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A B S T R A C T

ii — - ~
. The re~,,ea rch described in täis report has two distinct and integral parts . The first

par:t~~s directed toward &he~develop ment of a highl y interactive computer facili ty
where controlled studies of the acoustic characteristics of selected consonants ,
consonant clusters, and vowels In a prescribed phonetic environment can be car-
ried out . In conj unct ion with the development of the data-base facility, a large
corpu s of acoustic da~a~h.~e heee~ collected. The fo rmat of the data is a nonsense

j’~ ( I. ,, — -- hJ*.CVC utterance embedded in a carrier sentence 1Say again ,’ where the
consonants and vowels are systematically va ried. Fifteen vowels and diphthongs
were used to form the syllable nuclei and 51 word-initial consonants and conso-
nant clusters were included .

The second half of the report uti l izes the collected data and the developed faci l i ty
to stud y the acoustic characteristics of English stops , both in singleton and ir ~
clusters. The data included 1728 utterances spoken by 3 male speakers. Various
aspects of the temporal and spectral characteristics of these stops were quantified
and discussed in detail. The findings in general suggest the presence of context
ind ependent acoustic properties for these stops. The exact nature  of the acoustic
invariance, however, still remains a topic of further  investigation.

/ k~”

* report Is based on 4 thesis of the same, title 3ubmltted to the Department
of Electrical Engineering and Computer Science at the Massachusett s Institute
of Technology on 14 May 197 6 , In partial fu lfillment of the requirements for the
degree of Doctor of £clez~ce.
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ACOt STl(~ ‘I IARA CTERI STIC S OF STOP CONSONANTS
A CONTRO I~LED STUDY

CHAJ’TER 1
INT ItODU ( ’TION

In the process of human communication by spoken language , the speech signal (i .e . . the

acoust ic  waveform i plays a very uni que role. On one hand , i t is the f ina l  resu l t  of the complex

encoding that  transpi re s at various stage s of the speech production process. At the  r e c e i v i n g

end , however , the speech signal is the principal  informat ion car r ie r  upon which the pe rcep tua l
decoding process must operate.

Because of the relative ease of access arid manipula t ion  of the speech signal , i t has been

the focus of many  past research effor ts  tha t  seek to better understand the n a t u r e  of l a n g u a g e .

Although much has  been learned about the acoustic events of speech , our  unde r s t and ing  of the

re la t ionsh ip  between the acoustic cha rac te r i s t i cs  of speech sounds and the i r  unde r ly ing  l inguis-

t i c  un i t s  s t i l l  remains , for the moat part , vagu e.

The purpose of th i s  report is to probe f u r t h e r  into th i s  re lat ionshi p for a subset of the En-
gl ish speech sounds; nam e ly , t h e  stop consonants. The - st u d y  is car r ied  out u n d e r  a con t r~’I I e i l

l i ngu i s t i c  environment , using a data-base fac i l i t y  desi gned for acoustic phonetic r e se a rch .

Before reviewing past research on the subjec t  and point ing out the problem areas , i t  i s

appropriate to f i r s t  provide a br ief  account  of the physiology and the acous t i c s  01 speech p r o -

duct ion , as well as to s u m m a r i z e  the l i ngu i s t i c  t r a r i i e w o r k  on which  this re~ ca r ch  is based ,

1.1 PHYSIOLOG Y AN!) ACOI’STI( S OF SPEL ( hI P t tOI ) t  ( TlO\

Speech is generated by closely coor d ina ted  movements  of sever-al groups of h u m a n  anatom-

ical  s t ruc tures .  One such group of St r u c t u r e s c o n s i s t s  of those tha t  enclose the a i r  passage

below the larynx. Through control of the muscles and th rough  forces gene r a t e d  l iv t h e  e l a s t i c

re~~ll of the lungs , pressure can be bui l t  up below the l a r y n x .  This p r e s su r e  e v e n t u a l l y  pro-

vides energy for the speech signal.
Immediate ly  above the t rachea is the larynx , which  const i tu tes  the second group of s t ruc-

t u r e s  essential  to the product ion of speech. The vocal cord s in the larynx can he p o s i t i o n e d  in

many ways so that a ir  can flow through the g lo t t i s  either with or wi thou t  s e t t i n g  the ’ vocal cord s

into vibrat ion.  Whe n the vocal cord s are set into vibrat ion , the a i r f lov ,  t h r o u g h  the g l o t t i s  is

in terrupted quasi-pe riodically, thus  c r e a t i n g  the effect  of modulat ion.
The third set of structures cons is t s  of the tongue , ja w , l i p s . v e lum , and o the r  com~aini ’n t s

that form the vocal and nasal cavities.  By changing the conf igura t ion  of the vocal  t r a c t , l ine

can shape the detailed characterist ics of the speech sounds being produced.

It is convenient to describe the acous t ics  01’ speech produc t i on  in t e r m s  of th ree  l i s t  inct

stages. l u s t , through interaction between airf low from the lungs  and the l a r -yngc ~i l  a rid supra -

glottal s t ruc ture s, a source of acoustic ene rgy is created. This  acoustic source may he one of

several type s , and may have several possible posit ions.  ‘rhe source act s as the e x c i t a t i o n  for

the cavit ies above and below It . The f i l t e r i n g  tha t  is  imposed on the source  by these  c a v i ti e s

is the second stage in the gene ra t Ion  of speech sounds.  I - ’i n a l l y ,  sound is  t i d i s t e i l  f r o m  the

lips and/or  the nost r i l s .

- .- ,.‘-~~~~~~~ . -~~~,-- , ,-
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Fig. 1- I. Sp ec t rograms  of the words “ boo ” and “do.”
(Formant  frequencies of the vowel are modif ied by
the consonant.)
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9 L_ ~TEA STUP T REE

F’ig. I -~~~. Spectrograms of the word s “ tea ,” “ steep,” and “ t ree .” (Spectral  and tempo r ,i l
cha rac te r i s t i c s  of the stop release are modified by the phonetic envlronment . t
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1.2 LINGUISTIC FRA M EW(I)RK

Studies of the way language is organized have produced overwhelming evidence that under-

lying the production and perception of speech the re exists  a sequence of basic discrete segments

that are concatenated in time. These segments , called “ phonemes.” are assumed to have uni que

ar t icula tory  and acoustic characterist ics.  It has been proposed by Jakobson , Fant , and Halle 1

that the phonemes can be characterized by a set of invariant attributes called distinctive fe a-
tures.  The distinctive features bear a direct relationship to the articulatory gesture from which

the speech sound Is produced , and they have certain well-defined acoustic correlates. The re-

fore, at the phonemic level , the linguistic s tructure of an ut terance can be represented by a
two-dimensional  matrix with columns repre senting the phonemes , rows listing the distinctive

feature s, and the mat r ix  entr ies  indicat ing the presence or absence of a feature for a given

phoneme.
It should be noted that at the phonemic level , the distinctive feature theory necessitates a

discrete (or even binary) selection, whe reas at the articulatory and acoustic levels , the feature

correlates appear to take on a continuum of values.

1.3 PROBLEM AREAS

During the production of speech , the linguistic contents of the feature matrix are trans-
formed into actual neuromuscular  command s that set the articulators (lips , jaw , tongu e, etc. )

into motion. Although the command s may be discrete , or stepwise , the actual motions of the
art iculators and the resulting acoustic signals are continuous, due to the interaction among var -
tous s t ructures  and their  d i f fe ren t  degrees of sluggishness. The result is an overlap of phonemic
information from one segment to another. in other words, although the features have certain
weB -defined acoustic correlates, there is hardly a one-to-one correspondence between a given
feature and its correlates. More precisely, the acou stic manifestation of a given feature ap-

p ears  to depend on the presence or absence of other features. Fu rthermore, when phonemes

are concatenated to form an utterance , the acoustic correlates of the underlying features will
undergo modif ica t ion and distortion as a consequence of the phonetic environments.  For exam-

ple , Fig. 1-1 shows spectrograms of the two word s “do ” and “boo,” Although the vowels in the

two word s are phonemically identical , the acoustic characteristics of the vowels can be seen to

be quite diffe rent.
Similarly, one can clearly observe the differences (both in temporal and in spectral char-

acteri stics) of the phoneme /t/ in three different  word s “ tea ,” “steep,” and “ t r ee.” as shown in

Fig. 1-2.
These examples i l lus t ra te  the important fact that in any stud y of the acoustic properties of

speech sound s, the influence of the phonetic environment must be taken Into account.

Anothe r important  feature of’ speech communication Is that sometimes a speaker can distort

the acoustic properties of speech sounds so severely that even the environment will provide no

acoustic cues to the ident i ty  of the phoneme. FIgu re 1-3 provides examples of such acoustic
distortion. The schwa In the second syllable of the word “ multiply ” and the f i rs t  syllable of the

word “disp lay ” can be devolced such that it exhibits no acoustic characteristics commonly asso-
ciated with vowels. Such distort ion is possible because a listener is capable of decoding an
utterance not only from the acoustic signal , but also from his familiari ty with the syntactic and
semantic constraints , and with rules governing allowable phoneme sequences of his language.

3 
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MULT IPLY THE NUMBERS AND DISPLAY 1St SESULT

Fig. 1- 3. Spect rogram of the sentence “ multiply the numbers  and display the result”
(example of schwa deletion as a consequence of phonological effect) .

The above examp les se rve to emphasize the fact that although there mig ht be invariant

acoustic cues for a dis t inct ive  feature , the surface real izat ion of such an acoust ic  cue is very

much intermingled with othe r cues . Only through a ve ry care fu l and controlled study can one

sa t i s fac to r i l y answer the question of the acoustic invariance , if any, of phonetic features .

Another impor tan t  factor contr ibut ing to our lack of success in relating acoustic charac-
te r is t ics  to phonetic fea tures  is the variabil i ty from one speaker to another. The acoustic

proper t ies  of speech sound s depend on the physiological s t ructure  of the vocal apparatus , w hich

v a r i e s  f rom speaker to speaker. Furthermore, given a single speaker , the same utterance

pronounced on t w o  separate occasions could vary conside rably. In any stud y of the acoust ic

properties of speech sounds , these in te r-  and intraspeaker var ia t ions  will  have to be accounted
for .  This requirement  usually t ranslates into mult iple speaker and mult iple session anal y s i s .
which in tu rn  suggests a large corpu s of data .

1.4 L I T E R A T U R E  REVIEW

The a c ’I t l s t i c  charac te r i s t i cs  of stops and the effect  of coar t icu l a t ion  have been s tudied by

many in the past , and a number  of the studies date back some twenty  years. Most of these stud-
ies are d i rec ted  towa rd the search for perceptually important  acoustic cues, and each study

achieved a varying degree of success. Due to various technical  d i f f icul t ies  in v o l v i n g  the pro-
cessing and the storage of a large amount of data , most of these studies have been ra ther  l imi ted

in scope.
The pioneering work at Haskins l aboratory represents the early research for perceptually

important ac o u s t i c  cues of stops (Coope r et aL ,2 l)e lat t re  et ~~~~ Using the pa t t e rn  playback

mach ine  that convert s hand -painted spec t rograms  into sounds , the inves t iga tors  were able to

vary independently the frequency location of the stop burs t  and the amount and d i rec t ion  of the
second formant  t ransi t ion Into the following vowel. Their major finding has been tha t  bu r s t
frequency and the direction and degree of formant  t rans i t ions  are perceptually important  cues
to the identif icat ion of the stop consonants. These findings prompted the subsequent proposition
of the existence of acoustic loci for these consonants. I)elattre ~~ al. speculated on the associ-
ation oc diffe rent formant loci with  the place and manner of ar t icula t ion  of these consonants.

4
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( on cu r r e n t  with the Haskins  studies , l” i scher- .Jorgensen 4 reported a s tudy  of the acoust ic
proper t ies  i i f  the six D a n i s h  stops. Similar’ but d i f f e r en t  resu l t s  were found with  regard to the
fi ’r’mant loci of these consonant s .  The author  noted the s igni f icant  role played by the aspi r a t i o n
which serves to d i f f e ren t i at e  the Danish /p ,t , k/ fr’om /l) , d .g/. It was also found that  vowel en-
vi ronnu ent  tended to al ter  the acoustic properties of stops.

Spec t ra l  charac ter i s t ics  of Engl ish  stop consonants were s tud ied  by lial le et al.5 Quant i ta-
t i v e  data were gathe red and possible c r i teria for ident i f ica t ion  were proposed and tested. The
st udy asse r t s  that but - s t  and t ransi t ions  are the two major  cues for the identi ty  of these conso-
nants  a l thoug h the author’s took issue wi th  the “locus theory ” proposed by the Haskins group.
It was  felt that  a set of more complex rules seemed to ope rate on the formant  t ransi t ions ,

l i s ker  and Abramson 6 reported a cross-language stud y of voicing in in i t i a l  stops. The
m aj o r  f ind ing  of this  stud y is that  the f ea tu re s of voicing, aspi ration , and force of a r t i cu la t ion
could be plausible consequences of a sing le variable — voice-onset  t ime  (VOT ) .  VOT was found
to be n i t  only a basis for separat ing the voicing categories , but also sensitive to the place of
stop closure.

Subsequent studies by l i s k e r  and Abramson 7 extended the results to other phonetic envir-on-
ments. The study by Klatt 8 was the f i r s t  repo rted inves t iga t ion  of the var ia t ion of VOT in
clusters .

In summary,  a goc-i deal of in format ion  wi th  regard to the acoust ic  cha rac ter i s t i c s  of stop
consonants has been published in the l i t e r a tu re .  .~ l t h o u g h each of these studies had contr ibuted
individuall y to  our unders tanding of the acous t i c  events  of speech, the results  are f ragmenta l
and lack cont inui ty .  They all suffe r , in one way or anothe r , from some of the problems stated
in the previous section.

1. 5 O V E R V I I : W

In Chap. 2 , we define the research goal of this  report , and describe the data collection pro-
cedure. Chapter 3 is devoted to the descr i ption of the anal ysis  system , as well as the data-base
facili ty.  Chapter 4 presents results and d iscuss ion  of the temporal charac te r i s t i cs  of English
stops , both in isolation and in clusters. The spectral  charac te r i s t ics  of these stops are pre-
sented in (‘hap .5.

5
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c l n ~ i u l n ’ i t t _  • t i i l  ‘ u i t ~~~i t i ’ ’ i t  c ! u s t , ’ r — s _ j ) i t i c i i l j i - c t p , t .  and t i l e  i h u - s i b t i  ii  l i i i ’  d i i i  f o i ’ t t i i t

c ‘ l i t such . I t i s t r a l t i .  \l ~‘ lvi . .- r e s t n i i t ’ t t  o u t- s elves  to t~~ i ~ T i i l v  of j i t ’ i~~ i r i . _ s , ’d con-

0 ih c I ’ st , r s i  b - i  si ’~ , - r , - l  ‘, - i ~~i i i t s .  I i r s l . a s t n i s s - t i  c o i t s i h t ~ I~~ ‘ . ‘.v- ’ i  i (  \d s l . j i t i u .

i s  e n n u i - i c- I ‘ mong  a l l  k n i i ’.vn l n t l p t I a b ’ e s _  S t u b , , i i i l i s t  t ’ i ’~~s ’ hI i i l n ’ ~i i t  M ’ s c i i i  i t u . , , d i ’  ci i ’ .  i n —

t t u i r t  g t - i ’ u i r t d  in the b a s i s  ol wh i c h  c t — i i s s — I a n t u i i — i p -  .! i t I u — t ’ , u c i — s  c i i i  i i -  c o mp ar e d .  h i - u  u i i i h l v ,

st r , ’~~ s i - t l  s y l l a b i ’ s  in an t j t t ’ l - v t n c e  a r e  j i r - i i l i a l i l v  a r t i c u l ; i t , - u f  w i th  p r - e a t e r  c a t ’’’ ~nd i ’ l l ’ ’ t b - n ’ ’ - t i

re su l t i ng  in a robu ,-,t a c o o s tl i  s i g n a l  - v i n c i -  ~u i - a n i - - t c r s  c a n  be i ’’, t r v u ( ’ t u ’i l  i i i -  re l i - I i l v . ‘ i ~r ’ t i t c S r —
mon . b l u s h - i l  i i c  s l i m e  I’ r l y  st i u I i , -s I ~ t u - u t - i i S  ar id IV l i l t  .

~~ .~ i i u  i n s
t i t  t i i ~ i V  he b v p i i t h . ’ s j i i -d f t P

i i i ’  in t r - ins r - a c u i st  e i i  t i p  r t i e s  of con ., u i n , n t  s v i i i - l i - st c i r s t . ,t - t e c i  l i v  the  u - u t ‘ ‘ i n t ent wh e n  t h e y
appear in s t r l ssI’ll ( — ‘i s v i l u I l i - s  _ .“t c h l t l s t l c  i t u u a ’ t ’- t t s a t — i m o r e  l i k i - i v  t i  I i - i is  ( I u i  s c  I t

a n m l v i  r o n t l u ’ - t i ’ . -l h i - i - i - I  i t ’ . - , t h i s  ib m - t i n  , ‘ i l ~~ r o n men t  m i c h t  p r o u  i i i - , i n  soot . - sense, t h i . -

c l e a t - i - s t  i i i  t i t l ’ i f l  of t i l l -  i d e a l  ‘i l - u t i o n s h i p  e t c  l i t  t h e  i n i I - r l v i n g  f e a t u r - e s  and  t t t e i  n u i i i , s t j c

( l i t  t i  - I a  t i  - 5 .

\ l t h u l l t L ’ l i  u t i i ’ n —  ~, t i i 1  l i t  t - l l S j l ’ ’ l i k e r -  u ’ ar i ah i l i t i i s  a r e  I i i t  t h e  m a j o r  c i i r l u ’ , - r i l s  of l i i i .  ~ t ’ l ~ , t h e
d a t a — b a s e  ‘(‘ 5 ti  i n c l u de  a r t i i n h e r if t a l k e r s , i - tu b i e c i i rded  ‘in s , ’ v i - r i l  i i i ’ l ’ i S ) i l f l s .  ‘I he t u b —

~ l i l t i  i f  si c e r — a l  s j i i ’ v u k i - r s  i l l  I S u - s s i i u n s  p res tt v u t i l v  t i i i n i m i i i - s  t h u  i r i i t i v u h i l l t t u  of an i o i l i u  n i l
speaker  on ’  r e c or d i ng  S i ’ s s i i l t  i t t  u i  i i h i c i i t p  a b ias  in  l i i i ’  t~i - s u u i t s .

