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A"BSTRACT

This thesis studies che different aspects of speech recognition

by compuËers. The work is divided into Ëwo parts: (a) exposiËory part

and (b) research parË.

In the first part an historical inÈroduction is presented

followed by a study of the cornpLicated process of speech producËion.

Included in this parË is a descrÍption of a sPecËrograph, vocoder, 1-ow-

pass filter, high-pass filter and band-pass filter.

In ParË Two, símulatíon of an ideal-filËer on the IBM 360/65

is developed togefher with a sËudy of different simple smoothíng routines.

In Ëhe final sÈages of this part a recognition algorithn vThich enabled us

Ëo recognize f.íve out of six words for Ëhree differenL speakers ís

d.iscussed
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EQUIPMENT USED FOR SPEECH PROCESSI}TG

Analog Dígital (A/D) ConverËer

Conversion of the analog voice data to IBM digital format ís

carried ouÈ using the Radiatíon Inc. A/D converter. This devíce samples

all input data at a rate of 7000 eps. The data samples are subsequently

multíplexed and written on seven channel' IBM, one inch magnetic tapq.

The digiLized volËage levels rânge fxom 2047 to ¡2047' corresponding to

analog signal voltages wíth a full scale range of plus two volts to

mÍnus two volËs. The ouËput from the A/D converter can be written on one

to twelvc channels

IBM 360/65 Computer

System 360/65 is a general-purpose system which employs

solid-logic integrated components. System 360 is designed to. accomnodate

large quantities of addressable storage. Increased capacities are

provided by Ëhe combined use of high-speed storage of mediurn síze and

large-capacity sÈorage of medium speed

AlËhough the descripËíon of system. 360/65 could be very long

and complicaËed, it should be noted that the on1-y parts ¡,¡hích are of real

interest and Ímportance to this Èhesis is the disk v¡hich ís used for

partíal storage and Ëhe magnetic tape whieh is used for sËoring Ëhe

digitized data. The machine has been used extensively for running

sjmulaËíon programs.

| .: i.:,: ;,
1 .: ì 1,i+



CHAPTER I

GENERAL INTRODUCTION

Ifodern computers are capable of processing information aÈ

speeds consÍdèrably faster than man is capable of supplyíng iË. A great -

loss of efficiency oecurs at Ëhis man-machine ínËerface chiefly because

1¡an xousË presently encode this ínformaÊion ÍnEo machine language to

communicate with the system. A great need therefore arises for devíces

wiÈh v¡hich man wÍll be able to con¡nunicate directly Ín his own human

speech.

The developmenË of the computer has increased the need for man

to answer the quesÈions whích have puzzhed him for countless years3

llhat is the naËure of speech?, and, how is it perceived and classified by

Èhe ear? At this stage the ínvestigations conducted by rnany men like

Reddy [t-l , Hetrttottz lA and Lindgr"r, [f] have provided us r¡iEh an

extensive lisË of facts about the speech signal and the organs by which

it is produced. .

It Ís known, for example, that Ëhe acoustic propertl.es'of the

' vocal tract cause selecËive transmission of the frequency comPonenÈs of

the harnonicall-y rich sounds generared by the glottis. The gloÈtis is

an aperture betr+een Ëhe vocal cords. I^Iith suff icient Pressure from a

puff of air coming fron lungs Ëhe cords, which are aPproximately one

inch long for man and three eíghts of an inch long for r,:dmen' are

. forced .æart briefly allowíng the puff of'air to escaPe.. the sounds are

transforrned into recognÍzable speech sounds by such arLÍculato'rs as

lips, Èongue, vocalcaviÈies or Ëhe combÍnation of two or more of thes.e.

* *-,; ilLi+;it;ri'ìI l: L+9-ir:+:iIt:L



The spectrographlc nanlfqstations of thls selectlve transmlsslon process

are the formants whlch lnd.lcate around uhlch frequencles the excltatory

energy has been concentrated. by the vocal tract.

ïn thls thesls by d.lrect processlng of the speech wave form,

frequency and amplitude changes whlch conblne to produce an utterance

have been d.erlved. All najor conputlng work has been done on the IBll

l6O/6Sand, has been wrltten and organlzed to be conplete and' self-contalned

account for a reader rdlth a background. ln physlcs, computer studles and'

electrlcal englneerlng' However, propertles of the speech slgnal, as Ïre}I

as the structure of the vocal tract w111 not be descrlbed in.any great

d.etall. (¡,or a d.etalled. treatnent see 'VlsIbIe Speech", Potter, Kopp, ancl

Green, t94?,)

To obtaln these results, slx word,s Here recorded on a tape

recorder by three d.lfferent speakers' The speakers were chosen by the

pltch of thelr volcer'1.ê, low-pltch voice (man), ned'iua-pitch volce

(nan), and hlgh-pitch volce (wornan). The recorded signal was then

dlgltlzed at a frequenc], of 7000 sanples/sec. and flnally stored on a dlsk'

By slmulatlng a fllter bank on an ÏBìtl )6O/6J (Cnapter III) an ideal fllter

comprlsed. of forty band. pass fl}térs from zero to ?000 ln steps of t75

. cycles per second was produced' the flltered' d'ata was sampled' uslng

d.lfferent t!¡ne lntervals, wlth both frequency and araplitude belng

recorded and. stored. The paianeter determlnlng the sanpling tlme lras

nade varlable so that a best sarnpllng time could be obtained' By

experinentatlon I't was d'eternined' that a sanple tlne of L?5-- sec' produced

best results. The flltered. results ¡{ere then ¡nssed through a fllterlng

' routlne (Chapter IV) whlch ell¡nlnated, all nolse produced. by organs such

as teeth, tongue and, nasal cavltles ¡rhlch are of d,lfferent slze and shape

**^*{ 
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for each speaker. The final result was smooth frequency and anplitude

d.ata whlch xas stored, on d.lsk and plotted on the CaIcomP plotter. The

data ras then scanned. by a second routlne to d.etect voice onset and. end.

AII routlnes and. fllter slmulations have been ¡rrltten uslng slnple loglc

ln ord,er tlat hard.ware cou}d. easl]y be constructed. to perfor¡ir these processes.

Vocodlng d.evlces ¡lhich are instrunents that pass a speech slgnal

to syntheslzers along a narrow band.wld.th clrannel, and nachlnes whlch

transd.uce artlflclal speech from speetrogm.ns have de¡nonstrated that

speech sounds can be ad.equately charactevzzeê by speclflcatlon of the

frequencles and anplltqd.es of the first, three fornants and by speclflcatlon

of the type of excitatlon. (See Chapter II)

. In Chapter II we glve an hlstorlcal lntrod.uctlon to the study

of speech and. a conprehensive stud.y of what ls presentty known about

speeeh slgnals and. thelr productlon ln the vocal tract.

Chapter III contalns d.etalled. d,escrtptlons for the constructlon

of hard,vrare fllters ln ad.d.ltlon to fllter slnulatlon progran rrltten by

the author.

Chapter IV dlscusses d.ifferent snoothing routlnes used by the

author. The recognltlon algorithn ls given ln Chapter v and' the final

conclusion ln ChaPter VI.
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CHAPTER II

REVIEi.I OF PROBLEI'IS IÌ{ SPEECH fu\ALYSIS
AND SPEECH SY}(rHESTS

InÈroduction

Study of hurnan speeeh has a long hÍstory. So¡ne of Ëhe highlÍghts

ofthÍsresearcharespecifiedinSecÈíon2.1

section 2.2 ptoví-des a basic introduction to the theory of

speech. It describes the vocal aPparatus, the sPectrograph and the

vocoder, thus serving as Ëhe basis for Ëhe remainíng chapters.

2.1 Historical- InËroduction

The earliest knor,m characEerízation of the sounds of human

3oo B.c. t4]. rheirspeech l¡as made by the lìindu grammarians about

ns of the arËÍculatorsl¡ork consisted símply of descrÍbing the positio

necessary for the production of any speech sound. The very fact that

theÍr method is being - freqtrently used. by phoneticians and language

teachers up to the present dqy attests that their research was most

effecËive.

Tn 1679 a German scholar, samuel Reyherr, published the

nCharacteristiC Pitches'i of French and Gernan vowels [Sl.

The first frequency sËandard to'be used was a brass r¡heel

with equally spaced teeth demonstrated by Sritish physicist,

Robert Hooke in 1681 t6"l . The r,¡heel \ras rotated wiËh the Eeeth striking

a reed which produced a Ëone. The frequency of this tone could be

specified in terms of the number of ievolutíons Per second and the number

of teeth on the wheel. A more widely used frequency standard htas the

O t:''':Ïf
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tuning fork developed by a BriÈish musÍcían, John Shore, Ín 1711 [Z].

A Frenctrman by the name of I'fícal congtructed several speaking rnachines

. beËween the years of 1750 and 1780 [B]. UnforLuriately no detaiLs of

these machines have survived.

I r- I ??ô !L *". ^ç Q¡.| annaa ^f Qr- Þalarqlrrrr

, , In L779 tïIe Inperial Academy of Scíences of St. PeÈersburg

announced a c_ontest for the ançrùer to two questíons: I{hat is the naLure

of the vowel sounds?, and, Is it. possible Ëo consËruct, a maclíine to

I successfully synEhesize these sounds? The fÍrst ptLze arsard Tüas r{o¡}

by Dr. Christian Gottlieb l3atzenstein who used a set of organ pÍpes to

i produce the vor,'el sounds [gl . In 1790 l.lolfgang Von Kempelen constructed

the mos¡ elaborate and most documenËed machíne of these Ëímes [fOJ.
:' The ÍrnporËanL Ëhing about hís r¡ork is the fact that he was Èhe fÍrst

invesËígator.who ioncenËraEed his atËentíon on the consonanEs as well

as vowels. IIis speaking nachine allowed control of all the fol1-owing

factors:

i) The frequency of vibration of the vocal chords'

íÍ) The role of the nasal cavitY.

iii) The positíon of the tongue.

iv) The role of the teeth.

. v) The posiEion of the 1iPs.

J] ;:.;"î:-:: ;.'."":";",.avi,íes:
! -tl-IIe was the first to talk of modulation of the sound from the

giottis by the Èransmission characteristícs of the vocal cavity.

. In 1835 a nodified version of von Kempelents machine lfas.

onstructed by lt''heatstone. ThÍs rnachine was capabl-e of synthesizing the

back vowels and a ferv consonant" [tt]. Willis also became Ínteres'ted



1

in Von Kempelents t¡ork and was àble to synthesize vowel sounds using a

reed and a funnel-shaped pípe, The mosE imporËant observaËion made by

Willis was Ëhat Ëhe vowel quaLiËy was dependent only on the length of

Lhe pipe and not on the frequency of the vibratÍon of the reed. He

also described the vowel sounds as a succession of damped vibraËions [fZ-1.

In his "Die Lehre von den Tonempfinoungen" in L862, Helmholz

pointed out that Èhe vocal cavíty is a resonator whose resonances alone

deLermine vowel qualÍty LZ-l . IIe was able to separate Ëhe German vor,rels

into two groups according to vlhether Ëhey exhibíted one or t!¡o resonan'ces.

He then specified Ëhese re.sonances by connparíson wiËh some standard

frequency source. His results are shown in Table 2.1

Vor¡el Resonances

Slngle Resonance

,' u-I75
'ìt ' t+OO

a-932

TABLE 2.1

as Perceived by HeLmholz

Dpuble Resonance

í - L75, 2349

e - 349, L976

u - 175, L468

o - 349, 1109

a - 587, 1568

Modern investigations have sho¡rn that for every vowel there

are three or ¡¡ore resonances ín the vocal tract, some nnore predominanË

than oLhers.

In 1870rs detailed invesËígaËions of .the consonanËs r¡tere'carried

ouË by Grassman, lfichaelís.'and Trautmann. In Èhese investigaEions they

have disÈinguished two features of the consonants, th" type of t'noisett

and the ilcharacterisËic pÍËcht'. Although Chey were unable to make any



scÍentific characterization of the types of noise due to the fact thaË

Ëhe analyzing eguipment $ras noÈ fn existence, Èhey did however publísh

data on Ëhe characterisËic piLches of che consonanE sounds tt:]. Their

' work has illustrated thaE the characËerisËÍc pítch for a particular

consonant varíed greatly upon whÍch vorvel or consonanE sound precedes

and follorved.that consonant. There ís therefore, a continuous transítion

of the vocal resonances of the vowel inËo those of the consonanL and

. vÍce versa. Recent investigatíons have shown that these transitions are

; lhe most ímportant perceptual dues in the recogniËion of consonanE

sounds.

