in the recognition
scores, but it is largely ihvalid to generalise from such results
since speaker differences are so great, One application where
the single—speéker approach is valid is the‘astronant

manoevering unit reported by Herscher et al (26),

I. 4.2, Choice of the Recognition unit,

Recognition at the phoneme level is the most obvious
approach, and some degree of phoneme recognitidn is essential
in a general A.S.R. device. However, since the phoneme is a
unit of peréei#ed quality, it may not always be possible to
segment the speech sighal directly into phoneme units,

The human listener undoubtedly makes use of recognition‘at the
level of.syllableé, words and higher linguistic unlts, and all

these units must be utilised by a general purpose speech
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recogniser, Recognition schemes to achieve this héve recently
been proposed by Fant (19) and Zagoruikol (57). In some
restricted applications, such as digit recognition, syllable
or word patterns may suffice without recourse to phoneme

recognition,

I, 4,3, Choice of the Recognition Parameters,

'By far the most popular transform of the speech wave used
in A,S.R., is the frequency spectrum, There is abundant
evidence that frequency information is used in the human
recognition process, but it is unlikely that anything closely
corresponding to the sonagram is extracted (4 ).

The recognition of isolated vowel sounds by means of formant
frequencies and amplitudes is relatively simple (22,25),

but the many ambiguities seen in the sonagrams of connected
speech limit the success of the spectral approach, Thus vowel
phonemes are characterised by areas in an_FL—FZ spgce,‘but
these areas overlap, and their boundaries are dependentﬂbn
speaker, context, etc. (3,8 ,20). k -
Martin et al (38) have shown that formant slopes, and the ‘
regions of increasing and decreasing energy, are 1h some‘
respects more useful.than the formant values thgmselveS,

The present work‘is largely}concerned withvfhe develbpment of

other parameters to supplement spectral information.,
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I, 4,4. Desipgn of the Recognition Algorithms,

Improvement in the design of speech recognition algorithms
is closely linked to progress in the fields of pattern
recognition and artificial intelligence. Template matching
techniques, in which the incoming pattern is compared with 2
set of stored patterns to find the best match, have been widely
used, This method haé the advantage of beilng relatively simple
to implement, and the ease with which the stored patterns can
be changed means that the system can be adapted easily to cope
with changes in language, speaker, recognition unit, etec..
However, 1t is often necessary to distinguish between patterns
which are largely similar but differ in some important detail.
The presence of prominent but irrelevant data can easily
mislead the recogniser, which will respond to the stored
pattern with the greatest overall correlation,

Another method involves the extraction of Distinctive
Features which are known to be characteristic'df the speech
sound elements, This approach was first suggested by Fant(18),
who segmented the various phonemes by a set of binary ‘
oppositions such as voiced/unvoiced, nasal/oral, tense/lax,etc..
With a scheme of this type, it is possible to exclude irrelevant
data, but the featufe extractors are far from easy to construct,
and the system is much less flexiﬁle than a template matching

approach, It i1s likely that the best épproach would involve
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a compromise between pattern matching and feature extraction,
Self-adaptive (learning) techniques have been used in

A,S.,R, systems with some success, "Adaline" networks

(adaptive threshold elements) for which training theorems have

been evolved (41) have been used in’self—adaptive A.S.R. devices

by Talbert et al (52) and Dammah (12).’ At present, however,

learning systems cannot be exploited fully since the basic

principles of recognition are nbt fully understood,

The work reported here is concerned with evaluating the
usefulness of some parameters which can be extracted directly
from the speech waveform in the time domain., The study of the
speech waveform was urged by Dudley (15) and Chang (11), who
pointed out that much useful information can be extracted from
the speech waveform without recourse to extensive flltering
systems, Reddy (46 ) has devised a phoneme. recogniser for use
with connected»speegh, in which‘spectral information is used
only in the later stages., His results (81% correct phoneme
recognition for a single speaker).compareﬁfavourably w;th
those of other workers. The temporal characteristics of

interest here are time interval and envelope,measurements.
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1.5 Time Intervals.

Two important time interval (T.I.) measurements can be
made directly from the raw speech waveform. The central frace
of figure I.2 is a drawing of a portion of the waveform for
a typical vowel sovwnd (/3/). The variations in air pressure
are plotted against time, and the segment comprises about
1% glottal periods, a duration of 10- 15ms. The vowel wave-
form is of a quasi-stationary nature, and 'repeats' after each
glottal period. Within a single peniod, the waveform is dom-
inated by Fl, and 2 and the higher formsnts appear as a
fairly irreguler ripple. This type of waveform occurs only
when the formants are widely spaced in amplitude and freq-
uency. |

T.I. measurements are based on the identifiéation of

the zero erossing and turnaround points of the Speeoh wave-

form. Zero crossings may be defined asg the points in time
where the speech wave crosses the zero axis of air pressure,
while turnaxounds sre the local maxima and minima of the
speech wave, Since turnarounds occur at points of zero slope,
the turnaround points correspond to the zero crossings of the
differentiated speech wave. |

Infinately clipped speech (ueually ehortened to clipped
Speech) is made by constructing a square wave which channes

polarity at the zero crossing points of the original speech

wave, Differentiated and clipped speech is constructed in a
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similar manner from the turnaround points (see figure I.2).
Both forms of clipped speech thus discard all the amplitude
information contained in the original speech waveform, |
Interest in T.I.'s originally stemmed from experiments on the
ﬁerception of clipped speech. This work is reviewed in the

following section.

I.6 Perception of Clipped Speech.

Clipped speech was the most severe type of amplitude
distortion investigated by Licklider (34). Rllowing this
work, the classical study on the perception of clipped speech
was conducted by Licklider and Pollack (35). Three basic
circuits- an integrator, a differentiator and an infinate
clipper- were linked to process speech in various ways.

The major finding from these eXperiments wa.s that the
intelligibility of clipped speech &as only slightlyyless
than that of normal speech, although the clipped speéch was
harsh and unnatural in quality. Differentiation of the ,
speech wave prior to clipping gave slightly better intellig-
1bility scorés than clipping alone, while;integratioh prior
to clipping reduced the intelligibility drastiéally. ,The
intelligibility of all forms of;ciipped spsech was not
greatly effected by further integrétion or differentiation ,
after the clipping process. | | |

The work of Licklider and Pollack was extended by
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Ainsworth (1) to take account of the polarity of the zero
cfossingsn(+ve. to -va or -ve to +ve.). Ainsworth found
that the intelligibility of clipped speech was improved if
the distinction between +ve. and -ve. going Zero crossings
was maintained, though the shape of the pulses signaling the
occurence of zero crossings was relatively unimportant. The
data for this experiment consisted of phonetically balanced
(P.B.) words (16), and Ainsorth was able to show that while
the intelligibility scores for individual phonemes did not
differ greatly, the vowel-like sounds were less 6ften confused
fhan the fricatives.

Further work by Licklider (36) dealt with the effect of
quantising the T.I.!3 between zZero crossings., A recduction
from 20,000 to 10,000 gquanta per second produced a drop from
96% to 91% in the articulation scores, which decreased rapid-
ly on further reduction of the number of quanta.

Tanaka and Okamoto (53) also investigated some forms of
T.I. distortion. In en attempt to combat noise, these work-
ers used a 'slice level' about which to ¢lip, rather than
zero. Syllable articulation fell from 90% for a elice level
at -50db. below the speech level to 75% at -30db and 454 at
-20db. Vhen the negative-going edge of a differentiated and
clipped speech waveform was allowed to vary randomly in time

subject to various maximum delays, syllable articulation

with a slice level at -40db fell from 98% for a %ﬂs delay
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to 84% for 10ms. and 55% for 100ns.
This perception work showed that the amplitude information

in a speech wave may be discarded completely without serioug-
ly impairing its intelligibility, provided that the zero
croasing or turnaround sequence is cohveyed fairly accurately.
This fact is s remarkable tribute to the flexibility of the
human speech analysis system, end illustrates the extreme
redundancy of the speech wave. In connected speech, the
clipping process preserves the_basi¢‘tempora1 sequence of
evehts in the original wave, and hence any perceptual clues
present in this ordering. The identification of isolated
clipped vowels ig much more difficult than that of conncected

clipped speech. (1,55).
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These experimcnts on the perception of clipped speech have

led to much work on the analysis of T.I. information, and to
attempts to use T.I.'s in A.S.R. This literature is reviewed

in the following sections.

I. 7. The Relatioﬁship between T.1,'s and The Frequency Spectrum,

The surprisingly high inteiligibility of clipped spcech is
partially due to the retention of much of the spectral

Information in the original waveform by the clipping process,

In figure I.2,, 1t appears that the zero crossings are largely

governed by Fl, while most of the turnarounds are due to ¥2,
This relationship was first postulated by Chang (10).
'However, this direct invers e relation between T.I.'s and
Formants only holds in simple cases. Generally it has been

shown that the dominant'frequency of the speech wave remains

the dominant frequency of the clipped (zero croseing) version

(23,56), When two formants are close enough in intensity

(within 5 db, ) so that neither dom¢nates the speech wave, Yoth

formant frequencies are apparent in the clipped speech

Spectrum 23).
Sonagrams of clipped speech confirm that the clipping -
process preserves most of the important frequency componants,

" though some formants, especially at high frequency, may be

lost, and much narrowing or broadening of the formants ocours,

|
1
|
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The effect of the rectangular edges of the clipped speech wave
i1s to produce inter-modulation and spurious high frequency
coﬁponants due to the harmonics of the square wave. As a
result, sonagrams of clipped speecch have a blurred appearance;
examples of such sonagrams are gilven by Underwood (55).

The spectrum of clipped speech was utilised by
Licklider et &1 (35), who attributed the discrepancy between
the intelligibilities of clipped, and differentlated and
clipped speech to the closer approximation which sonagrams of
the latter showed to those of the original speech wave,
Similarly Ainsworth ( 1) explained his results for different
transforms of clipped speech by showing that the transforms
which were more difficult to recognise had destroyed‘the moat
spectral information., Thomas (54) was concerned with the
importance of F2 in speech perception. He*pointed out that.
the higher intelligibility of differentiated and clipped spcech
might be due to an emphasis of F2 information,

- Chang et al (10) devised a T.I. display on an oscilloscope
equivalent to the sonagram, in which the freQuency dimension
was replaced by the 1nvefse of the T.I. length, and the -
brightness of any point measured the frequency of occurrence
of a T,I, of the appropriate length in the appropriate time
segment; The dioplaj was found to emphaQ1se Fl when zZero -

crossings were used and 3? for turnarounds.‘ The two displays



20.

were superimposed to form the "Intervalgram", While the Fl
and F2 variations could generally be picked out by eye on this
display many spurious tracks not related to formant movements
were also observed,

The simplicity of Chang's device illustrates the great
advantage of T,I, measurements, The filter banks needed to
extract fréquency spectra are complex and costly, and éreat
care 1is needed to counter the bandwidth-dependant delays in
the responses of individual filters., T.I. measurements, on
the other hand, cen be extracted by simple ecircuits or computer
routines, and there is no delay problem,

There havé been many attempts to extract spectral
information by'means of T,I. measurements, . One way: of
Improving the relationship between T.I.'s and Formants is to
perform a coarse pre~filtering of the speechwave prior to the
clipping process. ' Sakai and Doshita (49) used zero crossing
1nf6rmation from the outputs of two filters chosen to mateh the
range of the first two formants, A similar_approach has been
used by many workers (.9 ,42,43,45,‘5g). Peterson (42) .
showed that the correlation between: the mean zero-crossing
rate and formant freguencies oould be much improved by this
technique, dbut the measurement was still inaccurate under
certain conditions, Though efficient formant trackers can be

conatructed in this may ( 9), the compromise between gpectral



21.

end T.I. methods negates some of the merit of direct T,I.
measurement by destroying the simple temporal relationship to
the original wave.

Another method of refining the measurement of T.I.'s in
vowel sounds is to make use of the fine structure of the
speechwave within individual glottal periods. In figure I.2.,
it is apparent that the influence of F1 on the T.I.'s is
greatest for the first few intervals after the glottal pulse,
and becomes less marked in the later portions‘of the glottal
cycle, The fine structure of T.I's has been anqused
mathematically for two simple cases by Scarr (50). For a fixed
larynx frequency and a varlable single_resonance, and vice
versa; Sdarr'found that flrst two T,I.'s after the glottalv
maximum gave the‘best formant measurement; while for two
resonances of equal amplitude at the third and fourth harmonics
of the larynx‘frequency, bhese T I.'s gave a good measure of
the mean of the two resonant frequenclies. Scarr was able to
confirm these findings by ekperiment. ' |

The fine structure of vowel sounds was also utilised in
the parallel studies by Underwood and Millar (55, 40) Both these
authors improvedtheir res ults by using pitch synchronous gating
to ignore thé,latter portions of the glottal:cycle, ‘stover()l)
1ndicated that only the firs£ 5 ms. oflthe glpttal period are

necessary for perception. Later work by Underwood et al(33)
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involved the measurement of both Fl and F2 by similar techniques,
Using synthetic speech Lavington (32) has shown that for
~constant larynx frequency and energy, the number of turnarounds

is in roughly inverse proportion to the average of F2 and F3,

1. 8, T.I. Analysis of Vowel Sounds,

The first attempt to identify phonemes by means of T.I,
information was due to Sakai and Inoue (48). The basis of
this work was the probability distribution of T.I.'s, the
T.I. histogram. Histograms for both zero crossings and
tﬁrnarounds were prdduded for five‘Japénese voWels; Generally
ohé or two peaksvwere found in the hiétograms«and the positions
Of*thése’péaks éffdrdéd sdme'distihctidn between the vowels
withou£ being relisble indicators of"the\formqnt frequencies,
The following work by'Sakéi éhd'Doshité‘(49;l4);Win which two
frequency filters were used to ‘give' T, I.,histograms for both
'the FI and P2 regiono, achieved 94ﬁ correct recognition of the.

five Japanese vowels for a sin@le male Speaker and 9@% for a

single female speaker. ‘ :
Bezdel (5, 6) obtained. slightly better results than Sakai

qnd Inoue in a similar study of English vovel acunds, Again,

the T.I. histogram was used, and the re%ults were comparable

to those obtained by spoctral analysis (29)
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. The most thorough study of T.I. measurements in English
vowel sounds was that of Millar (40) and Underwood (55).

The aim of this work was to assess the merit of the T,I.
epproach, and therefore T.I, information was used alone,

without recourse to pre-filtering. Millar was largely concerned
with vowel 1dsntificstion, while Underwood attempted to
synthesise clipped vowels and voiced phrases from T,I.stotistics,
The 1st, order T.I. statisticsy(T.I. histograms) were found to
be of little use for identifying or synthesising the 12 English
vowels, Sinoe these measurements pay‘nO»attention to the order
in which T‘I.ls occur, the 2nd, order T.I; statistlcs were
examined by means of diagram extraction snd display appsrstus,
and both vowel recognition scores and the perception of
SJntheoised clipped vowels were found to he improved by this
means, Millar found that the 12 vowel phonemso could be
separated 1nto four groups fairly reliably, but it rsmained
difficult to distinguish betwecn individusl vowel phonemes.

Underwood further extended his SJnthesis work to trigram(ﬁrd order)

statistics, and found that clipped vowels synthesised from this
data were nearly as intelligible as. the original clipped speech,
The T.1. statistics were found to be influenced markedly by
pitch changes, and this was counteractsd to some extent by the

use of pitch anchronous gating. Millsr snd Underwood concludsd

that the ordering of T, I. s was of great 1mportance for speech o




analysis and perception,

I.9.  T.I. Analysis of consonant Sounds,

The T,I, histogrems of some consonant phonemes were
examined qualitatively by Millar (40). Only the continuants,
fricative and nasal sounds, were considered, A fair amount of
visual discrimination was posslble between the histograms.

The noiselike quality of voiceless fricatives led to a single,
wide peak composed of very short T.I,'s, while for the voiced
fricatives additional peaks due to T.I's of a much longer
duration were observed, 'The positions and shapes of these
peaks afforded some distinction between the individual phonemes,
The T,I. hisiograms of nasals were dominated by the effect of
the fundamental and nasal frequencies, with very long T.1's |
predominating, The T.I. hiqtogrﬂms of the voiceless fricativeb
/s/ and dﬁ/, the naoals /m/ and /n/ and the voioelcoo stop /kx/
were also examined by Sakai and Inoue (48). The histogram for
/k/ was shown to be dependeht on the vowel following the stop
sound., T.I. histograms in conjunction with pre filtoring ond
duration measurements were used fairly succesafully for o
conoonant recognition by Doshita (14), who reports 70% correct
recognition of unvoiced oonsonants.‘ o 7 |

Since consonants ‘do not general]y have tho quasi~stationary

properties of vowel sounds, it is difficult to extend the cort
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of T.I. statistics used by Millar and Underwood to cover all
the consonant phonemes. The fine structure hetween pitch
periods is non-existent in unvoiced sounds, and is less cléarly
defined in voiced consonants than in vowels (13)., The most
useful T,I., measurements which are easily applicabié to the
whole range of speech sounds arc the T.I. rates, These rates
may be expressed as the number of T.I's occurring within a
short "counting time", tc, roughly equivalent to the shortest
time (one glottal cycle), in which the speech waveform is
capable of chahging significantly. These functions will be
termed Z. (zero crossing rate) and T. (turnaround rate),
after Lavington (32). Time interval rates were first used by
Chang (10,11). |

Zero crossing measurcments played an important part in the
general A,9.R. system devised by Reddy (46), who calculated the
nuriber of zero crossings and the standard deviation of this
number occurring within a speech segment which was to be
assoclated with a single phoneme;"In this process, the speech
segment was fir st associated with one of’four phoneme proups,
"vowel—like“ "fricative-like" "nnsal-liquid-like",‘and
"§£0p-1ike" Fricqtive~like ucgments were identified partinlly
by the preéence of a 1arge number of zero crosgings, and
nasal-liqui&—like aegménts had & very amailrnumber;' Furthep

classification to individual ﬁhohémes'was'largeiy accomplished
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by spectral measurements, but zero crossings were used in the
separation of fricative-like sounds., The standard deviation
of zero crossings was mainly used in connection with the
preliminary identification of "sustained" and "transitional"
parts of the speech wave. .

Lavington (30,31,32) has obteined promising results using |
a Z/7 measurement space, with tc = 10 ms, It is possible to
associate some vowel and consonant phonemes with separate and
distinct areas in the Z/T space., 95% accuracy was obtained
with a small (16 word) vocabulary of isolated syllables over
a large number of speakers, though the range of phonemes was
very restricted, Lavington aimed to develop this work towards
8 spoken digit recogniser, and was able to distinguish'between
all the initial consonants occurring in the 10 digits, provided
no distinction was made between /f/ and‘/G/,

I. 10. The Amplitude Envelope.

Although experiments on clipped Speech havexshown that the
removel of all the amplitude 1nf¢rmétibn'in fhe spéech wave
does not greatly effect‘the intelligibility to the human ear,
“amplitude information can be used with advantage for A;S.R.
purposes, A briefl study by the author of amplitude modulated
clipped speech, in which the original speech envclope was

retained, indicated that the 1ntelligib111ty of isolated



27,

vowels was 1lmproved slightly, and that the quality of these
vowel sounds was more 'matural,

Speech envelope variations, like T,I's, can easily be
extracted from the original speech waveform. The envelope
function used in ihis thesis 1s given by the highest value
emplitude modulus fuund in a single counting period of length
te., and will be called I.(intensity). A similar measure was
used in léter stages of the work by Lavington (30,31).

Amplitude measurements played an important part in the
work of Reddy (46). Together with zero crossing information,
intensity measurements enabled the speech wave to be divided
into segments which could be l1dentified wlth & single phoneme,
Both mean value of the intensity of a segment and the standarad
déviation of this parameter were used., Vowel-like segments
were found to have the highest intensity values and'fricative -
like the lowest, with the nasal-liquid-like sounds forming an
intermediate class,

- Other A.S.R. systems which make use of amplitude information-
were reported by Gold (25, Talbert et al (52) and Damman (12),

T, 11, Outline of the‘Present Stu@z.k

The aim of the work preoenteu in this thesis was to
investigate systemutically the pPOperties of the tnrec temporal

parameters Z. T, and I. in consonant soundu, in order to
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evaluate thelr potentisl for A,S.R. purposes,

An efficient A,S.R. device would undoubtedly make use of
some compromise between the frequency and time domain
approeches, in ordsr to obtain the best of ﬁoth worlds,

In order to effect the best compromise, it is necessary to

know the relative virtues of both methods when used alone,

While the properties of T.I's in vowel sounds have been
thoroughly investigated (40,55), and compromise solutions have
been used to good effect (9,14, 33), the position is by no
means clear for consonant sounds, though the work reviewed in‘
the preceeding section shows much promise. It is clear that
the traditional "sonagram" approach is less well suited to
consonant sounds than to vowels, since formant patterns are
less clear or non-existent, and context dependence‘is increased.

This work therefore follows that of Millar (40) and
Underwood (55) in relying on a high signal to noiserratio
(49 db), rather than the use of filters to counteract noise,
in order to obtain direct temporal transforms; end also in
being based exclusilvely on. individual phoneme recobnition.