In t ’ u t n j u i i i c t i i i n i  w i t h  t h e  c l i i i  t u tu of a cous t i c  d a t a , an a i ’ i i i ~~~t t i ’ a n a l y s i s  s c — t i - n i  w a s  d c c c l —
1, 111 1 t i  . ‘naj i. - t h i - -  p r e l i m i n a r y  j l r u . e u ’ s s i t l g  if lic o t i u t t u  d a t a  l t t p i t t . v i t i i i  -I t t  ~ p 1 ’ . - c h l  WIl l

,rm , (-o m j i i t u i t  t i n  i f t h i -  s l u i r t — t i t t i , ’  s I h l - l ’ t r a , and t b ’  h a n d — m a r k i n g  if  i t t - i  t i r e ,  ut i t t  i b ~~~t~~~t l i

can I I h. di ,n t ’  i l l ,  . t u i . i , I t  I . .  I l i i —  f a c r l j t ’ ,’ ti t u S  i l s i t  i i c ’ v . ’ l oj u e t t  i ’ , ti ~~I i t h u d i t t i t l n i ’ , ’s \V e i l ’

— t o r i -u i  i n  a u I ’ + t i — t i v i t . i  r i - t i - i - i l ant i  u i i i l v s i -i ci iold I )( ~ d iii ’ - ti- n I h  ‘vi . ,’ . \ i i ’ l i i i l s  i . ’ ij i . — u ’ t s

of th e  i n t t i I v i i ~ —. u s t . - n t  and ii i t t , h t i s ,  ‘‘ i i !  t i e  ih s i ’~~.,—o ’d in Li i t  d i - t  I I  i t t  l t j .  L
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I -~i nn g t h e  f~u i  d u t t ’ h , ’ V t . l u i j i , ’ h t u e  : i i ’ t t u r - t t t i ’ e ’ha r a , ’t e t ’j s tj e - s  of 111 - 1.51 r ’s s -d E n g l i s h  p i o si v es ,

‘ t h i  i n s i n gl e t o n  . in I in  c l u u ’ ~~t ’ rs , i u u i v , ’  b . -u ’ n s t u d i e d in  d . ’t a i l .  I u t t r a t i o n a l  an t i  -~p . - i ’t ra l  e ’h a r a c —

4 i . ’r i s t i c s  nf t h e -  p lo s ives  were e x a m i n , - u i  a~ a f n o i ’ I i o n  of t i1. ’ p b o t i . - t  i i ’  , ‘ t u ’ . ir on in e ’n ts , and 1n , s s i h i ’ ’
i n t e r p r ’ e l a t i i t r s  of t I l e ’  u l a ta  in  t ’ i e n i n e . ’i i o n w i ’ t ’  p t ’ i i t i i i i ’ t i t i i t  a nd p e t e ’ , ’ i t i on  ‘ i i i ’ , ’  su t ’ p ’ ’  i - i l .

‘ i ’ ~~u t i t~ a t e ’  p i ’ i ’ ’ . e n t . - u i  i n  Chaps . ‘I ~ut o , i ~

~ ..~ I .iA ’t’ -\ Fl IR \l  A t

St - u en- al i o n s i i l , - n ’ a t i o n s  have  been  a , ‘ f t ’ t u ’u I  in the d . ’ s i g t i  of l b s  da ta  h e r n i al .  V t -  b e ’ ,’ ’  th us

“a n  l i m i t e d  t t t n r s i - l u  es t i  st r e ss e d  (‘ — V sy l l a b l e s  whr ’ i ’  i i ’  u ’on s on an t  (or consonant  c l u s t . ’ n )  and
t o w e l  a n - e a t ’  i ’d i n s .r i i u -  s v st e r na t i t ’  u’ i u u ’ . U — . j i . ’ n t i ’ n  u ’  has sh .ia’n t h a t  s t t - e s s e lt  (‘ — V  sy l l ab l e s
i n i s i u l a t i o n  can be a r t i t  u l a t , ’d  in  a r a t h e r ’  u n n a t t t t ’ u i  m a nn e r ,  It is , t h  u n t i l  ‘ u ’ , a b c a n t a g e ’ u i u s  I ,

f ame  the ( ‘— \‘ sy l l a b l e  in a u a t r i e r  se n l en i  u ’  s u e  as to s i m u l a t e  a more  n a t u r a l , C i , n t  i n u o u s —

~ n i e ’ e ’ .  t i — l i k e  u - n v i r o n m e n t .  Sin ’ ,’ i ’ u - t ’ i a i r u  t ’ t t j . ’ l i s l i  c i u a ’ i ’ i s  do n i t  a p j i u - u t ’  in  sy l l a b l e  f i t i a l  j t e l s i t h i u t i — ,

a f i : u i  c’ u i t t s i , n a l l t  w a s  a i h u i , ’ d  to  i i i . ’  (‘— \ ‘  s c ’ i h u i u i e ’ . i ’ ’ i n a l l v , wi would  l i k e ’  t o  e l i m i n a t e - as n’iut ”h

as p os s ib l e  t h e  l i n g a i i s t i i  and p h o t l o h t l g u ’ai  i n f l u e n c e - s .  ‘l’he las t  c r i t e r i o n  is i m p o rt a n t  b i e ’ u ’ a us i ’

a speaker can suirn,-b I t n t - s  d i s to r t  t h e  a c o u s t i c  p ’ u l i t ’ r t  I u ’ s  of a phone t ic  s c p n’enr  so s . c  e ’re ]y  t h a t

even  th i ’ e n v i r o n m e n t  w i l l  p r o v i i i u ’  no cues to the  i d e n t i t y  of t h u . ’ - s e g n t . - i u t . Such a d b s i , i r r i i i n  i s

pos sib l e  because a l i s t e ner  is capable  of i i , ’  r iding such an u t t e r an ce  not o n l y  f rom ‘h i - a c n u s t i (
s i g n a l , bu t  also f rom ite s f a m i l i a r i t y  w i t h  the  s v n t a c t i u ’ and s . ’n i an t i c  c o n s t r a in t s , a n d w i t h  b e

t’ u l u ’ s  got , r u i n g  a l lowable  p h o n c e u u ’  s t ’ h t t t e l l l  i ’ s  of his l a n g u a i u ’ . Inn ot ’ u t e ’ t ’  to  .s t t n t i v  t h e  acou St i c ’
ch a r a c t e r i s t i c s  of spe e ch sounds , i t  is c e r t a i n l y  des i r ab le  to m i n i m i c e  s tn i h h i g h e r — ) e . c l
i n f luence s .

‘I ’he format  of the data was f i n a l l y  iii ’ ideal to ii ’ ’  a n t u t t s c n s . ’  word h~ ‘ ( ‘\ ‘ (‘  en ’ i l iu ’u i i l e d  in a
ca r r i e r sen tence ’ , “Say_ _~~_ a g a i t i . ” - l i i ”  pn ’estn’ . ’ssed consonants  an~ c onsonant  clu s t e r - , i ! .

v - i t ’ ,’ t i  ~, and t h e  p o s t s t  r , - s s , ’ t i  c onsonants  t h a t  wc- ci’ in c- luded in ou r  data c o l b e i ’t  t in ar .  l i ’ t e ’ d  in
Table ’ .~— l .  ‘ i ’ b i e - y  r i o  lud c d  I i ,  15 vowels  and di ph thongs  in 1” n g l i s l t  and e s s e n t i a l ly  all al lowable
word i n i t i a l  consonants and consonant  c l u s t e rs in E n g l i s h .  The hj ’( \ C  nonsen sc w i  i i  f o r n v i a t ,
i nc id en ai  I ’ - ’ , hail i~~- , ’ i t  u s u - d  p n ’ u - v ou slv  by o t her  ‘ i - s e a r c h e r s  (b louse  and l” a i r b a n ks ,1 h t , ’t , is

and l l o u u e ,1 - St ev ( -ns  et al .1 
I i i i  s t t i d v  t h e  acous t i  pro p et ’ t  i i ’s  of o w e - I s  and c - o n t s i l n a n t s .

2. 3 .‘\( Q I  I ST TI (  IN OF A ( (  r S’UTC DATA

All t h e ’  a i  t e n e t  i i ’  data we ’re  rd orded in -a sound proof c i i  u r n  w h e r e ’  t h e -  s i  t.u n :i — t o _ n o i s e ’  r a t i o
is abovu - 50 d}3. An A l t e c  ~R l I t  m i c r . i t l t t o n e  was used in con junc t ion  w i t h  a Pre s to  mo de l  800
‘ t e j e ’  r e e ’ u i r ’ u I . - t ’  l i e n ’  t h e- r ecord i n g. T h e  n h  r o l t b i l i l e ’  aa s  su s p e - t t i .lcd f rom the  c - e i l i ’ t g  and was
p i e  , - u i a p p r o x i m a t e ly  2 ito b i t ’ s  above the oh ‘c t ’ s uppen l i p  and 10 to I ,~ in c h , ’s  i n r n - u i n t  of t h e ’

suhj e - i ’t  . . \ f t e r  h i ’  I ng s c a l e - u i  in f r o n t  of t h e ’  m i c r o p b u i i t o ’ , t h e  sub ~ec t  was then a s k , ’ i l  to t’ n ’ame ‘ t i e ’

u t t e r a n c e  in a c a r r i e r  s . - n t . - r i c . ’  and read out loud. A sample of t h u  l i s t  of u t t e r a n c e - s  i s  i r u i ’luded
in Table .1 —l i .  P r io r  to the ac tual  r ’ . ’ i u u r u h i t i g , the  s t t h u e ’i t was asked to r ead aloud for approxi-
mate ly  u , n u , ’  r n i ; l l u i . ’  so as to al low a d j u s t m e n t  t b n - e u  t u t ’ i i i ng 1 , ’ v e - l  an u i  n -e ad ing  s h l . ’ e i i ; speak ing  n - ate
was n - i i e i p h l v  m a i n t a in e d  at 5 c v i l a i t l , ’ s  per  se ’  u n t i l  w i t h i n  e ach  scntencc- — l i k , -  u t t e r - a n n e .  The

~u 1t t . - i  t was asked to Hj le ’ e ’ d  U~ n. ’ ~let w clown ,c’j thout  e ’’~pI i e ’i t  knowledge of the fac t  t h a t  sp e a k i n g
rate ‘.- . t ic ;  h i e i n g  cont ro l led .  Dur ing  th e  r e ’ i l l r i t  ing ,se-ss  I t en , t h e ’  person opera t ing  t h u . -  recorder
mo n i t o r e - i i  t he  u t t  eran c’ , ’s  t h rough  a set of h ’’a i p b o e r t e - s  - ( ‘ommunic -a t ion  b e t  w , ’ e - r l  h i m  and the
g tj i i  I . ’ i ’ t  was a, t t i , - v e ’ i i  via signs d i s p l a y e d on t u e  large window i i . - t w , - e - n  t l t t ’  s oundproof  room and
r h . ’  room w h i t - r e -  the r eco r de r  ~ as s i t ua ted.  The ~Ub jcc t  was asked to pause a f t e r  each l i s t , at

S
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TABLE 2—I

LIST OF ALL THE CONSONANTS,
CLUSTERS , AND VOWELS USED

Sn g leton 2—Element 3—Element
Consonant Cluste rs Clusters Vowe l

:~:: ,
I r . t  r i.

I’ i t t  ‘ , i - r

‘I

S i ’

“1 ~~~

n f - I  0

5 3

d r  .1

g I 3

1 91 1,

r sI

V am

I Sn

St

“l~.iswiw~-W~ ’ ’  ~~~~~~~~~~~ 
‘.‘ 

~~~~~ ~~
‘
~~~‘ ~~~~~~~~

‘
~~~~
‘ ‘  ‘ ~~~~~~“ 
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TA BLE 2-Il 
-

~~~~~~~~~~~~~ 

-- I
SAMPLE UTTERANCE LIST

2 2 0 1 h~~’y t t  2~~Qt h. ’ p t t t  2 4 0 t  h~~’ p r t t

2202 h.’yz t 2302 h.’p P z t  2402 hu ’p r z t

2 2 0 3  h s ’y .t 2303 tso ’p~~e t 2403 hD ’p r e t

220 4 h .’ye t  2304 -ie ’p R c t  2404 he ’p r c t

2 2 0 5  h~~’yN t 2305 he~~p~~mt 2405 tso ’p r r t

22 06 h~~’y a t 2306 h.’p R a t  2406 ha ’p r a t

2 2 0 7  h w ’yA t 2307 ha pL’u t 2407 ha ’p r A t

2 2 0 6  he~~y ot  2 3 0 8  he ’p t o t  240 5 he ’p r o t

2 2 09 Pn~~’y3 t 2309 Iie ’p~~~t 24 09 h9 ’ pr ,t

2 2 1 0 h~~’yut 2310 h& ’p~~ut 2410 he ’ p r u t

2211 he ’yut 23 1 1 )-o, ’ pt u t  2 4 2 1  tee. ’p r u t

2212 h .~~y~~t 2312 h~~
’p Q~~t 2412

221 3 h e~~yay t 2313 ho ’p D a y t  2413 h~~
’r r a y t

2214 h. y ,yt 2314 h tt~~p D D y t  2414 h~~’p r 3y t

2215 he ’y a w t 231, 5 hs ’ p~ Io~~t 2 4 1 5  ha ’ p r ow t
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W t i h u ’! u r i t t u . ’  i t . ’  te as : isk , - , t  t e e  ‘u - p e a t  t h u e o c e -  u i f t , - , ’ a t t ,  c - s  tha t  tv e - r ’ , ’ , ‘ r ’ r ’ i t n u - i i u i s ,  A t t  i ’ t 1 t i  I ’ ’ ’  I ’ ’  u n  l i e d

s , ’ s s t i e n i  l a s t e d  a p p r o x n r t l a ’ . ’I ’ ; ~~~ m i n i t t . ’ s , m a r k e d  h i ’ e l i , ’  or r v i i  r e s t  b e e ’ n ’ u i i u l s , ‘l ’h i . ’  — i r h i e ’ .  t p r o —
e ’ i t e ’ i I c - an t i  t l ’ t c i ’;t t H ’e  c’. h t h ’  a p r ’ e ’ass i g o e - d  t u b - , t r u f i e ’ a t i o n  n u m ber  as shown in Table 2 — I l .  ‘I hi ~

nunsbe’ r i i , n l a t r t s ’ i i  h i l t e !, ’ t . ’  i t i i u r ’ r u i t e i t i e o  ,t t i , ’  p l u o n e t i . ’  ‘ ‘ cu t e s t .  I or u ’ ” a t n e i e ’ , t b ’  nu m b e r  ~~l I f

can hi , ’ i t e ’ , , e u  h u b  t e l  l i e ’  a i I t t ~~t e ’ r  i t ’  , t o  t i e ’  fo llowed it t ’  t he  c’oa’e,’l ‘ I . l ’b t , - re f ’ e i r ’ .’ , at th i -  h im, ’

‘.i’lie ’?l p h o t i ( ’ l t u ’  i i e r t t e ’ \ t  u s  i t t t u t l l v  e - t i e e - n ’ , ’e t  t u t u ,  t h u . ’  u i a t t . — i i a ’ , e ’ , t h u ’ u se r— t l e ’ , ’ u i s  on ly to t ’ u ’ I ’ . ’r ’ to
‘ b u s n u m b e r -  v t u i i ’ t t  the  ( ‘h ) n u p u t e - n ’  w i l l  i i ’  i i i ,  a u t o n t s a t i u ’ a l l v . ‘ i ’h i ~ m, ’t lu o d e l i m i n a t e s  t I . -  confus-
ing and — ‘ i u n i ’ t : t ’ i . ’ ~ e l i f f i .  t i l t  r a sh  l e t  d ec ’ i e l i ’ug  t i l e ’  t e h t i e t t e  t i c  i - ‘ r i t e ’ , ’ l ’ l S i l  t r u m a n  It  e ’ t ’ i ’ i ’  ~) i i i t f l  of t he

t i t t  u ’ t ’ l k t t i  t ’  -

I I
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I I ‘i, i ’ ’ i ’ l ’ , t t  ~
I , ‘u f ” h i - ~ i,~ ll~~ i t  \ l  ,‘\N I I I 1 , 1. 1  . \ — l t ,A~~l ‘ I ’ \ t  l l , l ’ l ’ \

*4
Or t e ’ of ‘ h i , ’  r i t a  i i i ’  as i , ’ i  t s  ccl ’ t h i s  ~~t t u u i y  is the  i b , ’ c ’ u ’ I i e t e r n e - n t t  c r1  a c c i i i  a c i u i ’~~’ i i  a i u a l v s i s  sc’s ’ ’ t i .

lt t s  \ e ’r - v  ‘ h e - s i  ‘ u t i l e ’  t o  f i a t ’ .- an a i i a l v s t s  pr oi ’ee lure  wh ere  a u e u l s t i u ’  i ’ tsange s can I i , ’  t i h i , t i l ’o n i ’t I as
i ’ l i t ~ e ’ l ’ , as p o s r e t i e l . - , s usi e ’- ui ( u u s r i c ’ t ’ l t a r — a i ’ t e r i s t i c ’ s  oh ~ p u ’ i ’  h s l e h o i t i r , u  i a n  - l i ~~t i t ~e ’  s i L ’ t l i t i  a t i ’ b ’ .

w i t h i n a f e w  m u l t i — u i t i i h s , T i e  m o n i t i e ’  t h e ’  r a p i t h  S t i e ’ i ’t rum u ’ I u t c t u g e ’ s  at t h e  1,05, - u  l i i  t h u ,  n— c l , - a s u ’

of a p l i e s t ’. .‘ , for . ‘ “ u i r t u e b l ’ , wo t e l e l  r - equn re an a t t a i isiS r , ’ i  t i n i que niore s u i 1 u i ; i s ’  I ‘ a t e ’’d t han  a
c i ’ t b t i o n a l  f f l t , ’ i ’  t a n k  or sot i r ’uul ~l~.’ ’ t rograni .  l” i u u ’ ’ b u e ’ n ’ n t i  l i i ’ , i n i , r ’ e h , ’ n ’  ~;i p t ’ i e u  ‘55  5 1 1,  h i  a l a i n , ’
u -o r p us  of l e a  in  a reasonable amoun t  of ‘ u t i t e ’ , a i t i h  l e e  l i t h e  i i i , ’  t I r e  15c r t t i ’ b i  t’ e ’ I a ! i ’ , i ’  ‘ a s, ’  of da ta
a ‘ ‘ 1 5 5  ant I  r e t r i e v a l . l i e ’  l t ’ i e ’ e ’ s s i n g  and s t e e r a g e -  c a p a b i l i t i e s  of b I ; u ’  a n a l y s i s s y s t e m in n s ’  h i , ’

t a k en  l i t .  ‘ i c t h s i i l i ’ n - a r i l , n .

r h u i s  u u p t , n f i r s t  g u ns  an a i ’ u- ou n t  of t b ,  S h i f u t i i — l t ’ O i ’ S s i f l g  a s p i ’ i 5 l i i  our p t’ i ’ ~~i ’’ i t  s t i t i l t ,

w i t h  e ’ t 1 i l e b t C s t s  c e o  a ta r t u i ’ i t l a b ’  S i L ’ t i t h h — l e  ‘ ‘ - ‘ i ’  S S t t l L ’  l ’ ’  ; ‘ ‘u l u u i i -  e ’ a I i e ” h i  l i t i c ’ a t ’  n e i l ;  ‘ i~~ i i u ,  ‘I h ‘ - - c t ,

pu te r  f a c i l i t i e s  t i r e ’  i l L — p o s s e - u i  te st . V i e ’  t h e n  Ic s,  r ’ j h i c ’  t h u  tiata—bas,’ fae — i h i t t  in  u h . ’ I a i l , g u t i t i n

u ’ \ a i u l l l l , ’ s  of i t s  i a p t e h t i u u ’ .. l ’ i ’ i l , ’ ( ’u h l l t ’ ’’s b h u r ’ t . i i g h i  w h i . ’ b u  a oi ,l s t h u ’ da ta  arc-  u - n i t  e n ’ ’’ ’ I t i l l f ; . ’  u i a i t u _

h a s , ’ a t e ’  a b s - u  i t t - b u i , l e ’ h i i i  f l u i s  i ’ b u a p t e ’-r— .

c ,1 \ ( ‘ O i  i~’ l ’ l ( ’ ‘\ \ .\ I , Yf’ Ii’ b ’ t h , s ’ i : l f l  l i t

D I g i t a l  c - o n i p t i t e r s  an t i  c i t  i,’ i t , a I  _ i L O i ~ u i _ h i  ‘ i i i  ~~~ h t 1 df I c ’ , b u t i i ’ t i e ’ s  h a v e  I I  ‘ ‘ ‘t u b ’  l s e ’ t t  t i l  p e t t i e r - n i  o u r

a i ’ n u s t u ,  a n a l y s i s . ‘I h i s  c ’b o i u  e o f fe r s  man y t~~ b i i i t t i ~ ’ e ’ s , s t u b as g rea t  f l e - s i l o l i r t , l a rg e ’  t I a r a —

s t t e r ’ a g , ’  c a p a b i l i t y , a n t I  iii ’ i ’ i l ! ’t,l \ .