As Ëi-me progressed, electronic measuring devices made the older

mechanical methods obsolete; I. B. Crandall used Ehe ¡racuu¡a tube

devices at Bell lelephone LaboraËories Ëo perform Fourier analysis of

nany speech sounds [t4], Fletcher investigaÈed the perception of speech

by using, various forms of filters to distorË Ehe frequency sPecËrum

': of the speech signal |-ff .

In 1920ts early forms of the spectrograph first nade theír

: appearan"" [.16-l . IË was about this time that the term formanË was used

r Ëo descrÍbe eneïgy bands in the sþeech spectrum. The term was first

¡ used by Hermann and has been in general use ever sínce. The first

results of spectrographic investígatíons of the speech signal'were

The work of Chíba and Kajiyama (1941) has greaL.ly increased

the knowledge of the means.by which speech is produced in the vocal

tracEtra].Thesemenus:edX.raysËoobtainabeËEerpicÈureofthe

. articulators. and the vocal tract 
,

þ+.4,-rj-ii:i::'ii'.¡
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SPeech sounds are prduced on exhalatlon. The alr strean

passes through an 'openlng between the vocal cord.s rnaklng them vlbrate

. ln voieed, sounds, period.ically ¡nodulating the strean ln such a ¡{ay as

to prod.uce a harnonlcally rl'ch spectrun, Thls ¡novl-ng strean of alr ls
. acted upon by sone parts of the vocal system, 1.e. the throat, nouth,

or nasal cavlties (see Fig. 2.1) to create r¡arious acoustlc df.strrbances

. fro¡n whlch a llstener extracts llnguistic lnfornatlon, To produce conplex

¡ntterns of shiftlng resonances one nust modlfy the slze and. shape of

the voeal cavltles through tlne-vrarylng tongue.and l1p posttlsls. Ttre'

oral and. throat cavltles nay or nay not be coupled ùo the nasal eavitles

by the actLon of the rralve at the rear of the nouth called the velu¡t.

In closlng thls hlstorlcal sectlon, lt should be noted, that
although research in thls fteld. has been conducted. for hundreds of

yearsr DaflÍ of the baslc questlons such as what ls the necessary ¡nrt
and wh¿t trs the red.und,ant prt of speech slgnal or hor to d,eternlne the ,:_,,1.,,.. .': -. ...

beglnning and. end. of a ¡rord. still re¡naln unanswered.. It is hoped. tlrat the

¡rresent dayr fastl large storage conputers wllr sinpllfy greatly the

conplicated work and. research, and th¿t thls thesls r11l be of so¡ne . r

help in thls fasclnatlng but intrlcate fleld. 
:::::

j.,:::'.:',:

2.?,t The Speech kocess

The r¡arLous speech soturds wtrll flrst be classlfled and. thelr
aeoustlc propertles descrlbeå. All classlflcatlon ls d,one on an

articulatory basls.

2.2.2 Artlculatlon

i':.ra

liii'
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Nasal Cavity

Oral- (mouth)
CavÍty

Velun

Throat Cavity

Esophagus

Vocal Cords

Ai.r from
tungs

Fig. 2.L The speech organs.

GloÈËis
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Turbulence (noiselike sound) is produced by the movement of the aír

across the edges of the au"at, and by Partial closure of the vocal

cords. In aCËual speech, these physÍcal-. afticulators are rarely

sËaËíonary, but are enactÍng complex Programs of gestures ivhich have

Ëheir analogs in the modifications of the acoustie ouEput. Changes in

outpuË frequencíes are pereeived subjectively as lengËh. By couplÍ.ng

the throat, oral and other nasal cavities one produces changing patterns

of resonant freguencÍes. Excitatíon harmoniÊs in the neighborhoq.d of

a cavity.resonance are sErongly EransmitËed, forrning faÍrly narrow

frequ.ency'regions of energy concenLration (the forrnants), Ëhe firsL Ëhree

of which are the most ímporÈant, for speech. The general range of formanË

frequencies produced by Èhe vocal tract also depends Èo some ext,enL upon

Ëhe relaEive size of the cavities. This is Ëhe maín reason why men

with larger caviËies oft,en produce a louder range of such frequenciest

and women a higher range. In addiËion, male voÍces, with their lower

fundamental frequencies and closer harmonic spacing often show more

clearly defined formanLs than Èhose found in female voíces

The f-inguisËic output possible fron this acoustic system

1s a lexicon of thousand's of words. These words in turn are cornposed

of syllabLes lrhich in turn are composed of roughly 40 dísËinct elemenLary

sounds called phonemes.

2.3.I Elementarv Speech Sounds

The articulaËory processes are traditionally cl-assified into

Ewo groups, those associaËed r¡ith vowels and Èhose associated lrith

consonants. .Vorsels and consonants combÍne in speech to form syllables

and the syllabJ-es combine to form words. Throughout the hisËory of



i posítíons, and by the degree of roundíng of the lips. In the production

;-
of vowels, Lhe breath strean excÍtes coupl-ed vocal cavitíes. If the

, "owel 
is voiced, Ëhe breath stream excitatÍon consists of imPulsive puffs

ç¡hich are repeaËed at the fundamenËal frequency of the vocal cords, and
I

' "onsequent,ly 
has a spectrum ín which Ëhe harmonic anplÍcudes decrease

-t: i :..:'-¿1'?r;
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speech recognition, the vo¡vels have beeh studieci rather more thoroughly

Èhan Èhe other speech sounds

2 '3 '2 voweLs 
r., .,,,,

Vor+els are voiced i.e. vocaL cords'are in vÍbration. The ""'.1

vocal Èract Ís relatively open, i.e. Ëhere is an open Passage between
'

the vocal cords and the outside atmosphere. Different voç¡els are

characterized by differenE tongue Èip and, hunp (the back part of the Ëongue) t., .,',-
i .:._:.- -,:.

l':..::

wiËh fre-e_yencV. Since Ehe coupled vocal cavities are resonatorsr .

excítation harmonics rvhich are in the neÍghborhood o.f a resonance will

be strongly transmitted and will form regions of energy concentraÈion

for the particular vowel. If the vowel is whispered, the excitaüíon of

Ëhe vocal cavitÍes Ís noiselike in character and the frequency spectrun

will be contínuous. The forrnant regions will still be present, but the

. relàtíve forrnant amplitudes wíIl be rnodified.

In speech certain vowel pairs often occur r¡hich are called

díphËhongs. In thís case the formant frequency posiËions change
. :.: . -. ..

'i 1: .

'i ' ¡1r1.r Lart¡âôñ ^ño rrnr¡ø'l :nrì l-he c r- It is ouítg clgar i'¡,..¡¡t.:.i"i:i snoothly between one vor¡el and the other of the pair. It is quíte

that diphthong cannot be sqstained

. For a particular sustained vowel, the fornant frequency

. positíons vary between speakers änd<Þpend on the speakerrs sex.
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2.3.3 Consonants

The consonanËs are cl-assified as vowel-like sounds, fricaÈivest

and plosives (stops). FurËhermore, the vowel-like sounds can be

subdívíded into glides and semi-.vowels. For the vo¡,¡el-like sounds as

: for vowels the vocaL cords are in vibration. The glÍdes are transiËory

in nature nainly because Lhey are formed by rapíd articulatory changes aË

the beginning of a vowel. Due to the facË that the siee and shape of

Ëhe vocal cavities are changirg, the .freguency r,esonances which ar,e

anal-ogous to vocal formants are altering in position. As a result of

these changes, there is a considerable sËeepness variaLíon in Èhe tine

track of resonances. Thís sEeepness depends Sreatly on Ëhe glide

articulation speed. The four glÍdes usually considered are lwl, l: I '
lf l, and ltl as Ín ge, Ioul let, and read.

Semi-vowels in conLrasL Ëo glÍdes may be sustained. These

sounds are produced with closed mouth and open nasal cavities, .i.e. they

are nasalized. The frequency resonances of the semi?votüels are analogous

Ëo vowel formants. The semi-vowels are l*1, Inl , and lnl as in ge, 9o'

and síng.

- For frÍcatives which rnay be sustained, Ëhe air flow is usuaLly

y turbul-enù ín characËer. In theír producËion, Ehe alr ispredominanLl

usually passed through the narrow openings in Ëhe vocal Lract or over

the edge of the teeth. In addition, the vocal cords may or may not be

Ínvibration. For example l"l io see is an unvoiced frícative, while l"l

in zoo is voiced. The fricatíves have a l-or¿ acousÈic powèr. The

spectrum of these'sounds nay exhibit broad noíse-like frequency bands, and

certaín freguency regions may be accentuated.
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The plosives or sÈops are always of a transienË nature.- In

most cases, a practically'silent inLerval is followed by the removal of

a block formed rsith the lips and tongue. If air is then released to the

outer aEmosphere, an acoustic pulse or bursE will be produced. The

bursE ís of much shorter duration than the acoust.ic co-relates of the

oËher speech sounds. The plosives are usually 1ow in acoustic power and

may be voiced or unvoíced. The lpl and ltl ingaË are unvoieed plosives,

whereas l¡l in bit ís voí-eed. An exanpl'e of a plosfve which does i¡noË

involve a burst, is ltl Ín act.

Perceptually Ëhe frícaËíves are often hiss-like, but a

sonorous quality is sometímes evfdent as in the l"l Ln zoo. The vor¡els

and vowel-like sounds are noticeable sonorous in quality. The plosives

on Èhe oÈher hand have more the quaJ.ity of pops. '

2.4 The Spectg)grapE

: In order to get an exact, understanding of voiced soundsr man

hasconstrucËedmanynachineswhichbreakdow.n-thespeeehsigna1into

, its frequency conponents. These machines, knot¡n as sPecÈrographs, have

now become standard equipment ín ä11 laboratories ínvolved in the research

of voice analysis.

The specErograph is constructed essentially of a set of band-

¡i pass fílters (see Fig. 2.2) with considerable overlappíng betr+reen filter

f.requency ranges. A sirnple filter is the RLC cÍrcuit shown Ín Fig. 2.3.

ThÍs type of círcuit has a very steady state and transient behaviour. Th..

inputs of alL Ëhe filËers are connected ín parallel to the source of Ëhe

. speech signal. The outpuË of each filËer is fectífied and slloothed to

elíninate all ripple or noise which occurs at the glottal rate of
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0uÈput
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Filters

Fig. 2,2 Sirnple Diagram of a Spectrograph



:i'' l+:.r: a'r115:

approxÍroately 100 cps. The presence of frequency in a specifíc band

triggers off the light bulb connect,ed to that band exposing the filn

whích fs consÈantly in motion. The final ouLput of the spectrograph

is usually presented Ín a photographic form (see Fig. 2.4) with time as

', the abscissa and frequeney (nurnber of cycles per sæond) as the ordinaËe.

The amplitude or intensity of Ëhe output signal ís represented by the

degree of exposure of the photographíc paper.

' ,rr. 2.4A,(PotEer, Kopp and Green, 'l'g47) is an example of such', Fig. z.4L(Potter, Kopp and Green, '/..947) is

. a film fron a specÈrograph wÍth filters of 45 cps bandwÍdth. Fig. 2.48
i

'' (PoLter, Kopp and Green, L947) gives the analysís of the same wave-form

, ât 300 cps bandwidËh. It is clear frorn'FÍg. 2.4A, that sound consists

naínly of harmonic componenLs of che voiced or laryngeal frequency,
i: In Fig. 2.48 these harmonÍcs are not pronounced and the most. Ímportant

I feaLure of this graph is the fact Ëhat the energy Ís concentraLed about

t\,ro or three maÍn frequencies which vary in Eirne. These bands of

concentration of energy are caused mainly by the resonances of the vocal

trac.Ë and cavitíes corresponding to Ëhe formants.

: 
The degree of accuracy of a spectrograph has been demonsEraEed

more recently r¡ith the invention of a machine which performs the

spectrograph process in reverse order. A glass slÍde on which is
-

painted an idealized representation of the band strucËure of the spectro-

grarn is passed inco this machine at exactly the same rate as the scale . I

rate at which a similar drawing would have been produced. ThÍs machine

Ëhen synEhesízes a signal- which iÈ transduces to sound which is found to

correspond very closely to the original word whose spectrum was copied.

f.,, '::...iì.1.:
:_ :,:i:1' _"
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2,5 Vocoders

The humrn speech signal contains'frequency components extendÍng

from tens of cycles per second to about 10 kilocycles per seeond.