Any flexible, large vocabulary device mu°t be able to
distinguish between phonemes to some extent' this is,

of course, true of human listeners (21,3®.  It~was‘hoped that
the addition of the amplitudepérameter‘(I,)}would_enable
distinction between the;whole.rahge of English;phonemeé.
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In Reddy's work (46), the envelope measure was used mainly to
make broad distinctions between phoneme classes,

The availability of a versatile, high speed- computing
system based on a Digital P,D.P.8 and 338 programmed display
(see appendix 2) made it possible to examine the variations in
time of the three functions Z., T. and I. simultaneously for
8 single utterance. Once the consonant representations on the
Z,y T, and I, traces had been identified, various rucognition
parameters were extracted from each trace, This parameter set
was then used in an attempt to recognise the phoneme. All the
processing was done on the computer, though many of the
operations, especially in the earlier stages, could Just as
easily have been accomplished using hardware, Since 1t was
not intended to construct a practical récognition device, no
attempt was made to make the parameter extraction process
fully automatic. A compromise was reached betwéen thé
processing time Saved by bvetter programmes and the time taken
to develop these programmes, Manual correctién of programme
errors was greatly simplified by the flexibility of the
computing system, , o

The general approach to the problem 18 discussed in
Chapter 1 of this thesis., This chapter also inciudés alreview

‘of the properties of each of the consonant phonemes, and an

indication of how these factors should influencefthe behaviour " 
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of Zsy T. and I, Chapter 2. describes the method and
software used in the investigation. The results are presented in

Chapter 3., and the research is discussed in Chapter 4,
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CHAPTER I.

l.1. Data,

The investigation was confined to consonunts spoken in
the initial po i1tion in isolated consonant - vowel syllables
(C.V. sounds). The restriction to fsoleted syllables
gfeatly simplifiel the problém of segmenting the consonant
representation from its surroundings. The initial position
wes preferred since some of the consonants (especially /h/,
/3/s /v/ end /w/)are difficult to pronounce in the final
position, |

Consonant sounds spoken in the final positibn, or 1h
continuous speech,can differ in many roupectﬂ from those
uttered in C.V. syllables. The mpthod would require much
revision to cover the more general case. A discuasion of
the posgibilitieﬂ for extension of the \ork will‘bé fouﬁd in
section 4 1. T e

The C.V. oounds vere recordcd on magnetic tape using |
high—quality-equipment. Details of the recording methad are
givén”in‘appendix‘(l): The C.V. syllahles were alvays 5p0hbn |
and fed to the computef in ‘pairs, since this suited the
storvge capqcity of the P.D.P.wB. An added advantage of this
procedure vas that differcnces in stress and pitch vere often
observed between the fir&t and uecond utterances of a pair Ofri

C.V. sounds, It would obvioudly be useful if tne rccognition?~w”
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L\

| algorithm could be made agnostic to‘theée changes,

Subjects were given no special instructions with regard
to uttering the C.V. sounds, except to give approximately
equal stress to the consonant and the vowel. Subjocts weré
allowed to speak at their own speed and were asked to repeat
a sound if they considered that they had made an error in
pronunciation,

All the consonants wvere dealt with except the nasal /.Z/
(as in"sing"), which is difficult to pronounce in the initial
position, The £3 remaining consonants wore opoken in pairs
in an ad_hoo ordér.with eaoh‘of the 10 vowels in turn,

The 10 vowels used covered the whole of the F1~F2 range.

Figure 1.1, (a) liqts the ‘consonants in their order of
utterance. To simplify the‘computer printout,and display,
the consonants were nunibered fromfl toiﬂﬁ in this order,

The computer printout for each of tha cons ouuutsvis Shown in
,tﬁe fourth column of figure 1.1, (a) : Pigure l.l (b) 1ists
‘the’lo vowels used and their equivalont comput@r output.

The computer output symbols ure used in many of Lhe fi"ures 
in the following sections. " | .

For a single oubject,'z sets of G V. vounds wereﬁr
recorded’ for each vowel. oince the oonsonants were spoken
in pairs, this gave 4 examples of each possible C. V.‘:7

utterance and 40 repetitions of each consonant.1
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Fig 1 1 Table of thc Phonemes studied with their ,
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Utterances by 4 male speakers were investigated,
Of these, the subjects C.W.T., W.A.A. and M.A, spoke standard

English, while subject P.D.G, had & strong Yorkshire accent,

1.2, The Z.7.I. Diagram,

Figure 1.2, shows the type of display used throughout
this study to examiné the behaviour of Z., T. and I,
The diagram has been photographed difectly frbm phe 338
screen(see Appendix (2) ). . L

In figure 1.2., time runé along the absciééa;‘hndfthe
distance on the axis between succeusive points repre euts
a single counting interval of 1cngth t (thc value Of to
was normally 6.4 lms,, see section 2. 1 2) ~The Z‘,T. and I.
traces are displncod vertically, with Z. ‘at the bottom,
T in the centre and I. at the top._ The ordinates on‘the Z,
and T. traces are the numbers of Zero Croaqinwv or E
Turnarounds . found in a single counting 1ntervul, while the -
I, ordinate represents the highest value of the modulus of
the envelope found within this period. This form of display
will be referred to as the Z.T.I. diagram.» :

Figure 1.2, shows the Z.T.I., diegram for £ utterances
of the sound /t3/ by subject’C.W.T.' The traces havé been

smoothed and scaled in the manner described in section 2,1,
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34.

On each trace it is a simple matter to pick out by eye the
points on the Z.T.I. diagram where the utterance begins, and
to distinguish between the consonant and vowel parts of the
sound. The consonant appears as a single peak on each trace,
and there is a minimum position corresponding to the boundary
between the consonant and the vowel. It was found thﬂt |
consonants in C,V., sounds could normally be treated as a
single peak on each trace, though in some cases this peak
was sbsent, &nd occasionally multiple peaks were observed.
The method involved determining the positions of these
consonant peaks on each tracé,and measuring pardmoters from
them. These parameters were then used in an attempt to
identify the consonant. The parameter oet used 18 described

in the next section.

1.3, The Reeognition Parameters.

' Pigure 1. 5. is an enlar&ed drawing of & typical Z, 0.1,
diagram for a C.Ve sound. The apparent etartina points of
the sound on{the 3 traces often differed,slightly.
In‘Figureil"S these pbsitions}aneicailed Z o MARK, ~T.MARY and
I.MARK, The diagram has been drawn with t=o0 correepondinb
to the earliest of the 3 start markers to occur - T.hARF in

this case.L The value of the Z and I. traces has,been bet
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to zero in the intervening period, (See Section 2.1.4 ).
The 3 vertical lines drawn on each trace indicate from left
to right the positions of the Consonant Maximum, the Minimum
between consonant and vowel, ’‘and the maximum value on the
vowel part of the trace, |

In the case of the I. trace, changes in the envelope of
the vowel as the sound died away often led to a false
estimate of the position of the consonant peak. This was
eliminated by confining the position of the consonant peak
to the part of the utterance before the position of the
overall maximum, since the consonant part of the I. trace
was generally of lower smplitude than that of the vowel. |

‘Four parametérs were measured from the consonant peak on

each trace, These are listed in figure‘l.ﬁ.

1.2.1. The Consonant Peak Sizes Z.P,S., T.P.S. and I.P.8,

The measurement of the height of the consonont'péak
~corresponded most closely’to thovparameters used by other o
workers,( ee Section I.9 = ). The peak size vas obtained .
by dividing the maximum consonant height bJ the mayimum b
vowel helght and eypresuinv this as a perccnta&e.

The normalisatlon by the beight of the vowel maximum mmant
that the values of Z.P.S. and T.D.S. differed between vovels .

due to changes in the vowel formant values.
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The normalisation was intended to stabilise the meassurement
for those consonants with a variable ,articuldtor position,
such as /h/, /g/ and /f/, when the formant pattern tended to
be similar to that of the following vowel. These consonants -
were expected to be the most difficult to 1dentify;

The differences in the vowel height were at any rate much

~smaller than those occurring between the consonants,

1,3.2, The Consonant Peak Drops, Z,P,D,,T.P.D and I,P.D.

A crude measure of the mdénitudé_of the change between
the consonant and the vowel was obtained from the height of
the Minimum dividing the 2 perts of the C.V. sound, This was
again normalised by the maximum vowel height and expressed as

,"

a percentage,

1, 5.5. The Connonqnt peak width% z P.W., I, P. ¥, and x.p.w.

The duration of the congonant part Of th@ C. V.\sound on ‘ ‘"

each truce wag measured as the number of points betm€en the
poaitions of the atartin point of the tracu and the Minimum‘_
betwccn the consonant and vowel Thus Z, P. ‘:é aO was

equivalent to a 2, durationqu go;xgtc ms.,{‘
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l.3.4. The Consonant Onset times Z,L.E., T.L.E and I.L.E,

The time taken for the Consonamy Peak to rise to 1te
maximum position was measured as thé nﬁmber df points between
the appropriate‘starﬁ marker and thé ﬁbsition of the Consonant
Maximum, This gave a meesure of the abruptness of the onset

of the sound.

1.3.5,

For some consonants, mostly /f/, /&/‘and /h/, the
apparent starting pbint on the I, trace occurred consideradbly
later than on the Z. and T. traces‘(see section 3,1,9.1 ).
-This was utilised for rccognition of these SOunds by

measurind a 13th, parameter, the I, qtart delay, 1.3, D

I.8. D. was taﬁen as the number of points between the overall

start of the sound and I. hARK.

In caées whére no distiﬁct‘peak occurred on a particular
trace, all the relevant parameters were set to Zero except
the onset time (L E.), which was madu equal to the numb@r of

points between the otdft marker and the ovwrall mathnn of

the trace,

These péfameters, pafiiéularly the peak w1dths,wére, 6f‘1
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course, far from independent of each other, Limitations and
possible modificationsof the parameter set are discussed in
Section 4.2, The method used for extracting the::

parameters is described in Section 2.1,

The next section presents a more detailed revue of the
production and spectral properties of the various consonant
sounds and considers how these factors should influence the

Z.T.I., diagran,

1,4, Behaviour of 7.7, and I, in Consonant Sounds,

l.4,1. CGeneral,

Unlike the vowels (and vowel—like conmonﬂnts), consonant
sounds generally pOSSGbS at 1oast gome dcgrce of frlcative |
(noiselike) modulationu The presence of this voiceless
modulation means that the behaviour of a consonant souna-on
| the Z.T.I. diapram can be widely diffcrent from that of a
vowel. )

When fricative exeltation prudominates, thc formant
structure of the aound disappears, and the sound can be
considered as band limited white noiﬂe. The sonﬁgrﬂm iu thun
characterised by the broad, dark region of‘encrby known a«

a "fill" When this occurs, the Zcro Crosaing und Turnmround -
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rates will be similar, and will presumably respond to some
frequency in the “centre" of the energy bend. Since the’
energy band often extends to frequencies'above the vowel
formant range, the Z, and T, rates can be much higher than
those of the following vowel in a C.V.sound. ~ The value of
the parameter Z.P.S, will become very large, since the zero
crossing rate of the following vowel will be restricted by
its BI value. (Sec Section I.7)

All the consonants except the Glides and Nasals can be
divided into cognate phoneme pairs, Rach pair of phonemes'
is made using roughly the same set of articulator positions,
corresponding to a single formant pattern, Cognﬂte phbnemes
differ in the type of modulation pfesent:’ voiceléss
consonants are produced primarily by friéativp excitmtion,

{
while voiced consonants combine fricative and vocal chord

modulation.' |

‘The presence of vocal chord excltation in volced
consonants means that these sounds fetainla fcrmaﬁt'struéture
" to some extent. Some formant bars can usually bb obscvved
in the sonagrams of theae sounds, thouah the pattorn is‘» 
generally less well defined than for a vowel, und some off"“
the formants (especially the higher ones) may be lost
Often broad regions of energy due to the fricative componant

of the sound can also be seen.
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In a strongly voiced sound, with a clear formant pattern,
the Time Interval messurements will respond with vowel-like
behaviour, Z. being influenced most by the value of F1 and T
by the higher formant values, Since Fl generally eppears
more clearly than the higher formants in the sonagréms of
voiced consonants, the Zero Crossing rate will be more
influenced by the voicing than the Turnaround rate, and the
values of Z,P,S. will be lower for voiced than for unvoiced
sounds, |

The extent to which the formant pattern influences the
sonagram and Z.T.I, disgram of a consonant sound will depend
on the relative proportions of voiced and voiceless moaulation
present, This ratio can vary betﬁeen speakers,'betWGen
phonemes, between diffefent1uttérances of the same ﬁhonéme,
and sometimes within a sinble utterance. “In genefal thé |
Z.T.I. dlagrams of voiced consonqnts will show more vowe1~11ke
features than those of the volceless consonantu, though the
1atter may also be influenced slightly by the Tormant pattern,”“
since weak formants are sometimes ob erved in their sonaﬁram

Voiceless sounds penerallJ have a lower amplitude valua S
than voiced sounds, and this should be rcflected,in_thewvalues 
of the parameter I,D.S. The conaonant‘pgaks (espééial}y the
I. peak) on the Z.T.I. diagram will be'more‘diStinctfcr .

voleceless than for voiced sounds, since there must be‘é‘éudden -
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chanﬂe at the onset of the vowel for voiceleas sounds at the
moment of switchinn to voiced exoitation. The prominance of
the I. peak and the sharpneas of the change on the I, trace‘
“to the followin" vowel vill again. dcpend on the relative
~amounts of voiced and volceless modulation'used.;“
The duration of the congonant sound will be fafleuted in
the widths of the congonant_peaku on thc 4.1.1, diagram, and
the‘sharpneés‘of the onset of the'cénsonant ébﬁnd'will gdvernl
the L.E, values, Theue consonants with a longer duration are .
more 1ikely‘to-réach a "ﬁteody utate" position, producing
flat tdpped peaks. | | | ‘_ e
Variations in stress can also have a 1arge effact on the
vsonogram.of~a con onant uound. In addition to changin& the i
overall amount of energy. presunt in the sound, in many waya
ariation in streSb can. effect the formant pattcrn produced.;:’“f
"Increwse in atress will generally 1ead to a larwer I peax.tgfi"
Sometimes incrcased stre s also. lPads to the appearance of :
‘ additional formant bars at hiwher frequancies 1n the Son&ﬁrnms, .

This will generally increa a the Turnaround rate. Quite

: differpnt 2.1, I’ dia”rﬂmﬂ may be PPOduced for strcsscd and’jm
| unotres;ed veruions of the same uttoran¢e.{;7‘ e
The following su ~sections describe the production and f2 ij

. spectral properties of Pach mf the conuonant phonemes, ﬁnd_;;ﬁ;;ﬁ

,' indicate how these may efiect the z, T 1, diagram,.y””*éﬁ~
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Most of the data on consonant spectra is taken from

Potter, Kopp and Green (44)

'1.4.2, The Stop Sounds.

. The phonemes ,p/, /t/, /k/, /v/, /3/ end /g/ belong fo ) :
the class of speech sounds known as stopc. ‘Stopslafc, : -
produced by ¢ ' A |
(a) Stopoing the breath stream by forming a closure at Bomc o

point in the vocal tract. | ‘ H  :
(b) Building up breath pressure behind the point of CIOSure.
(c) Exploding the breéth by quickly'reopening the,vocal'trdct.

: Stop sounds cannot be sustained and are ncce sarily of "
short duration, For this reason the consonant pcaks on the 'T‘o
Z,T.T1. diagram for stop sounds ahould be narrowcr thnn thcse |
~for other types of consonants.- The sudden relcn e of broath f'
in the explosion of the stop should give rise to 1ow valucs
of the onset times (L. D.) on the 7.1, I.:diagram.vj“v:” ‘di

Typical sonegrom° of the stOp sounds 1n ioolated C. V.;;c '”‘

vsyllablco are shown in figurc 1 4.‘ uince thc consonunts

‘were always Spokcn in thc 1nit1al position, tho stop gap
(the period of silence while b"eath 1s bullt up) cannot bc :~ 
used as a rccognition clue, and thc sonagrom are |

characterised by a short "spikc £1110 due to the sudden
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Fig. 1.4 Sonagrams of C.V. Syllables spoken by C.W.T.
-Stops

I

(a) /p1/ (d) /vo/
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(b) /t3/ (e) /a3
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(c) /k1/ (£) /&>
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release of breath,

The phonemes /p/, /t/ end /k/ are produced primarily by
fricative excitation and are known as Voiceless Stops,
The Voiced Stops (/v/, /d/ and /g/) combiné vocal chord with
fricative modulation, The Voiced Stops tend to have a
shorter duration than‘the unvoiced stops ~ this is illustrated
by the widths of the spike fills in figure i.4. ’
The I. peaks for the Voiceless Stops were eypected to be
smaller but more distinct than those of the Voiced Stops,
while the 2. and T. peaks of the Voiceless Stops were
expected to be more pronounced than those of the Volceless
Stops, since for the latter the relative amounts of voiced -
and voiceles éfﬁgﬁligﬁﬁ? "In general the Z,7T.I. diagram will
be more variable for voiced than for voiceless stops,.

The stop sbunds may be divided into'coghate péirs,
each pair having the same point of closure in the vocal tract.,

‘One member of each pair is voiced and the other voiceless,

In the phonemcs /p/ and /b/, the vocal tract clo sure is
formed by closing the lips., The naturul value of Fl fcr
this position of the articulators is rather 1ow, E

_corresponding to that of the vowel Ag/ Por this reason
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the 2, peaks should be small, especially for the voiced stop

/v/, where the influence of Fl is greater, If the modulation

was totally voiced, the value of Z.P.S. should not exceed 100

except for following'vowels with very low valueé of 1,

The Z, peaks for /p/ should also be sméller than those of the

other unvoiced stops owing to the influence of Fl, |
Sonagrams of /p/ have spike fills which are normally

darker towards the bottom of the pattern, indicating a

concentration of energy at low frequencies.‘ Figure 1l.4(a)

i1s an extreme example of this, This implys that /p/ will

have smaller T, peaks, To a lesser extent thisuwill”also

be true of /v/.

1,4.2.2. The Stop Pair /t/ and /d4/,

In this phoneme pair, the vocal tract closure is’made'by‘
holding the tongue against the back of‘the teeth, ' 
This corresponds to a medium value of‘Fl,'similaf to that-of‘ :
the vowel /ai/. The Value of Fi should hold dotm théﬁheight
of the Z, peak for the voiced stop /d/. In a totqily vciéed
sound, the values of Z.P.S, would be 1éss thanAIQQ:fdr %ack'
vowels (high Fl),‘abcut 100 fof'mid voWels andvgreatéf#thani
100 for front vowels, The Fl inflﬁenée’wiil be_léss‘strong

for the unvoiced stop /t/.
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Sonmgrams of /t/ (e.g. figure 1.4(b) ) show a large
amount of energy towards the top of the pattern in the higher
frequency range. This means that the T, peaks for /t/ should
be fairly high ; the height of these peaks for /a/ will
depend on the relative amounts of voiced and unvoiced -
modulation, but should generally be greater than for the

other voiced stops,

1,4,2.3, The Stop Pair /k/ and /o/.

The stops /k/ and /g/ are produced by placing the back |

~of the tongue against the roof of the mouth or the velum prior to

|
|
1
i

exploding the stop. The exact position of the closure varies
with the following vowel, This means that the Fl value
associated with /k/ end /g/ tends to be similar to that of
the vowel with which the stop is pronounced. Phis variability
in F1 should be reflected in the Z. péaka for /g/’(voiced),}
and to a lesser éxtent forv/k/.“ For a totaily voiced /g/,
Z,P.S, should be about 100 for all vowels. - o
The frequency band for /k/ at which there is most energy -
also varies with the following vowel, but normally lies g
bepween the positions for /p,b/ and /t d/ ‘This can be seeﬁ
in figure 1. 4(c)u In genpral the values of ToP. S for the

/k,2/ pair should lie between those obtained for the /p,b/
and /t,d4/ pairs.‘ ‘
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l,4,3. The Fricative Sounds,

The phonemes /h, £, v,0,d, s, z,J‘and 3 / are usually
classified as Fricative sounds., JFricatives are produced by:-~
(a) Forming a small opening at some point in the vocal tract,
(b) Emitting a continuous stream of breath through the

restricted opening,

Unlike stop sounds, the Fricatives can be sustained
indefinitely and sometimes attain a "steady state" position,
Their duration is normally longer - than that.of the stops,
This implies that the Z;T.I. diagram for a fficative should
show consonant pecaks which are both wider and flatter than
those for a stop sound. The onset time (L.8.) for these
peaks may be greater than that for the Stop sounds, since
there is no suddéh e%plosion of breéth for a Frigative.

Typical sonagrams of Fricative sounds ih c. V. syllables
are shown in figure 1,5, Thé sohavram'patterns of the |
Fricatives are referred to as "fill°" The examples of
figure 1,5 show that the duration of‘the“fill varies a éood’L
deal, while generally rémaihing greater than that of the
spike fill of a stop sound (figure l.4.). The;tqtal.émount :
of enerﬁy'in the fill méy'be qﬁite large»(as in figure 1.5.
(n), /J/,) or very small (fizure 1, S(a) /h/). In the latter

case, the conoonant peaks on the Z T.I dia ram may bbcome
, o indistinct,




(a) /h>/

(d) /g3/

Fige 1.5

Sonagrams of C.V.
Syllables
Spoken by C.W.T.

-Fricatives.

(e) L3/



i

”lJ” m i !

(n) /J/

(1) /38/
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The phonemes /f,8, s, anqu/ are prcduced by frictional
excitation and are classed as Voiceless I'ricatives, while the
Voiced Fricatives /fv,d,z and:;/ are made using some measure
of vocal chord modulation. The phoneme /h/ is sometimes
volced and sometimes volceless, The voiceless friéatives
should have higher 7. (and’T.) peaks and smaller but clearer
I. peaks than the voiced fricatives, An appreciable amount
of fricative modulation is normally presént in the voiced
friéatives, and all the Fricative sounds were ﬁherefore
expected‘to Show é quite distinet I. peak, since sharp changes
in amplitude will occur whén the fricative excitation is
terminated at the onset of the following voWei; The félative
amounts of vocal chord and frictional modulation in Voicead
Fricative}soundé can vary beiween different utterances of the
same sound and sometimés within a éihgle'utteraﬁée; The 
effect of increased fricative modulation will be to make the
Z. and T. peaks (especially T;) more prbmiheﬁt'dnd therl.peak
smaller but more distinct;"Like'the stopc5 the Fricaﬁiveémay
be divided into éogﬁate voiced—vbiceless pqirs,,each péir
being made from the same articular position, These"pairsl
are /£,v/y £53/s /5,2/ and‘4ﬁ5/.. Sometimes the voiced and
voiceless versions of /h/ are considered to be a fifth.

cognate pair,



48.

1e443,1, The Fricative /h/,

/n/ is mﬂde by forming a smﬁll oponing at some point in
the region of the glottis. /h/ s a variable sound ; the
qrticulators tending to assume the position for the éound
which prcccdeu or follows it, This neans that the natural Fl
position of the initial /h/ in a C V. sound will approximate
to that of the following VOWbl. For an /h/ where voiced

excitation predomlnates, the value of Z P.S. should be
about 100, When frioetive modulation prcdominates, the
portion of the /h/ upectrum viith the groatest energy |
concentration will also be dependent on the vowel, making
T.P.S. sbout 100, N o

Accordihg'to Potteb,ikoop‘and/dreen; (44), e |
the initiaiy/h/ is usually voiceless. ,Tho»tota1~gmount of
energy in the /h/.sound variea,wiaely withgdiffefencesfin '

streos, but in most of the exa mples conaidered there was very

little energy to be seen in the /h/ fill (seo figur 1. 5 (a)).- :

The ext1eme var abi]itJ of ‘the /h/ will be roflected in the ‘7‘;,

ZeTeTls diawram.