I c r ’ t a t n  ac ous t i c— events  ‘ a u  tt e  t t h O t t t i i l t ’ i ’ u b  - l i i i  e ’ t t i u ’ t i ’ l t ’  i n  ‘i t t ’  tint l ’ ’ t g t ’ ; ; i i f l , e’ ’-t p ’ ’ t ’ i —

e ’ t u u ’ e ’  has shown r h i a t  f r e q n t e n c y — d om a i r i  n ’ i ’ j t u ’ i ’s c - n t a t i o n  of h a ’  s p e c ’  h i  s i g n a l  ‘ e m  c ’ i i  u t ’ . i t  t i l t ’s  u , t r ’ e ’ a u i ’ r

i t l S ; L l b u t s  i r i r o  the  r e l a t i o n s h i p  l i e - t w i n t h e ’  a r t i t - c n l a t o r y  and t h e  a , ’ l e l u s t  I ’  n - e a l i z a t i o n  t i ’ s t e ’ e ’ u

T’or e-x an np i e’ , spent ral p.-aks in  o t to — tt a~ t e I t _ c - i l ‘ e t c  u - i s  I -a n  l i e ’  - i i  i t ’  t e l  i t u b  i i i ’  - I i  i ’ t ’ i ’  t i  ‘ c i i  ~ l I l t  ‘ h i ’
rescunanc,-s of the vocal tt’a , ’t and flue ’ u ’ t . c i r ~,~~~i ’y  l oe - a t io n r  i t t ’ i i ; , ’  n n a j o r  c ’ t u c ’ t ’  gv i ’ u i t t ’ e ’ u t ’  ra t ion in

a p losit -e ’ re lease gL-’e - s  good i i - t i , ’a t i o t i s  ahoint the le,e’ation i i i  the conslt’ ’i ’ l i on irs t h u , ’ v ui i ’al trat ’’ .

It  is , I !  ‘ r i - i - i ’ ’ ’ , i , f t e n  desirable  t u e  i ’ o n i l p t i t i ’  s h i t i c t — t i m , ’  s p e l t  t u e  i t ’ t h u . -  s i g n a l .
,“i f t , ’ i ’  e ’ s p e -r i m e r l t i n g  a l i b i  var ious  n o e ’ t h i i , d S ’ i c l ’ c o m p u t i n g  and S i t i i l l e t b ; i n g  ‘ f e ’  s b u i u t ’ t — t f n t i c ’

p e t  ra , W i ’  h a’s e i ’ b io s , -n  t i e  c-omput e t b u t -  spectr a c- ia a sp l ’e ’  b u — u c i t a l  vs is p r o u ’ c u t l u  i- i ’  knoa’n as

l h i t , ’ a i ’  I i c ’ e ’ u h i  t l i e i h .  ‘F t u e  t t s - or v  and l i m i t a t i o n s  of l i n e a r —  p r - c u b  t t o u t  t i u t a l v s i s  ce’ill 111W l I e ’  p i e - s i na i ,

3. I .1 1~ t i e  - a n ’  I ‘re-c u c - t i  on

I ) . ‘tailed t r e a t m e n t  of t i re  various f o rn i u l a t  i i c t t s  of l in e ’ar  p r e d i c t i o n  a n a ly s i s  . au Ii,’ ‘ u i u u n i h in

the  l i t e r a t u r e -  (Ata l  and h l anau er ,1 ~ \ la r k e - l  ,~ ~ ‘uiak t iou l  an,l W’ ~~~ 

e 
1. We sh al l  e laborate  on u t I c

of t h u , - s e ’  f o rmul a t i c ,ns , wh i ch  is c o m m o n l y  n - et ’c-r r e d t i e  as t he -  c o c  t e l - h a i t i  u ’  ‘:r u ’ n u u i l a t  o e i u .  V i i ’  a t e ’

, ‘ t ioson to di se-u ss t h i s  f o r m t n l a t i o n  p r i m a r i l y  bte’i ’a tts e’ t h e  r c le ’va n , i ’ .’ of I in , ’ a r  h u h  t i n t s  a n a l i s i s
to 1i ~, s~ u ’ , - u  h s i  c o a l  is mos t apparen t  I b u s  w ay .

l , i n,,’ar ~r n e - d o  t u t u  a n a ly s i s  is based ru t t i e  speee ’t i  p r o d u c t i o n  n t i i i i i e ’ i  s h t i t a n in  I i t .  t — 1 .  T h e ’

a l l—pol e ilp. ’ i t al f i l t e r  I t h i  1 r epresents  the i ’onsb ioed e f fec t  of t h e  g l o t t a l  s i c i i t ’  c ’  t h i n  t on al t i-a c t ,
antI  l i e ’  t ’ : e - h i : i ’ ’ e i  l e s s , ’ - . In t h i s  i d e a l i 7 , ’ l h  model , t h e ’  f i l t e r ’  is ,‘‘,i ’ i t e - i l  , ‘ i t h i e ’ t ’  by a t c t ’ i u e i i i i  b i t t —

je ru ls. ’ t r a i n  for i i  ‘ i - e l  st o ’ e ’ e ’  hi  t , , ’  n ’an r l or ’r’u r r o i  s, for ’ u f l v f l h i ’e ’ t I s p i ’u ’ ’ ’ h i .

1 3  
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V O IG(D tj j , T 1
uh~OiC ED *p’~ • - L,,.. __.iA~’ii
I- ’i g. b — I .  A l l  —pole  n~od el of speec h p t - odt i i  i t  ( c i i .

‘ l b ; .  -~p ee ’ i h  p r ndc nc t ion  model i -an  he e q u i v a l e n t l y  c h a r a , - t e r u , , - i l  I t ’ s  t b u e ’  ‘ i i b ~ e ’ r - e t u ,  c ’ ’  u ; a t i ( t n

p
s (n )  

-c ;’ a ( k l  s(n — k )  ~ x ( n )  I t — I )

k i

W b . t ~ ( s l l l l  and s in )  a re  t i l e ’  n samples of blue -  ou tpu t  s i r , ’ e ’ ~ Is ct- a c , ’  ar id t h e  ,‘‘t e ’ u t a t  ‘i t t , t ’ e ’ S p t ’ i  —
i , c .  a ( k b ’ s u ì n ’ ’  t h u  c o e f f i c i en t s  c -h a r a ct e r i z i n t !  b I t e  f i l t , - r  I h b , u , and  t i c ’ n u  , ‘ b u i r ’ l b ,  w i l l  he

u - e - I . ’r l ’ t ’  i t  c l  as Itt,’ predictor i-oeffic’ienbs.

I ’  r e , ni I t .  t 3 — I )  i t  is clear -  tha t  one i-all d e t e r m i n e  the  a ( k ) ’ s if  t h e  i npu t  and Zp c ’ l l t t s ~ ’i l i ’ i t t ’

‘ s a h t t , ’ s  of s l o b  a r -I- known , w i t h  the  h r - s t  p of t h r e s e  ‘s-aloes ser - ’s ’ ing  as i n i t i a l  ‘ i i t u u h u t i i i ’ t ~~. V i , ’  a t t a l l

n’ e ’ s t r ’ t ’  t t h e  ‘ i l l u m ing thisu’uSsh u ,it to t ’ i u j i ’ e t h  ~p~-’’~ hi fo r w h i ch  t t t ~ i npu t  t s  a p c - n - i o u -  u r ’t i b ’ u ’ i h V c ’  t r a i n .

In ‘ h u i ~ ‘ ‘as,’- , t t u e  a ( k ) ’ s- ’ an he d e t e r m i ne d  w i t h i  t h u . -  knowledge of u n I v  Zp - d isc ’ ,  i t t i ’~’ e ’  talu ,-s ot

si n )  and  ‘ I . ’  p c e s i t i o t i  of t h u . ’  impu l se .  h o n  t h i s  idea l i zed  model , we ‘an ‘ f e - t u n e  b l u e  h r , ’  h i -  ‘ci i

t a b  l i e ’  of ’s (n l  as

p

~ his b ~,, a(k ) s in  — k) . l 3 — -~
k~ I

‘ i ’ h , e ’  h i f t ’ , ’r c- n- c ’  b u u ’ t w e - c - n  s (n i  and ~ ( n b  wil l  be -,,CrO e’xh’ ept  for  one sample at she h u . ’g i n n i n g  of c - a ’

pe r int l .
In r e a l i ty , however . s(n ~1 is not prod uced by t h i s  h igh ly  ideali ,t ’u i  model ant i , t h i e r eb or ’ .’ ,

i t ’ ( ’ i l i  - t ic .n of s in )  h as erh  on E i 1,  I ( — ~~ I w i l l  in t roduce  e r ror,  If we arc- ho a p p r o x i m a t e  s l o b  by ~ l i t  I

as ‘ 1, - f ined  in F u l ,  ( t — ~i l , t f i c  a ( k h ’ s I a n  h e -  d e t e rmined  only w i t h  spec i f i ca t ion  of t b u e ’  c ’r ror  c r i t e r i o n .

We ’ can c h o o s e -  ‘en 1 . - ti - i -m i n e  t lse p r e d i c t o r  coef f icien ts  hi ’ m i n i m i z i n g  t h e  sum of the  s q u a r e u l —

d i f m ’ u - r ’ c ’ t i i e ’ l p ’t i t e-e ,’t t  s (n )  ant i  ~ (n ) . tha t i s , h i  m i n i m i z i n g

N - I
[ s in )  — ~ (n ) ) 2

n o

w h o - r e -  tb ~~’ m i n i r n h / u c t u u , t u  is t O  ise e-a r r i ed  out e . v e r -  a sec - l ion  of s h n i b  t e l ’ l e n g t h  N.

The m i n i n s u m  moan-squared error c r i t e r i on  is chosen u >ve ’r  o ther  c r i t e r i a  because b Ite  de-

t e r m i n a t i o n  of t h u . ’  a ( k ) ’ s now reduces to the solution of the fo l lowing  set of l inear  equa t ions ;

p

a ( k )  ~i( i , k )  = q 5 ( i , 0) i = 1, 2 , .. , p ( 3 — 4 1

k i
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a b u e ’i’e’

N - I
.p(i ,j ) ‘

~ sin — i )  sin — j ) ~~ ~~~ .. ,p . (3 - 5 )

n O

E qu al ion 1 — 4 1  c -a n be cv i - i t  ‘ c -r i  in m a t r i x  for-ni  as

(3- u , )

w b i , - r -  ‘I is a p h ’, p m a t r i x  wi th  typ ic - al (t l C’ni enb cpu , , j) ;  a and x are p—dimensional ‘, c ’  t u i r s

w i t h  t h u ,  ~th c omponent given l iv  a ( i )  and c’ (i . 0) . r . - s l e e - ’ t i c ’ e i  t’ . T h e  s i c l u i t  i i u t u  of t h u  m a t r i x  equa.-

lion is g r ea t ly  s i m p l i f i e d  by the  fact that  the  m a t r i x  is s’.’mm.’t r u ’  ant i , hen c’ , r u - i  i t - s i t e- b r ~~1 . —
dures are’ appl ic-ahi e (l-’addeeva

t 7
),

II is of in teres t  t o  e ’OmI)are the  a n a ly s i s  proc-edure o u t l i n e d  above for  two i l i f f e r e ’ t i r  r-ases.

If the fundamen ta l  f r equency  of voic ing  ( 1 - 0 )  is known in advanc e, t h u -  a na ly s i s  c-an lie i - a r r i e d

out i h i r ’ e , t i v  in the sense tha t  Eq. ( t — ~~b can be e ’va lu ated e x a c t ly .  In pract ice , however , i t  i s

ve ry  desirable to ca r ry  out the a r s a l v s i t t  w i t h o u t  a p r io r i  knowled ge of 1 0 . In t h i s  l a se , an ap-

proximation has to be made and add i t iona l  error is in tr oduc ec l .  WQ’ shall  i l l u s t r a t e  t h is poin t
hi- a s imple example. The argument  can eas i ly  he genera l i zed  to include more comp l i c a t e d

si tuat ions.
l e t  us assume that  there is only one p i t c h pulse present  in the  data and tha t  it  oc -c -urs  at

n = m. Tf m is known , then Eq. (3 -5)  can he evaluated as

N-I
,~- ( i , j ) = s(n — i) s in — j )  , ( 3 — 7 )

n - O
n~~m

Equation (3-5) cannot be evaluated expl ic i t ly ,  however , if m is unknown.
If we choose to approx imate ~~(i , j )  by

N-1
,~~(i , J )  = “ s(n — 1) s(n — j )  , ( 3 — 8 )

n 0

Comparing Eqs. ( 3 - 7 )  and (3 - 8 ) , we find that the error in c - l i , j ) is given hi-

E ( i , J )  ~ (i , j ) —  Q(i , j )  s(m — I)  s(m — I I  . ( t _ ’l l

By the nature of the speech signal , s(m — 1) arid s(m — j ) are small c ompared w i l l s  san ih i l . ’s  at

t h e  beg inn ing  of each period. ‘I’herefore , the error E ( i , j )  is small  compared wi th  ~‘I i , j ) for any
reasonable N. Results  c omparing the two analysis pro -edures  wi l l  be presented  ii a later

sect ion.
The b t i&’i ury of linear predict ion has also been formulated in a s l i g h t l y  d i f f e r en t  w ay .  Let

e m )  denote the output of t h e -  inverse f i l t e r  l I 1 (z )  whe n it  is excited Isv s i n ) .  If we choose to

determine the  a(k) ’ s by m i n i m i z i n g  the  total energy in e ( n) , the  set of equations obtained c a n

be shown to be almos t identical to E q. ( 3 — 4 )  and ( 3 _ c )  (Markcl t 
~) . Tlse n u t t I e r  d i f f e re - r i ce  in tise

resul t is tha t the matri x q’ in th i s  second formula t ion  is of ‘l’oepl i t z for m

~s ( i , j )  = I — . 0) ( 1— 1 0 )

15
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so ‘ h u e ’  r e -  m a t r i x  e q u a t i o n  c a n  he-  ~ i c b v , ’ i l  I t ’ s  s t i h h  mc e t ’ e- e f f i c ie nt  a l g o r i t h ms ( I c - ’ inson 1 
~~b .  ‘ I t , -

c ’ ‘r id f c .r -n t t n l a t i c u n  i s  s i e n t u e ’ t u f l i e s  ‘ ‘ ‘ ‘ ‘ ‘ i-  i— e d t i  as t h e ,- a t u t o c - o r t - e ’ l a r i i c n  lo r m u l a l i o r i .
l” t - oni t h e  l l r ’ . ’ l u l ’ tor  - ‘ ‘ i i ’  f f l c ’ i ’t u t ’ ~ , t h u  a p p r — e s in i a t e d  spe c t r a l  ‘ n c  c l i c h e’  of s in )  ‘ ti ti h e ’ ’ ’ ,  i i —

pc i t ed  as  I i i , ’ t
~’) , \ ‘~~t c  ‘ b u a t  i f - c ’  u n i t  sampU- r e s l s l c n u s e -  of ‘ h u n  i nverse -  f i l t e r  h l ~~~( z )  is L u i \ c , i  hv

I a U )) is 0

l n h r s  I — a l i t )  ‘a l i t )  n 1 , 2 , . . P

0 o t h e r w i s e ’  I t — l i )

‘ t h , ’ n’ c ’  l i l t ’ ~ ’ , l i e ’ 1” I i ’ar s l i e ’ cc h t ai rte- d e f f i c i e n t l y  ti’s’ I t n l t i u t i n g  t h e  d i s c n ’ , ’ t e -  I” o u r ier  b r ’ ans fo rm i t i

b i n ) c’ ‘ h ;  a i ’a sr  I - m n - b r ’ ‘ rans t ’o r ’ i r i  a l g u n ’ i t h m , ant i  th en i n v e r t i n g  t b t e ’  r’ c ’s u i h t .

I - a - t i ’ p r e ’ t h i e - t i  c i  a n a l  c ’ms ass u m e s  a s p e - i f i c  s p c - t ’ u ’ h  p r ’ od uc ’ b i o n  r u u u , u h e ’ i  a - lucre-  t h e  c ’omhiner l

of r h o ’  g lo t t a l  c - s u ’ u t a t t c e o , t h e ’  c o t  a l  t r a c t , and tb . r a d i a t i o n  lOsses is re-pr e sc -n lc ’ui hi’ an

a i  i — p o l e  f i l t e r .  W h et h e r  St n i ’ hi a model is adequate for s i c ’ c ’ i  Is a n a ly s i s  1,-ave ’s t’oom I c r  , i c t i t  i i i —

c - i sv . lb i s  we l l  known tha t  l ’c , r ’  a l l  n o n — n a s a l i z e d  sonorants , th e , ’  t r a n s f e r  f u n e - t i r e n  of t he  1 1 , 3 1
t n a ,  t bias oti l v pole ’s. I - i c r  f r i c a t i v e s  anal nasals , however , t h e t r a n s f e r  func ’t  ions have / e nt us  as

w e - I l  as poles . Added to t h e - problem is tI re ’  fac t t lsat g lot ta l  pec u l i a r - i t i e ’ s  c ould ~~u i t t u i - t  t mc ’s  i r s t n n —

‘ I i i .- - c  - r u  is ,  ‘ i ’ I i e - r c - l ’u u r ’ . , f r o m  a th s e o r e t  ic-al  s tand poir s t , l i re  a l l — p o l e  i’n ode l is not alway s  ark ’ —

- u i u , n u ’ . b l t t c c ’ , ’ v c ’ i ’ , 1~t a h
1 

h a s  s h u u i c u ’ n i  t h a t  bh iese  ieros are li tsiul i’ t h e un it c - i t - t i e ’ , ari d b u t t s  can lie
a p p r o x i m a t e d  l iv  a number  of p I c ’ s  v ia  Taylor  se r i es  expansion. M a k h u o c u l  and ~Voi f

i t  
t i - ,

sho wn t h a t  I ir iea r p r e d i c t ion ana lys i s  c a r l  l ie viewed as a m e t h o d  of a r i a l v s i s — h , ’ s ’ — s v r u t h i , ’ s i ’ -, a l e t’ ,-

‘ l i e ’  n t i m hte r — of p i t I e s  is sh e e ’ c i t ’ i c ’ i i  a n t i  t h u ,  r e—st i l t  i i i  a good f i t  t i c  i h i e  c - i c c  c ’ l u c p c -  of l h , u ’  s b i c , u ’ t — ’ u n s e

~p ’- ’ rum, ‘ l ’h i cn - e-f o re , w i t h i n  t h u ,  , u i i u t c ’ ’-, t  oh ’ spc-c ’t r cn m a n a l y s i s , bl ue a l l — p o l . -  model c-an l ie q u i ’ u ’

ai l e-u t t ia t e , It is when  one ab t e n s h s t s  ho assoc i a te  tInes .- poles will s th e- g .- tutott , ’ t r ’tet i ~~l c’t’ h u ; t - lion of

h u e  vocal trac t that t h e  a l l — p o l e  a s s u m p t i o n  u u c ’ e u i s  t o  he r e e x a m i n e - i l .  b , s 1 i , - t ’ i n s e n r a l  f i t i d i n L ’s .
- ~0 -t e n t h  both  s v t i b b i , ’ t t ,  anti  n a t u r a l  sltt ’e ’e -h , leave ’ sliocv n i/_ cue ) th at linear- p i ’ , ’ t i t u  t o f l i  an a l y s t s  I t i p—

t t i r - .-s t h u  e s s , ’ o b i t i t s p u ’ u  t ral c ’ hi a r a c ’t e - r - i s r i t ’ s  of nasa ls  anti  f r i u  a t i ’ , , ’s .