Hov¡ever, iË is sufficienË for recognitíon of the speech signal to lÍnic

ÈransmÍssion to a channel extending from approximaÈely 300 cps to 3000 cps

as is tire case wíth the Ëelephone systen. IË has been proved that a

bandwídth of less than 10 cps is sufficient to transmít a signal corresponding

to one formant fçequency where Ëhe channel has a sígnal-Ëo-noise raËio * of

40 db** or greater [fd. It should be noËed thaË noíse ís often inLroduced

Ín practical cÍrcuits by extraneous voltage sÍgnals coupled into Ëhe cir,euÍË

from the surroundings. The most, coûrnon noise ís the 60 cps pol¡Ier l-Ínes.

A vocoder is a device which achíeves bandwidth compression of

Ëhe speech signal. In the vocoders, signals corresponding to Èhe

frequencÍes of the first three formants and t.heir respective ampliËudes are

extracËed, from the speech signal and passed to a synthesizer along a

narrow bandwidËh channel. The most ímportant requirement for a vocoder

is to ensuïe that rhe synËhesized speech be indistinguíshable from Ëhe

oríginal- speech signal. It has been shown by Fl-anagan thaÈ Èhe amplitudes

of formants are functions of the formant frequencíes thus nrakíng theír

transmÍssion redundant.

*. Signal-to-noise ratio (s/n): The energy of a desired event dÍvided by
all the remaining energy (noise) at that time.

** Decibel (dt): A uniË used Ín expressing povrer or inlensiËy ratios.
20 log IO of the ampliÈude ratio or 1.0.tro,g1g of the polrer ratio.

L7

¡¿;i5
i,itt:i:ì
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CHAPTER III

3.1 Introduction

InanyspeechrecogniEionapParatus'themosËimporEantcomponent

must be the filter bank that breaks down the speech sígnaLinËo its

frequencY comPonenLs,

Inthischapt'erfiltersandfilterbanksr,¡Íllbediscussed

(3.1, 3.2, 3.3). Their construction and resPonse characteristics will- be ::r':r-'1.":::''
' 1.:.':.:-..: ;: :

.:::i:..:.

stated as well as the characterísËics of an ideal filter' In section 4 
;

the author's ideal filter wíll be presented and the compl-eËe Program '

gÍven in Appendix A. In all calculations standard notation ís used' i'e' 
j

C = capacÍËance, L = induètancer t¡ = angular frequency' Z = impedanCe--and

iX = reactance.

i

3.2 L-ow:Pass. Filter 
i

r

l

ilter ç¡hich Passes allAlor,r-passfilterisaËv¡o-portfilterç¡hichpassesaJ-J. t'

- frequencies less than a certain cutoff frequency trl" and atÈenuates at1 it'';"'.'.:'
:. : . ..: :.

freguencies greaEer than tlq. ' ''-,'';f '¡.'

Figure 3.r shov¡s a filter which is called l section, and 3.2 
1"""j"':"":'

a.lTsecËionfí1ter.F.oreachofthesefilters,Xa=cLandXb=-1/t¡c.

The name of the class Índicates that X" and X5 vary in an inverse 
;r: :,: ;.l:;_;r"' 

"-i:t li:1:l' ll:

Itrannerwithfrequency,onebeÍngdirectlyandtheoEher'inversely

Proportionaltofreguency.Anothernameforthisclassisconstant.k

fÍlter. If we define k as:

k2 = Za Zb i:r:,,i::..::::,r
j:.....; ::r..
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then t¡e can compute k for the sections of Figures 3.1 and 3.2 and find it

to be constant, i.e..independent of frequencyS

k2 = za Zo = -x" Xo = ar, (h) = Llc

In Figure 3.3-Xa and -4X5 are plotted ¿s functions of frequency. This

kind of dÍagraur is highly desirable for shor¿ing pass and attenuation

bands. Due to rhe fact Lhat the cutoff frequency is thaË, at which

Xa = -4Xb, Èhe curves Íntersect at exactly this frequency. FurLhermore,

because the pass band is the range in whích X. Iíes beËween -4X6 and

zeÊo, Ehe dÍagram shows clearly that the filter is a 1o¡¡ pass filter.

To find fc thè cut-off frequency we write:

X" = -4X6

,o"L=4 -L or u"2=tr
occ Lc

tt)n = Ztlf.n = _2 or fa = Ie v 
@" @

20 .t.:.....,..

This is extremely useful foi designing a low-pass filter, sÍnce the

' formulas can be used in reversed order, i.e. knor.-ing Ehe desired cutoff

frequency L and C for Ëhe filter can be derived.

i',
3r3 High-pass F-ilter

The hieh-pass fiJ-Ëer is a two-port fÍlter rshich passes all
.

f,requencies greater than'a set cutoff frequency al" and atËenuates all :

frequencíes less than t0". ,, :,,,. i,.:.,.:ì,,,
ì -:: 'l:
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Figures

Fígures

section.

By interchanging inducÈance and capacítance Ín the filcers of

3.1 and 3.2, of:e obtains a pair of hígh-pass f ilters show.n in

3.4and3.5.As\before,onelsaTsectionandtheotherafi

To prove thaL thesé are Ínverse-network filters r¿e write:

X" = -4X6

-l- = -4 tl.L
o.c

(¡)^ = 1"ffi"

,^2= 1' m
c-ll--¡" 4r (Lc)z

22

Z^ Zb = -X" Xb =kZ

agaín showing tha,L k is independent of frequency.. To Brov'e that they

are hígh-pass fílters, lre pio¡ X" and -4X6 as in Fígure 3.6. If we

apply the usual crit,eríon thaL x" lies between -4x6 and zero in the pass

band, we find that thÍs condition Ís met at frequencies higher than f.

or the point bf intersectÍon. To fínd the cutoff frequency we wrÍte:

-1

õ

or

or

3.4

A band-pass filter is usually used when frequencies betr+een a

lower eutoff frequency f1 and higher cutoff frequency f2 ate to be

transmitted freely, rahile other freguencies, both higher and lor"'er are

to be aLLenuated. Figures 3.7 and 3.8 show the inverse or constanE-k

type of band-pass neÈwork for both T and n sections and Fígure 3'9 shows

Ëhe reactance curves that aPPly to eithef. The pass band is the

freguencyrangeinwhichX"liesbetween.4X5andthea+ís,extendÍng

ass FilÈers
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Fíg. 3.7 T Section Band-pass Filter

Fig. 3.8 fi Section Band-pass FilËer
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Fig. 3.9



Fig. 3.10 Filters in parallel

lig. 3.11 Fílters in series
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between the Ëwo points of inËersecÈion of the reactance.curves

One should note that X"and XO are both resonanÈ aË the same.

frequency near the rniddle of the pass band, i.e. LrC. = LUCb. If Ehis

was noË Ehe case Ëhen there ¡,¡ould be an aËt,enuation band in the niddle of

Ëhe pass band.

trr'hen several frequency channels are to be separated by band-

pass filters, several fílËers may be connecEed in parallel or in series,

as in Figures 3.I0 and 3.11. In voice anal-y,sis nany f.i-l-'t.ers.air,e

connected t,o form a filter bank. The author in his experimenËaËion used

a bank consisting of forty fíl-ters separatÍng the range into sEeps of 175

cycles per second. However, íË was discovered that tÌrenty filters rsith

the same frequency bands would have been sufficienË.

3.5 ldeal Filters

An ídeal band-pass filter transmits, wiËhout any distortion'

aLL of the sígnals of frequencies beËween a cerEain frequencies f1 and

f.Z. The signals of frequencies below f1 and above f.2 are completely

attenuated (see Fig. 3.LZ). 
.

Unfortunatety íË ís not possible in practice to build such a

círcuít with crystal ball- propertÍes. To obtaÍn the same results the

author performed a simulatÍon using Ëhe rBM 360165' Hence the hardware

whích wíll replace the ídeal- fíIter, i.e. give the same resul-ts as an

í,deal filter, will have to be a smaIl specÍaL purpos'e computeri

This special purpose conputer can be easiLy constùucEed with

the aid of an A/Ð converter, register, shíft register, cornparíËor and a

counter. Thé number coning from the A/D converter r¿oulá b" 
"o*pared 

with

the nr:mber Ín tþe register (origínaLly zero). The number of changes
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r¡ould' be cor.¡nted by the counter. After forty points the nu¡nber in the

counter rould, be placed. ln a shlft reglster, shlfted. rlght by one, i,êr
divlded by two glving the nr¡¡nber of vlbratlon cycles per that speclfle

tlne sanPle. As one can seer there ls no real ¡nroble¡a ln the construetlon

of such equlpnent"

The progran whlch perforns thls si¡nulatlon ls caIled, .FIITER'

(see Appendk Â). the tnput d.ata for this progran is the speeqh slgnal

¡*hleh ls recorded on a tape record.er and dlgltlzed. uslng the Rad,latlon

Tw, A/Ð converter at the rate of /000 sanples/see. The result ls a set of

lntegers bet¡¡een plus and nlnus 2047, which are stored, on dlsk ln blocks

of 1200 nu¡nbers. Each block ls labelled, rlth a nunber fron one Lo 255,

The progran ¡rhlch perforns thls blocking is callecl "vorcE" (Appendk A),

There are t¡ro rrarlables whlch control the lnput to 'FILTER".

The r¡a¡lable iBLOCK' contalns the value or label of the block r¡here the

d,eslred word. starts, whereas rrNO, contalns the nu¡nber of blocks r¡hlch

conprise the given ¡rord. The ¡rogran samples the data at a speclfled

tLne rate controlled. by the r¡ar1ab1e *IN.,, The rateL:us€d by the author

ls forty ¡rhlch ls 40 x 1/7000.sec. First of aLl the ftrst two integers
*'

are conlnred. If Aâ i A1r control ls passed to the;trnrt of the ¡rroganr

whlch passes all integers for whlch A1 ) A1-1, until the condit,lon ls

not satlsfl.ed. At thls point rrarlable '¡næ.' ls i.r.rerenseå,ed by one and.

control ls passed. to the ¡art of the pnogra¡n whlch passes all in'tegers

for r¿hlch the cond.ltlon Ar ( Ar-t 1s satisfled.. As beforeo when thls

test falls 'FRm" ls lncremented by one. At the conpletlon of exanlnlng

forty polnts "FlEq"'ls d,tvid.ed. by two and. uurtlplied by looo/40 glvtng

the nunber of cycles per second for that speciflc tl¡ne interval. Thls

1ïY_1"__:91_î"sed, 
to'the subroutlne called. 'ImINT". rhlch flts lt lnto

* Note- A, and Ã2 ate the elements of the array ttA'.t used in 'TFILTER"

::t1 ?t''
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a speclflc band-pass ran8e and. stores lt on dlsk. The flnal result

stored. ls an integer between one and forty which ls the nu¡nber of the

band-pass fllter ¡nsslng that speclfic freqü€rclo

,i In ad.dltlon to the frequency analysls, ,FILTER" also perforns

araplltud.e analysis. Thlp ls accomplished by com¡arlng the absolute value

of each lnteger and reco:¡dlng the largest one as the anplltr¡d.e of the

i given tlne interval.
:: 

The flnal resuLt for thls progra¡n ls plotted. by the subroutlne

,,, "IPLOI" whlch prod.uces tno curves¡ i.ê" frequency vs tlne sanpte. (ttrtct.'
, curve) and anplitude vs ti¡re sanple (tnin curve). For each graph a headlng

t ls prlnted. speeifying the rord re¡rresented by the plotted frequency

conblnatlon, and. the speaker pronouncing the r¡ed. The differenee between

t¡¡o horizontal bars ls t?5 cps, The frequency tlange ls fron zero to 7000

cIs. The X axls represents the tlme sanple wlth each sanple being

40/7000 sec. The output of "IPLOf" is ¡rresentedrin Table 3,L, The top
:

I q".ph on each ¡nge ln thls Table represents the raw spectra of the r¡ord

speclfied, by the head.lng. It should be noted. that 1n the case of A,Y.r

, the spectra ls sometf¡res flat at the top and bottom. This characteristic

,, 1s prod.uced. by the i.nput, into A/D converter reachlng the satr¡rat,ion polnt,
''

i.e. tzv. the reason for allowing the input to go into saturàtion ts the

faet that under nor¡aal conilitions the slgnal prod.uced by I.R, ls so smaIl

that it resembles a straight llne. F\¡rther¡norer bI observing the two
::

g:aphs on each page it can be seen ttrat the thin curre, 1.e. amplltude.