1,4,3.2. The Fricative Pair /T, V;/ﬂ.ufé}~an,Q;,j¢flu§“Vj;

In the case Of the /f’Vl/ pair, ﬁhe Opénin iéfforméd‘”"

bet\'-ecn the lower lip ‘and the upper teeth.ﬂ3f.lf’“*'
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The natural Fl value for this articulator.. position is very
low, approximating to that ot the vowel A/, This can be
seen .in the sonogram of figure 1.5(c)., The Z. peaks for /v/
will therefore be very small, Z,P.3., being smaller than 100
for a totally voiced sound. 1In the case of /f/, the energy
1s widely scattered over the spectrum, but the darkest areas
of the sonagram are often towards the baseline, This should
restrict the size of the T, peaks for /f/. As fipgure 1,5(b)
shows, there ié sometimes very little cnérgy present in the
/f/ sound, though occasionally the amount of energy is much

greater,

1.4.3,3., The Fricative Pair /&, d/.

/6/ and /3/ are produced by forming a small opening
between thé tip of the tongue and the upper teeth,
The exact position of the opening varies from speakgr toﬁ
speaker. ‘This will be reflected in greater speaker to
speaker variation in the Z,T.I. diagrwn., ‘ -  M

The natural Fl position for the /0,0 / pairvis again
rather 1ow,‘but is slightly higher than that of /f/‘and /v/,
It corresponds most closely to that ofvthe,vowel’/a/;‘Small
Z, peaks were therefore’expectéd for’AD/, which was g¢n§ra11y
strongly voiced, though Z.P.S. méy_be a 1itt1e larger than -
for /v/.‘ | I o




50.

In /8/ the energy concentration is again in the lower
portion of the range, as in the case of /f/. Like /f/, /&/
often has a very low overall encrgy level, as shown in

figure 1.5 (4).

1,4,3,4, The Fricative Pair /8:2 .t

In the /s,z / pair the opening is formed between the
tongue and the alveolar ridge. The opening may be made either
with the tip or the blade of the tongué.' There is also a
narrow opening hetween the uppcr and 1owur front Leeth which
contributes to the high frequency domination of the snectrum ,
for these sounds, The duration of /s/ and /z/ is often
very long.

The Fl1 position for the /8y2/ pair lies in the middla of
the range, at the position of the vowel /ta / ”

This means that strongly voiced examples of /z/ ahoﬁld haVe'
relatively small Z. peaks, The amount of VOiéing present in
/z/, however, varies widely and can sometiMes\chﬁnge-dufing
a single uttefénce. : ‘ . S : | |

- As figure 1,5(f) shows, the‘engfgy in /s/ is~concentrated’
in the higher regions of the spectrum, This imnlies very
high T, pesks for /s/ ~ The Z. peaks for /s/ vill also be

large, since there is very little oner&y in. the 71 reﬂion.,




51.

/2z/ also has a large amount of energy at HI* besides the Fl
bar, This can be seen in figure 1.5(g). TFor this reason,

/z/ was expected to have large T. peaks, similar to those

of /s/.

1.4.3.5. The Fricative Pair;/r,gé.

In this cognate phoneme pair, the opening is made between
the tongue and the anterior portion of the palate, In some |
casces the tip of the tongue ié used, while in others the
opening is formed with the tongue blade. As in the case of
the /s, z/ palr, there is also a narrow opening between the
upper and lower teeth, causing additional fricative
modulation of the sound,

The position of F1 for /[Y and /35/ is in the top of the
range, approximately coincident with that of the'voWeli/i/; Ped
This means that /3/ should have the higheot Z.‘peaks‘for'
voiced fricatives, though like /z/, the emount of voicing in
/3/ mey very widely. o | ,;’ | i

The spectrum of Aﬁ/ is similar to that of /8/, but for
all the subjects considered, the region of greatest‘energy.

was slightly lower then that of./s/ (compare‘figuresbl;ﬁ (£)

* According to Potter, Kopp and Green, (44)
the reverse should be true ( /f/ higher than /é/ )
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and (h)). The T.P,8, values for /jy should therefore be
slightly smaller than those of /s/, though remaining quite
large, Similarly 7.P.S. for /S/ should be slightly smaller
than for /z/. The 2. peaks of /f/ will again be very high,

since there is little energy in the FI reglon.

l.4,4, The Affricative Sounds,

The phonemes /tj/ and /dj/ are generally known as
Affricative sounds, They may e considered as a combination
of a stop and a Fricative sound., The /tf/ is formed by cloaing
the vocal tract in the /t/ position, then exploding the stop
and moving to the /f/ position. Since /t/ and /J/ are
voiceless sounds, the combination /tf/ is alqo‘VOiceless.
/d?/ is made in & similar wey from the voiced stop /d( end
the volced fricative 45/ end 1s classed as a Voiced Affric&tive.

Figure 1.06. shows typical c.v, Bon'grams of the two ‘
Affrice tives. The sonagram patterns of the Affricatives
resemble those of the Pricotives((f/ and 45/) 1nvolved, but   ?§’
tend to be of somewhat shorter duration.l The initial Stop
splke can someﬁimps be seen. There is bénerally less energy‘

present in the Affricstives than in their Fricatives /f/
and 43/ ' T : '




(n) /ﬁ[n/ (b) /dja/

Fig. 1.6 Sonagrams of C.V. Syllables spoken

by c.W.T.- Affricatives.

e
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l,4.5, The Glides,

The phonemes /w/, /i/s /r/ and /1/ belong to the class
of speech sounds known as Glides., In the initial position,
Glides are produced by moving the articulators from some
starting position towards the position for the following
sound, When the Giide is said in the final position, these
events occur in the reverse order. The excitation‘is voiced

throughout the movement for all Glides, Glides‘are

essentially vowel-like sounds, For this reason, the Z,7,1,

diagram was expected to prove less useful for the recognition
of the Glides than for othér phoneme classes. Since Glides _
are almost totally voiced sounds, any consonant peaks. present
on the Z,T.I. diaérams will be relatively Small.

Typical sonagrams of Glides in C.V. syllables are shown
in figures 1.7(8) to (d), The vowel-like quality of the
Glides is shown by the presence of strong formantvbdrs{f.
The curves of the formants towards the following vowél és .
the articulators move to the vowel posit;on can be.clearly_

seen,

The length and slope of the formant curves vary a
preat deal, but the curves are quite smooth and merge

gradually with the vowel formants., These formant movements
should not pfoduce‘consonant peaks on thé‘Z-T;I. diagram"

though Z, and T. will change with the formants, ... ...



Fig. 1.7 Sonagrams of C.V. syllables spoken by C.W.T.

- Glides and Nasals.

h e ;
i mwu'uvllu‘u Nl
mwnmmmwwﬁmhw
il 1 Wby
e

il

(¢) /11i/

“MNWN

—

(f) /nuw/
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Prom the songgrams of figure 1,7, it is apparent that
in isolated C.V. syllables the starting position of the Glide

is normally held for an appreciable time before the

articulators are set in motion., The onset of formant

movement is often accompanied by abrupt changes in the formant
values, especially those of the higher formants. For instance

in the sonagram of figure 1l.7., the higher formant bars geem
to disappear for a short time before the formant movement

begins, This would appear in the Z,T,I, diagram as a sharp

minimum on the T, trece. In figure 1.7(d), there is a sudden

appearance of higher formant bars at the onset of the movement,

This would result in a’eharp rise in the T, trace at this

point, 8Small but distinct peaks were therefore expected to

occur on the T. trace, these peaks covering the period when

the articulators are held 1n the initial pooition. This effect

might also occur on the Z, trace, to a leseer degree
Distinct peake’wereunot'expeoted to occur on fhepx,’trace]

since the Glides are voiced throughout and‘the enveloﬁe should

change only gradually. | | ,}' | o : o
The four Glide sounds differ in the starting po itions or

the articulators.A These positions are therefore associated

with different formant patterns which determlne the nature of

the formant movements towarde he following vo“el.
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/[v/ has an initial articulator position similar to that used
in making the vowel /u/, and thercfore has a rather low Fl
value,

41[ is made by placing the 1ips invapprOXimately the same
position as for the vowel /I/, While the other'artiéulators
assume the pbsifions for /i/. The F1 value for /j/ is rather
high, similar to that for /i/.

In Zg/, the articulators take a similar position to that of
the Stops /t,d,/, but the tongue is moved back towards the
centre‘of the hard palate, Thé hatural 08 Value varies
between that of /e/ and /e /. |

In /1/,:the‘1i§s assume the position for the vowel /A/, but
while the fongue is plaéed against'the alveolap ridge, or
adjacent hérd palape."The‘Fl Value genérally resémﬁiés that

of the’follbwing vowel, but 1s somewhat'1ower.'

From the natural FL values fbrﬂthe Glides, /fw/ would‘bcfu
expected to have the smallest Z. values,'/j/ the higheét,
with /r/ lying between the two. Theiz.ivalucs of /l/,willv,
depend on the following vowel, but willrgénerally also lie

between those of /w/ and /J/.
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l,4.6, The Nasal Sounds,

The 3 phonemes in English which'are characterised by
nasal resonance are /m/, /n/ and /%/Q /ﬁ/’was‘not dealt with
in the present study because of the difficulty of pronouncing
it in the initial position, o

The nasals are produced by opening the nasal port and
closing the mouth cavities. A continuous stream of voilced
breath is then emitted through the open nasal cavity,

At the onset of the next sound the nasal cavity is re-g¢loscd,

Sonograms of typical nasaivsounds in €.V, syllables are
shown in figure 1.7(e) and ‘f). Since the excitation is
voiced throughout; the nasals have vowel-like properties
characterised by strong formant bars similar to those of the
Glides, The nasal resonance produces an additiOnal voice bar
along the baspline of the sonograms (the Nasal Forment, F,N,),
The 1evels of the Z, and T, traces will thcrefore be low for
a nasal sound. ,

In the nasal‘sounds‘there‘is no gradual'formant movement
like that of the Glides. The sudden closure of the nasal
port producés an ebrupt change in the fdfmant'baré similar to
the change which often occurs in a Glide at the onset of

formant éhange. This will produce‘distinét'peakS on the 7,

trace, and to a lesser extent on the z, trace; ‘The1z.T.I,
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diagrams will in general be very similar to those of the Glides.
In /m/, the lips are closed as in the stop phase of the

/Py b,/ paié, while for /n/, the mouth cavity closure is in

the oral cavity, like that of the Stop pair /t,d./.

The natural value of Fl is therefore low for /m/ and in the

centre of the.rangé‘for /n/s The Z, peaks, 1if any, for /m/

should therefore be smaller than those of /n/,
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CHAPTER 2.,

2. Introduction,

The experiments described in this study were performed
using a Digital P,D.P., - 8 computer, Details of the
computing system will be found in Appendix (2),.

The first section of chaptef 2 describes the method used
to extract the parameters introduced in Section 1.,3. from a
C.V. sound. In section 2,1., several algorithms are
described for pilcking out the positions on the Z,7.I.
disgram of the various points needed to caiculate thesge
parameters, No attempt was made to méke these algorithms
foolproof: it was decided to keep the programming fairly
simple and to tolerate mistakes, which could easily be
detected and corrected manually with the facilities available.‘
Lack of time and computer btbr age prohiblted the dcvelopment
of algorithms which would require no mqnual checking. |

The system was not intended to comprise a practiCWl consonant '

recowniser, and the algorithm would in any case be of little‘

use in a real rucognltion uituation. The alﬂorithma vere

designed to e about 0% efficient (i.e. to make one mistake

in 10 trials ).
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2.1, Processing of a Single Pair of C.V.Sounds,

Figure 2.1. is a block diagram of the software used to
process a pair of C.V. sounds, |

The 2 utterances were played directly into an A, to D.
converter, and the first part of the programMe performed an
on-line extraction of the Zero Crossing and Turnaround Rates
and the Envelope Variations., These functions were held in
core, A short time smoothing average was then executed and
the 3 functions were scaled and adJusted to allow
simultaneous display on the 338 screen,

The computer then attemped to locate the point on each
of the Z.T. and I. traces corresponding to the start of the
first C.,V. sound. The Z.T.I. traces for the whole of the
period of extraction were displayed on the 338 screen {giving
a diagram similar to that explained in Section 1.2.) and the
estimated starting points were indicated by vertical lines
superimposed on the display. Figure 2.2. shows the Display
at this stege in the processing of 2 utterances of /t3/ by
subject C.W.T. | |

The programme now entered a Push-Button control subroutine,
This enabled the correction of any errors made in estimating
the beginning of the sound. As figure 2.2, shows, the

correct starting point could easily be found by eye.
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Fig. 2.2 Z.T.I. Diagram for two Utterances of
/t3/ by C.W.T., showing the estimated
Starting Points of the first sound.
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Errors could be corrected by :

(a) Re-running the start-finding algorithm with adjusted
Thresholds. For instance in figure 2.2, the I. start
mafker has been wrongly placed due to an inappropriate
value of the I, Threshold;

(b) Moving the Start Markers manually by means of the Push
Buttons,

(C) Re-running the A, to D. extraction prograumme, This was
necessary when the wrong portion of Tape had been played.
When the start markers were satisfactorily positioned,

‘the procedure was repeated for the 2nd sound of the pair,

The 3 functions were then truncated at a fixed distance from

the start for each sound, and the buffer stores were

rearranged to remove as much of the unwanted silence as
possible, Pigure 2,3, illustrates how this was done,

The Title of this pair of sounds was then read in via the

teletype and the index governing the ﬁermanent storage A

location of the Z.T.I. diagram on Dectape was incremented,
The computer next attempted to find the position on each

trace of the Consonant and Vowel Maxlima, end the Minimum
between the consonant and vowel parts of the first C.V.sound.

These points were indicated by vertical lines superimposed on

the Z.T.I. display and the computer again entered a Push

Button control sequence, Errors in the positioning of the
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peaks and minima could be corrected by :

(1) Moving the consonant peak markers manually by means of
the Push Buttons and recalculating the positions of vowel
maxima and minima., The consonant peak-plcking algorithm
was not Threshold dependent and was performed ﬁrior to
estimating the position of the other markers,

(2) Adjusting the Thresholds used in the algorithms for
finding the Minima and Vowel Maxima. ‘

(3) Moving the Minima and Vowel Maxima markers manually,

When the markers were satisfactorily positioned, the 13
parameters were calculated and printed out on the Teletype.
The paremeter set was then run through & recognition
algorithm, and the result of the recognition attempt was also
printed. This procedure was then repeated for the sccond
sound of the pair., When the parametersof the 2nd sound had
been printed, the Z.T.I.,dlagram and the parameter sets of
both sounds were placed 1In permanent store on Dec~Tape,

The software used in the various processing stages is

discussed more fully in the following sectlons,

2.1,1., The A, to D. Input Routine,

The speech input from the tape recorder was accurately
backed off so that silence corresponded to & zero reading on

the A, to D, converter. Checks for'drift‘were made at
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intervals of a few minutes. Samples of the speech wave were
taken every Sst (corresponding to a band width of 10 K.Hz.)
to an‘accuracy of 9 bits., Zero Crossings were detected by a
change in polarity of the speech wave and Turnaroun@s by a
change in the polarity of the slope. After a fixed counting
interval (tc.), determined by the No, of samples taken, the
nunibers of Zero Crossing and Turnarounds found were stored
together with a measure of the envelope determined by the
largest!amplitude sample occurring withinvthis period. The
Zero Crossing and Turnaround counters were then cleared and
the routine was repeated., The 3 functions exiracted were
stored sequentially in separate lists, and the input routine
terminated when these lists were filled.

A block diagram of the programme is shovn in figure 2,4,
The last digit in the sample reading was ignored when looking
for Zero Cfossings and Turnarounds in order to eliminate
switehing point error in the A, to D. converter. The check
for maximum amplitude was made only when & Turnaround had been
found, since the maximum must occur at a peak,

The lists each contained 10008 locations, The duration
of the input routine was therefore about 3.3s, with te=6.4 ‘ms,

The basic time between samplzs was 5gﬂs when no Turnaround
or Zero Crossing was found, the computer running as fast as

possible, When a Turnaround or Zero Crossing occurred,
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it was necessary to take time off to increment the
corresponding counter, and to make the anplitude check in the
case of a Turnaround. The computer therefore skipped one
sample cycle by incrementing the time counter and waiting for
the remainder of the sample time before continuing., The
smallest period between Zero Crossings'and Turnarounds which
could be measured was therefore loqns.,though the time .

intervals could be measured to an accuracy of S0ms.

2.1.2., Smoothing Average,

The most popular interval (té) between measurements of
the Zero Crossing and Turnaround Rates in the Literature is
10 ms, roughly equivalent to & single pitch period, It was
found that with this interval the raw Z.T. and I, traces were
too irregular to be of much use - in,parﬁicular it was hard to
distinguish between the consonant and vowei part of the sound.
Figure 2.5.(a) shows the unaveraged Z.T.i. dlagram for the
pair of /t3/ sounds of figure 2.2, with tc = 10 ms.,

A short-time smoothing process was necéssary to clear up
the traces. The smoothing took the form of the replacement
of each point.by the average of n points round it, This had
the disadvantage of throwing away some of the information

contained in the rapid fluctuations of the traces, as seen ip
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figure 2.5.(b), (tc = 10 ms, n = 5) but this could be
remedied to some extent by making te smaller, The best
compromise was found by experiment to be tec = 6.4 ms, and

n = 5, The sampling time was then still less than 1% of tc.
This combination was used in all the subsequent 2,T.I.
diagrams,

2.1l.3, Scaling,

The amplitude of the Z,I., and I, functions was
approximately equalised and constants were added to T, and I.
to enable them to be plotted simultaneously on the 338 screen,

Thus ¢
Zoe3= 22 or 47 *

Tet= T +-5008
T,.:=1 + 12008

# The utterances by subjects W.A,A, and M.A. gencrally had
lower Z. values than those of subjects C.W.T. and P.D.G.
The Z. scaling factor was therefore set to 4 for subjects

W.A.A, and M.A. and .2 for subjects C.W.T. end P.D.G.
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2.1.4. Routine for Finding the 8Start of a Sound.

Figure 2,6 is a block diagrem of the algorithm used to
find the starting points of a pair of sounds. The apparent
starting point often differed slightly between the 3 functions
Z2,T. and I., and therefore each was treated separately.‘

In particular, onset of the consonant on the I, trace was
sometimes later than on the Z. and T. traces. The start
pointer was therefore movéd along from the beginning of the
store (t = o) until both the Z, and T, Values were above
their respective Thresholds., The threshold values could be
adjusted by using the Push Buttons.,

The Pointer was next extrapolated back along each trace
in turn until the trace fell below its Threshold, and then
continued backwards until a significant minimum was found.
The start marker for this trace was then put at this point.
A significant minimum was defined as a minimum for which the
slope did not révefse direction again at’the next point,
(see figure 2.7) thus excluding very small fluctuations in
the trace., This procedure yielded start markers, Z.MARK,
T.MARK and I.MARK. on-the 5 traces, When these had been
confirmed by eye, the staft of the sound was set at the
earliest‘of the 3 markers to occur. The other 2 traces were

set to zero between this point and their respective start
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marks, (see figure 2.3.). On the I. trace, this interval was
the parameter I.S.D. The widths and onset times of the
sounds were measured from the start marks of the appropriate
traces,

The procedure was repcated for the 2nd sound sﬁarting at

a fixed distance from the start of the first sound,

2.1.5, Routine for Finding the Position of a Consonant
Peak Maximum,

A block diagram of the consonant peak picking algorithn
is shown in figure 2.8, An example of the working of the
algorithm is shown in figure 2.9.

The procedure was to iéolate the position of the
consonant peak between upper and lower limits, The first
step was to find the positibn of the overall maximum on each
of the Z4Te and I. traces. Almost always one or more of these
3 maxima occurred on the voWel part of the sound; The upper
limit for the consonant peak position on the Z. and T. traces
was thercfore set at the "latest" of these 3 maxims,

(figure 2.9 (2) )« In the case of the I. trace, it was
necessary to restrict the consonant peak to the part of.the
sound before the maximum (see section 1.6.).

The upper iimit on the I, trace was therefore placed at the

position of the I. maximum. The lower limit on each trace
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was then set at the position of the first significant
maximum to occur. (A significant maximua was defined in a
similar way to a significant minimﬁm). This is shown in
figure 2.9.(b). If no significant maximum was found before
the uppef limit, this was taken as an indication that no
consonant peak was present.

The upper limit was then moved back to the minimum
emplitude position between its previous position and the
lower 1limit (figure 2.9 ). The position of the maximum.
between the upper and lower limité was then taken as that of

the consonant peak Laximum (figure 2.9(a) ).

2.1.6, Procedure for Finding the lMinimun and Vowel Peaks,

A block diagram of the algorithm used for plcking the
position of the C.V. Minima between the consonant and vowel
parts of the Z,T. and I trades, snd the vowel Maxima is shown
in figure 2.10, The Minimumbpdéition was found first § the
lower bound for the minimum poéitibh was placed at the
vosition of thé Consonant Maximun, The‘higher bound was
advanced a set distance (608) from this point, large enough
to ensure that it was placed on the vowel part of the trace.

The higher bound was then moved backwards untii the value

of the trace went above Threshold, This was meant to ensure
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that the C.V. Minimum was not placed in a false position on
the trailing edge of the vewel. The C.V. Minimum was then
put at the position of the minimum value between the upper
and lower limits, This poipt was rejected if it occurred at
the upper limit or 1 place in front of it, since this
usually happened when the upper limit was still on the
trailing edgeiof the‘vowél. In this case the upper limit was
again moved backwards until a satisfactory C.V. Minimum was
found,

This procedure worked well on the %Z. and I. traces, but
often failed on the T, trace. Since the vowel often had a
longer duration on thekT. trace, and’fell away more gradually
with’many fluctuations,'the minimun still tended to be placed
on the treiling edge. Tor this reason the position of the
uppef limit for T, was taken to be the final value for I,

VOnce the C;V; Minimun had been found;'thé position of the
Vowel Maximun was obtained by finding the maximum value
between the C.V. Minimum and the end of the trace for this

sound.,

2.2.~Récbgﬁiticn Aigoritﬁms.