T h e,’ n umber -  of p i e l e ’ s , p, is d e t e r m i n e d  hi ’ s ’  t h e -  s a m p l i n g  I r e-qcc e ’nc ’, , as a t - I l  as our k r i c u w l —

e’dg e of t h e ’  s p c ’ , ’ i  H t u t ’ t e c h o i ’ t i o ts mec h a n i sm ,  ‘ ‘ i c r  , -x am p le . th ie ’ re ’ c - ’- t i ~~ t , i n g e ’ u i e ’ r a l , ~ to ‘ c ‘rn —
p1.-s pole pa i r s  for - t h u ’  c a l  tract t r a r i s f e r  f u n c - t  ion u~i to 5 k I  I’,. lteu l t i i u i t !  two real poles t i er thi e, ’

- u e n u h i t n e - t i  - I t .  t of the  g lo t ta l  souru -e  and t h e  rad i a t i o n  losse s , cc’ .- t e n t - i c  t b  ~ l a va lue  of ~ Ii . ’ —
t c t . ’ . ’ i t  l ,~ and 14 I c r ’ the ’ s~ c u ’ . ’ i  h i  s i gna l  samp led at 10 k l h z .  I ’ or ’  t b u u i ~~, - c c ’ i t h ’ e ’ , ’ i i n  i n  ‘ t ~, ’ t t ’ t c t t s i c ’ n ’

t u t u ’  ‘ i - i t t , a h i  i i ’ b u , ’  u’ ‘ a l u t e ’  l e t  p cc’e ’ u i l r i  he b e - s i  r a i d  e - .

I~, n n n - t u t  u c i u i , ’ iI ear ’I ier , t h e — r e ’  ar, s . c  . ‘u ’a i  f c ,r n iu i a t i o n s  c c ) ’ 1 1cc ’ h i n e a n ’  u s  i c ’ ,  I i -  ‘ n i c r i  i c ,  h n i q c c e

t ha t  are t ’ lo-o ’ l ’s  r’ c - l u i t c ’ u I  but  have in sh sor tan t  t i se -o r e t i c - a l  t l j f t ’c - i ’, - r i c ,’~~. The set of e~~ , i e e ’ ,, l i e s  h i , ’ ,

ex plored in g r . - ; c t  i c - t a i l  , ‘ i , s , ’ue l i , ’r e  (I ’or tn o f f  .~~ ai ” 1 \ l a k l u e c t c h  ant i  Vi i i i t  I ’  , II,cae ’ve’ c , ee he’ns ti l t —

i c l i c -  to a i e t t q u i c ’ t c -  ,p . ’ c - ’  Ii , c t c t i l ’ s s i s —~~c t u t l i , - ~ is ~ ‘ s -, t c ’ i u i , e ’o n sp t i r z u i e l t ’  c ’ .’ ,-. u u i t - - i a ’ s . ’  Ie .-c’ t i n’ e-lxn’ tc ’ ii In
I i  22

the li t e’ r;ctlc n e b , \ ttci and lh ,c t u t i u i c ’ r , Itakicra anti ‘hu b b . We ha ve ilil i ule-ctic ’t u t .’rl ia.tj ’i t h u ’  l i t ,

relation a n d  the ,- I o v a r ’ c a t i c ,’ t i c - h u e , ’ ) ,  eel linear en- c - l u tio n i . ansd tire q u an t i t a t i v e  di ‘ t , ’ r ’ i -  i i -  u ’  — he ’ —

tw e ’e’ ru t h e ’ ~wc .  ruu , - t t , ue cl s we’re- fnu itei t e ,  in - minin cunis . Tb.- a n t i ,  u l r ’ r ’ c ’ I a t i o n  o i . ’ t l s o c h  has t?s~’ adva nt—

~,1e of gmoolher spectral variati on frons fr-am.’ to frame, a cii re, t i u t u i s e  ‘ i b t u c ’ r u l  c ‘ of wind owing

the s l e ,u ’ i  h. A t  s ’ co mp ut a t i c .n ah  l v , t h e ’  c u l c c c  or r e l at i c i n  nictbs oel is c u - r i ’  , ‘ i ’t ’ i i  it - rd  when in n  r eas—
ing  t h u r  order’ of t he  p t e ’ h u ’  t i e r  f r om ~ to  p 1 • as i s  probably t ’ . ’ d l e c i  r ’ , ’ u i  fo r nasa ls  a n t i  i i u , s a l
c’ ( e wi ‘I s

I t ’

I ,;i,

- ,,, ~~~~~~~~~~~~ ~ - ~~~~
‘ ‘

~~~ ~~~~~~~~~~~~ 
~~~ 

= “  --

_ _ _  -. - ‘ - - -- 
-‘



t .2 i t e s u l t -  ( ‘ u mp a r - i n i g  \ ; i n ’ i c e i u u —  —‘j c , - , ’ t n- oils ,“ \ i i a h c  “ i ’  ‘ l i i ’ b i t i i r i i u e ’ s

1 a t t i c -  1 — 2  ~‘ i c t I i l l i i t ’ c ’ s  t ipe ’  b r a  i t  a s i ’ r t r b u , - t i n  ‘, , i w , ’ b ‘ ‘t / u i b u u u e u n e d  l i ’s ’  - , t u r u o t i s  v 1 c l ’ ’  ‘ i t c h s r r i u u i c i b u —

in sg  ‘ c ’  b i t o - ~~ u ,  — i i )  auth l l c b  l i v  c e ’ i u i c h c e c c i t t g  ( w i t h  u h i f f e r e r s t  i vi n c ic iw  c c - i u t i h i s )  ant i  Fouric’ r’ t t ’ t ’c t i ’ — u u l i ’ r , u , u t ’

t h u n  c c : u ’ , , ’ : i , n’ i u u , Ic ’ )  iv  e ’e ’p st r - a l  s n t u o i i t h n n g  ~ ~t~s . - u u b . - u r u i  ann ul H, ’ b i a f u ’ r ’~ 
1) an t i  ‘ l b  I c y l i n e - a n ’  p i e - i l l - —

i t ,  - In l”i i - 1 — 2  ti  l t b t e ’  c t  i ’  t c t ’ 
~‘l c i t  i l  ~5 e t ’i  c s l i u ’ i  t i e ’ s  ‘ au be S c’  ru as t h e ’  r i p l c l  ‘5 sop , ’  r ’ i mp u l s .  ‘ i i

‘ b c  s l u c ’ , ’t n-al c i ’  c ’b i j i ~ ’ . I ‘ i v ’ ’  n ’ t I c p l , ’ s a t ’ ’’ t ’t ’ c ’ a t l y  reduced in I i p .  3 — 2 ) 1 ) b c - i  a u e s e -  of ‘ h u t ’  sj i e ’  —
t u ’ , e l  ‘- i , i ’ t i i ’ i t i L  of t h e  w i ) , ’  u’ e ’ t u i e - t r ’ ’ - , ci, t i b ia . In F ig .  1— 2 ( c ) , the c ’ f f e ’ i ’ t  of I t . -  g lot t a l  c-s i t a t u o n
i i i  u ’ c ’ u u t o ’ , i - u i  l iv  a hsom on s ’son ’h ihti c tn  ) i uui i )uie’ . ‘Ibis effect is also r ’ ,’t i i , , c ’ . ’ t l  i n ‘‘

‘
i i,!. 3 — 2 ( d ) .  h b r u c c , - ’ s e r ,

situ , ’ .- Ihie 1 itee ’au- prec ii ct i~~n anal ysis is based t e n  a spc ’e ’ i f l r  sji  c - c - n  It pn ’odu - t ion  model and t h us

l i n u t i t s h a ’  n i i m n l u e - r ’  ot ’ slo- u ’tral peaks , b I t t - n - c  a rc- no , ‘sln ’aneocis peaks in F ig .  1 — 2 ( d ) .  If we ’ ‘ ‘ a n u —

pare  the lo c -a t ions  of the ’  sp e c t r a l  pu ’aks  w i t h  t h t e  actua l values of Ilse five formants, i t  is n l i ’ t i r

l b ; t t t , ‘o n’ t h is c - c ’ a n t u h u l c ’  t h e  s l t e ’ u ’b r uni e ie rj c ’ eul from l i n e a r  t r e ’ l i r i ’ ’ ’ )rs ç c r n . \  i i h , - ~ acc urate formant

in fe ) n -mat  b - u s ,

b ’ i u , f tc r ’ ,’ 1 — 1  s b u c c u , s I t , -  sp e ’ i  t t ’ a  Ion ’ t I r e  s t e r i l e ’  t owel ob l a i ne - ib  hey  l i n e a r  pr ’edi l i o n , e ’ ” : u , ‘~ t u  in
t h i s  u t u S i ’ , t b , ,  a n s a l t s i s  is u ’ a i ’ t ’ i , ’ i i  n u b  p i b i  l i — s v r e c ’ b i r ’ e i n c i t c s i v .  ( ‘ o nip a r i n g  I c’s. 3 — 2 ( d )  and 1 — 1 ,

I ~ i t  for  I b i c ’  b a n d w i d t h  of bi te  s e ’ ’ ’u ~~i i i  sp. -c-t r a l  pc -ak , a-c’ f i n d  t h a t  t h e  q u a l i t a t iv e  d i f f e r ’ - n u ’ e  i c e - —

I cc-c-en l~~; i ’  ‘c c c l  s p e c t r a  is q u i t e  snial l , a u  d i su ’u s s e’d in b I t e  p i n t  oct 15 sc ’  h u b .

u c’u n - e ’  3— 4 i h i s p lt e -.’s a I in c - ar ’  p r e d i c t i o n  spec t rogram anal t b r r , ’ e ’  t i m e ’  f u n c t i o n s  d e r i v e - I f r rc m
t b , ,  sar’s’n e s~t e c - u  b t  m a t e r i a l ,  I t  c-an h i t -  s c - c - n  t h at t he  l l ” sli ~ a m p l i t t i i i c ’  r r ue asu r ’eme ’n t s  den ’, u - b  t ’ u c n t u
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I ig .  ~-Z . S;e . ’ n r r a  of a s y n t h e t i c -  /a/ obtained
liv  v ar i c su s  a t t a I v - ~) s  techniques. & Id
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Fl L’• ~~— t , ~ l u e ’  t n ’un’r of a s v t i t b s - ’ i i  ~~ /
obta ined Icy  p i te ’ h — s v r s e - b urc ,nou g l i n ear

- ~,,_j  i pn’ e ’ch ieti on anal ’s-s u s .
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I t o .  3 — 4 .  l inear pr ed k-ti  on s pe ’~’ t i - i O n -a u u u .  fl’he ’ u t t e r - a n ,  ‘e is “ sat-
h~~ c u t  again. ”)
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1 2 1 1 0 -

•iu
(a )  ( o l

I b I  l b l

l ’ i~~. 3 — S . ~“ t i c ’ ‘ ra of a s v n t h i e t i u  ‘i / 1: 0. b — u , Spec t r a of a s v t l t i u e ’ I i , ’ / _  ‘,‘:- ‘h
a u t i ;  t h i f f e n’ e ’ u i t  “ u , : i i t , r t i e - t u ’ti l f reque n s— d i f t ’u ’r e n t  f u n d a m e n t a l  f requenc - v c u i i i t , i t ’ ~t
u ic’s:  (a) 10  2 ( u Q  h i ; , b i u b F O  80 H? . ( l i n e a r F O  r a m p s ) :  ( a )  slope 800 h I ’, s i - -

(h) slope 400 117 ‘SC’ ’ . \ c ’t t e  t ’ ’, ’ t n i  c - a k
in (a ) .

‘ h i . -  speec ’In s i g n a l  and from linear pr -uh h u t -i ~ u u i i u u u ’ b i e - d  s pec t r a  are  p r a - t u ’  a l l ’ s ’  i d e n t i c a l ,  ‘ I

linear — c e l l ,  ‘ion spec— trogra m also b i i ’ ; u t ’ ~ :, d r st i i i  ‘ r - e ’ s c - n n h u l a t u ,  e— ‘ in I i i i ’ , e - t i ’ i , u i u ; i t  s I c ’ ‘ u - n  ‘ t i n t ; — .

One pn’opertv i t  m a r ’ p r ’ , ’ u l i  tuon analysis is that t b ’ ,  r e ’ d - h i n i t l u e  i s  u - c I a ’ : ’ , e l ,  u l i s c ’ t i 5 i ’ t ’ s c~ ‘ I c

i n t ’ l ,  ‘ :  l t i I l i , t , v  u ,’ \ b:cl tins el II ; inu:uuu, ’u ‘ . h ’ i p u i r ’ i ’s  3 — S  and — r -  i h l u v t n  t u t u ’ t b u i —  ‘l i m i t  a u n t :  — t  t , ’ I , l ’ t i e

sp . ’ . ’i ’b i  of d i f f e r e n t  f u n d a m e n t a l  l’ r ’ e ’ u l u i c , ’ u u l ’c’ - i t t i t l ’ u u u r - g .  When the Icnnsdamen tal l’ , ’ ’ ’, u u i ’ I ;  v ( F O b  r s

h e l d  u t e n s t a n t  a n t i  is  l e - s s  t I t a n , sat ’ 200 11 , ’ . tile an a l ’ s - s i p  t e c h n i q u e  is p r a c t i c a l l y  u t i s , ’ t u ’ , i ’ ’ c to

‘ I . ’  value of I- ’O . \S ’ bu , , -ti  1:0 i s t i m e  v a r y i ng ,  t h , e ’  t e ch n ique  s b t u c w s  c a n - i - m s  I / r e - c ’ s  of , i e ’ ’ , ’ u ’ u - c l - a t u o h l ,

i t e ’ l u e ’ n u u i t n 0 on t I r e  t’a ’ l ’  of I- ’O u ’ l ; ~u u t u ’ c ’  and the length of t h e  amsa l ’s’sis w i i u , h u u a ’ , ‘\ , , ‘\t al a n d

I. r~~
4 have , , u u r  I i r , e u i  t he  rue ’ ’ , , sszc n-v m o d i f i c a t i o n s t o  t t , e -  l i n e a r  predic ’ i i u u u  a na lys i s  proce-

dure when f - O  b i e ’ i  u i r u  i i ’ s  e ‘ s t  ‘ ‘ c - r u l e - l i -  hi  g b , .

I ’ i~ ’ u u u  c - s  3 — 7 , —8 , and — 9  i ’ i n q u : e r ’ t -  s ç i c c b i  a obt aine ’cJ I i ’ s ’  l i n u . ’ au  0 , ‘ t h j u ’ t i , i n i  ce -ills t i u c u t - , , ’  o u t  t i i , n t e ’ i l

l i v  di si ’ r ’ c ’t e ’ h i - n i n e - n ’  t r-ansforni 11 ) 1 : - I - b for some t i a , - i  anti fricative s i u u i r o b u u . ‘l’bse s I te ’ ’  t i - a l  n s a t c -h —
u u i I /  p r i e p . ’ t ’ t v  ‘i t  b l u e -  l i n e a r  pn ’e ’ c i i t ’ t i o n t e - , ’ ) , u t i , 1 i l i ’  i~ illus trated b u t t e  - 1. - a r - i ’ s  i n  t b , e ~sc i i / o u ’ e- ,-’s .

1’)
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— ‘ - ‘ - ‘ — ‘- - ‘  — - — ——-—— -, -~ ‘I~~~IUM W.,S,,,,* i ~~~ ,_ -



i - 2 - t~~ u 9 ~ ~~~~~I b D 2 2

- .

— - N J~~~ -

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ 

“ ‘
~~~~~~~~~~~~

( a )  ( a )

i• 

- 

I 

- 

~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-a a.

( c t  I b )

(‘ ‘ j 1 c , b~ 7, Sp , ’u  t n-a ‘if t u t u  , ‘a , -’ c e i c t a i n t e - i t  I i i ’ . 3 — S . ~ li . ’c  i ra of an ‘i ,1 i c b i t t , u i , , ’ b
l i v  (a l  l , nV’ I ’  and (h ) l inea r i t ’ . ’i l i c ’ t i u i i i .  l iv  ) Z u i  l ) l ’F a n d  b i t )  l i n e - a r  p r e ’ d i i  t u , e l u _
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u ’ . 1— ’ . ~“p , ’ ’ ’~ 
n t ,  of a t ,  ,‘s/  t c h r t a i n i e ’ u i  ) o I

l i v  l t d  h ) F ” l ’ a n u h  ( I t )  i i i i ,  ‘:1 u ’ l~ ‘ , ‘ u l u ’ ‘ i i  in.

-I.J.

( b )

I n g t i r ’ e - u — j O  , u t u l t t , t t t s  t~p i ’ - t u ’ i c i ,— r ’ a p b u i i ’ d i s plays u i  an c u t l e r - a n ,  c ’  c c t , c ’ r e -  t h e ’  s-p . -  i r a  a n ’ e’ i c b u ’ t u t t i e ’ i i  l i v

l i near  pu - l u ’  ‘ , o r u  t s r i l l  ‘I . l ’ r ’op e ’r ’t i c- s  c c ) ’ h~u i l h i  t e ’ ’  b i t l i i l t n . - s  t i n ’ ’ se- I f a l n p a t - e ’ r i t .

1.2 e ( )‘Ii’I ’ ’I i/fl b$u ~ ‘ h I

I Iec ’ause of ’ t b u c ’  i - u i i i t ’ t t u u i u i s -  S i , , -  of I t , ,  d a t a — b a s e ’ , b l u e -  l e t ’ s c- -si ng anu i  ~ t i d u ’ t , O e  n I t  d a t a  i ’O t l S ’ i

t u i l , ’  an u t , d , , r n t c l  dli i’’ of t b ’  ‘ - - - i - a u - i - b ,  l i rde h le m. To ie-r- fe , r n t i u  s - t u tu a ‘ i e n u , l i l i l ’ a t i ’ u l  a n ah i - s i s  at -u l i i i —

0111 t in t b s o u s a n n i i s  of u i t t c - t ’ t l t i , ’ i - s -  in  a t ’ e ’ ; i s i i t , t c b u h e ’  a n i u t c c n b  cif l i m e  r , ’ u n t , i r ’ ,’s tc i a — I s i ~~ n i ; n I

p t ’ ’ - ‘ ‘ ‘ ‘ — ‘ i t ’ . l i e  a l low — u ’ i i u ’ t u oc- ant i  c- t e s t ’  a i ’ i ’ , ’ ’,~ s to a f a i r  c c u e m l c u - n ’  of t i ’ t i ’ i ’ ; i t i c  e s - t o - i - t b — - a e ’ o n s sp u t c r ’

tb  I ’ l l s c z , -  M u l c t - l e t — c ’  l ’ t ~~l t i i  i t ’ s ’ , ~-~u n i ’ ’ e ’  b l u e ’ s - i ’  I ’su - , u n’ , - t 1 c t i n ’ i - r — r e r n b s  s- , - ( ’mn  t , u  l i i i’  t b c e c g o t s a l  us t h e ’
c - r i S c ’  l b , t i  t no situ ~l c ‘ I i i i i  I ~i~ t t c r ’  t e a l )  t u b u l e ’  e ats a - ‘ ‘ - c u i t  t o ,  ‘ ‘I t ,  I c ’  h i ,  i t  b u ot

’ l u  - s - c ’  c — r i d s - - a t  i hi  ‘i t -  e - i u t , ‘ i s t n i  —

i c u ’ . ’ t ’  f a — i l  ‘ i c ’ s a c - n ’, ’ c - c - c ’ u i t i i a l l v  , u s , ’ u h .  I l i e ’  I r u t ’ s  c — l  i l l ’  s’,’s t e ’ n s  was r u u — ’ - -  I for  — u ~~, u t i I  
~~

‘ ‘ e - s s - i t t t /

a n d  t t i c ’  -l N — ,’, 5 ’ s ’ s ’ c - i u u  was u s c - - i  1cm - t ) , c -  s t , i t ’ a i , i ’  t u t u  i r s — l i n e , -  u h c t ; c  a n a l y s i s .

2 .1 I i i i  , c — I - 1) 1’ ‘t c’-~~ . - t t i

‘ I t , . -  s i ~~t u a h  i n ’ ’ e ’ ss i ng  ptc r’ t  ‘ c i  b I te ’  u h ; e ’ t i — b i t u s - c ’  u b i l i , ’ e - t - ;  b l u e  i ’en-ni p i u l . ’r  facilit y u I  l i t , -  h ) i n iba i l’ m’ ci—

e s- S e cT ’  n r- , e u qc a t  \ I . I . ’l’. l , i t s e ’ c c l n c  b _ ah o r a t o r v .  ‘ H e -  t ’a, - i l i t ,c- t t u i - i i u i h , - s  :u  I i i i ’s - an  12 1 0 , w h i c h i s  a

21
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t 2 , 8 r n~~e~

1 2 8 , ” s e c

0_ S  ‘Sc
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~~~~~~~~~~~~~~ ‘4~ 25 6~~~~~.