' tmce in g¡aph two ls an enlarged. shape of the overall posltive shape of

; graph one. It should be noted that lbb1e ),t has been dtvld.ed lnto two

Iqrts rlth Part A on ¡nge 29 and, Fart B in Append.lx B.

28
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TABLE 3.1

Note - The area indicated
black spectra eliminated

(nart n)

by * represents solid
by the reducing insErument.
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CHAPTER IV

SI"ÍOOTIìING AND SEG}ÍENT.ATION
OF FILTERED DATA

4,L Introdu.ceiog

As can be seen from Table 3.1 Èhe general shape of the

fundamental wave for each s¡ord is basically simil-ar. The only difference

ís the position of the wave in the frequency range as r+ell as the

irarmonies of each ltave. In Ëhis chapter a smoothíng technique developed

by Ëhe author will- be presented as well as a pl-otting routine whích

elírninates iribetween word noise.

4.2 Smoothing RouËine

hlhen writing the smoothing routine, Ëwo very ímportant

o'ojectives \,üere kept in mind: (a) the routíne had to serve the purpose,

(b) it had to be as sÍrnple as possible. The purpose of the routíne !'Ias

to produce as unique as possíble an outPut for each of the six v¡ords

regardless of the speaker. The r'eason for síurplicity was the fact that

in the fínal stage Lhe authorts objective ís to be able to replace

sof tware with hardlrare.

y studying the graphs it was observed that the \{aves for each

word, regardless of the speakerr were comprised of almost idenÈical

fundamental wave and harraonícs, which rsere different for each speaker'

The reason f,or the great differences Ín harmonics for each speaker was

assumed to be the fact Ëhat no two people have Ëhe same vocal Èract

'..r,:::
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sEructure. Again assuning that the har¡aonícs are produced by such partss

of the vocal tract, "" "pä"uu 
beErseen teeth or diffêrenÈ vibrations of

lips, tongue or cheeks, one qan easily see how these differences are bound

Ëo arise. IE is vrorth noËing Ehat in a s)¡stem whose main Purpose was to

recognize speakers, íË would be the harmonícs ç¡hich would play the rnain 
" 

.,

. function in Ëhe recognition process. However, our purpose is the opposiLe

one, i.e. ÍdenLifícaËion of the words irrespective of the speaker.

Furthernore, iË wilL be notÍced Ëhat the average length of a phoneme 
¡1¡.1,,;.

Ís approxírnately 600/7000 sec. keeping in mind that phonemes are the 
l:"li'i':

r._:_.
I-j:.t._.

. basic sounds whích form recognizable words. A flucÈuatÍon in frequency ::"':1-:

lastíng for only 4O/7OOO sec. would seem to be too smaLJ. an inLerval to 
,

be deLected by the ordinary human ear. It is the authorts belief that 
:

)

v¡hat the human ear detects ís Ëhe changes ín the average frequency, and t

I

i.nterprets the words from Ëhat ÍnformaËion. A more detailed consideratíon 
:

of Ëhese questions wíll be.given ín Chapter V. Taking all the assumptions 
ij

l

inLo consideracion, the author decíded to eliminaEe all the harnonics 
,

i

. leaving as the finaL result onLy the fundamental r,rave. The drarvback of 
l
:

such a process is the fact that Èhe smoothing technique if carried too far, 
i:,..,,.,.;
;_;;.;.;:

' can eLimÍnate together r./ith Ehe redundanË parts or meaningless changes for :: ...

j 
-,t ! -t-our purposes, parts of the çrave which are necessaïy to dísLinguish between i"'ì".i"'

words. This of course raises Èhe prirnary quesËion r¿hich is hors to

determine which are the necessary and which the redundant parts of each

graph. The authorrs method ¡nras to tesË the routines on all words for itt'.a'

each speaker and see which produced .the besÈ results.

Many routines have been Èried. The fÍrst wês to Ëake an

interval of 5.x 40/7000 sec., fÍnd the average frequency throughout Èhe

interval, and set this average as the. frequency of the whole of that .,



y+:

specific Eime saurple. This rout,ine rias called "Straight Fíve Averaging".

As can b.e,seen from Table 4.1, the rouËÍne did noË produce a unique
:, ra.: :'

reþresentation of the word "exhibits". It should be noted that although

Èhe rouËine rrras tested on all words for each speaker, Ëhe word "exhibítstt

besE denonstrates the general failure of Èhe routine. The reason for

the failure of this routine was aËËributed to the fact ÈhaË a variation

in frequency between two filËeríng time Íntervals increased the average

of only the smoothing ÍnLerval in wtrich the variatíon occurred.

Furthernore, the method is somewhat arbitrary in the sense ËhaE a

comparatively smal.l change ln the sÈarting position could cause consíderable

variat,ions in ttre smoothed graph. To recEify thís problen another

routine was designed. In Èhis routine, a variaÈion betr¡een tsro points

reflected on the positÍon of, Èhe average preceding that interval as r¡ell ¡

as the one following it. The rout,ine "Six Point Overlap" eras Ëested on

all words. However, as in Ëhe previous case, only the results for the

word ttexhibiÈs" which demonstrates the irnprovements over the last method

are given (see Table 4.2). In thís routÍne, the first six points

represented ¿he first smoothing time Ínt,erval. , From that point on the

ínterval r¡as Íncreased by the rrext Ëhree poinÈs which replaced the firsË

three poínEs. Hence, íf the original interval T1 consisted of points P,

to P6, the next Ínterval 12 would be comprised of points P4 to P9 (see

fig. 4.1). As can be seen, each interval overlaps the pievious inteqval

by three points. The resultant wave produced r¿as much smoother than the
:

one produced by t'StraighË Five Averagingt', i.e. Ëhe sharp discrepancies ¡rere

reduced considerably. Nevertheless, the r,¡ave r¡as far frorn unique for the

l¡ord "exhibítstt. The extra features i:nposed on Ehe fundamental- wave

iì.çil:.1
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\rere aElributed to thá facÈ that an increment of three points r.ras much too

snall Ëo eliminaËe the harnonics, keeping in nind thaL average phoneroe fs

comprised of approximately 20 points

. To rectífy this problem the inËerval IU was increased to

15 points with an overlap of ten points with the previous inÈerval Ik-'.1

(see Fíg. 4.2). The resuJ-cs were quite good for the rvord "exhibitsrr

(rable 4.3), however, in "resonance" (TabLe 4.3) the frequency change of
i,i:ii;i.-,,".1.ttnantt was elimÍnated by A.Y. and D.C. FurËhermore, íf, one elíminaEes the ¡'..,,'..''i',.

J --- -

t,ime dependance, then "resonancett for A.Y. and D.C. and ltexhÍbit,srt for the i,i:,,::;'.,;r,.i
ll:.1:'-::.':-

' l' ::."\".,
i, ... . ..

sarne two speakers possess very similar fundamenEal \raves failing to enable

3e

us to dÍstinguÍsh them. Obviously in speech recognition, it is more

desirable to have two recognitíon patterns for one wordr. than having Ë\ro

words with thé same pattern. Alchough all our methods so far have been

tíne-dependent r 
. 
thís is noË a criterion Ëhat can be relied on since each

speaker has hís oÌ{n way of þronouncing words and phonemes, both with

respecË to stress as well as time. Hence for one speaker the Length of

a phoneme may be as short as 400/7000 sec. whereas for another speaker ít

. coul-d be as long as 100017000 sec. Contínuing Èhis empirical method,

the author decreased t,he interval of the last snoothing routine to nine

. points, wiËh increments of three poínËs, and overlap of six poínts with

inËerval I5-l and three points rvith íntervaL Ti-Z (see Fig. 4.3)'

. Looking at Table 4.4 one can see Ëhat the resulÈs ere very much similar

to those of "SÍx PoinË Overlap". The final routíne which produced the

besL results was sÍmilar Eo "Six Point Overlaptt, however, Ëhe ínterval

was increased Eo ten poínts r¡ith five point overlap (see Fíg. 4.4). As

can be seen from Table 4.5, Ëhe results are quite good. It should be

nqted Ëhat the author judged the smoothtng rouËÍnes on the basls of

I if:
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uniqueness. A r^rave for a particular r+ord is said to be unique for all

three speakers, if t.he number of peak Ëo peak upward and dorrnruard changes

in each wave is the sane. In addition to Ëhat, the rnrave for each word

musË be distinct. The last smooEhíng routine achieved 662 uniqueness for

all three speakers. For results between individual speakers see Table 4.6.

Furthernore, one should reaLize tl:aL 667. uniqueness does not imply LhaË

onLy 66i% recogníËÍon can be achieved. For a full description of the

recognition methods see Chapter V.

4.3

One of the more seríous problems in speech recogniËion is

detecËíng the word onseL as wel-l as iÈs end. In the case of rvords whÍch

begin with a vowel, the author used the criterion that the onseE of the

word ís at the poinË at which Ëhe amplitude crosses the third frequency

scale líne or 525 frequency.mark. This assumption was based on

observation of the graphs and proved to be correcË ín all cases in which

the word begíns with a vorvel. However, ín cases in v¡hÍch a word begins

wíth a fricative as ttF" in 'tflying.tt or plosive lÍke ttPtt in "planest1 the

previous criterÍa cannoÈ be used. These phonemes have low amplitude and

hígh frequency characteri"ai.". In these specíal cases, Íncreàse in

freguency curve from the zero or noise level, whieh Ls L925 cps in this

case, would have to be detec:Led and marked as Ëhe onseÈ point for thaË

specific word. At Ëhis time, Ít should be noted. that Ëhe. value of 1925 cps

which is used as the noise or ínb.eËween r¿ord value has been obtained t¡ith '

the aÍd of the smoothing Lechnique used in previous secËion. FurÈhermore,

this value is'not consËant; In many eases the curve deviated up or down

by as much as 525 cps. In all such cases Èhe author assr¡med Ëhe change to
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be stray noÍse. The base for this assumpEion was the fact that all 1ow

frequency sounds are produced ¡viuh the aid of the vocal cords whi-ch are

vibratÍng. At the same time all sounds which are produced wiËh vÍbrating

vocal cords are high or relaËivèly hÍgh in amplitude. Hence, since Èhese

devíaËions are low ín amplitude and low in frequency, then they cannot be

produced by the speaker and Lherefore must be noíse. For upward

deviaËions, the problem Tras not as easy to sol-ve as the previous case.

The b'I¡Egest probl-em 'arose: r¿hen, an upward deviation occurred at the

beginning of a word. In such cases, the change Iras considered to be

the onset of that word, and Ít therefore bec,irme a part of it. One remedy

r¿ould be to grounde as much as possible, all the components or recognition'

equípmenL to prevent the pickup of stray noíse. Hov¡ever, another way,

depending on how sophisticaÈed Ehe eguipment musL be, is Eo ignore all

frÍcat,ive or pl-osive beginnings, setting the onset poinL at the occurEenee

of the first vowel. The disadvantage of Ëhis meÈhod. Ís Ëhe fact that

words líke "flying" and "lying" could not be used sirnulËaneously in the

sa¡ne syslem due Ëo the fact that they possess the sax0e recognition pattern'

The end poinË of a r+ord was símply that poinË af1er which followed

25x t¡a/7000 sec. of sílence. Thib of course places a restriction on

each speaker to leave 7-1 seconds beÈween each word. The length of

thís interval was chosen on the basis that Ëhe sílent spot betweetl t'4"

and'!'T" in "that" \.ras zÞx 40/7000 sec. for D.C. SeLting the interval

to a smaller value would cause. the recognition mechanísm to i-nËerpreË the

silent spoË as the end of çhat word causing failure in ttre recognition.

The accuracy of our assumPËÍons and criteria are clearly

'demonstrated in FÍgure 4.S ín rvhich one can easily decect the word onset,':
end, and inbeËween word noise. The routine which picks ou,t the noise

ís called 'þICK" and l-s given in Appendix A.

i::' i

,a.

' I.i.
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CHAPTHì V

5.t fntroductlon

In Chapter V a close look ¡1111 be taken at the three ¡nost

lrnportant parts of any recognltlon systen. The three parts are: the

, speaker''T::::,:;î"::::ïï;iî":'î 
-:i:,lT;" r¡111 be

alescribed and their vocal- peculiarltles d,lseussed.