All the Recognition'Aigorithms'nsed'weré'Bindry"Thréﬁhbld
Decision’Trees.‘ Figﬁré.3.101[shQWS part of the'dlgorithm

used for the sﬁbject C.W, T, The;path‘takeh through the tree
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was determined by sequential threshold decisions, If the
paraemeter value was below or equal to the threshold, the
left hand path was taken ; if it was greater than the
threshold, the programme chose the right hand path,

Thus in figure 3.101, the first node(top of thé diagram)
~ asked whether I,P,S., was equal to O. If this was true,
the next query was "is T.P.S. greater or less than 101",
and so on.unéil an end point was reached. Zach end point was
associated with é particular phoneme or group of phonemes,

In figufe‘S.IOI, the phonemes printed ﬁefore the bracket at
an end point were mdre likely to occur than those following
the bracket, Thus “KfT" indicétes a high probability for
/k/ and a low probability for /t/.

These 2 recognition classes will be termed “probable" and
"possible" identifications, ‘

The binary décisién tree‘method is a very simple form of
pattefn recognition scheme.r Tach decision corresponds to a
boundary ﬁlane in a parameter hyperspace, If each pattern
- category is assbciaied with a single énd point, the tree is
equivalent-to a parametef list method, since each category
is thenAassociatéd with a particular area in parametér space.
In the present study , the method was generalised by alldWing
the”éonsonants'to'be associated with more than one end point,
and by dis&inguishing between probable and possible o

identifications, -
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The decision tree algorithms had the advantage of being
relatively easy to programme, and could readily be adjusted
to fit new data, A discussion of the possibility of using

more advanced schemes is given in Section 4,3,

22,1, CGroun Numbers,

The decision tree nodes were identified by 3 digit Group
Humbers, prefixed by the letter G. The first digit‘of the
group number determined to which group the node belonged
(see éection 3.2.1.). | Figure 3,101 is a diagram of Group 1
for subject C.W.T. Thus the Group nurbers for the nodes
shown in figure 3,101 all have 1 as the first digit., The next
digit was determined by the decision levei within the group,
and the 3rd. by the number of the node in this 1éve1, read1ng,
from left to right. Thus in figure 3,101 the decision "T,P.S.
abové'or beiow 101" on%thektép left of the diagram was
}referréd to as:Glél, and'so on. In figure 3,101, the last
2 digits of the Grouo No. are printed on the appPOpriate

| branchea of the tree.‘

2.2;2.'DeSign of the Algorithms;

The Deci ion Algorithm had to separate the sounds 1nto

Q3 categories usinﬁ 15;parametars.} Since this involved a f.ﬁ’flf;é;
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great number of possible decisions, ;s much of the design
process as possible was automated,

The Decision Algofithm programme to be adjusted was
initially held in core, This could be either a '"blank"
algorithm (with the possible branches connected but no
decisions programmed), or one which had been used previously.
The data . consisted of the parameter sets for the new body of
sounds, and was stored on Dectape (see Section 2.1.),
| The method was to look at one node at a time startiﬁg‘
from the first decision in the tree and working down through
the branches to,the end points, When the optimum decision
for a particular node had been found, this Qas inserted in
the algorithm and the cbmputér pfoceeded to deal with the
next. New nodes could be inserted in the algorithms if
necessary by adjusting the programmed connections,

Figure:2.1l is a biock‘diagram of the procedure for
optimising a single decision node. The adjustment of the
‘node G133 of figuré 3,101 will be used as an example,

The computer first read the group No. of the node.

A "trép"{Was thehfprOgrammed into the algorithm at this nodé; |
this trap was activated whenever the node was used, and ‘
caused the parameter‘set of the sound being run to be held

~in a buffer store. The parameter sets of all the sounds td :

be considered were read down in turn from Dectape, and each
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sound was run through the algorithm,
When all the data had been passed through the algorithm,
the details of the phonemes which had entered the trap were

printed on the Teletype thus

PHON, C.T.
2 19
-3 Y Meaning that 19 examples
6 : 31 ~of /t/, 22 examples of /k/,
13 1 31 of /tj’/ etc, had
14 1 entered Gl33.
15 : 3

The computer programme now attempted to find & decision
which would separate the phonemes by sending most of the
examples of each consonant down a single path. TFor instance,
a good decision might put 18 of the 19 /t/'s and all the /kx/'s
below threshold and 29 of the Bl /t[/'sentering G155 above,

Each possible phoneme combination was tried in turn.

' In this instance, the first combination would be to put /t/
below threshold, and all the other phonemes above. The next
would be /t/ and /k/ below and /tJ~ /s /d3 /‘, /8/ and /f/
above and so on., Ior each combination all 15 parameters ﬁerek
considered, and for each parameter all the possible threshoid :
values were_triéd. The score for each posSible décision vas

determined by the number of sounds which took the correct
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path according to the phoneme combinaﬁion. The computer
chose the decision giving the highest score as a tentative
suggestion. |

The threshold limits for a single parameter were determined
by the lowest and highest valﬁes of the parameter found in the
appropriate data, The best threshold value was set at the
centre of the highest scoring range ; thus if values of T.P.S.
of 120 to 132 gave the best score, the threshold was set at
T.P. 8. = 126,

The suggested decision was then printed on the

Teletype thus : _
BE@OW.... 2, 3, 13 ABOVE 6, 14, 15,

BEST PARAM,..ess 4 - THRESHe s sss - 6,
PHON, - C.T.
3 .18
6 - 30
1 o 1
14 a1

PUT be J.RO\I’. o0
i. e, puttinv /t/, /k/ and /uj‘/ below, /tj"/, /s/ and
/J\/ above, the Best decision is Z. L.E. = 6.} This givea 16

instances of /t/ correct, 18 of /L/ and 50 on.
"TROG' ia the programme name for the recognition

| algorithm.' -
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ﬂill this suffice.? An answer of Y (es) caused this
décision to be entered in the algorithm, If the answer was
N(o), the computer would read a phoneme combination manually,
and print out the best parameter and threshold for this
combination, This process wés repeated until a safisfactory
declision was found.

The number of possible combinations became prohibitively
large when more than 7 phonemes had to be considered for a
single node, TFor this reason, the programme ignored
phonemes for which a single example was trapped. Thus in
this instance /ds,/ and /s/ would not have been considered,
Instances where there were still 7 or more phonemes to be
considered were dealt with manually from outset,

Most of the unsatisfactory decisions suggested by the
computer involved almost all of the sounds going to one side

of the node. Tor instance, the following decision

BELOW....2,3,6,13,15, ABOVE..,l4,
E57 PARAM..... 5. THRESH, , 202,
PHOY, | C.T.

2 19

5 | 29

6 31

13 . R

14 R |

fav)

15
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would have a higher score than the correct decision given
above, but only 1 /s/ and.I/j/ take the right hand path,
This difficulty could be remedied by giving 2 higher score to
those decisions which divided the data more evenly, but this
facility was not programmed in due to lack of time‘and space,
It was sometimes necessary to ignore one or more of the
phonemes to find the best decision, In these cases the

automatic method failed jfor example

PHON " C. T,
2 3
3 - 4
6 27
16 2
17 4
BELOM.... 2, 8, 6, 16, 17, AROVE.... 6,
EST PARAM.... B, _‘ THRESH, .+ .190. -
PHON, CeTe
g -
5 a
6 e
16 ‘ f;j‘ S 1
17 Mf“ E -

| PUT IN TROG.essoss N, | S0
"Here it proved impossible to ueparate /tj’/ from the
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remaining phonemes, but the decision

BELOVeesaes 2, 3 © ABOVE.s.ese 16, 17,
BEST PARAMssso 3. THRESHe s eoveee 20,
PHON., C.T.

2 3

3 3

16 ' 2

17 4

PUT IN TROG % evee Y ,
separated /t/ and /k/ from /z/ and 43/,"/tj,/ falling

equally between the 2 paths.




CHAPTER 3. 7.

3.1, The Z,T.I. Diagrams.

The following section examines the Z.T.I., diagrams
obtained for each consonaﬁt and each subject, The phonemes
are considered in turn, the utterances of C.W.T. are dealt
with in detail and subject differences are explained
subsequently where appropriate, |

The Z,T.I. diagrems used to illustrate this section have
been photographed directly from‘the 338 screen, The 3
vertical lines superimposed on each trace indicate the
estimated positions of thevconsonant and vowel Maxima and
the Minimum between consbnant and vowel, These lines are
not plotted in cases where the consonant peak is absent,
The Z, traces for subjects w;A.A. and M.A. are plotted at
double the size of those for subjects C.W.T. and P.D.G.
| Exteﬁsive use is also made of Histogrﬁms depicting thé
distribution of & single parameter for a particular4phoneme
and subject., These diasgrams have also been photographed -
from the 338 screen, and their scales are somewhat biurféd;
Thé scales of the bin diviéionélused for éach parametgriére

therefore set out in figure 3,1,



40

30}
No. of
Ocurrences
20 b
10 }
- 1.
BinFo. 1 2 3 456 78 90X
Scale for Sach Bin: Divisions
Paramoter FPor Each Scale
Scale
Param, Scale . Bin No. a » e
1/ 2Ps = 1 0- 24 0-9 0= 4
2/ 2PD b 2 25— 49 10- 19 5- 9
3/ ZPW c 3 50- 74  20- 29 10~ 14
4/ ILE c 4 75- 99  30-39 15~ 19
5/ TPS a 5 100~ 124 40~ 49 20—~ 24
6/ TPD b 6 125~ 149 50~ 59 25- 29
1/ TPW ¢ 7 150~ 174 60— 69 30~ 34
8/ mE e 8 . 175- 199 70- 79 - 35-39
9/ 1PS b 9 200~ 224 80~ 89 40~ 44
10/ 1PD b 10 5225 590 > 45
11/ 1PW c | Ty * BT
12/ 1LE c

Fig.’3.1 Bin Divisions used in the Parameter Histograms. ,
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3.1.1. /p/.

3.1.1.1. Subject C.W.T.

Figure 3.2 shows the Z.T.I. diagfams for two utterances
of /pI/ by subject C.W.T. The consonant peaks on the Z, and
T. traces were usually small and fairly narrow (the Z. peak is
‘indistinct in figure 3.2(b)). This was due to the concent-
ration of‘the energyAin the lower regions of the spectrum
(see section 1.452.1). | |

The striking feature of the 2.T. I diagrams of /p/ for
this speaker was the extremely large and sharp consonant. peaks
seen on the I. trace. In figure 3.2(b), the I. peak is much
higher than that of the following vowel: that of figure 3.2(a)
is less pronoun¢ed; but still has a high I.P.S; value.
| Pigure 1.4(&) isAfhé sonagram. for the /pl/ sound of fig-
ure 3.2(b), This eoﬁagram shows that while a large amount of
energy was present in the eiplbsion of /p/, this energy was
concentrated in a quite narrow region at the base of the pattern.§
In unvoiced sounds, the energy is normally spread over a much
wider spectral range. Theveffect'of this massive concentration |
of energy at low frequency bn the envelope of the stop éound;
can be seen in figure;3.5, which is a}U.V. recording of the
raw speech waveform for the:/pI/ sound of figure 3.2(D).
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Figure 3,6, shows the distribution of I.P.S, for /p/
spoken by C.W.T. Roughly 73% of the utterances of /p/
considered had values of I.P.S. greater than 70.

This provided a ready means of identifying /p/, since very

few of the other utterances had such high values of I,P.S.

6.1. 1020 SubjeCt W_o.A.!.A‘

Although large I, peaks were observed in a few instances,
the behaviour of the I. trace for this subject normally
resembled that of the other Voiceless Stops /t/ and /k/,
Figure 3,3, shows the Z,I.I., diagrams for 2 utterances of the
sound /pl/ by subject W,A.,A, In Figure 3,3, small but
distinct consonant peaks can be seen on the I, trace.

Figure 3.8. is the sonogram for the /pIl/ sound of figure
3,3.(b). TFor this subject, the energy in the /p/ sound was
far more widely scattered over the spectrum than in the case
of subject C,W.T,

The Z.,and T. traces also showed peaks similar in form to
those of /t/ and /k/; the Z. peaks were often quite large
(2.P.S, greater than 100), as seen in figure 3.3 . but
tended to be narrower than those of /k/ (see figure 3,7).

The T. peaks remained much smaller than those of /t/.



Fig. 3.7




Fig. 3.8 Sonagram for an utterance of /pI/ by W.A.A.
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B,1e1e3., Subject M.A,

The Z.T.I. diagrams for the utterances of /p/ by subject
M.A, showed variable beha?icur on the I, tracc, About 65%
had large I, peaks similar to those of subject CoWeT. but
lecs distinct, whiie for most of the remaindcb hc distinct
I. peak could be identified, Figure 8.4 is the ZonI.
diagram for a pair of utterances of /p3/ in which both these
types of bchaviour can be seen, The overall cnerg&‘levcl in
the /p/ sound was generaily low compared to that of subject
C.W,T. This coupled with‘an cxcepfionally short duration
led to the absence cf I. peaks 1n éome of the utterances,

A similqr effect vas dbserved for utterances of other
phonemes by subject M.A" notably /t/.

The Z. peaks remained much smailer than those of /t/ and

/%/, but the T. peaks weré‘much cioser in size to these |

phonemes than normal (see figure 3.9.).

3,1.1.4, Subject P,D.GC.

The Z.T.I. diagrams of /b/ for this aubject were

characterised by mass ive I. peaks even ]arger than those

obtained for subject CoW. T, About 80% of tae utterancca had- =

values of I.P.S. grc&ter than 80, and the lowest I P.s. value

found was 65. E | " The cons onant—to~vowel ;
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change on the I. peak was very sharp, and I,P.D, sometimes

quite low (about 30%).

3.1.2./t/.

3. 1 2.1. oubject W T

Z.T.I.Vdiagrams for 2 utterances of /t3/ by subject
C.W.T. are shown in figure 3,11, The consonant peaks for
/t/ were quite wide for a stOp sound, but generally narrower
than those of the Pricatives. L s |

/t/ for‘this subject nbrmally had‘ﬁhe small but distinct
I, peaks characteristic of voiceleSSISOunds,’though‘in a few
cases these were absent, The T. peaks were uniformly high
and sharp, /t/ having larger values of T P.S. than thnse of
the other Stops, This \as due to the large amount of
energy present at high frequencies'~ the distribution of
T.P.S. is shown in figure 3, 10(a) (the average value of
2,P. 8. was about 140 );’ The Z. peaks were - similar in ‘
form, but Z.P,S, was more varldble than T.P.S.; while o
generally remaining 1qrger than for the‘Voiced Stops.»” ;
Pidure 3,15 shows the diutribution of Z. P.a. for /t/, and

its voiced equivalent /Q/
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3.1,2.2. Subject W,A,A,

- The Z2.T.I. diagrams for this subject were similar in

form to those spoken by C.W.T.

Bels 2eBs Subject M,A.

Like /p/, about 50% of the utterances of /t/ for subject
M.A, did not show & separate I, peak, The size of the Z, |
peak was again variable, those examples with no I, peak and
a small Z. peak resembling the 2,T.I. diagram for the voiced
cognate of /f/, /d/, in an exaggerated form. The T. peaks
were also smaller than normal for /t/, the average value of
T.P.S. being about 110, (See figure 3. 10(®) ) o |

The size of the Z. and T. peaks for this subject was,
wanerallj reduced for all consonants, Tmo examnles of Zs T,I.

diagrams for the utterance /tq/ are shown in figure 6 12.

:5.1.5.4.' Subject P.D. G

The behaviour of /t/ on the Z.T. I._diagram for this |
uubject reseMbled that observed for C.J T The Z. peaks *:;
were univeroally 1arge (Z'P.o. greater than 200),'and the
Te peahs a 1ittle bigger than those of C.W.T. The averabej. , 

,value of T P.S. was about 160..
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3.1.3./k/,

B3.1leB3.1s Subiject C. W, T,

The Z, and I, peaks obtained for this subject were
similar to those obtained for /t/. However, /k/ generally
had less prominent T. peaks than /t/, showing that the
energy in /kx/ was concentrated at lower frequencies,

(see section 1.4.2.3)Z.T.I. diagrams for 2 utterances of
/kI/ are shovm in figure 3.13, Figure 3.10 shows the
distributions of T.P.S. for /t/ and /k/.

3.1.,3,2, Subject W.A.A.

The behaviour of /k/ for this subject was similar to that
for subject C.W.T. The 2. peaks for /k/ tended to be wider
than those of /p/ end /t/. The distributions of Z.P.W. for

these 3 phonemes are shown in figure 3.7,

5.1. S. 5. Sllbject I’.‘I.A.

" Dhe form of the Z;T;I; diagram for /%k/ was agéin'similar 
td that obtained for C.W.T., but the T.‘péaks were‘generaily
no smaller than those of /t/, (see figure 5.9).’/k/,howevef;f
‘showed moré‘prominent‘i. peaks than /t/.  Figﬁre é.16 shoWs

the distributions of I,P.W. for /t/ and /k/.
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3.1.3.4. Subject P.D.G.

The Z,T.I. diagrams for this subject again resembled
those of /k/ for subject C.W.T. Figure 3,14 shows the
Z.T.I, diagrams for 2 utterances of /kea/. About 15% of the
utterances,(for erample figure 3.14(a» did not show(a
separate I, peak, The soragrams for the 2 sounds of
figure 5;14, shown iﬁ figure 3,17, show that much more
energy was present in the second sound than the first,

corresponding to a more pronounced explosion of the Stop.

3.1.4, The Voiced Stops,

The distinctive feature of the Z,7,I, diagrams for the
Voiced Stops /b/, /d/ and /g/ was that for all subjccts these'
phonemes did not normally show a distinct I. peak.; The |
sonograms of figure 1.4 show that the duration of the _
Voiced Gtops was very short, and the amount of energy present
'in the explosion of the Stop was relatively umall.~
The envelope of the waveform generally rose quickly but
smoothly into the following vowel; this can be seen in the

U, V.krecording of fivure 6 18. I. pea&s occasionally did

ocecur for the Voilced Stops, due to 1ncreased duration and to

a greatpr proportion of fricative excitation..



(a)

Fig. 3.17 Sonagrams for two utterances of /ko/ by P.D.G.
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Pig. 3.18 Raw Speech Wavaform for an Utterance of

/ds/ by C.V.T.



85.

3.1.5. /v/.

3.1.5.1., Subject C.W.T.

Figure 3,19 shows Z.T.I. diagrams of 2 utterances of the
sound /be/ spoken by C.W,T. As figure 3,19 illustrates,
both the 2, and T. peaks for /b/ were felatively small,
the 2. peeks sometimes being absent. This eorresponds to
the low I value and the absence of energy at high
frequencies (see section 1.4.2.1). T.P.S. was normally much
smaller than for /d/, while the Z, onsetitime Z.L.E., tended
to be larger than for /g/, &s shown in‘figure 5;27,_

3.1.5,2., Subiject V.A,A.

The Z 4\ diegrams oft/b/ for this subject ageie:ehewed
the smalleot Zs and T. peaks and the longest énset times of
the Voiced Stops, though it was generallJ more difficult to
distinguish between /b/, /d/ end /g/ than 1n the case of
C.W.T. Figure 3.08(b) shows the distribution ef‘T.L,E,

for /b/

3.1.5.5.:Subjeet M;A.,,

The behav1our of /b/ on the Z.T.I. diagram onee more :

resembled that oboerved for subject C w.T.ng,M;,,_;
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The T, peaks were again the smallest of the Voiced Stops
(see figure 3.29(a)). About 30% of the utterances of /b/
did not show a separate 2. peak, The Z., and T, peaks for.
/b/ were generally no wider'than those of /d/ and /g/, dbut
the 2, onset time Z.L.E; wés again slightly iarger than that

of /g/.

3sleH5e4ds Subject P.D.G.

The Z.T.I, diagrams for /b/ could again be distinguished
from those of‘the'other,Voiced Stops, as described above,
and resembled most cioéely those of /h/. As Figure 3,30
shows, the Width of the Z. peék was often greater than that
of /h/, though a few examples of both /b/ and /h/ did not

show a separate Z, peak.

3.1.6, /a/.

3.1.6.1. Subject C.W.T.

/a/ usually had the hlghe t T. peaks of the 5 Voiced
Stops showing the presence of energy at higher frequencies.“'
The distributions of T.P.S. for /d/ and /g/' ‘are compared
in figure 3. 31, The Z.peaks were similar to those Qf /g/,
but often higher than those of /v/.




Fig. 3.29




Fig. 3.31 (b)
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In a few instances very large Z, peaks (Z.P.S. about £00)
" were observed for /d/ and /g/, owing to an increase in the
amount of fricative modulatidn; Z.T. I, diégrams for two

utterances of /d3/ are shown in figure 3,23,

3,1.6,2, Subject W.AA,

= The 2Z.T.I. diagrems of /d/ for this subject again'Showed
the largest T. peaks of the three Voiced Stops. The 2. and
T. pecaks were generally the sharpest of these ] phonemes,
(see figure 5.28), Two examples of the sound /du/ spoken
by W.A.A. are shown in flgure 3.24, The duration of the
Voiced Stops (and /n/) was somewhat greater and the Z.
~and T, peaks were less sharp than for uubject C. W.T.<¢_«‘ff~
This can be seen in figure 3.24 and by comparing th¢ T.L.E.'
distributions of /h/ and /e/ (figure 3.2§(a)rand (d) )_with:
those for C.W.T. (figure 3.33).

3,1.6.3, Subject M.A.

K'Z.T.I. diagramslfoffﬁtterancgs of the ﬂound /aag/ b&‘
subject M.A. aré‘éhown in figure 3,25, Like its voiceless
equivalent /t/, /d/ did not show the large T, pea&s
normally obuervedrfor‘this»phoneme pair. “The values ot

T.P.S., were in fact slightly smaller than those of /g/,
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(figure 3.29 (b) and (c). This was presumably due to

abnormal pronunciation for this phoneme pair.

3s1le6,4. Subject P,D,G,

Plgure 3,26 shows the Z,T.I. diasgrams for a pair of
/da1/ sounds by subject P.D.G., The /d/ was characterised by
extremely large and shdrp T. peaks, almost as large as
those of its voiceless equivalent /t/. The average value

of T.P.S., was about 150.