~~~1’ . t — t ~~- _ h ) u j , t u t ; c I s - l u , ’  t r u L n a n l s i h i t ; c u u , c ’ , i  by c a n — i d o l s  a nu a l v s i s  t e ’ i - h u n i d l n n e s  c u b  p a r a t u u e - t e ’ u - s - .
) t ” ’ ’ u ’ ’s - c - s  I n ,  i h h l 1 t 4 h u ’ a t , ’ c i i f f e ’n ’ enc ’ . ’s  b u , ’ t ’ s~’ . ’ , ’ i i  1) 1:1. a n t i  l i u s , ’ ; u u ’  p n ’ e’uil i ’ t i ud ui , c i i , )  I ) , , -  t u b  —of f
I t ’ , - , , -  ‘‘n ‘ l i i i ’ ’  i d  I h i ’ ’ ’ ’ nc -n ,  - y -s ce l u , i , , , ,

22
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i i t , ’ u b u i t u u , — s - i z e  u i c - n s e ’ r ’ a l — l s u i r - l ise I l l l l ~ l t i t i ’ t ’ , b I t e  fas t u h u i ,’ i l a l  I ’  i ’ s - sO n ’  ( I ’  F ) l ’) ,  ie ’hi c,’h i s a ‘ s -c - n ’ -,’

b u t  H l _ s l i u ’ e ’ i l  progn-amnsalslc - si gnal pr’ u ,  c ’ s - s o n ’ , anti a n u m i c e r  of ’ p e r i p h e ra l u i , - ~, n e ’s .

‘1 1w t n i ’ s  an  12 t 9 icc an 1 8 — b i t . , i t t c ’ ’ s — c O n i l t b  ,- u i , e u, t digital t-’mpu ler ‘s’s t i lt 32K words o t , ore

n t u , - c s i , l n - v  an t I  a i c’ b e -  t i me ’  of 7, p s - c ’ - . I c ’ u ’ i p h t e r a l  , i e ’ s i i ’e s j n e ’ l , I h i ’  a p a p e r  tape u- e ’ t e t i , ’r  an i l  p u t ,

a d r u m , i ’st’ u i  t a l u c .  i’i r i ’s e s  ‘i i i ’  7 — u i - a i ’ k  n i t a i t u i e h i l ’  t ape ’ s , ,-\ “ I i  and l ) ~ A , - i l i i ’ s - i - u ’ ’ , ’r s , anti t w o  ( ‘ fl”!

l i sp l a v — . ‘I ) i c ’  i l r ’ t , t u i  b u ; c s  a i -a p a n i t v  ci t  11 7 K  ~ ‘ ‘ i t ’ ’ ls , a n t i a m a x i m u m  l O t t e  r a t e ’  cf l O l l ’ , ‘su - ’ ,t . ’b s s c - i

I h u e  i i i  t h e-  ( ‘ R I ’ s i s a p i e t i s t  p l o t t i n u g  sn i u p e ’  whe t’ ,’ t i me wti ’, ’e ’ t ’u i r ’r t i  and sp i ’i  t r u m  can he d i s p l a ’s ’ e ’u l .

‘l’tse i ’c P t c ’ I - ’ i u s p n i ’ s ’  s’’ s t u - m  ge - ’n ’, e r a l c ’ s -  a 2 5 ’ — I c ’ s’ 2 5 i — p o i n t  r a s t e r ’ and c o n t r o l s  b l u e  I c t ’ t l ,c I , t i , i - v s -  Of

-a u - i t  po in t l i v  c a n ’ t  , u , ~ I c i n i t e ’ n s i l v  of t h e  , - b e ’ i ’ t u ’ou i  h eart s of t h e ( ‘It ” ! . ‘l i i ’  r ’ u ’ i u ’ c ’ s h i  n a u - ’  i s  ap—

pr ’o ’, i t u a t c ’ l v  10 f r a m e s  s - u ’ ,  , F ur - v 1 t e ’ c ’  b t  nesearc’h , I t - c s  i l i s p l a t -  is w e l l  s u t ’ u - - h for’ gene ra t ing

s- ) i . ’ i ’t  n ogram - - -

1 1 ) 1’, an I s — l i , , i u c u ’ s — u ’ i u r n p l e menb  pn ’ogrammable  signal  processor , cc as h c n i l t  l i v  the

; u - , o i t  arid 31s t ’ an - i ’ b u i t e -’u ’t u r e  u , ,  t h e  ma i -h i i ne  was designed such t h a t  it  i s  cc - c - I l  s - n i h - - b  n u t  s i gna l —

p t - - c- s~~ t t l i/ a p p l i ’ a t i r c n s .  The 1 1)1” b ias  ‘ a u ,  i t u h e ’ l t e ’ u t i u ’ f l ’ l ) t n i , _ w o r d  data m e m o r i e s , a s - t ’1 i t i t ’ a ’ i ’

‘l s i t _ c ’ , ,u i ’d  c - o t t ’ rcil n a ’ r l u ’ s r v , and  4 a n’ u ’ b ’ n i i u ’ ’ u ’ ’ n l i ’ u t i c - t i ’ s i O u , ’ bu wi th it s  ‘i t t -u i  m u l t i p l i e r  and ; i , b l u - t  -

mac b i in m ’ i- - c s  i l I d ’ s -  t wo 1 8 — l i , ’ u r - u L ’ n ’ a t u i  i n s t r ’u ’  I t u s t i s -  s - u m u l t a n e o u s l v  u t i l i z i n g  ins ’’ u ’ ’,; - I t - c u t  t e e n’ —

lap  S t i  ‘‘ at ‘ I ; ’- i ’ i ’ e ’ , ’ t i ’ s ( ’  u i i u o l , b c -  i n — ’’ u ’ t n ’  i l ’ I t i  cvi I i  r i m , -  i s -  I S O  i t s - t ’ ’ . l’ l t i ’ ’ ‘ I I ’  m u l t , u i b u - -a ’ , t i u i  t t m e ’

i s  ISO n se ’c. \ l a ’ - : imum data t r a n i ’ f n r ‘, ‘ ‘ -,‘, ‘ r u  t h e  I~~I ) l ’~ and  t b , e ’  t ’ n i i ’ s- an  I 2 19  is t ‘ ‘ K w i u n - i l s -  s’-

‘ I ) : ’ ’  I ‘ ‘I ’  al s t e  las  a s - c - u  ‘ i f  u . . r i p h i c ’ t ’ t u I c i - - ’. ,  i — _ i t su - I u d i n g  -\ ‘ I )  and H A i u u u t \ ’ e ’ i ’ t , ’ : ’ ’ a n l C I a 1 ’ -

t’,O c n ’ u I t e ’ : ’ l l u ’ : e ’ r a l  c i d r ’ n n i e - m ’c r v  _~ 
- ‘ a - ‘‘ ‘I c ‘ t u n e ’  of a I i t t h c -  i , ’ , i ’ I’ 3 v u ’ ,  -

‘— 7  ~~c’s’ c ’ n u i

‘ i t ; , -  T X — 2  - , u t u i t , t l t e - n ’  a’as l , ’~~ . g ’u i ,i i I  an i l  l c u i t ’  a t  l i n c ol n l , a i i i u n ’ a ’ i i n \ ’  r l u u r i n g  t - - ’ s -  ~ t ’ e s - ” e . is

a ~ ‘ — i - ~ l, u s - u ’ s — i  , i n i p b c ’ n , c - n s t , p i n i ~~h ’ - - a - l ’l r . ’s s -  macl i t ; . -  a - i l l s  i ndex in ’s ’  au ’ d  m t , l ’ i b i ’ ’ c i t , l i ’ x a h i l e

u n i u h i r - e ,  t z c i l i l u - e - s - p i n t ’ _ I - , ‘ l N — /  cs-  b e  41 - . ce- - u n- u s  ‘‘I ’ r n c ’ r ’u iu i n ’ v  a n u n i  l t u ’ u i l / u ’ t u u u t s  a r - c ’ r un  t i l t - i  I - I - - i , , ’

,, \ i c L \  t i r’r u c- — i-t i l an i i l g  s t ’ s -b e r t ,  ‘,i tc ’ ,  s rc ’c S i - I  Ii c v ’  ‘‘ w u ’ h t  t ip t i e  j 2 l - ’ sl--~ ot v i r t u a l  1 , 1 1 1 1 ’ , s-s sjcai  e -

t u t ’  p(’r :~u ’ e r t u l - I c ’ , u - . - ’  en s -  I cicle a’s; t4 ( I i , — ’, l b ,  drum , m an t l e — t i c  ‘ n t i i ’  t r a n s - p o u t s , .1 I )  and I t

, , i l ’ ,’ u ’ r ’ i i ,’i’s- , t i n t )  v , in i o u s i l c s i , i I , i t  ~,,cu ’ c I l ’ I e ’ , I ; , ,  hi I l n t u i ’ - ’ b I , u  I l i ’ t ’ u i , u u i , j  h i s -  tc - u t  , - ‘ 
~‘‘i , ,  - -

arid a ab ul e ’: t h at provide a h ig l t lv  nr c - n a ,  t~ t c’ c -  ~‘ , i r e i t i , u , e - n t of  m a n — n i a c - l u n i c ,’ - c i n s r i o i t u u  a t ’  i t , ,  In

adii i t’’ un u , hard  - i t 1 ’ of t he  d i t -~l u l t i ’s’ v a i l  n cchn an ne ci fn’cuni ‘s 1, 1 IN p n i n s t c n - .

1. 0 l i i i ( i e  1 1)1 ( l v  I ’Olt l i ,\’ l ’A 1 11( 11 1 ~~~I \ f l  ,‘\ ‘c h )  h t A T \ — 1 3 , \ s - l  V A ( ’ l l , l ’ l ’ ’i’

h i c ’ i ’ c i ’’le ’d u t t e ranc’,’s a r e -  f i r s t  t h i g i ’ i ’ ,’c - ’ l and l u r ’ , u c ’ c - s s e ’ u I  on I b u c  I n u c ’ a i  1 ; 111 c , I s-u pt ’ u i ~ c’s - s - i n n

a l s o  i nc- h u h , ’ ’ - t h e  r e l a b i ’ s e ’ l  ,‘ t u n i t e ’ — ’ ’ c ’sn su m i n i I /  t a sk  if t i s a n u a i l v  n i s a r k i n a g  u t ’  p h i c s n s c t i i ’ na ’ i ’I/ ’ i t ’ i e s

anti u l u i n ’a’ion s of a l l  s - l ’ I ’ t u , I ’ I u ’ u- . I c - — c u l t s  of t lu c ~i u ’ i i _ - c s n n ng a t ’ ’’ t hen s - t t u r ’ c ’ u b c i i  d i n i b a l  n u s - o t u c ’ ’

i t c h e s  and , ‘ t u t , - r ’ e ’ , l u u , ’ u u  t ’ , c ’  l o t s - — b i a s - i ’  ten t  I i , ’  “I \ — 2 .

‘ .1 u i ’  -s i n u ~ e’cn s I b i c ’  I ’ n i c - t i ,  — I -  I l l ’

Analog —u ) is b u t e t , i l — I i n ’ t i u t c ’ i h  1cm 5 k h l ;  an id ~u i e t u u b u l c ’ l b  t o  1/ h i t S  at  10 ad! ’ . ‘i ’l ee s a n ’ tp ln n r g

t t O e  was - h u e s - e u ,  b c e - i  t m u , s e - , although ‘li en ’ ,’ exis t s  u r s t l ’ r ’ e ’ s - i l uu g  a u - u r i s - t i c ’ i t i b o r - n u a r i o n  abot e,’ 5 k h i z  t i n’

some s - p c - c - b s - ’ e t u r u i l s -, n i c u s t  c u t ’ ‘ I , ’  e ’ s u - , i ’ t , h i a l  a ’ i l l s - t i c ’  i t e l  i , t - c ’ s  l u t e’  hsc ’ lu s ’ sc ’  5 k l h ; .  I n c - u i - a s - i n t o  die

sa m p l i n g  ra te ’  I e t ’ t , p l i n - t i c , n a l l v  inc rea se-s  s - h u u n ’ t i , ’ e ’  spa - u ’  ana l  , ,  l n , t l c u u l t i ’ , u u l ,  t ime .  l n u i - t - e a s i u u g  t h e

sa m p l i n g  u t . . also r ’ c ’ q t u u t ’ c ’ s  a h c L l i u c n - _ c d r ’ l l er  I t i c - a u ’  p rechc  i n n , w h i ch  u s -  q u i t e  an u i r u d e ,’s - i  r - a i u i c ’  i t t —

lu r e  l i e u ’  t t l ; c I I ’ , r- c ’t i s - c d n s .
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‘— b u — i t ’’ — t i n t ’ ’  s - I i c  -‘ ‘ n’a - a ,  c h u e ’  i l  u b ~ r u . ’ ’  I t i l l , ,  - t ’  ‘ I ,  t ’ i c i ~~ ’~~ - I I~ ’ ’ ( ’  ‘n ’ I i  n e ar ’  p t ’ e ’ u h  ‘ t i c , , ,  ar ia  l ’s ’ s , ’, . I l ’ ’ ;

t n i , - t h , o i l ’ ,  , s 1 u i ’ ’ ’ l c u , ’  u c n i  17. 5 n t i s - c _ c ’  i c t  l l a n n i i t i i _- — t e t r u i l u c i n c ’ u I  ~‘ -, - c - c ’ , ’ ) , , a i r  I a ne ’’,e- 5l i~’’ ‘ t ’ t u t ,  is ’ ’ ’  i t i 0 ) t l ’ c ’ c l

, - \ c r v S t u ; - o ‘ . 1 i c r ’  t h u c ’  i r n s e ’ a r  p r i ’  h o  l u c , n u  a n a l y s t — c , a , ’  b , t , c c ’  , ‘ “~~uc r i w e ’ r u ’ i ’ u I  ‘ ‘ i t t ,  c i h ’ ’ e I c - u ’ f e c r —

n i i t i b a t t , i i i s -  e e l  ‘ i , , ,  ‘ c ’  b l n u i u t , ; i  ansci t i c , -  ‘ , c u l u i , )  n’t s i n i j n r a l  ci i l ’ h ’ r’ , ’ i , i  u ’ s- ni t b u c ’  u ’ c - ’.’ c n l ’ ,’i , I t  ‘sc, a t - I !i c _  n h e ’ —

h e — c l  t i c  i n s  c’ t ’ , i -  3 i l t i e i  ‘.1’ n’ , ’ l , ’ , l t i m ri n ,  ‘ ‘ ‘ ‘ I  h r  ‘ I t e n’ , ’ a — l u i t t s  I t —  u s - c - ?  , ‘ t i r h - c - r .
i7, i t t ,  t b , ,  he l p ‘ i t  f t c ’  ‘s ’ a n ’ i i c d u s -  i h c s - p h ; e v  t t - o ; -r am s , l i e ’  l i t  c . n - s -~~ , P u s  I , a c ’ l — n i a n ’ k e - i i  a’, ’’ s c ’ ; ’ u t ,i i ’ d

‘ 1 . 5 , l ’b i i s -  l a b ’ ,  ‘ I n c  1 i r ’ i i ,  , ‘ - h ujre is  ullus trat , ’ci in s I ’ ,;:. 1 — h i .  ‘i t , ,  t r s e ’ r  u ’ , ; , l ’ s- u i - n  ‘ c i ’

- — — c ,y -  i

c -tsr ,  . Ae i et , ’