In Sectlon 3 the problems nhich can arlse fron a poor

. choLce of words w111 be llsted. Phonetic descrlpülon as r+ell as the

reasons behlnd our eholce of the slx word.s used. ln thls thesls w111 be

I g1yen. The actual recognltlon algortrthn and. lts use ¡vlll be descrlbed

, ln Sectlon 4,

5,2 The Spe¿'ker

The najor question nhen d.eslgnlng speech recognition equlpnent

. ls, uhat class of people w111 be the naln users of the lnstru¡ent, The

proper way to appnoach this problem r¡ould be to lnitially 11¡nlt lts use

' to a carefully controlled. group of speakers" By a carefully controlled,

group ?re nean a group of speakers who all possess sl¡¡rl1ar vocal

" c|¡aracterlstlcs, perferably all average speakers. After thorough and.

preclse examlnation of d.lfferent lrregularitles, the systen could. be

extend.ed to take Lnto account wid.er divergency of pltch and. accent, rlth

the final systen allowlng for sone of the rnore conmon speech d.efeets

such as stutterlng and. lls-plng. The tern average Ln thls case
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applies to persons r,rho possess a medium pitch and a medium inEensity voice.

It should be noted that the speaker in our ínvesËigation who possesses

these characterístics ís D.C. The other two speakers exenplified the

two extremes, with A.Y. possessing deep loud voice and I.R. soft hígh-

pitch voice. In addition, I.R. possesses a slight BriEish acèent, rvhich, i'.,r,

of course, added to the problerns of recognition. At present, it is hard ,

Ëo deÈermine wheËher the differences in Ëhe graphs of I.R. are caused i

i;.1.:..
l.l:::.
I".1.: ì

52

by the hÍgh pitch voíce or the accent. I,E is the author's beLief thau

, the latter is the prime reason for the differences.
1"""_
' .. .:..4.

: Another great problem brought about by the speaker is his lack ri ''

, 
of faith ín the machine, as v¡ell as his nervousness. MosL speakers

ov€r,âltjcula.Èe. their words, Ëryíng to make sure thaÈ the machine hears

each individual phoneme cornprising the gíven v¡ord. Similarly, when

, under nervous strain, the voice of the subjecL Ëends to vibraEe or

change pitõh. The problems. which are caused. by these irregularities lie

in the fact that the stresses or the pitch changes may not occur in the

sâme place each tíme the word is pronounced. The reason for thís is that

: they are not produced habícually and the speaker nay foigeË r¡hich'syllable

he or she stressed previously.
...:..
-...i,.

At this poínt, ít shoul-d be noted that the question of the i;:::

speaker depends greatly on the Ëype of systenû that rlre are desígning.

If the sole purpose of the machíne r,Jas to recognize "Opentt and t'Closett t
i.....;

, then Ëhe speaker does not pose any greaÈ problems. In such a systemr ;,1"',.,

. with only two words to be recognized, the recognition paËterns could be

made so general that onl-y one or L$ro main characteristics of Ëhese words 
i
I

.i' would trigger, off the necessary equipment r¿hÍch vould perform Ëhe necessary

comrnand. However, if the system was to recognize a long List of co-mandsr i';iiÌ
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Ëhen Ëhe recogniËion patterns ruould. have to be made precise to ensure

uníqueness. In this ease the speaker plays'a crucial role, since the

sma11estirregu1arÍtynighËcauSethefai1ureofrecognitionofthat

specifíc word, unless proper sËeps have been Ëaken to compensaEe for

such diffícul-ties. Sínce the list of possible irregularíËies is so greaE, i,1.,-.,..

Ít Ís very unlikely thaÈ such a system can be developed in Ëhe near 
. ,

future. At the present moment both the speãker and the list. of words

r¡í11 have Ëo be chosen in such a way thaË no ambiguitíes arise. l',r, ,;.,.',
i:.,.,' ti' ,,,

5.3 List of Words

1..1.,,,1. - I
i ."!:'- _..._:

In any speech recognítíon systen, Èhe l-íst of words to be . 
,

I

recognized plays as ímporËanL a role as the speaker. The two main problems 
I

whÍch come abouË from the choice of words are sound arubiguity and the ¡ 
:

phrase arnbiguíÈy. By sound ambiguity IJe mean words like "to", "lto" , 
t

,

and t'too". Since words are recognized on the basis of their sound, the 
I

Ì

above words could therefore not be included on the same list. Simílarly 
i

i

phrase arnbÍguity concerns our inabil-ity to distínguish between such r¿ords 
l

as tticecreamtt and ttl screamt' sínce these phrases sound the same.

In addition to the above cases ç¡e also have such problems as

words which possess Ëhe same vowel and consonanL rePresenEaLion. An

example of thÍs are words t'O.K.tt and "obey". These words would

produce very sími1ar output waves which would fail- the recogniËion

algorithn. The List of ç¡ords which çras used in the research r¡ork for
:

this thesl-s was noË chosen Ín such a Tray as Ëo avoíd any ar.rbiguiLies, but

rather to exemplify as many as possible of the dÍfficult phonêrês.

The r¿ord "rhar" (lãl l"l l.ll, r¿as chosen for its soft beginning

|ð|,rouaandpro1ongedl"l,sÍ1entspoËbeËweenthe|a|andthett|,
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and of course, the soft ending ltl.
rhe word "inforination" tlil l"l ltl lal lfrll l*l l"l l/l

lal lr,l), possesses vowel beginning, change from vowel to fricative an¿

back to vowel in l"fal, and, fricative to vowel endíng in lfa"l. In

addÍEion, it is comprised of many phonelnesr .demonstrating clearly

dífferenc changes rvhích may occur in vorsel to consonant relatíons.

rhe word t'exhibíts" (lrl lel l"l lil ltl lil l.l l"l), r¿as chosen

for the phonemes lrl l.l, changes in lil lot lil, and Ëhe ending Itl l"l.
rhe ç¡ord "resonance" (l'l l.l l"l lal l"l lal l"l l"l). in

addition Ëo its represenËatÍon of many sounds possesses hard voçrel-like

beginning Clrll, fast change Ín sounds in Inânl, imbeded fricative lrl,

and. Ëurbulent ending.

The last Ëv¡o words "flying" tltl lrl lail'tli[ Inl) "r,¿ "planes"

(lpl lr'l l"l l"l l"l) a"*onstrate a fricatíve soft beginning in le [, and

plosive begínning ir lpl. Furthermäre, the sound lnl r¿as of much

interest, as well as the sound l"tl.
It should be noted that in addítion to Ëhe above reasons, Ehe

t¡ords "!hat", "ínformation", "exhibitst' and "resonanee" when joined

form a sentence. The advantage of pronouncing a sentence instead of

individual l¡ords j-s that the speaker does not place so much enphasís

on sLressing each syllable in each word, but rather concentraËes on the

overall fluency of the senËence. The problems which arose in this lisËt

as r¡ill be seen l-ater Ín thls chapEer, were connected rnainly with the

word "exhibiËst'.

* lail as in "bind"
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5 r4 Recognitio-L Algorithm

I^fith the onseË ánd endíng poinË detectÍon methods discussed Ín

Chapter IV the only problem remaÍning is to deËermine a method for the

recognítion of the çrords. IÈ should be noËed that the authorts objective

ín this thesis is noË to present a LO)"/. fool-proof recogniËíon algorithm,

but, rather to.díscuss ways in r,¡hich such an algorithm could be obtaÍned.

First of aLL if such a system \nrere to be designed, Èhe speakers would

not be chosen r¿íth such extremè voice.char:a,ct,er'is'Ë.ies a,s tr.R. .and A.Y.

However, for the purpose of our study the extremes are of great iuportancet

and it is ÍnËerescing thaË we have obtained recognitÍon of five ouË of

Èhe six words for such diverse speakers.

As it was stated before (Chapter IV), what the human ear

detects is noË set frequency levels correspondíng to certai-n phonemes,

but raËher frequency level changes. The very facË that the average

frequency of "n" in "resonance" Ís 175 cps for I.R. and 700 cps for

A.Y. ill-ustrates Ehis point. Hence our main concenLration r.¡i1l be on

freguency level changes. The changes rvill be divided into three rnâín

groups, i..e. srnall (S), nedÍum (ì4) and large (L). Horveverr to account

for dif f êrences in speakers., two subgroups lvill be Íntroduced. The tr.¡o

. subgroups are rnediuro-small (ÌfS) and medíum-large (ML). These subgroups

wilL overl-ap Ëhe main groups and any change falling into one of these
.';

subgroups wíll be in the final stages represenLed by either small or
ii.'+

medium change as in the case of (SI'Ð. IE should be noted that a subgroup ¡'q¡

such as medium-large can be written as either IfL or LM, and we use the

former to indicaËe that the change ís more likel-y to belong to the'medium ,'

grouPv¡hi1ethe].atterindÍcatesthaEthechangeismore1Íke1ytobeof

the larger variety. .For numerícal values of the level changes for each ,tili:

of Ëhese groups and'subgroups see Table 5.1. :

ti t:, :::-



É!x"f,

56

TABLE 5.1

Group Nane Peak to Peak Change

S

SM

M

ML

L

1- 3

4- 6

7- 9

L0-12

13 or over ir.
t- .::.:_:

The integer values ín the TabLe represent number of frequency bands

(175 cps) between the upper and lor¿er consecutirr" p".k" in the Irave.

Before goíng ínto the recognÍtion algorithm we should stat,e

one more very importanc observaEion Èhat was made concerning noise. The

observatíon is that any high frequency changes such as the one in "thatrt

by I.R. at the L925 eps level (see Table 4.6) are produced by noise, and

hence carl be ignored. The basis for Ehís assumpEion is the fact thaE Ëo

produce such a frequency dip, two fricaLives or plosives such as l"l lfl

or lpl lkl woufa have Èo be used side by side which is a very rare case

ín the English language.

The nethod by whiåh the values for Ëhe recogniËíon algorithn

rsere obtained is as follovrs: The startÍng value was taken from Èhe 1925 cps

poinÈ to the next lowest point. By ignoring Ehe fronË plosives and

fricatives we know that the rvord rsill always start wiËh a vowel and hence

the graph wíll be decreasing from our zero (1925 cps) level. Thus, the

next value will be an increâse followed again by a decrease. Furthernorêr -

the final change back to the zero level will be ignored a4d repl-aced r¿LLh

rrENDtt .
i:a:ì;;.i;Ì
lìrr::::l :
i.ìlaa::r
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The reason for the replacemenÈ of the final. value is the fact

that tn conËrast Ëo the front plosives and fricatives, the end plosives

and fricat,ives are a part of the recogniËion algorithra. These phonemes

. characterize tJne upper bound of each speakerts voice frequency band, v¡hÍch
i

Ís di.fferent for each speaker. Hence, the last value, being calculated i,'.,'t,,':.

erith respect Ëo a f ixed zero leveI (tgZS cps), would be a represenË,atíon

of speaker's band and different in each case. IE should be noted also . : .::... :

:l that the 1ov¡er bound is almosE Ëhe same (175 cps) for each speaker. ];Ì,:..:,:..
t 

' tt

i The numerical values for each \,rord and speaker are given to Table 5.2
- :.'' .ta ,

: ..; :_;.
; rl:.:'l:

with the ending part given.

, Another very importanÈ Ëhing that should be noLiced is that i

.i
' each paËtern is aE first compared to all the recognition patËerns. 

f

i 
However, a match roay not be found because of three main reasons: l

t,

A. The pattern bears no resemblance t9 any of our list of words. In 
,
l

this case, we are unable to conEinue and consequently the procedure 
]

erminates.i termr-naÈes 
l

B. The pattern is, in fact,, simílar to one of our 1íst except thaL due

ì to the pronunciaËion of one of the phonenes the patËern is too short. i:,:,,.,,,,i,
::: : :_i:,: 

:

rdom ., i'.'' AË presenË Lhere is no,way to match this correctly since the rar.--- :..:.,::::,

' rJ -1 
't"'¡tllt'iintroductionoffeatureswou1dobvious.!y1eadtomanyerrorS.:.

:

i

C. The pat,tern bears some resemblance to one of our list paÈterns but

istoo1ong.Inthiscase'wecanreasonab1yattenptamaËchÍng
:: è :::..
i Lrv cLa ^^ñ^âÈôñâ+.ínn nf â uâttô i'-' .:'. Dy Ëhe concaËenation of a wave.

The first small change woutrd be eliminated by concateaattngtthe

two bounding values. This means that the word must be first changed back

to its nr¡merical vaLues to produce the proper clâssification. Such a
;.