3. 7. [0/

3.1.7.1. Subject C.W.,T.

zZ.7.I, diagrams of 2 utterances of /g>/ are shown in
figure 3,20, The values of T.P.S., for /g/ftendédito be
slightly smaller than for /d/ (see figure 3,51). The 2.
_peaks were generally very sharp and had the stilest'values

of Z.L. E. for the Voiced Stops (see figure 50&7)

3.1.7.2 Subject W.,A.A. The Z.T.I. diagrams for /g/ for thiﬁ'
‘Bpeaker were similar to those obtained for subject C.W.T. ,

8 1, 7 3, Subject 1o Ao

The behaviour of the Z.T.I. diagram of /g/ for this

subject was again similar to that oboerved for subject C W Ty  -
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' 3.1.7.4. Subject P.D.G.

/c/ for this subjeét showed T, peaks on the Z,7.1,
’diégrams which’were much smaller than‘those of /da/, fhe
average valué of T.P,S. being sbout 105, The size of the

Z. péaks was quite variable, but these péakS'weré normally

larger than those of /bv/ (see figure 3.32).

3,%..8, /h/,

3.1,8.,1. Subject C.W.T.

Although /n/ is clasoed as a Fricative sound, most of L
the utteranoes of this phoneme had Z,T.1, diagrams | :
\reoemblinﬂ those of the Voiced Stopn /b/, /a/ end /g/
~In perticular, /n/ usually did not have a sepﬁrate I. pe&k.
' Pigure 3 ?1 shows 2, T.I. diagrems for 2 utterances of the |
"sound /h3/ mith this property.' The absance of I. peaks for; 'lf;a
/n/ wes attributed to~,,; e ‘, » , ,‘ e
(a) A relqtively large amount of voicing beinn prevent in ;; _ i; 
. thesowna. Sl
(b) The eyceptionally low energy level - as seen in the

_ sonogrem of flgurel 5(&) i Occasionally thia 1ed to fﬁf’***"

large I SeD. values (see section 5 l 9)

i(c) The short auratian of /n/ ccmpared to that of the 0ther3,7i




fricatives, /h/ rarely reqching a steady state.

7 I. peaks did occur for a few examples of /h/, e.g. tha

' utterance of /n:/ of figure 3.22. This illustrates the f"“

variwble nature of /h/ | . | EERN
Phe values of Z.P,S. for /h/ varied widely, but the,"”,

average‘was about 100. Like /d/ and /s/, some. utterances of

 ‘ /h/ had 1arge values of Z. P.S (about 200) due to increased

| frication; T.P.S. lay mogtly in the range 75~1oo, less tnan -

for /a/. | | ‘ _’ | . P

~ The fricatlve nature of /h/ meant that the Z.‘and T, ‘

' peaks were generqlly wider than those of the Voiced utopé.; ‘\

;'The onset times ‘vere alvo greatcr, und the clearest distinétion :

fwas that of T L.E. (see figure 3 55)

 8:1.8.2 Subject W.A.A;;,

The Zo T I. diagrams of /h/ for this subject again
: reuembledjthosefof‘the Vo;ced toPu /b/, /d/ and /g/

. The Z. ahd T.<péaks wére'almbst as. narrow as'those of‘/b/;af
'/d/ and /g/, but T P.S. was omewhat amaller than for /d/
Cand /g/, while the onset time T L B. Was generelly 1arber

 jfthan fcr /h/ and /d/ (gee figure 3.?8) A few ex&mples cf‘

o/ had large values of I.s. D. due to en’ exceptionally 1owﬁflvk

'iftamount of energy being preqent in the sound.J;«fﬁ



3.1.8.3 Subject M.A.

The Z, T i diagrams for /h/ again resembled ‘those of
/b/ most elosely. The fricative nature of /h/ again meswt
that the peaksiwerg a 11ttle wider than those of /b/, and
the onset times longer. The time taken to risé to the
maximum on the I, trace, I“L‘E;,'(ﬁb separateé I; peak) was
alao'gfeatérfthah for /b/. The dietributione " i 1 s A
for /n/ end /b/—are compared in figure 3. 34,

3.1.8.4 Subject P.D.G.

For this subject, about 70% of the utterances.of /hf
gave 7.1.I. diagrams resémbling those of the volced stops,
while the remaiﬁder showed distinct I. peaks which were
sometimes quite large, due to an increase in the amount of
energy present in the /h/ sounﬂ. A few utterances ‘ghowed
a large I. start delay. The Z. peaks for /h/ were less

~ variable than for other apeakers, the Z.P.8. value be*ng
mostly below 100 (See figure i 32(&))



91.

3.1.9. /t/.

5. 1' 9.1. SUbjGCt C.‘OVQT.

For this subject, the behaviour of the I, peak for /f/
varied wiaely;. This was due to changes in the amount of
energy present in the /f/, partly caused by changes in stress,
Z,T.I. diagrams of 2 utterances of /fu/ and /f3/ ere shown
in figures 5.55 and 5.56Are5pect1ve1y. Many utterances
had exceptionally ibw overall energy levels (as seen in the
sonagrem of figuré l,5(f)corre8ponding.to the z.7.1,
diegram of figure 5.56(a)J Figure 3.39 is a U.V, recording ,
of the raw speech waveform for this sound, It can be seen
from figure 5;69 that the envelope of the /f/ 1s'séysmall
es to be 1ndistinguishable'from the silence_preceedingfit. »
The starting point of the I, trace was;thereforé‘a gdod»deal
later than that of the 2, and T. traces, This start delay

vas measured by the parameter I.5. D., and proviued a means

of separating these samples of /t/ from the other consonants."ﬂ

This effect was also observed in some utterances of /6}/
ond in a few examples of /n/ f R ‘
 Other utterances of /f/, such as those of fiwure 3. Sb(a)

and figure 3. 36(Db) had distinct I. peaks due to a grcater’ f
amount of energy being present in the /f/ Ina few cqses,

1ike the sound /fu/ of figure 3. 55(a), these peaks
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resembled those of /p/, due to the presence of a very large
amouht of energy at low frequencies, The values of Z.P.S.
varied over a wide ranée, but T.P.S. was generally quite
smali for a Voiced Fricative, the average value being about
100, The Z, and T. peaks for /f/ were generally quite wide,
the average value of Z,P.W. being about 25 and that of
T.PsW, being about 30 - 35,

5‘1. 9. 2. S'leject VJ‘A.A.

Almost all the exemples of /f/ for this subject had
large values of I,S.D.(>10) indicating that very little

energy was present in the /f/ sound.

3,1.9.,3, Bubject M. A,

About 50% of the Z.T. I.ﬁdiagfams fo£'thié'subject
showed value° of I.u.D. 1arger than thoqe dbtained for most“
of the other phonemes, but these start delays were Ji"  '
generally shorter than those found for subjects C.d.T. and i
 W.AJA. (The best threshold value for the I, s D. decision
fell from 10 to 5 for this subject ) Figure 3, 37 shows
Z.T.I. diagrams for 2 utterances of /fg/ by N.A..’ the I.
start delays can be seen for hoth sounds. FigureVS.do is ;
the uona'rram for the /fa/ sound of figure 3. 57(a) rrom 1' f77fi
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Fig. 3.40 Sonagram for an utterance of /f3/ by M.A.
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figure 340 it is apparent that the smount of energy in the
/f/ sound increases towards the end of the sound, thus
decreasing the value of I1.5.D. As in the case of subject
CVl,Tsy large I. peaks were observed for a few examples of
/f/ in which more energy was present in the consonant sound,
The size of the Z, peaks for this subject varied, but
they were sometimes quite large, as-'seen in figure 3,37,
This indicates the presence of more energy at a higher
frequency than in the case of the previous subjects, as seen

in the sonagram of figure 3.40.

3ele9.4, Subject P,D,G.

For this subject, far more energy was present in the

/f/ sound, and hence separate I, peaks were observed for most
of the utteranées, though 5% of the examples showed large |
I.8,D. values, The I, peaks were often quite large, though
I.P.S. varied widely (see figure 3.41). Z2.T.I, disgrams for
2 utterances of /fI/ by subject’P.D.G. are shown in f?gure
3,38, The increased amount of energy in the /f/ sound can
be seen in the sonagram for the /fI/ sound of figure 3.33(b),
‘shown in figure 3.43, The Z. and T;rpeaks for /f/ rémained |
muich smhller than thcse of the voiceléss fricatives /é/ and

/t/, showing the scarcity of energy at high frequencies,






Fig. 3.43 Sonagram for an utterance of /fI/ by P.D.G..
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The duration of /f/ was normally very long, and the onset
times were extremely large, reflecting the fairly gradual

energy built up, seen in figufe 3,43,

3,1,10, /¢4/.

3,1.,10,1, Subject C.W. T,

/ 6/, like /f/; showed varying behaviour on the I, trace
due to differences in the amount of energy present in the
sound. Again there were sore cases, like that of the first
utterance of A3/ in figure 3.44, with no separate I,
peak and a large I. start delay, but these were less numerous
than for /f/. A larger number of utterances had a small but
fairly distinct I. peak more typical of an unvoiced sound,
(see rigure 3, 44(10)). | '

The Z., and T. peaks for /8/ more closely resembled those
of the volced Fricatives/v/ and /J/ than‘/f/. Figure 3.42(a)
éhows that'phe value of Z.P;S. wags hardlylany larger thani“
for /v/ end /d/. This was somewhat surprising since /&/
is classcd.as a voiceless;sbund. The ver&ilow energy levél
of /%/ may be a paftial’cauce of this, and in SOméuéasesithe
discrepancy may be explained by mispronunciation of the /& /,
which can easily be confuoed with /D,/
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3.1.10.2. Subject W,A.A,

About 30% of the utterances of /B/ for this subject were
similar to /f/;ha#ing a 1argé I.S.D. value (gréater £hdh 10).‘
Most of the remainder did not show a sepapaté_i.}peak;,‘

The absence of a °épafate I. peak was attr*huted‘to'éimilar |
factors to those. given for /h/ (section 3. 1 8. ) | k

The Z peaks were extremely variable, “but normally
larger than those of /v/ and /d/, (see figure 3.48),

The T, peaks were quite small, showing an energy concentration
at the lower end of the frequenCJ scale, The 2,7.,I, diagrams
for /6¢/ generally resembled thoue of the volced stops, and

its duration Waé abnormally;short for a fricatyve, / &/ was

very difficult to diStinguish'from'/n/, /v/, /3/ and /g/.

3,1,10,3, Subject M,A.

As in the case of W.A.A., no separate I. peaks were\
observed for most of the utterances by this subjact._gg~5ﬁfﬁ
About 35% of the examples of /&/ conoidered had I S.D.values
similar to those of /f/ for this subject.\ The Z. pemks,,xi¢ '
however, were generally smaller than thcsé of /f/, and /é/
was again difficult to distinguish from /h/, /b/, /a/ and /g/.f
 Pigure 3.45 shows Z. T.I.‘aiagrams for 2 utterances of /th/ |
In figure 3. 45(&), the z. peak 1s indistinct.\ opind o
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3,1,10, 4, Subject P,D.C.,

Z,T.I. diagrams for 2 utterances of /8/ by subject P.D.G.
are shown in figure 3.46. Roughly 80% of the utterances of
' /8/ showed a very long start delay on the I, trace
(I.8.D. greater than 15), due to an exceptionally low
overall energy level, The Z. and T. peaks for /6/ were
generally larger than those of /f/, showing a higher
frequency energy ebneentration. FPFigure 3,49 shows the

distribution of Z.P.S. for /f£/ and /&/.

3.1,11,/v/.

3.1.11.1. Subject C.Vi. 7.

Figure 3,50 shows Z,T.I, disgrams for 2 utterances of
the sound /vu/ spokén by C.W.T. Like most df thé VOiced |
Fricatives, /v/ norﬁally showed distinct I, peaks, indicéting
that an appreciable ampunt of fricative'quulation was
present, Thése ﬁeaks vere generally more_prominént than ‘
those obtained for unvoiced sounds, though the onset of the
vowel was less sharp.' |

As Tigure 3.50 illustrates, the Z, peaks for /v/ were
considerably smaller than those of the vowel, the 2, trace’

being governed by the low Fl value for /v/. Figure,6.42(h);
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shows the distribution of Z.P,S. for /v/. The T. peaks for
/v/ were often quite 1arge,showing the influence of

fricative excitation.

5.1. 11. 2. SU.bjeCt VJ.A.A.

/v/ for this subjgct was again characterised by very
small Z. feaks. The distribution of Z,P.S. is shown in
figure 3,48(b). Figure 3,51 shows 2 examples of the sound
/v3/ by W.A.A., An appreciable number (about 25%) of the
examples studied did not show a separate I, peak (as in
figure 3.51(b) ), while the remainder generally had smaller
I. peaks than in the case of subject C.W.T.(compare figure
3.51(a) with figure 5.50); This was presumebly due to &
reduction in the amount of energy present in the consonant
sound, corresponding to a*lowéred‘stress or to a greater
amount of voicing. The iow energy level in the /v/ sound of
figure 3.51(b) can be seen in theasonagram of figure 3.52,

In general far more of the utterances by subjecf W;A.A;VV

did not show a separate I.'peak.

3,1.11.3 Subject M.A,

The Z2.T.I. diagrams of /v/ for this subject resembled
those of subject C.W.T. Almost all of the utterances

showed & separate I. peak..



Fig. 3.52 Sonagram for an utterance of /v3/ by W.A.A.
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3.,1.11.4 Subject P.D.G.

The Z.7.I. diagrams of /v/ again showed very small Z,
peaké. As in the case of speaker W.A.A., about 30% of the

utterances did not show a aparate I. peak.

3.1.12. /y/ |
Z.T.I. diagrams for two utterances of the sound /33/ by

C.W.T. are shown in figure 3.47. As expected, /d/ behaved

(over
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in a similar way to /v/ and it was difficult to discriminate
between the two., lMost of the utterances of /6/ had distinct

I. peaks as in figure 3.4 (s) but sometimes (as in figure 3,47(b))
the I. peak was‘absent. This can be attributed mainly to
differences in the amount of voicing present in the /)/ and

to a lesser overall energy ievel.

The distinguishing feature of A3/, like /v/, was the
extremely small (and'sometimes absent) Z. peak. The Z, peaks
were expected to be a little higher than those of /v/, but
this was not generally the case,(see figure 5.42);

3.1.12.2. Subject W.A.A,

The Z,T.I. diagrams”foéqure again very éimilar td those
of /v/. The Z, peaks were slightly smaller than for /v/,
(see figure{3.48); About 20% of the utterances did not show

a separate. I, peak,

5.1012. 5. Subject I‘JOAO s

It vwas again dirficult to distinguiqn the 2. T 1. diqqrams " 5
of /a/ from those of /V/, though theoe 2 phonemas could _ 1 |
easily be distingulshed from the remainder by their ”

| exceptionally low Zs P.o.'va]ues, and the preuence of a

 separate 1, peak.
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As figure 3,53 shows, the Z. peaks for /J/ tended to be
wider than those of /v/.

3.1,12,4, Subject P,D,.G.

Just over 50% of the utterances of /b/ for this subject
did not show a separate I. peak on the Z,T.I, dlagram,
The presence of very small Z, péaks, and the greater |
duration of the fricative sound, enabled the utterances to be

separated from the voiced stops relatively easily.

3,1,13, /s/.

3,1,13.1, Subject C.W,T.

The distinguishing features of /s/ were the massivé;
Z. and T. peaks obtaihed for this sound, Figure:$.5§}show3'*
Z.,7.I., diagrams for 2 utterances of /sg/ by C.W.T,.
. The height of the Z. andiT. peaks shows that the energy
in /s/ was concentraﬁed at‘high‘frequencies, with little
energy in the vovel formant range, The duration_of /s/ was
often extremely large, and the’peaks therefore flat topped.
' Most of the examples of /s/ had small values of I, P.S., ‘the
I. peaks being similar to that of figure 3. 55(&) |



Fig. 3.54
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2.1.13.2. Subject W.A.A.

The Z2,T,I., diagram of /s/yfof subject W,A,A. resembled
those obtained for C.W.T. The I. peaksfor /s/ were genetbally
smaller than for the other phonemes which had massive Z, and

T. peaks. (see figure 3,54),

3,1.13,3, Subject M.A.

The behavigur of /s/ on the Z,T.I. diagram was again
similar to that observed for C,W.T. The I. peaks were more
prominent than for subjec% W.A.A; (Compare figureév$.54;and

3,59),

3.1.13,4, Subject P.D,G.

Figure 3.56 shows the Z,T.I, dizgrams for 2‘ﬁtterances
of /s8/ by subject P.D.G. As figure 3,56 iiluétrates,thé
Z.Tels diagfams for /s/ vere Similar to thdse’of subject :
C.W.T. in a slightly exaggerated form, 1argerva1ue$ Sff&
Z.P.S. and T.P.S. being obtained. The average valuefbf:f‘

7, P, 3. was about 190.".
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3,1,14, /[/.

3,1.,14.1., Subject C.W.T,

The utterances of /f/ for C.W.T. had Z.T.I. diagrams‘
very similar‘to those obtained for /s/. 2 utterances of Aﬁ/
are shown in figure 3,57, /f/ could be distinguished from
/s/ using'the parameter T.P.S. which tended to be lower in
the case of /f/. The sonagrams of figures 1,5(f)&(hH show
that the energy in /s/ wes concentrated in higher regions of
the spectrum than for /f/. This was also true of the voiced
cognates of‘/s/ ahdy/f/;‘/z/ and /3/. Figure 3.60 shows the
distribution of T.P.S. for these 4 phonemes,

3.1,14.2, Subject VW,A.A.

The Z,T,I. diagrams of /f/ for subject W,A.A, were
similar to those observed for subject C.W.T. The T. pcaks
were agaih somevhat smaller than those of /s/y though this

distinctibn was'not as clear as in the case of subject C, W, T.

3.1.14,3, Subject M. A,

The behaviour of /f/vOn‘the Z.T.I. diagram was again

similar to that observed for subject C.W.T. The*I.'peaksi‘
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were mdré prominent than for W.A.A. (compare figures 3,59
and 5.54), Figure 3.58 shows Z.T.I. diagrams for 2 utterances

of the sound /fS/.

3s1414,4, Subject P,D.G.

The 2.T.I, diacramo for the utterances of /f/ by subject
P.D.G, closely resembled those obtained for subject C,W.T.

3.1.15, /z/.

3,1.15.1, Subject C,%W. T,

Z,7,I, diagrams for 2 utterances of the sound /éx»/‘by
C.W.T. are shown in figure 3.61. The I, and Z. peaks for
this phoheme varied a good'deal due to differences in the
amount of vbicing ppesent.} The I. peaks for /z/ were
generally larger but less di%tinct than for its voliceless
cognhate /s/  When a 1arge amount of voicing was present, as
in figure 3.61(a) and the correspondinn gonagram of
figure 1. S(gkthe Ze trace was governed by Fl and was quite
“gmall, Z.peaks more closelj resembling those obtained for
/s/ occurred whenifrictionﬁl‘excitation predominated.’
Often the Z; tracé éhowed more than:a Singlé peak'for the.‘

/z/ sound (e.g, figure 3.61(b)); this was presumably due to
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changes in the amount of voiecing within the sound itself.
The T. peaks for /z/ were very large, similar to those
of /s/, showing that a large amount of energy was always

present at high frequences,(see figure 3.60), .

3.1,15,2, Subject W.A,A.

Z.T.I, diagrams for 2 utterances of the sound /zi/ are
shown in figure 3.62. The level of voiceless modulation was
generally higher than in the case of subject C.W.T.

This can be seen from comparison of the sonograms'of the
/zi/ sound of figure 3.62(b), shown in figure 3.64, with
that of figure l.5(g).For this reason, the I.,peaks vere
smaller, more closely resembling those of /s/, and the,z.

peaks generélly larger.

2,1,15,3. Subject M.A.

'The Z.T.I. diagrams for /z/ for this subject closely f 7~”
resembled those obtained for C.W.T. The Z;'peaks‘wéfé .
generally quite small, due to the dominance of volced

éxcitation;

5.1.15.4, Subject P.D.G.

~ Variations in the relative amounts of volced and




! FMN |
IO e ks o

Fig. 3.64 Sonagram for an utterance of /zi/ by W.A.A.
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voiceless modulation in the /z/sound again resulted in
variable behaviour on the 2, and I, traces. This is
illustrated by the Aistributions of Z.P.S. shown 1n’figure
3.65. /z/ could, however, be distinguished by its
exceptionally large T. peaks, the average value of T.P,S,

being about 180,

5.]..16. /(/.

Belelbe 1, Subject C.Vl.T.

The Z,T.I. diagrams for /S/ reéembled those of /z/ as
expected, 2 examples of the utterance‘/sa./are shown in
figure 3.63. The value of T,P,S, was smaller than for /z/,
'being about the same as that of /[/ (see figure 3.60).

3,1.16,2, Subject W,A.A,

The Z.T.I. diagrems for /j/‘agéin résemb1ed those‘Sf /z/
T.P.S. was slightly smaller thaﬁ for /z/, but the Turnarouhd
Peak.drop (T.P.D.) was generally 1ower7f0r /z/ than’for /5‘/;
(see figure 3.66), This was praéumably,causédiby a}sharper o
change in the higher formant region at fhe onset of the vowél
following /z/, possibly due tq'é greatcb propOftion of

voicelese mModulstion being present in /z/;
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3.1.16.3. Subject M.A.

/3 / exhibited similar behaviour on the Z,T.I., diagrem
to that observed for subject C.W.T. The Z. peaks were
generally quite large, showing the presence of a large

amount of unvoiced modulation,

3,1,16,4, Subject P,D.G.,

The Z.T.I. diagrans.of {5/ for this subject generally
behaved in & similar way to those of C.W.T. The Z. peaks
for 43/ were normally less pronounced than those of /z/,

indicating a'greater proportion of volced excitation.

3.1.17. /t) /.

3.1,17.,1., Subject C,W.T,

Z.T.I. diagrams for 2 utterances of the souﬁd /tf‘/t'
spoken by C.W.T. are shown in figure 5;57,, As éxpected,Lthe
form of the peaks was midﬁay between those of /f/'and /j?.
The duratioh of the sound was generall& ionger thdn for‘/f/-
but shorter than for /j/. The onset times werefgenerally'
smaller than those of the unvoiced Fricétives, énd‘the Z;‘
and T, peaks were sharper; due to the iﬁitial stop ﬁhase of

the combined sound, Figure 3.69 shows the distribution of
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2.L.E. for /t /, /s/ and Af/.