——  
l il A  

~ “

~~~

L~
’” ‘.5 r , , 

L ,

“f ’z O t t ~

b iL e. f — I l . I a h i e - l u t i :  p i ’ o ’ c — u l i t n ’ c ’  u t ;  ‘ l ’ c ~ F l u b ’ .

‘- i r u c u l l a u , i ’ , u i , v  di spla t ’s-  of t h u  d i g it a l  v ’ l u e ’ , t ’ u i u ’ t ’ t u t i , _ i t I”si i ~ ampli tude ‘ ‘ i t , ’  t i i c t t , b l r ’ i i c ’  \ ‘ s a ’ s c ’” i l n ’ i u , , a n , u i

- ‘ I c -  ‘r a l  c u ’ u i s - s -  s e - - t i - i s - ,  A l l  c i i s p h ay s te n ’ i ’  h i ,  , i - — ’” v u t u ’b t i ’ o u s i ; ’ e ’ i b  i n  ‘~ i t  ‘ b s - -  s I ,  l i t  l i i i -  t u b  l in t’ ins —
u t , c ’ d i a l e ’h ’s i i ’ ’ , ’ , ,  ‘lie s- l t e _ l ’ t u ’ u t ’ s i n — a n u s  roa n —ks u b , i ’  l i d s - l u , c , i n ’ r , ’ s - t c u u u s u h i u i ’ s ’  t o  i i  i -  s - i ’, n r a h  c c l i -  e -  t tu i t l  ‘ i i-

‘see-, c’!’u e rni, . I- n b I ’ , i i  por t ,  in s  u t  h b u e  U t  d n a  I ; ’  e ’  can l i e ’  l i l a ’ , e ’~ I b u t , ,  k t t u r i c t i g l i  ‘li e I / ,.~ - - - c t ’ ’ , - , -  a
r ’ t ’ ” u i e l t ’ t ’  t i t t , b i u L ’ u u i t ’ s ’. ‘I I t e -  ‘ - ‘ - b — i  ‘ u ’ i . ’ i b  waveform also ’s-c bite’ s-pe -t r cig n ’ani i i s  t b ~.’ ‘ , —c u ?  c c l  a ‘ ‘ s ’ l e i , -a l

l u t t . ’ i u i i g  - u ’ s - s - e l m . ‘ l b , , u ; t t i ’ t ’ , u n ] i c ’  i s , ‘ ‘*u ’s- h i .m ’d I t e g a i n i .” c u t  I b c , ’  h t u n c l — b , u I ’ , ’ l n t , e n ’ k — i  t u e  s c - t i ’ , ’, ,,

t h i ’ -  s-’ i c i l i  t I , , ’  s - i I ( n t — ,- and n ’ e ’ i c ’ t u s - , ’  f t 1 1 , -  h l u ’ c ’ ’ l t u ’e ’S s C t i  “ ci ’, t I~. c- ,, , , I , i l t e ’  s - t I c - r u -  e ’ , n - c l ’  c — c ’

and t c s - ) t t :’:i ’ i i cn  ui  b l u e —  r u s t s - i  u . s - s i - e l  ‘I , s - n ih  t h e  f o l l sie’ , r i r ’  v i  b s -u ; e .  o n l y  t ) t e ’  s i ’ ) u a l u — ( ’\ ’ ( ’ — S e  b ’ ’ s t ti

I i - n ’ t u t i r s  ‘ i f t b , -  iutte ’ranc ’e is ac - t u n t , l l c ’ i c —l a m e —ui ‘en b l u e  , u l i u t l u t i t e ’ t ’ .

l b a n u i — l t e l i e - l  u n t o  i c ’t , ’ u - ; e u i ,  c ’ s -  is a 1 , - i l u c , ; , - -, t a sk I b , t i t  s - I s i s  t n u ’ s ’ t c l ’ , c - s  a I ’ ’ ’ of s - i u b u i . ’ ’ i , ’ s  i ’ t l e , ’ j v i c s t i u c .
It is a cc i - I l  — l i i i  i -c - t i  I s - i  - I t ‘ ‘ pe ople’ t t ’ ) , u l  b u a c ’ t ’  h au l e’~~~ee -  n - i c —-n i - . -  i i i  l~l oh ,- ’ I - l a b e l i n g  - i t e l ;, i ’ , e n  n c r ’ —

ru n ’ ’, ’ i m u  ise l a b e l e d  q u i t e ’  u i , H e ’ i - i ’ i i t l ’ ,’ l u t e t b l  i t t  i b S t u t e - t i ,  , ‘ t t i t l ’ t l b  i t , , )  t i , u u i i s - t i i ’  i e e . t u n i n i a r ’ i u ’ — b r u n t

t i n t , ’  pe r s — e n ,  to t m n t o t b l e ’ n — . I i c r ’  c - ’ , ; u i r u I l l c ’ , t h e -  lx uun cl a r ’ y b u , - t a  c - c u t  u t , ,  b ’ t u r ’ s t  a n n u l  t b , ,  as~u u r ’ t u ’ , - i r ,  of a
as p t t ’ t i c , ’ u I  s - h u e ) ,  5 ‘ s c - n — c - d c f f i c ’ u i t  t o  i I , ’ h e ’ i ’ i i , t i i i ’ , s l u r ’ ’ , ’  I , ,  c,t ; s - t o ; u I l ’ s ’ ’ ? , c t i ’  I S  1 u ’ i e n n n - i i i h , ’ t ’ —

t i l d e -  :e i u i u c ’ i i i t  tm f i e ’._ ’ . ’r ’ lap h i c ’ t w e ’ , ’ t i  t h e ’ s - , ’  b ce’iu l e b , t i s - e ’ s  of t h u . ’  s - b u u ) t  n ’ . ’ l c - t c s - , - . ‘ I I , e ’  ‘ ‘ t i l t - ce’ tec ’ t o  cit e’ r ’ , ,c rr ;,-

a I c t ’ i d t c l c - t i i  of t h i s -  na lun’ , -  is  for  ‘ r u . ’ tns  h a t -  ‘ l u a u - t i , i n  au ’, ’ a n i ,  .- , a se-I  cif r u l e s  to deal a i t ) ;  a m l t i g t u e e u s

s i t i t a t  t ens - , and to s-d In - re  t i c  t ) , , ’ , u , -  r ic h ’ s as c - o n s i s l , ’ n t l v  as i u i s - s - i h i b c ’  a ? u i  t i  t i l t , ’ )  t I l l ’ .

an u i t t , ’ t ’ : u t u i  c -  is h u a n n i — l a h e l e d , t I c ’  i h i g t u i , ’ . ’ , I  te’t c’s’c ’ f u ’ r ’ n s i , h u e ’  h i n t— as— l t t ’ , ’ d l i ’  t o m ,  —u 1~~’

t t ,e’ l t \ 1 t ’ u a n u b sh tt ui c i c ’ i i i , ,  t t c , n i , an t i  d i , ’  l , ’ u , , ’ b _ i  , c , l , ’ u I  lahx ’l t o r i - i t o a r - i ’  a l l  ci t ’ i b t t ’ n i  m I c e  t t ~ , -  d i g t ’ t i b
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i u , ; e L u s c ’’ R’ is- j i c - , ‘ I l i e ’ s - , -  u n f , i r m a t t c ’ ’t  n a j t . - s -  an’.’ theen - ‘ t i - I i n t o  t I , ,  ‘I , f on ’m ai led , a nt i  w r i t t e n

‘ ‘ r u ’- , l a ’ t u — h i ; c ’-’. ’ is- h u e ’ s -  f c u n  l a t e ’ n- t o - c ’ ,

I . s , 2 I Lu ’ ;, — It ;, Se - 1 t u - t l i l y
- S

Ii —.‘ p.’.’- ’ h chats—lea p .’ i u i t , -i ’tetc’ s njnm ule’ n ’ I I I , ’ S l t c ’ c ’ ’  I ‘ i - i ’ m ’ p s t i i ’ s’ ( u u , , ’ n i c I l , ’ n ’  “— l i  I t l s t i a c e I .

b~ l ’( ’ i s  s-p.s i f i c a l l v  u l e ’ ’ s c ’ l c i ) t i ’ l I f o r  t h u ,  s t i , n ’a Le , - and nuanip uml a ttu i u i  cl a I s - u  ‘ s - i ’  , n i , ’ i , u u u ’ c 1 ‘ I ’

‘l b ’ S I ’ I ’ ; i ’ , , b  lIs t’  e - s - s - c - t it ; t i !  u - i t t - i n ’  ‘ t i n — c -  t if l u ,  u l a t a — h i a s e ’ , ri m u , l , ’ u i t a l l ’ ,’ , ‘_& ‘ . r c  h i - I u u ; l c ’ ’  I in  c c i i i , . ’ -  —

t , m . n i  w i t h ,  h t i e ’  —c h i e - c ’ , bl  r , t u l i ’ r ’ ’ -tanc i i n g  ‘c ’s ,  ti in ’ b i at  I u n s i ol ni I t , b i i e n ’ ; i ! i i u ’ ’ ,’ . , h, l h b t u c  u ’ s ’ h i  t h e ’  i t o h  ‘ ‘ i ’ t ’ t u t t —

n a te ’ i i  i n  I 07  ‘ t i c ’ s - t r u n c ’ b u r ’ ’ a n t i  p t ’ i c c ’ i ’ a t t i s -  r -e n i a i n c - ’ i  u cnu th e- ’ ‘l’ ,\— ,b a n t i  ha ’s’ ’ ’ p r ’ t c ’, c ’ i l t ’~ l i e  d;tcHc ’

u i s ’ ’ ’ i , I .  I’ a ’ ’hi i i ’ tc ’i ’ ; c u i ’ c ’ ins t h i s  s t u dy  i s -  u , i , ’ n r r n f i e c l  i n  ‘ I , , ’  ‘I \ — , ‘ - b ; , ’ t i — b - t , ” ’ ’  I i ’ s  an I I — -  c c i ’ t i ’ ‘ c r

‘, t n ’ u t i O . and  a f i e l u l — t  vi se- I l l  I n u m b e r .  ‘l’ b , c ’  i b u t u r a ,  t i - i ’ s -  i n  t h e -  s u n  i n g  i i , ’ s - i i,’t , ~~ b c -  ‘ b c -  u i - m r’ I i t ’ u , ’

s -t ’ssion , s~c . - a k i - r  i n i t i a l s , i n ’ d ’ s ’ n ’ c ’ s s - . ’ l I  i ’ , cn s - on a n t  I t o -  r , i i u v o n a n t  ,“ l u s t , ’r ’ t , i n , - )  1 u , u s - r s t r ’ ,’’c c ’ i ’ i I  -

sonan t .  l’he c - ’- ; ,  t for ’n’riat of t b , -  S ’ t ’ I t i L t  is  i h i i i s ’t ’ a ’ c ’ ’ t  in  I to ’. ‘ — 12.  “I b e ’  I ’  I t i u n u i b i c ’ t ’ , r ’ ; c r l , ’ ’ r i u

f r isn i one’ I c ,  15 , spc ’ - i i t , s  i t , , -  s l n ’ , - s s , ’u i c u t e  c - I  i n  the t i l t e r a n r u  c ’ . ‘ T a b - b ’  i — I  i n — - s t I l e ’  - i d t l s - ’ d t i t f l l ’ S

and ‘ s w - i s  s - r e t ‘~~ , n a s s io’ i t , ’u l  , d , ’ h i t , b ’ j ’  t , t i o n  , r , n r t b u c  r. I ‘c r  e x a m i s l c ’ . t b , , S i r I n g  “ , ‘ I , ’~lt ’ . ’ ’ - ’ I l - I ( l S ”

awl h ’ ’ I  I i  u i u l u m b u e ’ b \  ile’s-igisat es t h e  i i t t , ’ ’ t i u , ,  c ’  “ ~
‘ s - t n ’  y i ,e ” s p i u k i - u i  by s u e - a L e - i ’  ) \ ‘— e i u ; u ’ ’ t i g  ‘ l i ’

-u t ’u ’ c m d  r e -  I ‘ n u b ,  ng session.
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h - p  3 — 1 2 .  1 u u n ’ u i , , , t  of ( F c c —  I i )  f o r  an u t t e ’ n - ; c t i u  , -  in t h e’ d a t a — t i e s , ’ ,

R a w  da ta  in  t h , ’  d a t a — l e a s e -  . , r ,  I i , -  e ’ ~t i r u u i r s t ’ d in two  h a s - i c -  fo rms .  i u g u n - c ’ 3 — 1  0 g e  a ’ s -  an ex-

ample  ‘‘I t b -  v~ c e ’  t r o g r a l m l i i e -  d hs p l ; m - m u  t h e  ‘ I X — 2 .  ‘l’he s - J . , - c ’ l t ’ i c n r ’a i t t . adnni tn, ’i IIv inf eruor in

q u a l u t  “.- tO n t s  a n u s - I cc , ’ - ~e , i t u t e ’ r ’ ; iO  r’ ’  , i n b l u a t  a ,  , c i r s - t t c  t i c - t a i l s  are ’ not ~~~ a pp a r c ’ nr , h e r d ’s o l , -s  a n n  c x —

c- e- ’ll eot r u l e - t u n I s -  t u e  e ’x a r n i n . ’  I I , , ’  global ‘ b a r - t a  O n - s n ’ s -  cif t h e -  u t t e r a n c e. ~~I r i s u l t ; , t t , ’ i i t u s  ulis p la v -c cl

t i n i , ’ , s - t n , ,  h i r i c t u i  i c - i l  h a n , 1— l t & b , , - l t —  , the R ”elS a n i e p l i r u c i t ’  b i u i ’  ‘t o i l , an d h i b i m t t , ’ n i  c ontent  c e n t h i  t b , ,

spec-tr c gram makes t h u s  t i n s b u h a v  a p o w e r f u l  t c c e u l  w i th  c e - b c ’  h t u s  - i n n  c - l a t e ’  I m b m ( c r - t a n l t  ac - u i ,  — s - i c

‘ c ’ ;, u , r ’e ’ — —
Fi gure i — I  I i l l u s t r a t e ’s  lIce ’ s - c - -  i n s t form of d a t a  d i s p l a Y  whe ”e c’ igl i t I ‘‘u s- .- - t e n d ’  s- p.’ - i n - a l

, n - c s - ’— s . ’u  h i u c n ’ n s an’ .’ s li uc ce  nc a I t t  I b , e ’  e ’ ’~~n’ respondi’’ o’ h u r t , . -  wavefor m . ‘I t ic -  t , ‘ r ’ u -  s - h  ba r ’ s dun l I t . ’

S e n ’s . 1 c m ’ m c , s ) u t , I  , i l  5 nip .- ’ apa rt , mar -k t b , ,  center of eat-h u , n i a l v — i i i windn ce ’, 1 I t . -  nn c c m lie n s l i r , , I , - r

t h u  v ertical hiar~ - o n ’ n ’ c’ s - p m e t u u l  C m i  i t 1 .  , t , i , , h i , ’ t ’ s  n c - t n  I c e  t i c -  s -) ee -i n orms . ‘l’he r’ c ’ - ’ m r ’ - h i r , u , ’ v,’ss t ’ ii i ,
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TABLE 3—I

CORRESPONDENCE BETWEEN THE VOWELS
AND CONSONANTS AND THE INTERNAL

REPRESENTATIONS ON IHE TX — 2

I interna l Numerical
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~ 
- 
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1 -

3 ‘ e

Ii 4
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g
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I 1.7
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S I ?  i i i A~~~~~i i 5 a  a c i i i’ . . . ,  a , , s .~~~S t S a n  I a i i ’ i , O a  a a . I s ’ •

1 m~ ’. 3 — 1  1, h ar d c c c l i v  S l u m ’ ’ n ’ l u o ’ r u m n i  d i sp l ay from T X — 2 .  (Th e , u n ’ c - r -ani ’e  is
“ u - k  , t v tj ” , u’ e ’ u - ’ u n - i h i n g  s - e ’ s s - i ( u t l, sp(caker I I ) , and m a x i m u m  R M S  a m p l i t u d e
are s - b , u c a ’ t i  ‘ru t h e -  t i d e  h i , , , ’ , f i i l b o wed by l ia r s - I—labe l  and It \IS amp l t u t u ’ f u n -  —
t j u e u u ;  i i  n i l e ’  i n  m i l l i s e c ’ r u n , h s .
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l ip .  b — I  I . h a r d  c-opy , ‘ een sec t n t i  c - u -  w a v e f o r m  a n t i  sp( ’c -t ra  disp lay from TN— 2 .
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st i . ’ ; c k c ’ n ’  i n i t i a l — , anci phio nie- t i c  c o n t e n t  a re  i n t d i -  i n c - u i  a i n t i c n ’ i a t i i ’ a l l t -  at  t h e  top of t h e’ figuu’~- . ‘l ’h,is

‘h i s - p l a y  is usefu l  in s t t i e i v i n p  rap i d  s 1i c - ’ t ral  c ’hanu ’ i ’ s -  at l Ine  re lease of stops - , and uu ~ e ’ t u  s t ; r i n g  va r -

i ous d u r a t i o n s  if s - I~~ ’~ ’- I ,  s- ic c tn ds .

I t  shou ld  l i e ’  ( ‘ n s h e l u a s u , ’ c ’ c h  t h a t  t u e  ns u us b prominent e a t u n r e  of n h , ,  d a b ; u — b t a s c ’  i s  n c c t  u ’ s- s i - - c -  as
mcne ’h s  tcu ~~ ’ I u i ’ s-c i ’ p s s - u b c i h i t v  of i t s  i m b u e - r n . fly s i m~ s I c  s p e c - i f y i n g  t b , e ’ - I i )  c u f  t b , c -  c i e s i r ’ c-i l u t I e - r a u u -  ._‘

( i . c ’ . , I I )  s t r i n g  acid FT nun -nher)  and u v ~ c i n g  a few c ’us m mand s , ‘ se ’ a ’ s c ’ f n er , , , , s - l i d ’ ’  ‘ i -a , e n ,  ., of I I , , ’

- , t t , - u ’ t e n , .- t ic- c o m e avai lahle almees t i rrime di ;eti-Iv . l’artial spee - i fii ’ation u c h  l i e ’  I I )  w i l l  r e s u l t  in
a n , ‘ \ b : u , , s - t i c ’ e  searchi  of t huc -  en t in - e  t l a t a — h a - o -’ for u t t e r a n c es b u t t i n g  I t e  t i c - sc r i p t i o n .  I- t e n  c x a m p h c - ,
if  t i . ’  n’,- i u e r u i i n g  s e ’s - s - i on ant i  speaker i n i t i a l s  are ’ not spe c - i f i e d , t h e  c o m pu t e r w i l l  r e t u r n  a l l

n u t t er a n c e s  f i t t i n g  the phonet i c  c o n t e s t  spec - i f ie ih .  Table 0 — I l  L i ’ s  ens - an example  of hI re  t a b u l a t e d
n c - s  t u b  I s  of an c ’x i c t ’  r en i en l a l  session cc h u e -  i-c- t he  vowel i d e n t i t y  is n e d e t  speu i ~iecI , r e s u l t i n g  in t h e  t a h i —

u la l  on ‘if m c - a s u r c mu ’t u t s -  for  al l  c ‘ e w e - I s - .
l’ahlt- 3 — I l  also i l l u s t r a t e ’s  b l u e -  t v j s ’ ’ s -  of measurements  th at I-an be obtained i t t u ’ s - , ’ n i i c ’ u i t l y

t h rough sean’c’h of the data-base. Each row in the table c-orresponds t i m  a new e n t ry , w i l t ,  ‘ l ie

p h s o n e t i c  en v i n ’ r c n m e n s t  s p i - ’ i f i c d  in  t h e - - t h i r d  co lumn.  Each co lumn represents  a d i f f e r e n t  m e a -
su reme nt . u u n ’  . - ‘ t u n t u p le , u u . l u m n s  7 and 13 correspond to dura t ional  measu remen t s  of \ ( h I  and
of t h e  ft i lh t iw i tsp st r c-s sed ‘ s u n ’ s  c-I , r e s i e e c b i v e l v .  Column 14 measures the i n t e n s i t y  u i f  b l u e  n- c-l ease-

for t h u . -  s - n  i’esscd p h d e s - ic c ’s.
h ’ ai ’ , h u t ; c ’ s  also ex i s t  for averag ing  and d i sp l ay ing  the r e s u l t s  of ten es l ic -rime ni t . Fig ni r e’ 3— 15

s - b u m  u c v s a p l u i t  c c i  e v e -  rage vowel c h i u r a t i o n s  in the con tex t  of a ’ b t -c  fc m r -  t h e  I S c u ’se e ’ b  s anmh (hip li—

t b , u i t u p s . The I - c r  r r t i n t a l  axis represents the I S  vowels and d i p b i t h u o n s g s . anid t I re  v e t - t i c - a l  a is-
n u , c - a s t u r ’ e ’ s -  vowel d u ra t ions  in mi l l i seconds .  ‘rIse resul t s  arc  in congruen c e -  w i t i s  t h ose reported

27
i n t he  l i t e r a t u r e c ’ , i,,’., i b u i u c s e 7  Peberson and I , c ’ h u i s - t c -  I.

I” ugure  0 — l i -  rd -prc - s - -nuts a scat ter  d iag ram of \‘O’I’ vs h u r st  f r e q u e n cy  for  a l l  s i t u ~ i I e ’ I u i n  s tc i h is -

of spet ’aker I NS. The ’  t e r m i n o l o g y  and resu l t s  wi l l  he th is - m oss-c-ui ins late r c’hapters. ‘1 1w pur b du i s e