:..._.:prob1emaswi11beseendoescomeaboutwithLheword''resonance''for
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TABLE 5.2

WORD SPEAKER C}LTNGES

Ì :.:-:
t'".-::-

3

3

5

I

I

2

6

6

7

3

3

2

That

Inf orrnatíon

ExhÍbits

Resonance

Flyíng

Planes

B' 10

78

10 '4

5

6

7

I

I

6

9L

91

L7

A.Y.

D.C.

I.R.

A.Y.

D.c.

I.R.

A.Y.

D¡C.

I.R.

A.Y.

D.C.

I.R.

A.Y.

D.C.

I.R.

A.Y.

D. C.

I.R.

6

5

8

8

7

I

8

B

7

i r.:.,.1r1..:

| :.' ...::::'t:-::
910838128

81062913g

1010619149

1311 L2 5 I

910L23

81062

1136
2L34

t265102

6

4

4

r.449
8668

65810

4L4
4L2
811
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I.R. The steps taken ín thls concat,enaÈion ¡'rill be discussed later in

thís chapter. At the same t,:lme it should be noLiced that if the

elírnination of the fírst sruall change does not produce any defíníte

results, Ëhe next small change is eliminated restoring the firsË one.

If this sLill does not, Ímprove the reeognÍtion then Ëhe recogniËion

sírnply faÍLs

For symbolic values for the r+ords see TabLe 5.3. The authorrs

synbolíc representations are presented in Table 5.4, As can be seen

"resonancett by I.R. is too lorrg.fot any pattern in Table 5.4. Hence,

the original values for ttresonancett are considered, í.e- 10, 4r It

7, LZr 61 5, 10, 2. The ffrst smal1 change occurs in Ëhe 4, .1,

sequence. By adding four and seven together and subtracting one from

them Ëo compensat,e for the.dip rve obtAin the value Èen or lfl.. Ilence,

the new representation of the word Ís I{L' ML' LM' MSr SM, ML' END.

Looking aË the set symbolÍc..representaLion Ëable (fable 5.4) we see that

the first symbol (ML) matchés aLL r¡ords. The nexL one (ML) eliminates

the ¡.¡ords trthaEtt and ttplanestt. The next one (LM) matches all three

remaining words, however, the nexL one (ltS¡ eliminates Ëhe..¿ord "flying".

The nexr Lno symbols, i.e. -(St"t) and (ML) again match both v¡ords r¿iËh the

. f inal trENDrr natchíng the paËtern for t'resonancett. Usíng thís neËhod 100%

recognition for Ëhe'five v¡ords can be obtained.

It Ís unfortunaÈe Ëhat the word I'exhibiLs" dÍd noË
r-

e a d.efinite Dattern. however. : ts belief that Ëhei produce a definite paËtern, however, it i.s the authorts belief that
. lt.. .llcause of the failure was th.e fast change Ín ttibi" where Ëirning and stress

are very Ímportant.

t...'--.--.

1,_

f._ .'. :--.

,.1':::..'
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TABLE 5.3

WORD SPEAKER SYI'IBOLIC REFRESENTATION

That A,Y. MS, S, S, MSr. EM

D.C, Sl'1, S, S, lfs, EM

I.R. lf, sM, s, M, END

l::r.
]..,.,.
t"'

Information A.Y. M, M, ML, M, S, ¡f, LM, EM)

D.C. M, M, ML, IfS, S, M, L, END

I.R. M, ML, I'fL, MS, S, M, L, END

Resonance A.Y. M, ML, È1, S, S, L, END

D.C. M, M, M, S, S, L, END

r.R. ML, SM, S, M, Llf, MS, MS, ML, END

F1yíng 4.Y.. ìf, SM, SM, END

D.C. M, MS, lfs, EM)

I.R. MS, SM, M, END

PLanes A.Y. Slf, S, SM, L, END

D.i. MS, s, sM, LM, EM)

r.R. ìf, MS, M, IfL, END

Exhibíts*' A.Y. If, IlL, ML, Sl'f, s, L, END

D.C. M, M, ML, ML, END

I.R. l,f, M, ML, SM, S, SM, END

* Note - No discernible pat,têrn was found for Ëhe word 'texhibits'r

and hence the word will noË be included in the recognÍtÍon table. 
:

i.....,



TABLE 5.4

SY}ÍBOLIC REPRESENTATION

ThaË

InformaËion

Resonance

Flyíng

Planes

Mr S, S,

M, M, L,

M, Mr M,

M, M, M,

M, Sr M,

END

S, M, L, END

S, L, END

M,

If'

s,

E¡ID

L, END



CHAPTER VI

CONCLUSION

Although the procedures used ín our research rsork enabled us

Ëo recognize five out of six words, Ëhe resul-Ës should not be taken as

perfect considering the number of words in the English language and the

number of possible speakers. trfhen extending our system to general cases

the followÍng points should be taken ínto consideratíon

First of all in the coll-ection of instructíons the,re are two

types of recognition systems. One whÍch recognizes connected speech

and the other which recognízes set cormand,s. The system r¡hích Ëhe author'

has presented \ras more corn¡nand orÍented than connected speech. In such

a system sEresses and nervousness of the speaker alter the results

considerâbly. To obtain Ëhe characterisLics of r¿ords as they appear in

connected speech, the subjects would be asked to repeat a long te:<t

ínto Ëhe t4le recorder from rvhich the embédded words would be edited and

.. studíed. This procedure should be repeated several Ëímes and rhe resulËs

obtaíned cornpared, Ëo assure thaË the characËerístics are frequency

changes and not noise!

The choice of subjects shoul-d be made in such a !¡ay Èhat all

the speakers are average or possess the same. speech alternations such

as hígh pítch, low pitch, or a foreígn or regional accent; Although each .

speaker has his own small speech peculiaríties like the harmonícs Ín our

Í¡aves, the developer should. make sure thaE Ëhey are of línited ímportance.

i: r1:
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:::jl

I,IiÈh regard to the recognition algoríthm, the ideal system

would be one which would recognize words on the basis of levels of

changes withouË sÈoring the¡r in menory for alternations such as the

concat,enation in our system. It is our objective Ëo achíeve a sysËem

rvhich performs commands instantaneousLy.'withtut t'learning'r such as is the

case r¿íth "Lisper" [20J. . Such a sysËem horsever is hardly feasible and

the author acknowledges that beside frequency changes many more aspecÈs

such as anplitude, time and alternations of the resulÈs should be

. considered. This nev¡ system would work on an ellnlnatlon basls'- Ïf at

. the end of the most important recognítion process (frequency. changes)

t1,¡o or more words ended ín a tÍe, or the procedure failed, Èhe second

recogniËíon method, i.e, ampl-itude levels would be applied. If however,

sults, the characËeristicsthis nethod stÍll fails to.obtain defínite re

would be put through Lhe remaining processes until- either recogniËion

was obtained or Èhe failure \¡Ias sígnified

As can be seen, much work sËill remains to be done in thl-s

field. It Ís hoped thaL man wllÏ, soon be able to communicare wíËh

machÍnes, compuËers and appliances in hís most. natural communícaËÍon -

process speech.

'..: -. | ;'':
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000 !.

0îc ?
3303

ccc4

000 5

cco6
0n07
cc08
cc09
0010

0c:.1
001 2
ccl 3
o0 14
00!.5
031 6

00 !.7
0c 1B

00 z0
0021

ca22
oo23
oo?4
012 5
0a25
0c?.7
0028

oa29
0c30
00 31
oc37-
0033
0034
0035
0036

L8/ 48llO

C FILTEIì BANK
c
c
C FO¡.TY FTLTFP S TI.J STEPS I]ç' ] 75 CYCLES PEF SECOND.
C 9LOCK IS TI{E ST,1IìTII'JG BL,']CK LìF THE WORO.
C r'l0 I S THE ¡lû OF eLnCKS CÉ Nt,MBf RS FOR THE SPEC tFIC ','l0RD .
C A(i20î, IS TH: AFPÀY CCI'iIAIl'llÀlG N0rS FOF. THE SPECTRA CF THE W0RD. i,,,,, ','C TITLE IS THË SPECIFIC t'jCrìD EEING ANALYZED. 

"'""':"' 
'''

c
c

It¡'l-EGÍF. FD.E0r?LCCKTTIMES'TITLE (151'NOTHII'¡/r r/'VdLU
I\i TEGIR,',? C r B , 

^ 
( 120C I

IilrlGiR I3uF( 1.00c l
c I I,j I S THE rJU jUBER CF p0INTS pER T i r,tE SAMPLE.

IN=41
C IAIC IS TIJE FPEQU:I'¡CY BA¡{D FOR EACH FILTER..

I f!C=71Câl I N
C Fç.84 I S THE NU!.!BER OF VIBR,ATIONS PER TI ME SAi.IPLE.

FF' ãQ=0
CÂLL PLSTS( I BUF,lOOO)
c.¡ L L ÞL OT (O .C ¡? .O ,-31

t FtrÂDl5 t2,¡Er!tì=20c01 BL0cKTN0TTITLE
2 F[ìRl.1AT 1?-15 tl5^41

C II IS TI-IE NUI.tSER OF THE TI¡,IE SAI\IPLE.
II=0

4 PEâD(12'3) CrBrÂ
IF(3.i'TE.BLDCK-il G0 TO 4
D0 I0l0 ¡yqc5=!rF.tO
RFÀD|t-3r31 crRrÀ

3 FnF.¡t,1T f ?AZ ¡?OQAZ ì2AOA2 r2O0þ.2 rZAQ^2r2C042¡2QOÃ21
C I COl{TR.-]LS THE LOOP OF THE SPECT'R,AL I'JIl.JDOUI.

l--2
,' ll=IN

C T¡MP CONTAI¡IS THE I,IAXI14UÀiI AI'IPLITUDÊ FOR THE SPECIFIC TIME INTERVAL.
0C19 S IAt''lP=C

FCqTRôI.' TV G.LEVEL 18

APPENDIX A

MÂ IN DATE = 70246

IF(A(I-r.).GT.A(I)) GO T0 102
GC Tf:ì 52

c
C THI S FILTEP. PÂSSES ALL VÂLUES FOR I.IHTCH THE CONDTT TOI'.I

C A( I-] I>A( I ) IS SÁTTSFIED.
c

5C Fp EQ=FRã0+1
',! f=I+!.

If (I¡80.f'¡+1) GO TO 2C0
V^LU=1(II
VÉ, LLl= I A3S ( V^ LU )
IF (VALIJ.GT. IAI'lÞ, IAIaP=VALU

=,?. IF(A( I-1. ).LT'A( I ) I GO TO 5I
C

1 CC FP. EQ=FREQ+l
101 l=I+l

IF(l.E0.N+tl GO TO 200
VÂLU=Â ( I I
VALU=IABS( VALIJ)
IF(VÂLU.GT. IAIlP ) IAI¿P=VALU

LC2 IF{A( I-t l.GT.A( [l ) GO T0 lol
GO TO 50

c

NoËe - A1-1 programs aïe T,rritten by the author unless oËhen¿ise specified.



Block diagram of the main program.

Read the value of the block

rvhere the specif ic lvord begins.

Scan through
tlata unti I the

heginning block is
found.

Read one
block of
nunbers.

Find the largest
absolute anplitude

Count the nr¡mber
of vibrations
þer forty points.

mooth
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Block diagram of the subroutine "IPRINT"

t\
Iprir:t

\)

Calculate the
nunber of the
band-pass filter
rvhich passes that
specific frequenc

(I)

Calculate the
nunber of the
band-pas s fi lter
r.¡hich passes that
specific amplitud

(J)

lllrite the
numbers on
s cratch
disk

R e turÌ

\)
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Block dÍagran of the subroutÍnes t'SMOOTHIT and "IAVERtt.

Smoo th

Read the first
five points of
amplitude and fr

Read the next five
points of amplitud
and frequcncy.

Iaver

Rcad next five
points into. the lo
cations of the
first five poi'nts.

I aver

Return
Iaver

Add the ten
va.l ues of amplit-
ude and frequency

Find the averages
of amplitude and
frequency.

lïrite t¡ìe aver-
aS€S ofi SCI-
atch disk;

Return
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FOR,TPÊI' IV G LEVSL I3

o0c1 ¿

0c0 2

000 3

ccc+
c00 5

0006

0c07

0c0 I
0c0q
001 0
001 t
0r l2
0c1 3
0c 14

SMOOTH DATE = 702+6 l8/48lLO

SUBROUTIT¡E SMOOTH
c
C THI S SIJÊ,P,3UTII¡E PEÊFORÞIS THE SIlOCTHING OF THE I{AVES.
c
c

I¡ITEG:rì A( 1 5) rB(.1-5)
C F.iÂO THE FTRST FIVF POINTS OF FF.EQUEI:CY AND AMPLITUDE.