3,1.17.2, Subject W.A.A.

The Z2.T.I. diagrams for the utterances of /tf/ by W.ALA,
resembled those of the fricative /f/ nore closely than those
of the stop /t/, though the duration of /tf/ was generally
less than that of /f/.'

The Z.T.I. diagfams for 2 examples of the sound /t]&h/
spoken by W.A.A, are shown in figure 3,68, In figure 3,68,
fhe vowel peak on the Z., trace is much larger for the second
member of the palr of sounds than for the first, This was
a cormmon feature of the utterances by W.A.A.,, and was due to
differences 1In pitch and stress between the first and second
sounds of a pair, Tigure 3.71 is a U,V, recording of 2
waveforms for the vowel /3/, taken from the first and second
members of a pair of /t3/ sounds. The increased number of

zero crossings for the second /3/ sound can be clearly seen,

Bele17.3, Subiect M, A,

The Z.T.I1. diagrams for /tf/ for this subject were |
similar to those obtained for C.W.T. The onset times were_
less than those of the’fricatives,vwhileﬂthe'duration of AJS/
was greateb than‘thaf of the Voiceless Sfopé;‘ Figuré‘3;70
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shows the distributions of Z.P.W. for /tf/ and /x/.

5.1.17.4. SUbjeCt PODQGO

The behaviour of /tf/ on the 2,T7.I, diagram was similap
to that of subject W.A.A., resembling [[/ more closely
than A /.

3.1.18., jdgﬁj.

3,1.18.1, Subject C.W,.T,

the
The Z T.I. diagram for)voiced affricative /d3/ was

characterised by high, sharp peaks on the Z, and T, traces,
but generally had nb distinct I; peaks, 2 examples of the
utterances /dsa/ are sho@n in figure 8;72. /d3/ behaved
similarly to the voiced stbp /a/, the influence of the
friCat1v¢'[5/ being to increase the height of the Z. peak ahd
extend the duration of thé’sound. The absence of diatinct I.
peaks shows that a large amount of voicing was present in
both the stop and fricative phases of /d3/, The variation

in the amount of Qoicing was reflected in the values of Z,P.S.,
which though normally large (about 200), sometimes fell
towards the typical /d/ value (about 100)
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5. 10 18' 20 Subject VJ.A‘A.

The behaviour of the Z.T.I, diagram for /d3/for the
utterances by subject W.A.,A. was very similar to that

observed for subject C.W.T; ‘

3,1.18.3, Subject M,A,

The Z.T.I. diagrems for‘/dj/ for this;subjéct again
resembled those observed fdr subject C.W,T., but distinct
I. peaks'were observed in about 15%’of theiutterances,
showing an increased effect of the fricative pabt of the
combined sound, Figure 3. 73 shows the Z. T.I. diagrams for
a pair of utterances of /dsm/ by subject M.A.

3,1.18,4, Subject P.D.G.

For this subject, about;sO% of thé ﬁttef&hdas showed
small but distinect I. peaks on the Z.T. I. iagram. These
examples most clo%ely resembled the voiceleos stop /t/ on
the 2.T7,1I., diagram, but their I.P.o.‘values were generally i
, sméllerkthan those of~/t/‘(see figure‘5;75); Z.T.I.4diagraﬁé 

for a pair of /dse/ sounds are shown in figure 3.74.
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3,1.19, The Vowel Like Sounds., Glicdes and Nasals.

Since it was generally difficult to Separate the 6 Glides
and Nasal Phonemes from each other,’this group of sounds will
be discuSSed as a whole, rather than by individual phonemes,

?he Vowel~like souﬁds could be distinguished from the
other consonants by the behaviour of the I, trace. While
the I. traoe followed the gradual changes in amplitude level
ooourring during the production of the ooneonent, a number
of small bﬂmpe or ‘crests' frequently appeared. This effect
can be seen in the 2. T.I. diagrams of figure 3. 70(sound /3o/,
speaker C d.T.). These small variatlons in the enveloPe can
also be seen in the vowel part of the 2.7.1I. dingrams and
occasionally in the voiced Prioativeo (e.g. igure Se 61)
Figure 5 87 is a U Ve recording of the raw speech wavoform i
for the sound /jﬂ/ of figure o.7b(a) The short term |
variations in the envelope causing the appearance of creots
on the I. trace can be olearly seen.' These creets seem to be
a common feature of vowels and vowelnlike sounds, but dia notV
generally oocur for the Fricatives ‘and stops. The number endri
prominence of the crests varied from sound to eound and from |
speaker to speaker.

Although the crests do not constitute I. peahs iﬁjﬁ%ﬁelj.ge,

sense, as they do not separate the consonant from the vowel .f'”$
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part of the C.V. syllable, their presence provided a good
means of separating the vowel-like sounds from other consonants,
In figure 3.76; the part of the I, trace corresponding to the
initial articulator position can be easily distinguished

from the following formant glide., The I, peak was therefore .
positioned es normal on the initial paft of the trace,
Sometimes, however; this distinction could not be'made,

(e.g. fipure 5.77,sodhd /ru/, speaker G, W.T.)., In these'cases
the I, peak was positioned at about the middle of the

crested region. This generally gave a higher value‘of I P.S.
than when the peak was positioned as normal, For these -
sounds, the peak-picking algorithm often failed, and the I.
peak marker was positioned manually.

This procedure generally gave the Glides ‘and Nﬁsals hiﬁhcr
value of I.P.S, than those of the other sounds,‘but the most
reliable difference was the value of I P,D. When'the I. peak
was due to a crest, I, P.D, was only sliﬂhtly omaller than
I.P.S3., whereas other sounds with large I.P.S, values could

have much lower values of I.P.D. (e.g. figure 3;65(a) ).:

3.1.19.1. Speaker c.w.T.‘

For this speaker the crests on the I, trace were. generally

quite marxed, often yielding high valueo of I.P.S, i

]
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Z.T.I. diagrams of 2 utterances of the sounds /ja/, /ru/,
/we/, fwe/, /1i/, /m>/ and /ny/ are shown in figures 3,76 -
through 3.82. The vowel=-like squnds could be distinguished
from each other to some‘extent using thé‘parameter_I.P.S.‘-
The distributions of I.P.8., for the 6 Glide ahd Nasal phonemes
are shown in figure 3.88, The glides /j/ and /f/ tended to
have the lowest values of I,P.S. and the nasals /m/ andi/h/ |
the highest., The lower I.P.3. values were generally‘duevtd
the location of the I, peak on the pre-glide phase of the
sound (as in figure 3,76), while in the case of the nasals,
the crests were often closer to the I. maxlmum (sce figure
3;81.). As figures 3 78 and 5 79 show, differcnt uttcrances
of /w/ could exhibit either of these effects.

The vowel-like sounds generally showed diutinct Ts peﬂxs
due to discontinuitieo in the higher formant paths, é L
(sece section 1.4.5. ). The height of the T, peak‘was‘ 
generally low., The values of T.P.D. were generally,lower
for /r/, /1/ and /w/ than for /v/s /m/ &and /h/, due to a. |
sharper higher formant change. = The distrlbutions of T P.D.‘;
for the 6 vowel—like phonemes are shown in- figure 3 89.
The onawrams of figures 1. 7(b) (¢) and (d) indicmte that

the higher formant chan@e is more abrupt 1n the cas -of /n/,

/1/ snd /w/.
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It can be seen from figures 3,76 to 3,82 that the Z,peaks
for the vowel-like sounds were often dubious, and little
useful information could bve gained from the Z. parameter,

The.level of the Z, trace was uniformly low,

3.1.19.2. Speaker W.A.A.

Tor ﬁhis subject the 'crests' on the I, trace were less
prominent and fewer in number than in the case of subject
C.W.Ts This is illustrated by the Z,T.I. diagrams for a pair
of /ru/ sounds spoken by VW.A.A., shown in figure 3,83,

About 10% of the Z.T.I. diagrems did not show a distinct I,
peak, This corresponds to the generqlly less clear I.
behaviour for this subject. The I,P.S. values were generally
lower then in the case of C.W.T, This is illustrated in
- figure 3,90 which shows the distribution of x.p.s.,fgr /r/e
As figure 5.83(&) shows, low values of T,P,D., still occurted
for this subject, but this paremeter was less useful'than”in‘
the case of C.W{T.k | ‘ | i -

~ Those vowel-like sbund which aid not show o distinct
‘I, peak were difficult to separate from /h/, /b/, /d/ and /b/,

but their Z, and T. peaﬁs»mere often somewhatrsmaller‘n»f”




Fig. 3.90

Fig. 3.91
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3.1.19,3, Speaker H,A.

The crests on the I. peak vere eagain fewer in number
and less pronounced for this subject, but the I'.P.S., values
vwere very similar to those obtained for subject C.W.T.

As in the case of subject'W.A.A., an appre:iable number of
sounds (about 10%) did not show a separate I, peak,

These sounds could be separated from other phonemes to somé
extent by the smaller size and width of their 2, and T,peaks,
and their larger I,L,E. value, Figure 3,34 shbws the
distributions of I.L.E., for /h/, /b/ and fw/.

The Z,T.I. diagrams for /j/ were distinguished by
exceptionally large and wide T, peaks for a Vowel—like sound.,
2 examples of Z.T. I diagrams for the sound /ju/ are shown
in figure 3.84. The distributions of T,P.S. for /3j/ and /n/
are shown in figure 3,91, Therpresence‘of large amounts of
energy at higher formant frequencies and above can be seen
in the sondgrem (figure 3.92) for the /ju/ sound of

figure 3.84(b).

3.1.,19,4, Speaker P.D.G.

For this subject the Z.T.I. cdiagrams for the vbwel-liker
sounds resembled those of subject C.W.7., generally in a :

'slightly exaggerated form. The I, crests were often more.



Fig. 3.92 Sonagram for an utterance of /ju/ by M.A.
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numerous than for C.W.T. and the I,P.S. and I.P.D. values

were higher, The T.P.D. values were slightly lower, indicating
a sharper formant discontinuity at the onset of fhe vowel,

The distributions of I.P.S. and T.P.D. for the vowel-like
sounds ere shown in figures 3,94 and 3.95, The nasals /m/

and /n/ generally had the largest I.P.S. values, While‘/r/

and /w/ had lower values of T.P.D. then /3/, - 2.T.I. diagfams
for 2 examples of'/ﬁ3/ are shown in figure 3,85, TFigure 3,85
shows tﬁe sharp drop on the T, trace at the_onset of the vowel,
Mgure 3,86 shows,the‘z;r.l. diagrams for 2 exampleévof,/nq/,

with very high I.P,3. values,
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3.2, Recognition Algorithns,

For each subject, the aveailable data comprised the
parameter séts for 4 examples of each consonant phoneme,
spoken with each of 10 vowels., There were thus 40 repetitions
of each consonant for a single speaker (Section 1.1.),

A recbgnition‘algorithm of the type described in section
2,2, was evolved for each subject, using the design method
outlined in Section 2,2,2.

It was originaily intended to design these algorithms
using % of the data (2 utterances of cach consonant with each
vowel) as a trainin set, and then to evaluate the algorithm
performance on the remaining test set. However, the number of
exsmples falling into each Group (see section 2.2.1.) declined
with'each’Succéeding’d80151bn level, and beyond level 4 these
were fréquently insufficient numbers on which to base a
meaningful decision. In these cases it was necessary to
invoke the test set data in order to enable further separation
of the phonemes, 'This procedure generally”enabled"distiﬁction
between individuel consonant phonemes (except the vowel-like
sounds), most of the end points being associated with a‘singlé ‘
"probable" phoneme, There was thus no real distinction‘
between training and test sets, and the results present@d in

Section 0.6.‘cover the whole of the data."\
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Lack of time prevented the processing of furiher ¢.V.
sounds to acquire more data. This could have been done by .
dealing with fewer subjects, but it was felt that 4 speakers
were the minimum number needed to enable some assessment of
subject differences, In any case, the limited storage capacity
of thé P.D.P.-8 would mean re-writing the algorithm design
programme if largér bodies of data were to be used, The
standarad érroré of the recognition rates are small enough to
expect no major decline in the performance of the algorithms
on new data.

The following sectlons describve the algorithm:evolved for

each subject, and the performance of these algorithms.

3.2.1, Separation‘into Gronps.

‘The first operation in the recognition'processﬁwas to
assign the consonant to. one of the 4 or & Groups, - This was -
done by & sequentisl series of Group Decisions,g,mhaﬂdbjecﬁ bf
the Group separation wes to reduce the number of phonemei
categories to be considered by later stagesjofnthe,algorithm"
to manageable proportions. "

Kach Group was dnsigned to trap certain phonomos, though £
there was necessarily a large smount of overlappinrr betweon )
the Groups. In some cases errors in the Group dociulon were

corrected at a later stage in the algorithm.
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The sequencés of Group decisions for the 4 speakers are

shovn in figures 3,96 to 3,99,

- 3.2.,1,1, The Group 1 decision,

Gl included those sounds which had a large Consonant Peak
on the Z, and T. traces, much higher than that of the vowel,
Due to high freQuenCy'domination of the consonant spectrum,
there was generally a sharp Z.P.S. distinction between these
sounds and the rest.

F'or all subjects, Gl included the bulk of the utterances
of /pf/, /dg/, /s/ and /f/. Other Phonemes entering Gl wvaried
from subject to subject as shown in figure 3.100. |

The values of the Z.P.S, threshold for subjects C.W.T and
P.D.G. (211 and 210 respedtively) were remarkably similar,
while that for subject M.A. (148) was a good aeal less,
corresponding to the generally lower ma”nitude of the Gonsonant
Peaks for this subject. In the case of subaect W AJA., the
best Z.P.S. threshold (286) gave a sllghtly less reliabla
_ oepgration than the T.P.§. decision., This was dué'to the
variation in the height of the Z. peah for the vowel between o
the first and second member “of a pair of C, V. soundu.4,

(Qee LDection '3. 1.17.2. )o
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3.2.1.2. The Group 4 decision,

Allythe sounds not entering Gl which did not show a
séparate‘consonant peak on the I, trace were allocated to g4,
G4 was mainly intended to cope with the phonemes /bv/, /v/, /d/
énd /z/. Apart ffcm these phonemes, the sounds entering G4
varied widely from subject to subject (See figure 3.100),

This Grouﬁ was génerally the most complicated, especially for

subjects W.A,A. and l.A. when a greater proportion of sounds

- d1d not possess a distinct I, peak,

3.2,1,3, The Group 3 decision,

This decision performed the main separation between the
vowel-like sounds (/3/, /v/s /1/s /w/, /0/ and /n/) and the
remainder. The vowel-like sounds were characterised by larger
values of I.P,D., due to the appearance of "crests" on the I,
trace (Séction 3, i 19) The values of the I.P.D. threshold

varied from subject to subject with the prominence of the cre,ts{

5.2.1.4. The Group 2 - Group 5 decision,

The xemnining sounds ‘were comprlsed larwely of the vowel—‘k
like phonemes on the one hand, and eXdﬁples of other phoneme¢~

(chiefly /v/) with an exceptlonuwly larve I. peak on the other.

.
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The most reliable way of separating these two groups was to use

the difference between I.P,S. and I.P.D. The value of
(I.P.8, - I.P.D.) was generally less than 12 for the vowel-like

Dhonemes, due to their I. crests, and greater than 12 for the

remainder,
Group 5 was generally much simpler than the other groups;

in the case of subject W.A.A. the Group 2 - Group 5 decision

was not necessary, since the utterances of /p/ normally

entered G3 dr G4,

The next sub-section describes each of the 5 groups in

the algorithm evolved for each subject,

5.2.2.: Group 1,

3.2.2.1, Subject C.W.T., (figure 3,101,)

The first decision in Group 1 separated /dj/’ which

normally did not show an I. peak, from the remainder of the
phonemes. A few exampleb of /t/ and /tf/ which had no I. peak
also entered G121 to~ether with those few voiced stops with
_abnormally large Z. peaks which had entered g1, The latter
were separated from /33/y /t/ and /tJ/ by & T.P.S. decision
and re-directed to G4. AtGL22, /s/ and 4[/ were separated

out by means of their greater duration. The G133 decision

separated /t/ and /k/ from /tf/, which had larger Z., onset
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times ¢ /t/ was then distinguished from /k/ by means of its

higher T. peak (Gl41l)., The main distinction between /s/ and

/fy was made at G134, /s/ having higher T. peaks than /f/.

3.2.2.2. Subject W,A.A. (figure 3.102).

Forvthis subject, Gl was complicated by the presence of
large numbers of the voiced fricatives /z/ and /3/, due to the
uée of T.P.S., instead of Z.,P.S. in the Gl decision,

fThe voiced stops were this time separated from /dj/ using
a T.P.W, decision (G121), the duration of /d3/ being larger
than that of the voiced stops. The phonemes entering G132
‘ere comprised mainly of /dg/; with a few examples of /z/ and
/3/s No reliable decision could be found for distlnﬂuishinq
/a3/ from /z/ and /3/, but the T.P.S, decis ion separated /z/
from /3/, /d3/ felling almost equally between G141 and gl4%8.

An I.P.W, decision was agaiﬁ used to separate /s/ ahd /jy
(Gl?é), and at G133 a Z.P.W. decision separatea /t/ from /tﬁ/,
/z/ and /y/v /z/ and /3/ generally had smaller Z, peaks than
/tf/, and this fact wes utilised at Gld4, A T.P.D. decision
at‘G155,then\geparated /z/ froa /3/ (see figure 3,68).

- lMost of the sounds cntering G154 were examples of /?f/’ and

the Z.P.W. decision dis tinﬂuishQG the additional utterances
of /t/ and /Q5/ from those of /z/ and /5/. |
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Most of the utterances of /s/ terminated at G155, having
smaller I, pecaks than,/ﬁ/ (see figure 3,54), A Z.P.W. decision
at Gl46 identified most of the remaining examples of /tjy by
means of their shorter duration, The I,P.D, decision at G158
distinguished /)7 from the remaining examples of /3/; the

latter having a higher but less distinct I. peak, and the

majority of the utterances of /f/ arrived at G165,

3.2.2.3. Subject M A, (figure 3,103),

For this subject a greater number of sounds entering Gl
had no separate I. peak, and it was necessary to use both
T,P.S. and duration decisions (Gf%ﬁgid G131l) to direct the
unvanted volced stops to CGl4l. In this case the best means
of separating out /s/ and /j/,Was to make use of thelr greater
Z, onset time (G122). The utterances enﬁering G133 were’
méinly comprised of k/land /tf/, and these were scparated by
a duration decisionf The large numbers of utterances of /j/

entering G134 were distingulshed from /s/ and /]7 using an

' I.L.E. decision,

3.2,2.4. Subject P.D.G. (figure 3,104).

In this case, cbnsiderable numbers of the utterances of

/z/ entering Gl did not have a separate I, peak, and these were
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distinguished from /d§/ using a duration decision at G132,

Those utterances of /ds/ which showed a separate I, pesak,
together with /t/ and /k/, were separated at G122 by means
of their shorter duration, A further I.P,VW. decision at G134

distinguished /tj/ and /z/ from /s/ and /17. /tf/ was then
distinguished from /z/ at Gl4b by means of its sharper onset

times,

'30 2- 3. GPOUI) 4.

3,9.5.1. Subject C,W.T. (figure 3,105),

7

\ The first decision in 64 sepa rated those sounds with a
large I.u.D.,value (due to a very low overall energy level)
from the remainder. In the case of subject C.W,T,, these were
comprised largely of /f/, together with some examples of /&/
AT, PV, decision at G122 dietlnnuished between these 2
phonemes. | : | ‘ . 7

The few examples of /z/ which entered G4 were removed aﬁ
G121 by means of their very 1arve T. peaks. ThOwe sounde with’
very small (or absent) Z. peaks (chiefly /v/, /A/, /n/ and |
/b/) were separated at G151, The ;.P.u.‘decision ot G142 was
intended mainly to separate /u/ from /h/, /v/ and /&/
Moet of the utteranceu of /b/ were: then directed to Glﬁl,

since the%e generally had - very sharp Z Aneaks.
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At G162, /h/ was separated from /b,d,and g/ by means of its

greater onset times.

At G154, /d/ was separated from the remaining examples of

/dy/ and /3/ by means of its sharper T. peaks.

3.2,8.2. Subject W.A.A. (figure 3,106)

For this subject, the far greater number and variety of
utterances with no I. peak meant that G4 became very complicated,
thouﬂh its form was similar to that for subject C.W.T, '
‘ i vowel-like

An appreciable nuriber of thelphonemes entered this Group, but
many of these were re—dlrected to G2 (at G472)., The vowel»like
sounds had smaller Z. and T. peaks than the majority of the
sounds entéring @2 (G421 and 431), while the Z. cut off at the

onset of the vowel was less distinct (G441) and the T, cut offl

’sharper (G452).

3.243.8, Subject M.A. (ficure 5.107)

G4 for this subject was a”ain CQWpliCated by tho presence
fof additional conoonants with no I. pea&.: The thre hold for
the initial I.u.D. decibion was. 10hered to 5, corresPQHding to}
'the smaller I, start delayu ob erved for this subject.zt

The T. P.u. decision at Glzl isolated thoae sounds with

~large T, peaks, in this case mainly /t/, /j/ and /g/, 3
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(/g/ for this subject often had larger T, peaks than /3/,
see figure 3.29). /J/ generally had smaller Z, peaks than
/t/ and /g/ (G432), while the Z. cut off for /t/ was sharper

than for /g/ (G444).
The vowel-like sounds entering G4 again had smail Z, and

T.peaks (except /J/), while the 2. onset time was quite small
‘and the I. onset time large (figure 3.34)., Most of these
sounds were re-directed to G2 via G462, The utterances of /p/

which entéred this group were very difficult to separate from

the voiced stop sounds.

3,2,3.4, Subject P.D.G. (figure 3,108).

” Iﬁ‘this case, the 1nitial I.S.D. decision was made with a
gréater threshold of 15. The sounds with large values of I.8.D.
were mainly compriSGd of /9/

The T,P.S. deci ion at G421 this time isolated the majorlty
of the utterances of /a/, together with some exwmples of /k/
and a few utterances of /v/, /d3/ and /z/. /d/ had far
narrower T, peaka than the latter group (G432), .