i i  i u u t r o i t i u ’ i u u g  t h i s  f igur e - -  tow is to demonstrate that a la r c ,~.- amount of data cans he a n a l v i , -d  ant i
displayed - m c i i ’ , c - n u u c - n t  l v .  ( ‘ l u ’ s - c -  e- -xan ’u in abion of t h i s  f igure  n ’ . -vc - ahs  t ha t  - u v c - r  95 p c - t I c - t i n  u’sf t h e

v t , i i  c - l e ss- stops  h a t e ’  a \ ‘~~ T greaten- t h a n  40 msec , and t h at coronal s-tops in p m-nc-n - a l hay .- a

I s -r n- u t f r . -  ; I d - r i m  c’ p r e a t e - r  t h a n  0000 I t , .  ‘ l ’ b , c ’  t i me requ i red  to g e n i e - r a t e  soc Is a p l o ’ is i f  t h e-. u u n u b c -  n-

(if 2 to 5 u t c i ’ , , i I , ’ s - , dc’~mencl ing on t h e ’  s i t ’e ’  c , b ’ t he  data s - c t .
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l- ’ig . 3— 1~ . ~\ v c - rage V i , t A ’ i ’l duration in t h e  s - ’ s l l : u I u b - ’  t V l ; s - p m - k - u  K \ s - .

VO l Al BURST FR EQ U EN C Y , ALL STOPS
NUM B ER OF SA MPLES - 270

too
VOl ~‘c’c~ , -

Fig. 3 — I  . S i t t e r  iltagram of ‘e,’( i ’~ y s-  b u u u r , st  f r e q u e e - r r u ’ v cu r t a i n e d  on 1 X — 2 .
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Ti-;Ml’( u l t A l ,  (‘hlAltA ( ’F l- htlSTl (’S ( u I -  l- ~ ’s(~ I H l i  STOPS

‘I’he c - b l u n t  de scribed in Chaps. 2 and 3 is u h i n ’cm ’t cd  Iowa cr1 the develolunlent of a pcne ral

fac i l i ty  whe n - c- cont ro l led  s tud ie s of the a m - u , u i s - t c c  char ’u u c t cr i ~, t u c s  u m f  s e lec ted  ‘ - ‘ i n s - m u n a n t s . co nso-

nant c lu s -t e r s -, and vmiwel s - in a pr’esc’ribed phonetic envurumnm ent can be car ried  ou t ,  The i \ - ~~e’

m l  acou s-tic data  we have collec -ted . ar ’l the process- thrciugh which th tu c’ we re c o l I c - i - n e i l , h t m ’ s ’ c~

been de ’c cn -ib en l in de t a i l  in (‘h ap, 2, The structure of the data-base and the  f a c i l i t y  w c -n - e  i l l u c s - -

r u b e - i l  in  ( ‘ hap. 3.
‘I’he next t a o  chapters deal w i t h  the r e su l t s  cef  a stu d y of the - E n g l i sh  s t u , b u s - , /p, t , k , b.d , g/ ,

u s i n g the c - o l l e , t e i l da ta  and the da ta—base  f a c i l i ty , ‘v’ tem - io us -  a spec t s  of t h e  t e mp o r a l  u - l e a  r ’ , e u ’ t c ’ r —

is - i  i cs- ’u f  s t c i b u s  in pn ’e s - t n ’ e s s - d  pos i t ion  wi l l  he invest igated en th i s  chapte i - , w i t h r e s u l t s -  on the

s-pc -n ra l  , -b u , u r ; u i t ,n r i s t i c s -  presented in (‘hap , 5.

While c-e rtain aspect s of our resu l t s  might  have hue - -en reported in the  past by othe r’s - , i t  i s -

f e l t  tha t  the carefu l control  of the phcinet ic context , the improved measuring  t e chn iques . a nti

the anuelt ’s-i s if  tu large corpus of du c t  ti of the present stud y will P t I  t i t h e  es  cv u th  s t , u l  i s - l u c-ally

more n ’e le able results, which  in t u r n  wi l l  n-sake the in t e rp re t a t ion  of f i nd ing s  ea sie r .

In this m ’hapter , we f i r ’s -b def ine  the d i f f e rent te rminologies  that  we w i l l  ru se in d e s - c - r t b - n g

the temporal characteristics ‘,f stops-, Resul ts  on the dura t ions  of these stops , ( m o t h  in s- inp lc -

ton and in c lus ters , as a funct ion 01 t h e i r  under ly ing  fea tu res  and the phonetic e n v in - o n m e n t , w i l l

uhen be presented.

4.1 MEASI ‘RI- MENTS AN I u T h -: ( ’ I I N I Q t ES

The production of presl ressed plosives in the a ’CV Ca context  is marked ac- ou s t i ca lhv  by

seve ral stages. The closure phase occurs  afte r the ini t ia l  schwa (or the in i t i a l  /s --/ in ce t - I t u in

c lus te rs)  and is produced art i cu la to r i ly  by forming a complete const r iction smu mewhere  in the

vocal t ract .  At  u u u s t i c a l l y, th is  phase is charac te r ized  by the absence of sound ene m’gy in the--

n’esult ing speech s igna l  for unvoiced stops. For the prevoiced stops , h ,ucc ’e ” s ’e-’r , there ex i s t s  a

s-mall amount  of acous t ic  energy at very  low frequencies d u r i n g  the closure phase , d ue to the

spontaneous v ib ra t ion  of the vocal cord s and the subsequent  r ad ia t ion  of sound e n e r gy  through

the wa l l s  of the vocal t ract .
l ) u r i n g  the closure , a i r  pressure  c u i n t i n u e s  t ’ u  build up behind the cons-b r i , t u u ’ u ,  and us  re-

leased f ina l ly  by a sudden opening of the constric t ion,  The release j~ u s - u u m h l v  a ccompan ted by

a b u r s t  of f r u c a t i o n  noise as a i r  rushes through the narrow cons t r ic t ion , cre ,i t un g t u r b u le n c e

noise, The opening at the i - od t s - t r i c t i o n  continues to increase , until  f ina l ly  i t  becomes large

enough such tha t  t u rbu lence  noise c cci no longer be generated.  A c o u s t i c a l ly , the release is

marked  usua l ly  liv t i  sudden increase of sound energy at all f requencies , and the burs t  at the

release usual ly  has ene rgy w ith  f requency charac ter i s t ics  depending upon , among other th ings ,

the h l u m s - i t i o n  of the const rj c tnon  in the vocal t ract.
F’e e r  the v i i i  ed (un asp i n ’u u ted b  stops in Engli sh li e. ,  ‘h , d .g/) , voicing may continue through -

‘, ‘ n the release , and a ft e r  the burst  of f rica t ion noise , normal  voicing of the fo l lowing vowel

(or gonorant l commences.  The release of the aspirated Eng lish stops l i e , , ‘p t , k /) ,  howeve r ,

is quite diffe rent , Since the re Is no spontaneous v o i c i n g  be fo re the release , the vocal cord s

are not adjusted to a confi gu ration or state appropriate for vibration.  As the const r i c t ion  opens ,

the voca l  cord s are brought c lems e r to each other , and the tension cif the cord s is s - I s - u i  an ,~j u s - t e n I
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s - e u  t b _ c t  ‘s’ i c u u ’ i n i ~ b c m u ’ t h e - ’  t i c h l c c c i i t i i  ‘s’ e - ’,’~ctl l e e r  Sc u m ’ , i~~e m i l i c — r e t ,  -~t , m t ’t _ \ s  th ou site u m t  n t t i ~ g l i e t n i  —

m i m i c — i -  i .~ r m ’ n u m ’ n ’at . ’ - b  c t  ‘ tee g l c ’ u ~~u s - . l ’ l e i s  is i s , -  s - d I l l  u - c -  in tu u ’n m ’ s - ’  c r c - s  t h e’ ‘s’ m e c , m l  t r a m ?

c i i i e u ’, i i , ’,. i n n  i _ l e e  n’ ;ut c ’’l —c onch ,

‘rIse ’ ii ’dpi r’ , e t r m m n t  ~i , i -~ — - ‘ s m - c - a t , . m  i S i s - t i c  e b u _ c i — t i m  n c - u  — - t i -  - b c  i n ‘ I i  .‘ u t i g u i s h i  u ’  t i — m i n t  ‘ l i i ’  f n i c ’ ,i i c , e r u

n n e i  , - , c ’, h i, ’ I c o n - s - i  n - e - l ’ ’ , , - _ e ’ , I I n . ’  n - c i s c ’  s - c ’ i e i ’ c ’ , ’  dni n ’ j t u u  I i ’ -  l e n i t - ’.t u s  cii n m - i  I l ’ s -  en  t m — e u ’ ‘i t ’  h i  c - i - ,  ru—

u - - r u  c i n c h , ‘ - u’ ti s - n t t , u I l  e ’ r u e , c u ~~hs c - u r i s -n - u i  t , e , i i , , ‘\ i ’ i l e ’ ,—, ‘ ‘ n i l ’ s - t h m u ’ u , ’ ‘ ‘‘ — - i t t _ t n t  c ’ s -  thi,u t c i i ’  t i s s - i m i -

t u t e m l  w it h ‘ b u m ’  f c c - u t  i ’ L i ’ e i I ’ c _  ‘l ’ htc ’ n e e c i -o’ s - m i t e r ’ , ’  ‘ e u  a — h i  u ’ t i t u ’ ’ t u  i s  s - i t - i t O ’  i b is - c’ Cii ‘ I i ’ ’  g I — m n t  u s -  in c h ,

Is c,’, ’ i ’ t - ’ - - i ’  a l l  ~~~~~~~ n I cc - low ’ ’ s -n n—C- s -u r u t r i m  e - ‘ i t l h . —  v c . e ’ a l  t i - c t  a ce  b - i - i  t i p  , ‘‘~ u i i c ’ i - \ I - ‘ s i r  r u m ’  i 1  s- t e f

b l u e ’  c u - t i c  u u l , e t m e m ’ s  e t c - b  n b , ,  n ’ ’’ — t u h t u n tg n ’ i i ’ u r , a n u t  u u , m . n i e e n u s -  ‘ m n , f _ - u -  n h , t  times - i p : i r ’ t , b~i ’ u i t i — u c ’ n ’ ’_ e - , b  ‘ r u  ‘he
sli d - i n  u - - u p  u- e m  - h u c m — u n u g  u ’ _ J c t t ’ , i t c l m n i _  \ u u , u ’ b u , ’ n  c b u , i r ’ : i , - t , ’ t ’ i s - t u m  of , i ’ —i~ ’ u u  m i r u i t u  i s  t h a t  l h s e ’ r e -  i s -  a c - c — n — l a i n

uhe - ’ g u - c - c ’ cd c ’ c i i u~ u l o t p  h e . t s - c , ’e - t u  the ’ s u i h u r ’ , m —  c r i b s - r u h m p l m m t t u i l  c ’ s - t i t u s- , u h c - l c e . n i ~ t n n g  ,cn b i e r u e l m c ’ r i i n p  a t  he

L’ h l i t t c s - .  s - u u h m L I I i i u n , I  ? u - u ’ t u u , u t i b ~~ l h ~ u . i i t  et al7~~t r ’ e ’~ 1 u i , ’ n u n I v  , q i ~ l t ’ u i’ uh c i n’i ng u m s l u i r ’ ; m t u ’ u n i .

‘tSL1 iet — “
~~ ‘4cc
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Figure  4 — 1  i l l u s t r a t e s  the v a r i u l u i s  d u r a t i o n a l n t r c ’ i , ~ui n - c - m i t t - n t ’s t h a t  are n i c h e -  e m the s t i l l

i in i ’we n ant s ,  The u - h u e s - u i  n e  in t er v a l  us  measured from the end of the  erc’ceciing schwa  b t c r  / s-,,1 in
c - t i n t u u i n  c b t i , . t e  r u  I ice the n- c - leas e w h u ch , ins general , is marked  buy a sh te  n p  u n u c  rease in ,eco u sh n-
e ’ r u c ’ t ’gy .  h l c . t h  t he  t c c ’ g i r i n s i n i g  and the end of the c - l i e s - t i n - c- inte r- c - t e l i-tins u sui tu h t y he tu i e nt i tue ch quite

e a s i l y , e ie - m ’ . ’ pt in t h e ’  u u s - c  of /‘ 1 m , hi  / w l i e u s - c ’ release ’-, tim -c u m f t , ’ n  w , - t e k , h e r r  I c  l i ce  tic t he  Is-c-h that

the ,- ui r i , ~ t i - c i t  ion is  fc im ’mecl i t  the l ips  w i t h  no e ’ x m ’ i t i h u l c ’  c a v i t y  in f r on t  cu tIre’ nstm is , - s-ou n ce -- , The

n” I c ce s - en h u e  rval  i s -  measured f r o nt s  the’  m c n i s c ’ t  of he n rs -t  i ’e ’ l c ’ui  Sc I c e  a- lie -i-c the t i m e  wavefo rm f i r s t
s- l u c a s  s i g n s- of ce ’ u ’ u u e m h i  l v  ftillowing t I c , -  i -c ’  ‘ ‘a s -c ’ , I i t -  the ‘s- u m i i - c - l c ’gg  as~u i r ’ , i t e ’ m l  s t u b ’ s - , the  release
i nte rval in s  f u r the r ’  u i u v i d e d  i c e  f m ’ i c  th in te ni ct u s - p u  r ’ iu t i e d n i  in t e rv a l s ,

As noted by ei the r i n c ~’c ’ s - t i ga tor s  (I  i . s - k c ’r anu l  , \ h u n ’ e i u c , m i nu , t ’ K l u c t t 8
h , t’ , u i , ’e’ , I u l t i m l u s  in sue - -h  m t ,  u - v t ’ —

d i m  b e ( e s i t m i u l i s often n s u u u i n t z c i n  v c u i u ’ing d u r i ng  thee -’  c ’ l e e s n u m - . ,’ i n t e n ’ v , i l ,  V i m i c - i ng  istay , - u m n t r e n d ’ t h i r - m u e p l i

t he F e l c e s - i v e  r’ c ’ l , ’ , us - , ’ , or l i e -  tm -al I i c e - i t s -  may i c- , u  - , , ‘ to t - u h u n t u t , -  a h u e - n i  n b c , -  su~e c ’ t e g l i i l t , t l  p i e s - s u r e

b u i l d u p l c e ’ t ’ i e m n e s  t i e , ,  g m - c - u i ’ , Si n t e  r e r , ’ ’ s u u u m  u t i g  iS l u m e n  - I p h c en e rs u ic -  u i c ’ t e ’ r n s i n s - n t  in  h , n i g I i ’ ~h i , e l I
v i~ m c - u n g  u s -  i g n c s m - c - e I  in  i c o n ’  s-h u h ’ ,’ , I”oi ’  t h e ’  r ’c ’ns a u t u m l e ’ i -  e e l  t hu i ~ c ’h ,u l e t e’n’ the t i ’ r ’ u u u  \‘( b ’h ’ w i l l  it . ’ i - - u - h

t o  u b e - —, c b l n i , i t c ’  11w m i t u i ’ ; t b u u c n i  of the ’ m’e ’heas -,’ ini t c’ i ’’s’u al l i e n -  Vole  c’ u l  o m i t  VOI I ‘ ‘ l i ’ — s -  s-h e I r s  tIck .’ l-’ee r ’  t In ’
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t u u c v , c i m - c ’ uh s n i p - u , I, ( e ’~ ’ i s  ‘ m ’ u , l I ’ s  a r u re , e sure  cf b u m ’  Iiu u ’s t I t o ’  ‘ i c m n i , t e n d  ‘u h u i c u l ’ I  he unter [m t’e-r c - i I a u t h

, u u , ’ n t  o n e - I  ea r l i e r , ;clt hetu ight the cu t  ui ’ ui l t ct i eu’ y p m ’ s ’ u i ’ , -  cc i i the p o s i t u ’ i u u s  01 n h u e - ’  n u u u ~~ c-

— u i - c - g u i  b e ’  d i  f t c -  rent for burst tum id c s - p u  u -  i n ,  in , ‘h e’ m , ’ , l i l ’~ t i i  m i i u u n c b m - s b ; m t  u u i u i of ‘ I s - ’  - u e -  two
t u , - ~i ’ s- (in ’ the s - t u u 1 /  re- Ic - cs,’ i s -  n ot t u b w t c ’ s ’ s so u n u t n n b i g u o u u s _  In f ; e c ’ t , l uc re i s -  i i i - :  m t ’ i t c l u l v  u~~~e ’ i t - c m

t i e - p i t,’ ’’ of u i ’ s - c - n - p u t  i n  the a c m m u i . s t i c  m ’ u i , ’ s- , m’r saking t h e  e f f o rt t o  d i . — ut u u , p t u i s b i  t h e m  e x t  t - e - t u u e r l c- d i f f i c u l t ,

‘[‘he cm lv cc i ’ s  t i m  d t ’ u i l w i t h  s , , m -bi  a p r u e l u l e m  is  to  l u c ’ s -  dot ’,n  a s e - i  t i t ’ ,s-1 , e ’ u  i f i c  i — u l i - ,~ , c n u ’ l  then m u l h t e - ’ n ’ i ’

t e e  t h e - r u t  i s - c - , c n i s u ’ u t i ’ r t t l c  a s-  I i i m~~s - i b I e ’ , I n  mucking I h u m ’  b m m u u i n d a r y  t i c - n c ’ s - - e - r u  fric atitim s c o i l  t u s - [ m u u ’ u t i o n ,

cc,’ h m u ’ i i t , , i u ’ i ! V  us-c’ th e  kr i c - c ’  l e - d p e ’ t h , c t  t I n -  h u n ’ s - h  u s u a l l y  b u s  t e c ’ u t u s - t i c  ene r gy conc’enti- :mni’i b within

uc  cer t a i n  , t i m u u i , ~ t u b i g h i i t t ; u l  f c c n ’ n u u , c n t s -  I t - - m p i c - n s b h v  t h u h c e u c t ’  in a s pin ’u u t i on  and  s - c u  ‘ ‘ u i - I  ucnc l h i g h e r t ’ u e i ’

ttr,int t s (‘tin t u n s u i t c l l t ’  h c e -  ti - ti c -c-i l t i’ ’,niu the  i ’ I b u i ’c’ i n ig  ‘ s ’ u c c ’ e ’ l  I m , n ’  s i m n c m u - ; c n t l  b m u u u ’k i n t u t  h u e ’  a s - ; u u m ’ L u t i u m t u  i f

t h e  I - ‘ ‘  —‘t  i ’m ’  ,‘-, ,se,l s-n u ,
~u ,

-1.,~ SI ‘cl  \ I , \ h l ’ e i C I  I

‘i ’ ,i I ’ I c -  4 — I  sum m ’n a i - i , e - s  the na tun - e  of ‘b i t t  d a t a  u s - c m t  in h a s  s t i ~~l ’, ’ , I t  m - u i n t t ; c u t u u - - 1728 l i r e ’  n ’ uc n iu -e , ’s

spoken liv 1 male  .-‘ i I l c ’ ; u k e  m’s - , l’’j I t c ’ , ’ t i  c - m a c l u - i  w e n — e u s c - - b  I , ,  f orm  the s t ’ l b u , b i b e r  r u - I c - u  u c s -  sb t u ’- , ’ ;nc in

‘ I ’ , c b i l c  4 — I .  h t e , , u - l , ’ s -  the s - i ng l e t o n  s tops-  b , t , k , lu , i l , g ’ , m - e m ’ t u c i n  w r e n — n i — i n i t i a l  c - b i t — m r ’ s  u - ~ ’ n i i u u i n i n c g

stops are also inc -b u i L d , I” o r  t b ,  s-ing le ton s t u m ~ ’s- , each  ( ‘ — V c o m b i n a t i o n  c ’ u m u t t  ~i n s a 
~~~~~