Rf'ÀD(?r5 rE!'':D=ZC) (À( I I rB( I )' I=1 r5 I

C INCPEfE¡,!T Tl{i INTFEVAL HfTH Tl-1E NEXT FIVE PCINTS.
I û P.F AD (1 ri, ctlD=20 ) ( A ( i ) ; B ( I | ¡ I=6 I !.01
5 FO?.r'1ÀI'(?l?)

C Cî-¡¡ T}tI SI.'SFCUTINE IÂVEIì TO FII'¡D THE ÂVERÀGE OF THE TE!\¡ POINÏS.
ctLL IAVEq.(ir3)

C REPLÀCç TtlÉ FIRST FIVE P0I¡'lTS lr¡ITH THE NEXT FIVE.
Pt ÂD(Ir 5rFf*lD=?0) (A( I l rB( I )' I=! ¡51

C Ct.LL rt-tÊ SU?FDUTIt'lE IAVER TÐ FI:lilD riFl:'E ÄV'FRÂGE eF Til'lE TEl",¡ P0INTS.
CALL IÀVED(Â'B)

C GO TN BÊGTN|\¡IT';G AÀIO PERFOqM THE OPERÄTION HITH NEXT TEN POINTS.
Gn T0 lc

2C ENDFILE 1O
REt/IND LC
REWI ND 09
RE TUR N

E¡¡T)
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IV G L:V:L ii' I/¡VÍii ûATE = 7!'.¿54

OF Tt1:- Pilf¡,¡TS Pr\SSE)

23 / 52 t5?

THi .¡V !.ì;i35
tt D t,t- ô

,:'

C.

C

c

c

;1j¡ii jìJT lr : Iivl!ì (ar 1ll

THI< 5 J-.ìr:)'Jîl¡rí: Flrii)S
I|.1 I¿: Ì.:.:¡.YS tr-rtr i:',jì

''\,ì '
. .,1.3

.,,1',-

:'i'7

: r"-'il
Ì .-..- ;.'- tl

-4. 1 l
j-¡l?

ri -r

"i! 1

IiiT.- ì: -. .|('t 5 ¡ r;:,(1 5 I
S:--l Ti-{: Cltl)!i|:tiS TO Lto
J f ' T.' l. --¡

f S'J t'= -

:.ì:- t' I-:r].-.
.ii)r'. i.Jr I:'.1 v¡,L!-l îì oc Êf. (-îuï\¡cY
ì.¿t)L! r.llt_ ¡r. I glJrlo

I 1r'- | l_=i T -rT¡.1+3 ( I I
l.''1 I Sl-l-¡= IS.'l:'+¡-\ ( I )

Tiì ITCTâL A\D Tt{= VALt:Jl:S ílF

5Il.') î'-ti- ,1 V:-lìi1 r;q ÀrlPLlTUF l¡rD FRi,lUt),j CY F3Ê Tt{i SPECIFIC POIi',lTS,
IT.'i\L=IT1T.'Lll(ì
T Stj.=t,;1.t."./lll
l'.'¿ i=lr5
{ç I l': T:--lË ,\V r}¡1.G3$ tìlr! TH[: 0I S(o
rrîIr:('.-,ì-.) i5t-,\lrITOT¡L :.,.
r:r-ìî'.::T(¿l?l
'<i; l1i:\l
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23/53152rrAT[ = 1j?54

Iil 3r:r,wi-i,l 'rJ11.D ¡jCI SÍ

6g

iç ptCK

st,tr: lrlr I r:: :)l.l-.K

Ttls c,l'¡i,'lljr I'r':: i:L i{Ir{iTíS TF:
Tt-{r: ¿liil ( r-c?t CDS I VÂLUFc

I \JTi:';::ì¡ :':")( : I I Fr:1:íl( 5 )

C l,^:,( L^ ,), ì.. )=( ) ( FÇ Fî{ t I , Ê'!c ( I I I I =1r 5 )
F.ìf'!-''1 r (? 12 I
IF(:..ro( i)"Li',:,1 G0 TC 4

l.IT -(crîl ( iì:-';)( ! ) 1;\:1P{ I ) rl=ir5l
^ ì Ta !', i - i

f =(;::1ì( ì)r,ìîo',: ;lr rtre:O(î)oLToá| ;C Til 3
ñé : r -l cI -¡ t.j

F¡Fíi( I l=iiL
GíJ T-, 3

=;\iü;JLl 1o
-i,*ltl ".:.yi¡frií) !^
?rTtl:1iri
;:'.1!ì

I

C

('

SITTIi.,IG IT TO

, 
-a,: ,¡

' . ,'t
-"''l
-,1 ,: :l
' 1 jì

ìi.:_ 
J.

^:'r ?.ìì?
r'., .1 4

_-1' i ;
,f: 'ì 1 l:

1

Z

a

¡:

t-

l,- l

l'lr.

lr::
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.;a'+:-t;-¡i

l,:r:.irr..l.,.r

Ffl"'TqâN IV G LEVEL 18 r'lAIN DATE = 7C246 22/52/5L

c
C THIS PiìCGCÄTI PLOTS Ïi-{E VOI CÊ. SPECTRA"
I.v

c
Cttí':1 Ií,]T!';i:q. ßLlCKrTIviS'TITLE( 15) r IBUF'Í ICLTCI
cccz ItlTEGffì'r? crBr,{(1210)' .l{1,.)3 c¡LL pLùTS( I3tJF1110û)
t)if,4 ClLL ÐLrlT(.loí'r?ot-'r-J)
Jr î¡5 l 1:Âtll tZ rLNt'=2i i3 ) iltOCK' l.lCrT ITLE
0i){16 2 Ful[-r4AT(ZI5'15Â4)
0(,ì7 L d.r.LD(12r-?) CrÈrA
îf' 1\ì 3 FC.l¡{.ìT(2,\2 r2iì¡Å? ¡2:.ihZt2{\?.þ.'2 r2çìtÀ2 tZClA2¡Z,'IOA2l
¡ll'l iF(t1"N-".lLccK-il Gi,t To 4

, Orjj.f) ,.1 ÊITE (5¡2.1 BL{lCKr\IOTTITLE
' ¡ti,'Ll I =f

Çjl.z c¿LL AXis(1"1.1 rCo,l ,iIHTIr,iE sAi,'ÞLEr-1lr¡,tc',¡io5't)ocrco0rzt"0l
C0t3 CèLL AXISf i)oi;ri;oîrÕH,â'4P[-ITUDr 1t9¡2o()¡Ç',."(. ¡-2'J47o¡2C47"1

| 0GL4 CALL SYf"lú,lL I {:,o iì;4o (: r" 2 8 r T I TLF TCcC r5t }
: CCi5 CALL PLnT(i:,c+'IoCr-31

0,116 lll ¡-:,'-1:) TI-',\4FS=IrN0
o'r)!.7 <E¡f-)(L?til CrBrÊ
0rll'9 CÂtL IPLCT3(ArIrN0l
f.rr119 lr)CC'CC|'.;ïINUE
r)ûZ¡l CALL PLCT ( NO*i. o5+2" r-1" r-31
lìr121 GC TO L

, tlflZZ- 21it1 C^LL PLÐT(NO*jo5+5o0r0oC1999 I
] OE23 CILL EXTT: acz+ h-NO



?1'
DATE = 70246FNI¡TÊ,Â¡'I IV G LËVËL 1B

î,j i.) I
tlllçì2
ì0r13
ilù4

î1.16
'.'ì fr- I 7
lîi)E
:,r ---'í)9

I PLOT 3

SUStìrlJrI t.ji I pLtT3 (A, I rN0l
I lr¡Tf ilf? r¿ A ( L2'.iOI
Df iüí, K=lr12l)t-r
I=I+1.
eCIl'iT=\(K)
CALL ÐLìT ( I / LZC(.o r-)ìc1o 5, p0 Il,,lTlZC 47.l.L rZl

1Cl COliTIr'!UE
I FTURI..¡
Ë l.'JD

l..tÌ'
)¡.s ,

i:ìi
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FI]FTRAN IV G LEVEL 18

o00t

ccc2
00c3
CÇ'O¿¡

c )c5
cc06
0c c7
cc0 I
0c 09
GC 10
cct 1
0012
041 3

o0l 4
001 5

001 6
o0t ?
00'18
cc19
cc 20
OQ 2L
oc??.
c,c23
c024
002 5
00 26
cD?7
002 3
0c?q
00 30
003 1

003 2
003 3

I PLOT DATE =- 742+6

suSRorJTI t,¡i I PL0T(TITLE TNCI
c
C THIS SUSR]UT INE PLOTS TI.¡E RESULTS CF THE FILTER BANK.
c
c

Ir'rT-GlP I 3UF ( 1.0ÐC ! , T ITL E ( 15 t
c¡.LL PLftr (0. 0 rc.0 r-3 I
C¿LL AX I S (0. ü r0.C'r !. I HT It4: SÂMPLE r-11'l',10Êl . 5 r0. 0rC.0r 20.0 )
c êLL ÂX I S ( C .C r0 "C roHF.R ËC|JEtlCY r +9 r 5. O, 90.0 r 0.0r 14t0.0 I
CÂLL SYllP,3L ( ù.1'6.0 ¡.28 tIITLF r0.0r50 )

I:t
5 Y=Iì.j 75. /"0G0'.*5.0

cÂLL PL0T(0.0rYr3l
CÊLL pLOT (tJOf,1.5 ¡y t2 l
I=I+l
Y= I *i7 5. A / 7 COC.'C1.5. O

CALL PL0T (¡lA*l.5rYr3l
cALL PL0T(0.Ot.Y¡21
f=I+1
IF(I.LT..¿.1) GC TO15
cÁLL PLCT(C.0rC.Cr3l
DC 2C l=!-r1000
P.EAD(9rìCTEND=301 K

10 FORT4AT(I2)
Cî^LL SYÞ! 30L (l/20.ArK/4Q.û+5.0t.Q7¡ l1r0.Or-2 I

2C CONTI\!JE
3C FEt,¡It'lD O9

CALL PL0T(0.0'O.0r3t
{10 5C I =! r 1ù00
READ(9t4O¡EtlD=ó0) L

4(-. FCR.1.1 ¿T (2X,I2l
CA LL PLrIT I | / 20.O rLl40.0*5.0 r 21

'5O Cn¡¡TIilUF
5C CÂLL PL3T (ll0*l .5+?-¡ 0.0r-31

:RE ./I I ¡¡O O9
F 5 TIJF Ì'I

END

L8/ 481 LO

i



F0arPll: lY G LEVÍL 18

ocrj I

- Ì7114,*:*ï

r8 / 48 ILO

?3

I.
c

011?
, 0C"l 3
rr G l:r-ì /.

cîc 5

Clvl 5
î{ 0?
') 

r.-'' c I
t-t1lj1 c'

,. col )
'i Oîi !.
, 01:2
' .'rtr I ?

, 001 ¡+

,i cnt-5
' o016

00: ?
, o01B, Qolq

c0 ec
c 021
aa7-?
o7?.3
O|'21,

I 0î25
, ûî?
ì cnzz
r 002q

oc 2q
co30

, J0 tl
I 0i1 22

I PLOT2 DÊTE = 74246

stJeiin,Jr Jrtc I p'LoT2'.( TI rLJ, \01
c
C TH I S SIJ3P.1i.'T ITJE PLCTS TH: S!!ôCTHt-D TAVES.