' Those‘sounds with &ery smallf(or abéent) Z. peaks were
again’isolated‘at=643l.‘“ThéSe‘comprised most of the’utteraﬁces
of /v/ and /3/ with no I. péak, towéthér with nurbers of /h/
and /b/ GQSQ received most of this group whlch had a ueparate.‘l‘

-

, z peak (chiefly /h/), wmle the otop /b/ &,encrallj md omaller
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T, onset times than the fricative /d/ (a4e2).
The Z,L.E, decision at G442 separated most of the

utterances of /g/ from /h and v/, /g/ having the sharper z,

peaks, G454 removed about % of the remaining utterances of
/v/, which had sharper T. peaks than /h/, and the remaining
ecxamples of /b/ were distinguished from those of /h/ Ly their

wider Z., peaks (G466).

3. 2e4.  Group 3,

3.2.4.1., Subject C.W.T. (figure 3,109),

The initial T7,P.S. decision in this group isolated rnost

of the utterances of /t/ and /z/ present, which were then
separated by a duration decision (G322),
At Ge2l, those utterances with very small‘z.‘peaks

(chiefly ///v/and /3/), were separated from the remainder
(ehiefly /4 /4/,/2/and [5/) /d/ generally héd slightly smaller
values of Z.P.S., T.P.S. and Z.P.W. than /& and/fv/, snd this
was utilised in G331, Go41 and G348,

A duration decision at G332 separated /t/ and,/;/ from
/z/ and [3/ /t/ had larger T. peaks than /k/ (GSéé), while
the Z. peaks for /;/ were slightly longer than those of /z/

(a358).
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3.2.4.2. Subject W,A,A, (figure 3,110),

The initial 2,P.W. decision in G3 separated out those few
sounds (chiefly /f/) with a very long duration. At G321, those
sounds with very small Z, peaks Were separated from the
remainder as before, These comprised chiefly /v/ and /o/,

A second Z,P.S, decision at G331 separated /v/ and /3/ to some
extent, /?/ having slightly larger Z, peaks, A further
separation was made at G341, /J/ having slightly sharper

Z. peaks.

The utterances entering G332 were mainly comprised of
/o/ N and/k/e  /p/ had smaller T. peaks than /t/y while /x/
had wider Z, peaks than /p/ and /t/ (G332, G543 and G344).

3,2.4,3, Subject M.A., (fipure 3,111),

For this subject the initial T.P.S. decision isolated /z/
from the remainder 6f the sounds, and the 2,P.,S. decision at
G221 again separated out /v/ and /3/. /d/ often héd wider
Z, peaks than /v/ (GSSl). The few examples of /b/ with a

separate I. peak entered G332 end were isolated by means of
their low T.P,S., values, The peaks for /k/ were again wider

than those of /t/ (G344).

3.2.4.4, Subject P.D.G. (figure 3,112),

~In thils case, the first décision isolated those‘sounds
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With very large I. peaks (chiefly /p/ and /f/). A further
I.P.S, decision et G322 separated /p/ from /f/. The Z.P,S.
decision at G321 again isolated /v/ énd /d/ in G331, together
with some numbers of /f/, which generally had small %, peaks
for this subject, Most of these /f/ sounds werec difected to
'G554, generally having larger values of I.L.E, than /v/ and
/3/. TFor this subject, /d/ often had smaller I. peaks than
/v/, and this was utilised in G341,

The sounds entering G332 were chiefly /k/, /z/ and /37
and /k/ was isolated in G343 using the sharper rise time of
the stop sound, /z/ and /3/ were then separated by a T,P.S,

decision (G344),

3. 2.5, . Groun 2,

3.2,5.1, Subject C,W.T. (figure 3,113),

The initial I.P.S. decision in G2 isolated most of the
utterances of /p/ which entered this gfoup in G222, The
remaining sounds were then divided by an I.P.S, decision at
G221, G231 containing the majority of the utterances of /j/,
/r/ and /w/, and G232 the majority of /Y/y /n/ and /n/. B

Successive T P.5. and Z.P.S. decisions at G231 and 4241
removed those remaining éounds other than'the vovel-like

phonemes, Successive T.P.D. and I.P.S. decisions were then

-
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used to separate /J/4/¥ and v/ to some extent (G252,G261 and G262),
The sounds entering G232 could be separated to a small degree

by duration decisions (G232, G243 and G244).

 3.2,5.2, Subject W.A A, (figure 3,114),

The utterances of /p/ entering G2 were again directed to
Gee2, since most of these haa very high I, peaks, An I,P.D,
decisionywas used at G221 to separate the vowel-like sounds,
: Those with larger I, peaks entering G232 were largely/rA/m/and/h/

" The majority of /) and v/ entered G231, with /j/ falling roughly
| equally between these groups. A Z.P.S. decision at G231 removed

the remaining non vowel-like sounds, The 2 groups of vowel-

like sounds entering G241 and G232 wereithen gseparated as much

as‘possible.

3.2,5,3, Subject M,A. (figure 3,115),

- The initial I.ﬁ;E.‘decision in G2 directed the mojority of,f
the utterances of /i{/r/and/w/ to G222, tOgetheo with about

half of the‘utterénoes of /m/and/h/ The utterancos of /3/
were then trapped in G254 by a T.P.S. decision /j/ for this
subject having an exceptionally large T. peak (figure 3.91).

AT, P.D, decision at G233 was then used to separate /p/and/w/

from /m/énd/h/ to sowe extent, the former having a more
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pronounced T. cut off (see figure 3,93). The I.P.D. decision

at G221 directed those sounds (chiefly /m/and/n/, and the
utterances of /p/ which entered G2) with higher I. peaks to 3332,

3.2.5,4, Subject P.D.C. (figure 3.118) .

For this subject, /m/ and /n/ again normally had the

largest i, peaks of the sounds entering G2, and these were
directed to G222 by an I,P.S. decision, A T,P.S., decision

at G221 removed the non vowel-like sounds together with a few
examples of /Jj/. The parameter T.P,D, was again used to

distinguish between /J4 A, /Y and i/ to some extent (G231 ang

G242),

3.2.6, Group 5,

3,2,6,1, Subject C.W.T. (figure 3,117),

The sounds entering G5 were comprised largely of /p/,
together with a few examples of /A /Av/and /5/ with

exceptionally large I. peaks, and some vowel-like sounds

.which had escaped G2,
‘The initial I.P.D. decision directed most of the

utterances of /p/ and the vowel-like sounds to G522, where
- /p/ was separated from the remainder by an I,P,S8. decision,
At G521, /f/and/%/ were distinguished from the'remaiﬁing soundsr'

by their large I L.E. values.
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342.6,2, Subject M,A, (figure 3.118),

The vowel-like sounds entering G5 were redirected to G2
by the initial Z.P.D. decislion., These sounds generally had
very small or absent’z; peaks, and consequently low values of
Z,P.D, Some distinction between /p/ and the remaining sounds
could be made using the parameter T.P.S. (G522), most of the

utterances of /p/ terminating at G532,

3.,2.6.3, Subject P,.D.G. (figure 3.119),

, Mostvof £he utterances of /p/ arrivéd in @5, together with
a few examples of /f/ end the glide /w/, /p/ was isolated in
Gozz by an I,P,8, decision, the I, peaks for /p/ being very
1arge for thls subject. /t/and/w/ were then separated by an
1.P.W. decision (G521), the duration of /f/ being much greater

than that of /W/
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3.3 Perfofmance of the Recognition Algorithms.

3.31 Overall Recognition Rates.

Figure 3.120 shows the percentage of correct ident-
ifications achieved for each subject using the appropriate
algorithms, These figures cover all the available data for
a single subject. Since this was a 'forced choice' recog-
nition situation, the recognition rates can be given as a
percenfage of the total number of examples presented,

The first two columns of figure 3.120 show the pro-
portions ofv'probably' and 'possibly' correct identific-
ations.(ie. an instance of /t/ arriving at an end point
labelled;T(K,would count as a probable identification,
while one of /k/ would be a possible identification)., The
third columm gives the total of probable and possible succ-
esses, The figure for the recognition rate of human list-
eners given in the fourth column is derived ffom‘listening
tests ﬁsing the C.V. sounds recorded by C.W.T. Details of
these listening tests will be found in Appendix 3. In
.the listening tests, no distinction‘between prdbable’and
possible identifications was made,

As figure 3.120 shows, the performances of the four
reéognition algorithms for their respeétive'subjeCts were
very,similar.\ The‘total,recognition rate of abouﬁ 89%

was only a little smaller than that for human: listeners,

il



' Human
Prob. Poss. Total Subjects

C.W.T. 64 25,6 89.6 93.6
W.ALA, 62.5 25 87.5
M.A. 61,4 27.2 88.6

P.D.G. 66.8 23.7 90.5

- Average 63,7 25.1.  89.05

Fig. 3.120 Recognitionm Rates for the Four  Algorithms
With the Appropriate Speakors. (%)
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though the proportion of probable successes (about 643%),
which corresponds to a forced single phonene decision, wasg
considerably below this figure.:

Both the total recognition rates and the ratio of
probable to possible identifications were slightly higher
for subjects C.W.T. and P.D.G. than for W.A.A. and M.A.
This corresponds to the observation that the visual dis-
tinctions between phonemes‘on the 2.7.I, diagram were
clearer for the former speakers, and to the greater simp-

licity of their recognition algorithms.

3.32 Iiffect of the Different Vowels,

The variations in the consonant recognition rates for
the 10 vowel phonemes‘used are illustrated for the four
subjects in figures 3.121 to 3.124. The rates are plotted
together with their Standard Deviations; the solid lines
refer to the total recognition rates (probable+ possible)
and the dotted lines to the percentage of probable ident-
ifications. As thesé diagrams show, the consonant}fécog-
nition rates were to all intents and purposes independant
of the following vowel. The only systematié difference
observed was that the scores for /u/ (00) were generally |,
below the average. This was attributed to the very low |
values of Fl and F2 for /u/ and its exceptionally long

duration.,
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3.33 Recognition Rates for the Individual Consonant Phoncmes.

The recognition rates for the individual consonant
phonemes arevilluétrated in figures 3.125 to 3.128 in the
‘same Wéy a8 the vowel rates of figures 3.121 to 3.124.

'As expected, the vowel-like sounds /3/,/r/,/1/,/v/s/0/
and /n/ fared the worst. Though the total recognition
rates for these phbnémeé were no smaller than those of
fhe remaining sounds, they generally had a much lower
propbrtion of probable identifications. Since a possible
idenfification for the vowel-like sounds generally corres-
ponded to identification as a vowel-like phoneme, the
recognition rates mean that the class of vowel-like sounds
could generally be isolated from the remainder, but it was
difficult to distingﬁish between the individual vowel-like
phonemes, o | |

There was congiderable variation between subjects in i
_the recognition rates for the remaining phonemes, thoﬁgh
thosé’soﬁnds which entered‘Gl (chiefly /ﬁ[/,/qf/,/s/'and
[fy,'together with /t/,/%/,/2/ and /3/) were generally the
ea;iést to identify. These sounds had the most promiﬁent“
2. end T. peaks, Conversely, those sounds with»small”ér ;
variable Z;.and T. peaks (especially /n/,/8/,/v/ and /d/) j
usﬁally had the worst recognition rates. In general, .
unvoiced sounds were easier to identify than voicgd”spuhng

FPor subjects W.,A.A. and M.A., the increased difficﬁlty  ,
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in separating the voiced stops /v/y/3/ and /g/ from the
remaining phonemes, and in distinguishing between these

sounds, is reflected in lower recognition rates.

'3.34 Confusion Matrices.

Figures 3.129 to 3.132 are confusion matrices for the
utterahces of each of tho four subjects processed by the |
appropriate algorithms. The sounds presented are arranged
horizontally ana the responses vertically, so that each
column sum is 40, In these matrices, both probable and
possible identificwtions have been treated as correct, and
are thus entered along the diagonal, 1In the few cases
where 1t was impossible to associate an end’point with a
single probablo phoneme, the errors havelbeen divided ran-
”domly between the probable phonemes. The confusion matrix
for human subjects derived from the listening tests on the
utterances of c.v. T. (Appendix 3.) is shown in figure 3.133
for comparison. In this matrix, the column sum is 100,

- These confusion matrices show that the errors made by
’},the algorithms were widely scattered, and their distribution

‘varied widely from subject to subject. Thia was partly due,li"“j
to the simple form of recognition algorithm used binary .
V’threshold decisions imply that 'a miss is as good as a mile‘

rand the use of a tree structure means_that'onoo'an"error

| oo boen made, the sowsd may fall enyvhere within & lorge
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number of>end points. For instahce, an utterance of /r/
by subject C.W.T. should enter G2, but if it has an I,P.D,
value less than or equal to 31 (say 30),‘it will be - 4
erroneously placed in G3 (Fig. 3.96). Once in G3 (Fig 3.109)
it may be directed to one of 10 end points, and may be
classified as /t/,/%/s/8/,/v/+/3/+/2/ or /37 |

FPigure 3.133 shows that a fair amount of scatter élsq
exists in the errors made by human listeners, but most of
these errors belong to a small number of important'con-
fusions, such as /£/,/8/ end /o/,/v/. These confusions
" often do not appear in the confusion matrices of figures
3.129 to 3.132, but are absorbed in the possible ident-
ifications. ‘Figures 3.134 to 3.137 show confusion matrices
for the four subjects in which the possible identifications
have been freatedvas errors, and are cléssified according
to the probable phoneme associated with the end point,
For clarity, the 'absolute' errors Shdwn in figures 3.129
to 3132 are not entered, and the column Sums are therefore
equal to the corresponding diagonal entries of figures
3129 to 3.132. PO |

‘Most of the important confusions of figure 3 133 |
- (human listeners) are. duplicated in figures 3.134 to 3. 137 .
The possible identifications also included considerable
numbers of other confusions, which vary widely between

subjects, but correspond to the similaxitiesrin‘the‘&.T,I. )
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diagrams discussed in section 3.1. For instance the voiced
stops (/bv/,/d/ and /g/) are appreciably confused within
themselves and with /h/, more so in the case of Subjects

W.A.,A, and M,A.
The possible identifications for the vowel-like sounds

are greatly confused within themselves for all subjects,
These cbnfusions;hafdly occur at all for human listeners,

except between the nasals /m/ and /n/.

3.35 Effect of Grouping the Phonemes.

Pigure 3.138 shows the revised recognition rates of
the four algorithms when the consonant phonemes were grouped
iﬁtoxnine phoneme classes, These classes weré voiced and
voiceless Stops, Fricatives and’Affricatives, Glides, Nasals
, and the variable Fricative /h/. |

The total recdgnition rate was improved véry little
by this grouping, but the number of possidle identificafions, 
was approximately halved for each subject. Confusions in
the absolute errors remained widely scattered, while there
was a general improvement in the number of probable ident-"
ifications for all classes. Figures 3.139 and 3.140 are
grouped confusion matrices for Subject C.W.T. TIn figure
3.139, both probable and possible identifications are
congidered to be corrcct; while figure 3.140véhdws the
distribution of errors in the possibdle identificationé;f”



Humén’

: Prob, Poss. Total Subjects
C.W.T,. 78.7 12.1 90.8 95.6
W.A.A. 74,2 14.9 89,1

M.A. 74,8 15.3 90.1
_P,D.G, 81.2 10.4 91.6

“Average 77.2  13.2 ' 90.4

Pig.. 3. 138 Recognition Rates with Grouping into Phoneme
Classes. (%)
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3.36 Subject Dependance.

The recognition rates achieved when the data for each
subject was proceseed by each algorithm are tabulated in
figure 3.141. All the algorithms proved to be extremely
sengitive to subject changes. For the three subjects
other than the one for which each algorithm was deeigned,

' tne totel percentage of successes fell to 50-60, and the
number of}poseible identifications became only slightly less
than that of the probable identifications. The algorithm
for subject C.W.T. was slightly less sensitive to subject
changes than the others.

The recognition rates for individual phonemes varied
widely under these conditions, but again the vowel- likc
sounds showed the worst results, and the Gl phonemes the
best. The performance of the algorithms remained relatively

insensitive to vowel changes.

3.37 The Reoognition.Parameters.

It wa.s difficult to form a quantitative estimete of
the relative merits of the individuel recognition parem- o
eters. Some information can, however, be obtained by
considering the number of decisions employing each piremetor‘
‘in the four recognition algorithms. Theee numbers are' ”

tabnlated‘in figure 3.142,
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The total numbes of deciéions comprising the algo-
rithms for subjects'C.W.T. and P.D.G. were slightly less
‘than those fof subjects W.A,A, and M.A., corresponding to
the clearer phoneme~dist1nctioné observed for the former.
The I. parameters were used less frequently for subjects
'W.A.A.,and M.A,, due to the greater number of sounds with
no separate I. peak, and the general reduction in size and
clarity of the I. peak for these speﬁkérs.
There was no real difference in the number of occagions
on which each of the three functions Z,, 7., and I. was
used., As expected, ‘the most useful parameters were the
peak heights,Z.P.S., T.P.S., and I.P.S. T.P.S. was the
most freqnntly uSed parameter of all, The peak drops
Z2.P.D., T.P. D.,‘and I.P.D, were used 1east frequently,
though I P D. proved very useful in making the G3 decision,
and T.P. D could be used to separate the vowe1~1ike sounds.,
of the three duration measurements, Z, P, W, was by far
the most frequently used, and I P.W the;leaat, though ' |
~the lqﬁtqr mqasurement could not be made when'there‘waa
no separate I. peak. The three onset fimes were;used
quite’frequenfly, and appeared to bé'equally useful;F ‘1 S
o The additional measurements of I.8.D. and the aiffer- .
fr,ence(I P,S-I. P D.) were used once only in each algoritnm vif
) (except that for W.A. A., when there was no G5), but enab~ f  ; ff€f

;led important ueperations to be made. s




Algorithm
- CQW.Tb . ‘ WoAcAc h}-Ao P-D-G’.
Date . |Prob. Poss.|Total| Prob. Poss.|Total|Prob. Poss.|Total|Prob. Poss.|Total

O C.W.T. 64 25.6 |89.6 133.7 23.3 |57 {32.2 23.3 |55.5 {32.4 27.5 {59.9
 W.A.A131.1 23.9 |55 |62.5 25 |87.5 |29  19.5 |48.5 |23.7 23.4 [47.1
© M.AL|32.5 25 |57.5 [23.9 21.8 |45.7 |61.4 27.2 |88.6 |25 23 48

~ P.D.G.|34.6 32.7 |67.3 [29.5 28.2 {57.7 l27.2 26.2 [53.4 166.8 23.7 |90.5

" Fige 3.141 Recognition Rates Achieved by all Possible Combinations of
Speaker & Algorithm. (%)



S a1l : Ca11 | a1 GBS
ZPS zPD ZPW ZLE| 7 |TPS TPD TPW TLE| T |IPS IPD IFW ILE| I |ISD IrD|Total

C.W.T. 6 5 ..3114 |10 2. 2 2 |16 9 2 2 2 115 1 i 147

WAL |7 3 07 211911 3 2 3{19t5 4 1 2121 51

oo Mac |8 3 05 42012 1 3 28} 4 3 1 4412} 1 1 {52

P0G |4 2 5 3f14{3 3 4 4f1af12 2 2 2181 1 118
“Total |25 8 22 12 |67 |36 9 11 11 |67 |30 11 6 10 |57 | & 3 |

Fige Je142 Té.blé Showing the Nuzmber of Decisions Teken Using Each Recognition
o . Paremster in Bach Algorithnm.
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CHAPTER 4.

The main finding of the present studyvis that in the
idealised recognition situation considered, a high degree
of discrimination between individual consonant phonemes can
be obtained from the Z.T.I. diagram. The level of perform«
ance achieved (Section 3.3 ), if it could be repeated in
a more feélistic situation, might suffice for the recog-
nition of these phonemes in an A.S.R. device which could
utilise processing on higher linguistic levels to overcome
the remaining uncertainties. In’this chapter, the results
obtainéd are discussed and an attémpt is made to assess the
difficulties 1nvolved in extending the work to cover pract—

ical reco"nition tasks.

4.1, 'Consonant Peaks on the Z.T.T. Diagram. ‘

.. As the illustrations of section 3 1 show,‘the 4.7, I.,
diagram gave a ‘much simpler form of viuual repreuentation '
than the;sgnagramjfor consonant sounds.ﬂ\The initial‘consonﬂ;: 
ants in C. V. sounds were for the most parf‘represented»byvﬁ~
single,{fairly well defined peaks on the Z., ¢.,1and I.,‘;t ‘
traces., . OccasionallJ, multiple consonant peaks were obs-
erved,. most freqently on the Z, trace. (cg. Pigura 3 51 )

These occured chiefly in voiccd fricative sounds, and were




141.

attributed to changes in the relative proportions of voiced
and voiceless modulafion within the individual phoneme
(Section 3.1.a5).

The appearance of the consonant peaks generally tallied
'quite well with the predictions made in Section 1.4 . The
unusual behaviour observed in some cdses (eg. The abhormn
ally'large I. peaké for /p/ (Section 3.11) and the high
I.5.D. values for /f/ (Section 3.1.9 ) ) could be explained .
with reference to the sonagrams and waveforms of these sounds.

The use of isolated C.V. syllables reduced the S
mentation probiem‘to that of finding the boundary befweén
consonant and vowel, These boundaries could readlly be
picked out by éye'in’most cases, and if'waskgenéfally poés;"
ible to asoociate the boundary with a local minimum position
on each trace, An algorithm was developed (Soction 2. 1 6) ﬁ
to perform this segmentatlon on each trace independantly,
oince the apparent boundary positions could differ between’~‘
the three traces. Sometimes, hOW@ver, no satisfactory ‘ f
minimum could be found (eg. Figure 3. 20 ), and on other»’

occasions the existence Of more than one possible boundary S

position (eg. Tig 3. 56) necess itated manual correction Withy  ik

reference to the other traces. The latter effect occured

~‘moSt frequent1y on the T. trace, The lack cf a more effiau‘éfiﬁ?ff

ient eegmentation algorithm was the mqin obstacle preventing _,,;ig
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full automation 6f the parameter extraction process.

Though adequate for the purposes of the present study,
the association of the consonant- vowel boundary with a
lbcal minimum was not always viable, and this approach to
segmentation would probably be of little use in the treat-
ment of connected speech. The segmentation algorithms app-
eared to function better for subjects C.W.T. and P.D.G. ’
whose pronunciation of the C.V. sounds was slower and
somewhat more deliberate then that of subjects W.A.A. and
M.A. The work of Reddy(46) hes shown that successful
gpeech segmentation is possible using intensity and zero-
crossing measurements.