!tirEGiF. IB¡JF( r 0o(, ) rïITLE( l5 ¡

cÊ LL,1 XI S ( l. 0 rC. 0, 9HtrF r CUiÀiCY r +9 r5 .0'gC'.C rO .0 r 14ÐO.0 I
CALL .\XIS(l.C,0.r:t ,'! t.lT IÞ!-: SêMpLE r-i j- r\U)è. I.5 rC.rlrO.0r20,Ol
C¡ LL SY:4ìilL (0.,) re.C ¡.28 tT ITLFr0.0r6O I
I=l

5 y= I *i75./ 
",C,0L1..t5.0cÁLL 'L1T(LI .Q¡Y¡?}

CALL ÐLrT ( I,ii.ì¡ql . 5ryrZ )
I=I+1
Y=I *J'l 5. I /7rì0C, 0i'5'0
c¿LL ?L{ìT (}lf.-lr. 1..5¡Y t? I
C¡LL "L:ìr(0.ûrYr2II=I+1
IF(I.LT.41I GO TO 5
CLLL PLiIT(o.c r0.Crr3 I
De 21 1=i. r 1.00C
oEA'i)( 11r l;.11Ê\!D=i0) K

1C Ffln.rAT(I2)
C¡LL SYIt-cOL ( \l20.C tK/4Q.C*5.0r.O7.r 1l r0.0 r-2 I

?l c3.tTIÌ.¡tJî
3C PEV,rIf.r.) L1

C¡LL PL:lT(C.0 'C.Cr3lDf_ì 5^ I ='!. , 'l 0ûì0
RE j.i,( LCr4? r lftJ¡=rrç¡ a

+? FOp.t4lr l?xtl2l
Cr ¡¡ o¡ )'l I L l2q.,)çLlLC.'i*5.0 r 2l

6C C'f t.lTI t.Jl-lE
'5A CALL )LiìT(i.jiìf I .5+2.r0'l.Or-31

P t !.l I l'J? 1.0
PFTfJTì't
E ¡:I.I
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' läèi.l

i'r::i'.,

ttvorcE"

LEVFL IJÂN67

I

COBOL F

OC3Cl 110 IO:NTIFICATIIi! NIVISIOT'J.
ccc02 1!c pR!-ì3F: Ai.|_l;r. rBIr,¡q1¡lr.
OCJO3 ]-¿O AUTH{lR. C}.q.SPR,AGUE.
CC004 :3C DAT:-,/,FJTriit. )¡r-JV..!.5r1967
0c'.rc5 1?l DAr:-C0i\,2ILÍD. SIP 3tL970
COlOó L4î PE¡.r.\FKS. rHIS PF¡3FAv COt\tvEF'.TS A 1¿-BIT SIGtiED BIt:ARY NIJMBER fN
ccco7 l_5c 7-TF.¡.CK TÊP: r0 A 1ó-BIT SIGf'lED BITJARY ¡¡UñlBËR ON 9-TRACK
cci-rc9 203 ENVIFillril'i¡;'lr ÐIVISI0r,l.
000câ 2j.3 cSrJcIGtJi¡.TIn:,¡ sIcTfoN.
cc111 220 Snt_tìC:-CC¡lPUTiP. lBr..|-360 H65.
CC:ll'! 2li OBJ=-CT-Cil''tPUTEî:. IßIl-360 Hó5.
0cnl 2 24r. Í ¡tpr-tr-rluIPIJT s EcT Icrl.
ceît-? 7cc F ILi-cni\iïRol.
)CJ].4 zTD SELECT ÛCT-TAPE ÂSSIGI{ TO tTÀPEII.JI UTILIlY 24OO UNIT' F.ESER,VE
0cc1 5 27C ] ALTEP.IIATE AqEA.
i'OC].5 2"qO SEIECT H5X-TAPF ASSIGI'I TO tTAPÉOUTI UTILITY 23I4 UNIT
c001 7 22C F.ESi:FVE'l ALT:Ft{ATE AREA.
)OJlq 3CQ SELFCT ÞF.I;\IT:R ASSIGN TO ISYSOUTI UI\IIT-FECORD 1403 UNIT.
t0ù1? 10a0 L'!ATA [ìIVISIDri.
00t20 1 c: c FIL: sEcrInlt.
CCC2l ìû20 FD OCT-T,1PE LÂD!L RçC.OF.D IS C,I4ITTEDI RSCORDING MCDE IS F¡
)cc22 r_ 030 BLCCK CCTITAINS 2404 CHAF.ACTERS, OATA FECORD IS REC-IN.
J(;323 lC4t 01 eEC-IN.
JCC?-4 I C50 C2 I NI-GUTS PICTURE X(24O+1.
)C.'J2i ].Cå3 FD HFX.TAP: LA3EL R,TCNPD IS STANDÉRD, Ê.EC[IÊDTNG I'1ODE IS F,
1c125 t0?0 SLOCK C.-]¡ITAINS 240+ CIIARÂCTFRS, DATA RECORD IS REC-OUT.
)0t27 l_ ccrr 01 Ê 5 c-ouT.
I G32 3 l- 109 O? flUr-GIJTS PICïURE Xl2404r.
1002o iLliO FD' PPI¡!TãR DAÍA PECOF.DS ,ARE LIIIE-OlJr' Tf TLE-1
)c03c 1 I 20 I-ÀB :L R:CI--RD I S C14I TTED, T FCORDI NG MOOE I S F.
C 0.13:. 11.-i0 Ol L.INf -OUT.
le13? 1.1¿.0 0? FILLER PICTI.IRE X.
}3033 1T5C T? I\iUÈî]:ì-FLD OCCUP.S 1É TIMES PICTURE .(7'9.

i-::..: . :

)c1?+ 11 tc Ç2 F I LLER
)0J35 1170 01 TITtç-1.
)CLr36 L Iso ç2 F ILLER
)ce?7 1 :90 c2 NAf-t:-!-
)c()3c 13Cfì WOp,( Tl.tG-STCñ.AiE SËCTION.
lcJ39 l-,:t: c ?7 x c1):puT^TIcl,lAL VALUÊ 0
t004c r3?0 77 y ccr''tÞrjTAr I01.JÂL VALU= 0
)C1Li. 133C 77 Z C,Ci,I'UTATICI\JAL VÀLIJ; C

lcl42 !?ì?. 77 LITJF-CIìT
)tc43 I 34C Ot OPTI Cl'tS.
)0C44 I 31+i C? BR Â¡lCH-f P T

)QC45 1342 AZ ELK-CNT-0PT
)014 6 ! 3L3 O? CllA rl¡lg L-ilPT
)c04" I 4CC Ol WnRK-IN.
]C 34R J 4] C ç?. I I.,:-CHAR CCCURS 240+ T IMES P ICTURE X.
)cc ô9 I 4?0 01 r.toF.K-ouT.
lcû50 I 43C C? OUT-CHAa. oCCURS 1202 TIMES
lc05Ì 1440 USAGç IS COI"lPUTÊTIONAL
)c052 t 450 01 F FCI IVES.
ico53 1460 02 . HOLD-0N,

PICTURE X( I5I.

P I CTIJRE X.
PICTURE X(135I.

PICTURE 59999.
P ICTUSE S9999.
PICTT'R.E S9999.
PTCTUFE 5999. .'

PICTURE 9.
P ICTURE 999.
PICTURE 99.

PICTURE 59999.

PICTURE X.)co54 t47o 03 lST-HALF



' l:',;'e

?5.

2

c9cc5 l48c c7 IN0-HÀLF PICTTJRE X.
OOC'5 14qC 02 8INÂRY-1 F!DEFI}IES HT}LD-CN
3CC;7 I5IC USÀGE IS C'JM9UTAII ONÂL PICTURE 59999.
cco:c 15: o c? sqlFrER..
OCf.ì'g I'?.O 03 HI-{ALF PICTURE X.
r6çc-i1 153Ð 03 L3-¡J/¡LF PICTURE X.
',l)0C: I i54O C? 8II!ARY-2 F.EDEtrIIJFS SHIFTER
COC-< 2 1.ç-1A USAGE IS CCNIPI'TÅTI C¡.IAL PICTUFË 59999.
ccct3 I 56c cl BLOCK-c\Tc.
)C('14 1.'7C CÎ .FILL:F. VqLUE IFUN NO. ' PTCTiJRE X(8I.
0cc'ii 1580 c: F.-ctrríi PICTUR: zz9.
OOCió ] 5qC C? FILLER VÅLUE SPACE P ICTURE X( 8I.
,CCCÁ" 1-61C 02 FILLIFT V¡,LUE rBI.CCK N3. I pICTUpE X(lO).
';CCCs3 I é]0 (.r2 a-Ci,lrR ,P:I,CT[J.R,Ë 7.2¿'9,.
irùc59 2C,]C PRCCF|TIJFE SIVISIOit.
OO,J"C ?C].0 INITIåLIZE.
COC:I- ZC?3 ¡ÎCEPT CPTIONS.
,',xoc-tz zc41 G] Tc R-=Al-I,\rr wRITE-qEADr REÂD-BAcK DEpENDING 0N BRANcH-opT.
0cc73 2Ll0 FEÅl-Ilr.
OOC74 21C1. Cf!ET] INJP(.'T 3CT-TAPg, ÛiJTPUT HEX-TAPE.
clc?5 2!A6 REô3-IT.
icoC75 2110 Ê¡ÀD rrcT-TAPE Il.lT0 WotìK-IN AT Ët¡D GO TO E0F-7T.
c0fl"7 21.20 MSVE 0 TA Z.
rc,)c?3 21.22 ylVF -1 TO X. ¡IOVE 0 TO y.
ICOCZS Al-30 piF:F|Fr,¡ CtjitV-RT¡t t¿02 TIr,tFS.
lC0Ci,) 21/+C' t.¡qfTE FEC-CUT FP,OH I.IOFK-OUT.
coc¡i ?1to Go rc R.ËÂD-IT,
o0c?? ?zcc coi{v-qT^!.
COC?3 ?.210 AlD ?- T1 X. ÀDD 2 TO Y. ADD 1 TO Z. .

iotc:+ 2-z2o ¡¡.lvE 0 Tî ¿tr.¡ rcY-lr ßIt,r4p.Y-2.
C,0rì?5 ZZ?O t,[VF J¡j-C,Jla ( y] TC Zt':D-HALF.
rC0Cqi 221Q ¡''OVE Il'i-CHAR ( X) Te Hf -HÁLF.
ic0cr7 ?,260 cñi4PUTF RITIAFY-t = BlÀlAFY-!- + (3Ii{AAY-2 / 4l .
icoc38 2?7C IF e I¡liPY-l l'liT < 20a8¡ COYeUTE SINARY-1 = -1 r (BIl'tARY-1
occ8c 2?80 - ?c,48l..
ûcco? ?-a,va |i,3vE BI i.tARy-l_ To ouT-ct-tÀR lLl .
0oùîl 2 530 E0F-7T,
cccc2 ?-510 cLflsE ccT-TÀp:, HEX-TÂPE. .

00cil 251_t SHITcH-l
;occca 2f t? Gt TD closË-cuT. .

cc0Çi 2530 ./'tR.ITE-t?.FAD.

C3C95 25¿*O ÀLTER Si{ITCI{-t TO PROCEED TD F.EAD-BACK.
c0c?7, ?.55c Gíl rî R9^D-Il.l.
cccqS 2 550 p.EAì-?ACK.
COCç? ?57C O]EN II.¡ÐIJT HEX-TÂPÊI OUTPUT PFINTER'
0cIfî 2530 f-t¡vE I ro Y.
cClL'i 2ó10 G0-lN.
1C:32 2615 vîVE 2 Tî Z.
lôcrr: 2610 r.=AD I-rFX-TADÊ INTo r^lor.K-our Ât END G0 T0 cLosE-2.jcoto¿. zel.5 t,aìvr cur-cHtF. ( t l rn F-cNTR,.
0cl?5 ?_6?o ,.!:lvF otjr-c{ÂR (2} To B-cNTR.
cc 106 2t?-5 rtlvF B.L¡CK-C¡'trc TO l.lAME-l.
COTOT 2630 'dR.ITE TITLE-I. AFTER AI]VÂNCII.¡G C LINES. .

OO:18 ?-ê31 TIOVE SPACES T1 TITLE'¡. .
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APPENDTX C

TABLE OF ELEMENTARY SOUNDS

IITHICH OCCUR IN ENGLISH*

Phonetic Symbol Key !trord Phonetic Symbo1 Key hlord

Vowels Frícatives

eve

¿r

hate

met

et

ask

father

ngt

all

gbey

fggL

boot

\,7ork

s
abouÈ

þe

for

thio

à

see

-"h"

ahead

gote

Ëhen

Plosives

.Pry

AffricaËives

t! Éip
dz juiee

zoo

anJte

go

key
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Åtv

go

?

^

¿ou

ge

let

read

ne

go

si ng

o

Vowel--1ike

j

$T

l-

r

m

n

n

* The above Table (Potter, Kopp and Green,1947) reflects American usage
which is of course, more relevant to our ínvestigation than the standard
English pronuncíation. It should be noted that in addítion Ëo Ëhese

elãnentary sounds, there exist'many more phonemes which have noÈ been lisËed.
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