For the majority of the C.V. sounds processed, distinect
consonant peaks could be identified on all three traces.
Instances where the consonant peak was indistinct or absent
were most common on the I. trace (about 20% of all the
sounds considered), and:also’occured on the Z, trace (less
‘than 5%). A separate consonant peak was almost‘invariably
present on the T. trace. The absence of consonant peaks
was attributed to a smooth transition between consonant and"n
vowel (as in the case of the I. trace.for the voiced btops |
y section 3.1.4), or to an exceptionally low value for the
consonant sound bn;the rélevant traceV(eg. the 4. trace for .
/v/ and /3/, sectioﬁ“3.l.11); or to_a‘combinatidn of these

e

- factors,

- The sharpness of the transitions between consonant andf~i‘
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. vowel on the 2.T.I. diagram wag also dependant on the
choice of the sampling time, t,, and the number of points, n
y constituting the time window used in the smoothing
process (Section 2.12). This dependance was greatest on
the I. trace. The values of tc and n were fixed by visual
inspection of the 2.T.I. diagrams for utterances by C,W.T.
The increased proportion of consonant sounds showing ﬁo

I. peaks for subjects W.A.A, and M.A., may thus be partially
due to inappropriate values of‘tc end n, thopgh'the gize of
the I. peaks was generally reducéd for these subjects
(Section 3.1.11.2)

The 'crests' seen on the I..trace for vowel- like
sounds proved extremely useful for the recognition of this
group‘Af phonemes, though they did not generally ideﬁﬁify
the boundary between consonant and vowel'(Sectidn 3.1.19),
Varigtionzin the peak amplitude between glottal periods
y corresponding to the crests, were observed in the raw
speech wavefofms for these sounds (see Figure 3.87).  The‘
low value of t, (6.4ms., often shorter than the glottdl ,’
period) could have little effect on the appesrance of the -
crests, due to the short; time smoothing process used
subsequéntly. | B | | |

The many factors which}contribute to the extreme

- variability seen in the sonagrams of consonant phonemes

™
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also have a marked influence on the Z.T.I. diagram. Thus
changes in stress, pitch, formant structure, context, dur-
ation and the like all effected the appearance of the Z.7.1I.
diagrams, and distinctly different types of consonant peaks
were sometimes obtained for different utterances of the
same phoneme by the same speaker. It was therefore necess-
ary to introduce multiple end points in the recognitioh
algorithms. These factors, however, seemed to have a less
radical effect on the 2.T.I. diegram than on the sonagran,
at least for a single speaker. This isiexemplified by the
independance of the recognition algorithms to the vowel
following the consonant.

The effect of stress, duration, formant changes etc,
was far more pronounced between speakers, and since no att-
empt viag made to compensate for these changes in the meas-
urement of the recognition parameters 1% was hardly uupris~
inp that the speaker dependance of the algorithms wa.s so
great. These difficulties would, of.course, be compounded
in a‘general recognition 31tuation, whefe oonsonaﬁterﬁtter—
ed in the central and final posgitions would also have to
be considered It would then be advieable to incorporate.
some form of normalisation to minimise these perturbations,
if a satiofictory means of doing this could be found. Dur—
ation meamurementq could for instance, be adjueted accord-'

-

ing to a runnin phonemic or eyllabic rate meiourement.
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Spectral features such as formants and energy fills,.
which can be distinguished independantly in the sonagram;
merge in a complex way in the Z,T.T. diegram, though the
Z. trace remains most influenced by Fl and the T trace by
the higher formants. The success of the present study
shows that this need not necessanly be a disadvantage. The
way in which spectrally independant features interact to
produce consonant peaks on the Z.T.I. diagram can give a
useful representation for recognition purposes (eg. the

%2.7.I. diagrams for /z2/, Section 3.1.15).

4.2 Recognition Parameters.

The tnree functions Z,T and I. seemed to be of equal
importance for consonant recognition. Pnrametcrs derived j
from the I. trace were used more. frequently in the earlier
stages of the recognition algorithms, particularily in the
VGroup Allocat1on routines.‘ Similar meacurements were used
by Rcddy(46) to obtain a broad phonemc classification. ,

The consonant peak size parameters (2. P. S, T.P. S.,‘and |
I. P. S ) were determined from the maximum height attained : ;‘
on each trace during the consonant portion of the eound."y
Other workers, notably lavington(31) have used measurement
of Zero Crossin" Rate etc, averaged over thc duration of

the phoneme., The peak picking approach introduces more n
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variability in the measurement, but seems to enable finer:
discrimination between the phonemes. One reason for this
ié that in many cases the consonant peaks were quite sharp,
and no 'steady- state' position was reached. When this
oceurs, the maximum height of the trace is probably more \~
directly related to the characteristic articulator config-

=

uration . for the consonant phoneme than is the average‘
height of the trace.
. The peak size parameters were expressed as & percent-
age of the maximum height of the following vowel.(Section I1.3).
On the %. and T. traces, this procedure decreased the spread
in the peak size values for those phonemes which are strong-
1y context dependant, butvincreased the gpread for the
remaining phonemes. In connected speech, this simple form
of normalisation would be impractical, but some adjustment
of 7.P.S. and T.P.S. values according to running F1 and T2
measurements would be valuable. Thé present methddrof,
normalisation is very sensitive to pitch‘changes,~éspec~_'
ially on the Z. trace, and this greatly reduced the value ,’
of the %2.P.S. measurement for subject W.A.A. (Section 3.1, 17)'
whe"peak drop' parameters proved to be of relatively-
1little use, though high I.P.D. values served to distinguish
the 'cresté' on the I. trace, and T P.D. could be uaed:to
distinguiah between “the vowel~ like phonemos to some extent.:' 

It 4is thought, howevcr, that some measurement of the JAP
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abruptness of the change from consonant to vowel would be
of advantege. The peak drop measurements could be imp-
- roved by normalising by the consonant height rather than
the vowel height, though it may not always be possible to
agsociate the consonant- vowel boundary with a minimum
Eosition on the trace. 'Trailing- edge' duration or slope
measures may be a more satisfactory approach, |

The duration parameters (Z.P.W., T.P.W., I.P.W.)
played a mogt important role in the recognition algorithms.,
These measurements proved to be very speaker dependant
(compare figures 3.55 and 3.56), and some normalisation
according to the speed of the speech would be essential in
any extension of fhe method. TFor a single speaker, Z.P.V.
seemed to be the most stable measurement, and this param-
eter was used most frequently in the recognition algorithms .
" (section 3.,3.7). On the I. trace, the duration estimate
wasg handicapped by indlstinct consonant peaks, while
T.P.W. suffered from ambiguities in the positioning of the
consonant— vowel boundary on the T, trace. Sonagraﬁs of
C.V. syllables (eg. Figures 1.4 andv1.7) show mora}abrupt |
changes in the Fl region between consonant and vowel, -
leading to improved clarity of the-phoneme‘transitibn 6n'the

2. trace.,

 The time-to-rise parameters (Z.L.E., T.L.E.,;ande.L;E-) n*:::

were also of great value for consonant,recognitionu The
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L.E. values could probably be stabiiised between speakers
by a normalisation procedure similar to that suggested for
the duration measurements. The three L.E., parameters
appeared to possess an appréciable:. degree of independaﬁce,
though it might‘be possible to discard one of thése param-
eters without ill effect. The sharpness of the onset of
the consonant sound could also be estimated from the slope
of the trace prior to the consonant maximum,

The measurement of I.S.D. served to identify those
consonants with a very low overall energy level for at lest
some portion of the utterance. This could be dohe more
elegantly using the average value of the I. trace prior
to the consonant peak., |

Apart from the peak drop and I.S.D. measurements, all
the recognition parameters could be extracted from connected
speech, provided the consonant segment could firset be
isolatod With the present parameter set, however, little
information is available in coses where no ‘consonant peak
can be.fouod. The incldence of these cases must;inoiease i
in connected Speech, when pronunciation";s less clear,
and it’would probably be necessary tovresort to}moagure--
ments of the average value of each:tracé y and possibly -
the standard deviation of this average, after the manner.

of Reddy(46) For Stop sounds, the partial silence of the
Stop Gap is an additional cue which was not used in this :
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study, but could be identified on the I. trace in connected

speech.,

4.3 Recognition Algorithms (Section 3.2)

Binary Threshold Decision Trees were used solely
bécause of the ease with which they can be constructed and
altered to fit new data. With multiple end points for a
gingle pattern category, all the possible rectangular div-
isions of the parameter space could be implemented,

The great disadvantage of this type of recognition
algorithm is the 'hit or miss' nature of the sequential
threshold decisions. The introduction of 'probable' and
'possible! identific&tiqn‘categories partially compensated
for this, in giving a better picture of the true capabil-
ities of the @arameter set, Ngveftheless,'the sensitivity'
of the algorithms to numerically small variations in the
parameter values was.dOubtless partially responsible for
the extreme speaker dependance. This is evidenced by the
greatly increased proportion of possible identifications
when the speaker was changed(See Figure 3. 141)

Ideally, the output of the phoneme recogniser should
consist of an estimate of the relative probabilities that
each phoneme hes been spoken, which could then be utilised
on the next recognition level. The phoneme recognition

algorithm should also be capable of being adjusted by
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feedback from other levels. There are many possible
approaches to the construction of such an algorithm, which
need not be described here. While decisions taken in
sequence may not be the best method, the tree structure could
be retained by a scheme of the following kind. On entering
the trece, a number of 'marks' could be allocated, say 100,
which would then be distributed at each succeeding decigion
node in accordance with rules dependant on distance from
the threshold. Thus at the first node, a 'strength' of 70
marks might be alloted to the left hand path, and 30 to the
right hand path. ' On the left hand path, the next decision
might divide the 70 marks into 50 and 20, and so on. The
number of marks collected at each end point Would rep-
regsent the phoneme probabilities. Suéh a scheme would to
some degree retain the ease of adjustment of the simple
recognition tree,

The Group decision sequence (Section 3.2.1) was sim-
ilar for all four recognition algorithms, except that for
subject W.A, A.;when T.P.S, was used for thé Gl decision .: !
rather then Z.P. S.,and there was no G5. Otherwise, the |
same parameters were used in the group allocwtion, though
threshold values varied 6. good deal. The group separation
corresponded only partially to separation of the phoneme
classes(eg. Both the.unvoice@ stops /t/ and /k/, and the .

voiced fricatives /v/ and /3/ commonly entered,GB),
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Many parallels between the Tour algorithms could also
be seen within the groups (Section 3.2.2). While the
phoneme separation was generally performed according to the
same principles, there were wide differences in parameters,
threshold values, and the order in which the decisions were
taken. The most important cues used to identify each

phoneme are summarised below.

Stops.
Short duration, Sharp peaks with low L.E. values.

Voiceless Stops. Distinct I. peaks.

/p/ Exceptionally large I. peaks,

Smaller Z., and T. peaks than /t/ or /k/
édé Very high T. peaks, often large Z. peaks.
/x/ 7. peaks again prominent, T. peaks smaller

than for /t/.

Often longer duration than other voiceless stops.

Voiced Stops. No I. peak.

[;L Smallest T. peaks for voiced stops.
0ften longer duration and rise time.

'ggg High T. peaks. \

lel T.vpeaks of intermediate height.

Very ghort rise time.

Friéativeé.

Longer duration and rise time. G
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/h/ No I. peak.
Small 2. and T. peaks.

Duration and rise time greater then for voiced
stops. |
Sometimes large I.5.D, value.

Voiceless Fricatives., Distinet I. peaks, I.P.S. and

I.P.D. smaller than for voiced fricatives,

/£/ Often high I.S.D. value. Sometimes no I. peak.
Size of peaks variable, but very long duration
anq gradual rise to maximum.

Often high I.5.D., sometimes no I. peak

R

Small Z. peaks, long duration.

Massive Z, and T, peaks, small I. peaks, large

1<

I.L.E, values.
?,P.S. larger than for /Jy.
/y/ Similer to /s/, but smaller T. peaks,

Voiced Tricatives. I.P.S. larger than for voiceless

fricatives.
/v/ and /d{/. Very small Z., peaks,
/z/ %. peaks variable, but massive 7. peaks,}T.P;S.

very high.
g;g Similar to /z/, with lower T.P.S.‘values.

Affricatives,

“Duration longer than for Stops, shorter than

for Fricatives. L.L. shorter than for Fricatives. . -
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Zt[[ Distinct I. peeks, very high Z, and T. peaks.
Zd;é No I. peaks, high Z. and T. peaks.

Vowel- Like Sounds.

'Crests' give higher I.RBS. and I.P.D. values than

for other sounds(except /p/).
Small-value of (I.P.S.-I.P.D.).
Nasals (/m/, /n/) nften have larger I.RS. values than
Glides,
/j/ sometimes has large T. peaks,

T.P.D. values give some distinction between vowel-like

sounds.

4.4 Performance of the Algorithms.(See Section 3.3)

The overall recognition scores fdnnthe four algorithma
with the appfopriate speakers were very similar indeéd;
Including possible identifications, about 90% of the
consonants were identified correctly, 65% being probable
jdentifications (Section 3.3.1). These figures include those
for the vowel-like sounds, for which the method was gener-
ally unsuitable. The formant transitions which are imp-
ortant for the perception of vowel-like sounds (21) are
not well represented on the Z T. I diagram, and what 1ittle
distinction could be made between the glides was mainly
baaed on the initial articulator position prior to .; T
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the start of formant movement. This position 1s rarely
held for any length of time in continuous Speech; Exclud-
ing the performance figures for the vowel-like sounds,
probable identifications rose to 70-75%, and would
undoubtedly rise still further if the vowel-like sounds
were not considered in the formulation of the algorithm.
Satisfactory means were found for identifying moét
of the Stop, Fricative and Affricative phonems. Of these,
the most diffiqult to recognise were those which showed
small or indistinct peaks on the Z.T.I, diagram, and
those for which the form of the peaks was most variable
(eg. /v/, /%/, | /&, /v/ and /d/). The problem of isolating
these sounds is expected to become more pronounced in conn-
ected speech, and more recognition parameters may be heeded.
The performance of the algorithms was not dependant
on the vowel phoneme in the C.V, sound‘(Section 3.3.2).
This is a great advantage, since in order to-'ﬁead' sbna-
grams, even of isolated syllables, it is often necessary to
resort to using the effect of the consonant sound on the
vowel.
The strong speaker dependance,of théArecognition
| algorithms was exaggerated by the lack of normalisation
of the recognition parameters, and by the type of algo;.
rithm used. Whilé it should be possible to reduce the

-

speakér dependance in later applications, a 'tune-in'
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routine to adjust the recogniser to a new speaker will

probably remain a necessity.

4,5 Conclusions.

The consonant recognition scheme described has the
great advantage of’speed. As no involved computations
wére performed, the time taken in actual processing by the
cbmputer wvas very small, about 1l0Oms. for each C.V. syll-
able. The overall time taken was increased by the nec-
essity of transfering data in and out of the small com-
puter store,vand by the use of manuai corrections and
aséociated aisplays. The need for manual intervention

could probably be eliminated by more careful design of
the ségmentation'and parameter extraction routines, and
WLiven a larger store, real time operation seems a POSS-
- ibility. | | !

From the work on isolated C.V, sounds, it appéars that
the recognition of Stop, Fricative and Affricative phonemes
can be performed adequately without reference to spectral
data., The difficulties of extending this approadh to déal
with more realistic recognition tasks are manifold, but
appear to be no more severe than those encéuntered in

spectral recognition devices,
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Appendix 1.

‘Magnetic Recording and Other Equipment.

The C.V. sounds were recorded on;a Truvox R42 model
tape recorder. The record/replay freduency response of
this machine had previoudy been measured by Underwood(55),
The response at a tape speed of 73" per second is shown in
figure Ai.l and is substantially flat from 150Hz., to 6KHz.

;The microphone used was a Reslo Studio Ribbon type
S.R.I.L, with a flat frequency response from 30Hz.'t0120KHz.
The measured signal-to-noise ration of the microphone and
tape recorder was 49db. | |

A Revox G36 stereo tape recorder was used in the list-
ening tests. Sonagrams were recorded with a Kay model R
Sonégraph, and speeéh waveforms With an 5.E. laboratories

type 3006 U~V recorder.
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Appendix 2.

The Computer Installation.

The computer used was a Digital Equipment Corporation
P.D.P. 8. This small, high speed machine had a 12 bit: word
length and 8K of store. The cycle time of the P.D.P.8 was
1.5p8. The additional Extended Arithmetic Element (Type 182)
greatly simplified the computation of récognition parameters.

Paper tape input and output devices consisted of an
A.S.R.33 Teletype (10 characters/second re#ding and writing
speed), a high speed reader (Type 750c) and a high speed
punch (Type 75E). The reading and writing speeds of the
‘high speed reader and punch were 69 characters/second.

The tape recorder was connected to a Digital Type 138E
Analogue~to-Digital cpnverter. A Nultiplexar Type 139 was
available; but only one A. to D. channel was used in this
work. The conversion time of the A. to D. converter, at
‘the 9bits accuracy used, was 13.§ps. An additional 12vit
I.0. register was also available. |

| Magnetic Tape data storage facilitiés comprised two
Dec Tape (Type 55) units.. Both units could be used by the‘
same program, though not simultaneously.

The cathode ray tube display used was a Digitai‘
Programmed Buffer Display type 338. The display logic
fuhctioned‘asynchfonously with that of the compﬁter,}énd,‘

the 338 obtained informatibn from the P.D.P.8 by means of’
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a data break cycle. The display could be modified by means
of a 1light pen, or by a bank of 12 push buttons. The light

pen facility was not used in this study.
A Digital-to-Analogue converter designed by A.W, Wright

was used in the listening tests.
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Appendix 3.

Consonant Listening Tests.

The aim of these listening tests was to get some idea
of human performance in a consonant recognition task as
close as possible to that of the machine recognition sit-
uation.

Experiments on the intelligibility of consonant phon-
emes in C.V. syllables were performed by Miller and Nicely
(39). In this study, the experiﬁental,conditions differed
in several aépects from those of the present works

a) Only 16 consonant phonemes were spoken. Of»the
23 consonants considered in the present study, /t{/, /h/,
| /83/y /3/s /T/y /1/ 8nd /w/ were omitted,’

b) Only one vowel, /a/, was used.

~¢) All speakers and listeners were American Females,
| ~d) One of the aims of Miller and‘Nicely's work was
to investigate the effect of noise on consonant recognition,
The signal-to-noise ratio was therefore varied, the highest
value being +12db. The ratio used in the present work was
+49db, .

In view of these differences, it was decided to perform
a short series of listening tests. Facilities for con—
ducting such tests under the control of the P.D. P.8 com- .
puter were available within the department, ,These,facil~ |
ities are described by Adnsworth and Millar(é '3 ). -
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Twelve switch boxes, each having twelve binary switches,
corresponding to the 12bit word of the P.D.P.8, could be
séanned automatically and their contents read into the
computer by means of the I.0. register (See Appendix 2.)..

To cover the.23 consonant phonemes, each listenef was pro-
vided with two switch boxes.

The data comprised two utterances by Subject c,W.T., of
each consonant phoneme with each of 10 vowel phonemes, or
one half of the utterances recorded for this subject(See
Section 1.1)., These sounds were re-recorded in random
order on one track of a stereo Revox tape recorder. The
second track carried a series of timing pulses indicating
the termination of each C.V._syllable. This track was
monitored by the P.D.P.8 through the A.to D. converter.

The P.D.P.8 was able to stop and start the tape recorder
by means of signala_from the D.to A. converter connected to
- the tape recorder remote control socket.

The data was divided into five parts, each dealing
with two vowel phonemes.‘ These were run as five separate
listening‘tésts over a period of a few weeks. The dufation
of each tést was about 20 minutes.

‘ A panel of five listeners (three male and two female)““:
~was used throughout.v;A11 the listeners were familiar with .~
‘the speech of C.¥.T., and one had previous experience in

listening to isolated C.VQ!sounds.¢»A 'forced choice!'
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situation was implemented, since the recognition algorithms
'oﬁerated in this manner. The following ingtructions were
recorded by C.W.T. and played before the start of each
listening test in order to familiarise the listeners with
the speaker:

nThe object of this experiment is to investigate the
perception of consonant gsounds in consonant-vowel syllables.
The sounds which you are about to hear have been produced
by my voice and are recorded on tape. The experiment is
controlled by a digital computer which will stop and start
the tape and record your responses to each sound.

Fach subject has two switch boxes in front of him, and
the 23 consonants used each correspond to a single switch.
The most left hand switch on your left hand switch hox is
not used. -

Fach sound consists of a consonant followed by a vowel,
For instance with the vowel /s/, as in HEAD, the sounds are
as follows, reading from right to left on your boxes:-

/p¥/

/Y

(etec.)

When you have identified the consonant, please press
the appropriate switch. This 1s a forced choice experiment
ie. there is no ‘don't know' switch. If you are in doubt

about any sound, pickvthe ‘closest'. You may assume that
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all the sounds are equally likely to occur at any stage in
the experiment.

During the period of waiting for the responses to be
made, the light on the central control box will flash slow-
1y on and off, as it is doing now. When everyone has press-
ed & switch, the light.will begin to flash quickiy. When:
this occurs, please feturn your switch to its original
positioh. When everyone has done this the next soundAwill
be played. Thank you."

The task of choosing between 23 categories was quite
demanding, and learning effects were observed in the first
listening test, when the response rate of the listeners
was initially very slow. For this reason, the results of
the first experiment were discarded, and the experiment was
repeated at a later date. Because of the complexity of the
task, no attempt was made to incorporate 'probable' and
'possible! identifications by allowing alternative switches
t0 be pressed. It is thought that such a scheme would
eliminate many of the errors made. |

The recults of these listening tests given in Figures’
3.120, 3.133 and 3.138 are pooled over all listeners and
all voWels._ Tor comparison with Figure 3.133, the‘
coﬁfusion'matrix given by Miller and Nicely for a signal-
to-noise ratio of lédb. is given in figure A3;1. The
siightly lower overall recognition raté‘for the latter
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experiment was probably due to the lower signal-to-noise
ratio. The distribution of confusions differed widely
between the two experiments, no doubt parfly due to the
different experimental conditions. Insufficient data was

available from the present listening tests to draw any

conclusions regarding these confusions.
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