u k i ’ n i s -  ft ‘ u i  3 s - l c e u t u k e i - s  ( (, u , k c - t i s -  f rom speake r K \ S, I fn-om L e h i K , and I I’r’ i i r ru  IS l ’ l .  I’ t i  ‘ i t t l l l s

cn c l u s t e r ’s , eat- li ( — V  u ’ ’ u u u u h u i n a t i u ’mn I - ‘ r u u , t u t c — i  I ‘se-p s -rate  t u m k , ’ n s  t u ’ m m n , u  ‘ ‘ t u b ’ , 2 s - I m c - , i k c ’ t - s  u~ b r ’ u ’ n u

l- , \s  t um it i  I f m o m  1 )111 -t b , The post s-I ‘ u ’ s - s - r u b  m - l m n s l , n u  m t  u s  ‘ - u t h e r t / or 1d / ,

TABLE 4— I
SU MM ARY OF DATA

Number of speakers 3

Numbe r of utterances 1728

Number of vowels
and di phthongs 15

I , - - , c , c- , , , ‘ , ~, , :- , u , I , ~, - - . - “ .

Numbe r of stops 6

I p . t • t- , it , ii , 9 I

Numbe r of clusters 21

l p l . r r .tr ,’w ,O , k n  .‘
~w l

I LH , t - r  ,d r , dcc • q I , -~r .9w 1

( cp • ~~t ,
1~~ c b , - p r . s b r  , $ 4 u  )

P 3 h’ , i , ~- b I  I S

S e r u m ’ ’  va n ’s e h u n l u i t ’  t r o lL ’  s-p~- u k e’ m’s - ,n id  u - c u u n u - u b i n g  — u e ’ s - s u i m u u —  has- t i l l t  Ic c - r i  u u p j i r c ’ c ’ r u u h u l e - , t h e ’

r , ’ u 4 t i l l ~~ 1’ ’’ — ’ n , b e ’ h i n  h is ’ i - - u -  t n , -  t ’ ’ ’  of t h i s  i ’ t e , e j i t . - r  t i ’, , ’  ‘c i i i  l m m m u i l c ’ u h  ‘ s v c t b t u u u  and ;u c ’ m ’ c i s - s  — _~~u e’  c k c ’ i ’ s - ,

t u n i c - s-s ml h e . ’ , ’ u t  I ‘ - ~pe ’  i
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-I , I , t S ingleton St c c p s

Re -’ suu l t , — m - ‘ u s  r h o -  Vi i l ’  for  ‘ b e e -  t ’ t c i u ’e ,’u h - u t i u l u ,_ ‘ lu , u J , g  t i r e  s - h m c w nt n m’s ‘ r p m , 4 2 .  ‘s m - r a p i ng ii n e—a- u

1 1 1 _ li t of - r h , - u i b , e t u i u r i  the t r u i ’ , e u u ‘, ( u ’I ’ a- c s -  fne uind to ‘cr 2t ~ , (, rn—n’, , “[‘his ‘ s r , h u i c -  i s  ,s - nu u u c l l , ’r t h an

I b u t u t  rep oi’ted f u m r  u u i m m r u u u s v l l u u l m i u -  ct’ t m i ’ - b ,’i speeken in  i s u u l t e l u u m u u  h I  c s - k e r  u u u c l  , - \ h , n ’ u i r n , s , c n i~
’ i u i  s , m r i u e’,c’ I u um ’

l a rge r  than t h at n ’ c t p e u r ’ n , ’ I f u e t ’  wcir d s  e ’ x c i s - e ’ r i  f r - u i  s -pcuk e n ~ c ’ r u t m ’ n ~ , c - s  I I  i , s k c ’ r  and \ l , r a n u  , u c u u ,
7

M a h t M b . ~ t t i n i m l t c rd u l e v i ; e t u ’ m n s  of the  r n ( ’ t c s u m ’ e m - om - nit ’ s u t -c u ’ - I u - u  - c - u f o r  1 , 1  and S ins - . - , ’ f’mr ,‘Li- -

‘T’hes-e variabil t i c - s -  u t - c -  ,c g t i i n  , ‘ u ’n u s i s t c ’n ’ s t  w i t h  t l u , , - ’ s m ’  ‘ c - l i ’  ‘ u - h e ’ t l  in t b u m ’  l i t e r a t u r e , 

i n

- ‘ Fig. 4—2. -\c- e ’ra ge \ t i l  I O u  t he  s i n g l e - u m i n i
-~ - 

.
~~ A~~ _ _ _ _ _ _ 

-
~ - 

c u r ,  i l  - ut -

- - I-

-‘ LI

--

50 —“—________ — - - - -- — - - - - - - - - - - - - - - - - - - ‘

- r~J b P , ‘

‘1

~~~~~~uni~~~~~~~~~~~~~~~~~fl tUt
i - m g. -1 3. \ ‘( C I ’  for the s ing le ton  ‘s u , u m  c~ l s t , u [ ls-  as a b’uisctic,n cef vowel t - u e m ’c t e ’~ t -
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ltcsuel bs ins - ‘up. 4 _ , 1 cIsc , ~l u ’ u u c thu ,mt the t, ’ i u I v , , i - i , ’ s -  i t - — c I t i u o ’ t i u m n t  n i t  l ie— [ i l I u m ’  n , f  i u , t i ,

, m f  I h i e - ’  -u ’ , u 1 r , \ l t ’ m r u  \ (  i [  i i i  13 n r t - ~’ ’ u f c e n ’  h ’  - j ’ m r t i i- ,ec i i i ’  1 -
‘ 

i t i u l  10 ni s e ’ m  f c, r  ‘p - ‘ . t h e - b c - , ,

i i i i , ’  c s - m u  i s - u — i n c — n i  it’ s n u u t u i l c ’ n ’  t l u , , u u  t h u . ’  r r , e ’ , m r u  f , m i ’  b , m I , i , c I - u  n i t  l a r g e - - c t h i _ c u t  t h te  n h - t h u l i e n ’  ‘ s e - l a n ’ s , ‘ l ’ h t e ’

‘ l m h i e ’ u l t l . ’ n i  c ’ ,’ e l  I C l ’  ‘t i t he ’  h I b , i m  e ’  c , I  c t - t i ,  u i l ; c t  ‘ i t t  m e t  b it e s t u l i m  b ias -  b - e m - u i  m ,  l , - — — m ,’ i ’’s’. r u l 1ev m u t b i . - r  u t  c c - s - t i —

p i t c c n ’ S  in  b - : t t p ’ l i  ~h u K l a h t 8 b , u u s - ’,c ’ell a s -  ~~ r ’ m c s s -  - - ‘‘ ce ’ral I t u u i p u i , c g u ’s- 11 u , ~ k m ’ n ’  s - n e t  A l u u ’ , e n u ~~ ’ ’ n u ),

‘ 1 1cc - \ ( I  I ’ t m  u n  ‘ h u e ’  t i m  , u b s t u , 1 , s -  is s l u m  ‘cc mu i i i  h ip ’, 4 — 3  cs - a t uim tc’ b l e n  of r I , .  ‘ s ’m mt t’ e t l  c - r r c ’ i  n - i c n m n n u , ’ n t  -

A s in ’s the i c’s- c ’ u t  he’ u ’onthti r u,- ub - ‘- —u n It s - — - h i - n t ,  in the ltn ’c ’s’i umiis - f u g c u t - e ’ , t I m , -  \ ( ) ‘I ’ ‘m m  n ’ ’;’ I i r s  u i-i con
—‘n s t e - - ittl y I , m t i p c ’ r ’  t h i s -m i t ’m m n ’ m I , ’  r i b - c b s , c s - h i ,  lu i n  bu t  ‘n t  is longer than for lt i luI;i b , s, \ , ,  e ” I m t i s t - u ’ l ’ t t ~ u - t c ’ I , , - n —

- h O t ’ s I  v cef \ u i l  us -  a ‘ ‘ t i n -  I m e n i  of t h u e -  b u l l ,  ‘cv i n i p ’  c ‘‘st e- I W a s -  f c i umni j at - ‘u s-s a l l  t h u  ‘ e m - - i t - I t  —u , , c  I t  Ittiugh

— u m u n u c -  i n c i n v r , l u t u l  V s - r i , P ’ u e t i s- - u l ’ l ’ ’ ’ - r  t i m  lee - um ’ttSj ti t ’ i ’ t i m  t h u ,  t ’ i i w c u b , ‘ m c n i t c ’ ” s t , F’or m ’ m t l n i i l m l e ’ , \ i  C I ’ -, for

g ‘ s- - ‘ d c  ‘c lu n g  h i t e c k  c u , u c ’ , ’ l m-u a c e ’  u t u t o u r u g  t h e  l c m n ’ s ’i r r , ‘st’ I i e - t ’ m ’ - , , r — , \ ‘d P 1’ s h u n ’  ‘I t ’ s I’ u ’~ ’~ ’c h u g l o t ’ ’,’ i’s’s’ —

c b s -  ii u -c n I c e ’  s - I t-  - ‘ t , - s t  -

I’ igu u’e- - 4 — 4  s - i c n n m a  i’r /i’s - ‘ c ’ su It —i cent th u e 1_ u  i l  f i u r  I b m  ‘s ’ i c i c t ’ I c s - s -  c s i t i r ’ t c t m u l  —ui ’p”s ‘ p n k ’ .

m p l t t p ’  , h u - t ’ u c s - s -  h u b s - c of , c i ’ u m c u l , e t u u , u i  t he  n n e r t u r m  \ ( l T  was-  ‘t i t t u ’ s u b  t i c  b , m ’  67 , 5 nt s m ’ m  , .- \s- in the

c - u . ’  c m l ’ ‘ b u m ’  \ ( C l  I n ’  c- t i c - e d  — l i i i ’ s - , 11 cc-  \ ‘( i ’F is binges-h for  v u ’ I , i u ’ u-, 17 r r u s - u ’ u ’  - ‘ t s p — e m’ t h a n  t he  rue s-n

u c l u c , ’ t t in e -I ‘, b t m ’ r ’ t t ’ s t  t ’u m r ’  la h i als  t~ i m’nsec-  ‘-h i t m u ’ t e’ i ’ t h an  r I s e ’  mean v a h u c e b ,  S t t i u t u h t u r ’u l  d e v c a t i c i n s -  cve-re

1 1  n t i s - c u t ” m n ’ I’  - 7 n su i s - c’ c ion’ i - a n n u l  II nisec I t t  k ~. ‘I’hc larger - ,‘-i t tm ni il; u m’d u ic ’ ’ s’ntei i umt i - ‘ i ’  p

‘ t I t i  p u ’i - ~~~ t u r t  I I , ! , 1 - , ’  , m t t i ’ i l it c l ec i  r u  rn  c ’ r u ’ — u u u ’ t ’m en t  m ’ u ’ u ’ i u u ’ ; s - u t t u - t  the u ’e ’ l c ’ t u s - e _’ of p - w i t h  v i r ’ t i i , m b l ’ ,’

r u m ’  i ’ s ,  i t c h - I , ’  m ’ c t ’ i t v  in ’s I u u u u t m u t ’ he- n u t m i s e ’  s - uio u ’u’e - ’ , u - u  pm e ’r ’te u ’ , i t l ’s weak and diffi cult t o  hoc  t m h i ,,’ ,

- - -_--- - - -
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X l — ’ ’  p b - - I t t ’ )  i r e  I- u p .  4 — 4  c r - ,- t h u ,  u ,] u u ’ u i t u t u n i , s- of t h e  b u ’ u ’ ’ , e t u ’ m n t  t i u c u l  tu ’ i p u n ’ t c t u u l u u  - e ’r ’ ’ s’ t c i S _  ‘I’he b , t i n - ,—ib

- I l u r ’ . i t i u r t  b - m r  t I n . -  V ,s- , i - I t ’ s-s t c s p m n ’ a t e c b  s t u ~ l l s  i s - , ti e - s the  aveu - ip ’i ’, I” m s - i ’  b en p - i- r than t h e ’  ‘,‘u ~ u u  cud

‘i t i c l i s - .  ‘ \ ‘ s l - , c , u t n i e n  d u r ’ t e b i ’ u n i s -  I ii n ’ t I , m -  th n ’ m ’,- b u u 1 :-’s an’ - alu lm rcm xirn ately c ’ q i i t c l , t h u s  I e i ’,’ , r , r’ n I c e ’  b , ’ , r s t

‘ l t u i ’ , h i i l u n i s -  fo r  t I n ’ ’  t h m ’ ec  ‘ ‘ m u m  c - l e ss ‘s t c i p s  ‘ s c _ a l I t  b l u e -  ~: , u t i t -  t ’ m ’ i , e t i , I n s h i t 1 u  as  ‘ I c - u i  r ihe d ~ur e- ’ s- i ou sly,
In s  u u i , ’ t u - u , u r ’ u t u i , li r e’ d nm r c i  i - c r c - u  u m b  t h e , ’ c’ Imms ,cr e u t u n i - n ’v ;e l  fu n’  t i te  v , u i u ’ e r I e ’ —, s e s - p i t ’ s - n c - i l  s t u , l l s -  i t  a t e — i

‘i t t ’ s , )  t I t a n  h u m ’  i n v e r se  ‘ ‘‘ I n  ‘ m u ,  ub ~ i 1 u  h o ld s-, ‘ b u m ’  n - l i e s - u i  u - i -  t nt - n-vs - I  i s  l o n p m ’ s - t  for  1 /  and s-l’i ’trtest

fcu n’ ‘ k , In f a c t , u cs - - — h - m a n  in s I i g .  ‘ 4 — s , whe n — c u ’ l m m s - u u i ’ e  as ‘ s m - I l  is  v i i  m u g  lu — i c - u  c l i c t ’ u u t t m u n u s  at -c-
u t , ,  u r I c - b n b a ’  t , m h t u l  , b , i u ’ t m l u c m r t  ot ’ t h i , ’ -ui ’ u ’ u p ~ r u u e ’ , i , s - u i u ’ c ’ i b  from t h e m -  l u e g i t i n u t t u p ’  of s i l e — n t  i -  r u ,  the fi t - s - h

- ‘ r u — - n  u ’ v u t i c t i u p ,  - c , , -  b’u e u i n c i  n i l  I ’. ’ ~t t’ ,c, n n m ’ t i I I ’ c ’  n u l c - u u t i ,  m l ,  ‘[‘he, b u t t s - I  d u u — u c h i o n r s  Ion- i ’ s-nd ‘t

i e -’O r ’ - -~~’ u - , u r b i c i ’, ’ i s -  ‘ Is.’ tcet al dii ‘ m n  i i i  m r ‘ k i t t - s  found  t o  h i t  148 on s-eu -

i 
~

- n k  ii -- a f e - un ,  ‘ u - i n  e e f  t i c ’  t’ i c uc_’ e n l  i ’ m t n u t . - x b is .‘u h u u , ’ s c ’ r t  un  l—’i g. - 4 — b , ( m i n t  r u i n - v  to the

‘ u r u ’ h i n t i ’ , I i ~ h’, I , i I ’ ’s- 
‘ l i e - u - c  pg ’’~~’ - n . m I , ’ no ‘v b i ’ n t i t e l i c  v t t n ’ d c t , u mn of \ ( C I ’  t u s  a f u n c t i u m n  on a b c - t h u r

c i i ’  i u - n t , - ’ u ’ ’ I b u ’ a  n i p  vow.’l i -  leigh , ‘, ‘ i C _ I ’  fc t r  t ‘ s-hm iw s n i l  u i P i t t ’C ’ l  it ehile ,n var i,u t t u t u  f u ’ u m u n n  ‘ m e - r i ’  c- t i e - e l

no m t n ’ ’ b b i ’ ’ ~ ’, Vt ) l teem - ‘k - c - u  l i i t p ’e’ t ’ ~‘n c ’ c- - l u n g  ‘ u , u / ,  both b i , u c ’ i t i g  the b ’c ’ , u ’ u u r e  I highi. However ,
( C T  h e ’, r ’ k - u s- a It— - - I - -ii p 4 - u ’  ‘ ‘ cml u p t’ - - V

l’t i l , I . ’  n — I l  s i , n n r m n i t i  u -~c t , , u - c— s - cu lt’ — c di t he  - b e ’ p m - t n I t - m ’ u  , ‘t ’ u m t ’ \ ‘ d t I ’ on the unden’lying “ ‘ t a  u n - c ’s- of the

l u l l - i c _ a u g  v c i ’, c e l ,  I ’. c’~~u m ’ - I - I ’ ’ , ‘ h r . -  ‘ r e s t  n - - m t  in  I’ s- h u h , ’  - I — li  li ’u t~s r i v e ’ t - u g c - i I  \ ‘ (Y l ’ s- t u c r ’ p 1 k ,-”
t e l ’ s  b u t u p ’  h , p l ,  v - - c e - u s  _ ,n ,uJ ‘t ie- ‘— ‘ - ( ‘ 00th  row l c s n , s ,c’ ,. ’r ’tup’e’ uh \‘ YI ” s t ” ir  p, t , k /  p u ’e i ~ - c , - u I u r u p ’  c’ t u u ’ s ’ c - I s

‘st ’ b u i c  Is a r e  nr t t h i p l u , I s - - h i - c ’ ,  I u n i ,  of t hc- h - a l l u r e - ’  — u l e - ’ p c n i b e n t , ’v I ’ u ’ , m n u  one stop i i i  ano the r have

u t - i t  been , l u n s - i s - ’c ’ r u t f i n ’  all hi , - f e , u - ’ - i ’ — t , - s t c ’ i b ,  \ c - n r h s e - r ’  ‘lid h i ’  cc-e l - raged \‘( i l ’ s- in the l u c s - r  co l—

u u r ’ u n i  u - , b u i , , ’ s’ m u ’ s  si g n u i l ’c c ’ t m n b  , l i t ’ b , ’ t ’ m ’ r i , u ’  f c m m ’  t e l l  i t t , ’  b , - , c b u i r ’ , ’ ’ i  t i ’ s - t c ’u l _

TABLE 4-I l
AVE RAGE VOl FOR SINGLETON VOICELESS

STOPS AS A FUNCTION OF VOWEL FEATURES
(Each Ent ry  Represents the Average of A l l

Tokens Preceding Vowels w ith  the Given Feature )

Feature of the following
vowe l

+High 52.0 70.0 76.3 66 .1

— H i gh 60.9 71 .5  72,5 68 .3

+ Rounded 61.2 70.5 75.0 68,9

—Rounded 56.8 71.4 72.4 66.8

+ A T R * 56.0 71 . 7 - 75.0 67 .6

—AIR 58,5 70. 9 71 . 4 66.9

+Back 61 .0  70. 9 74 .3 68. 7

—B o ck 53, 6 71 . 4 7 1 .8  65.6

All vowels 58.4 70.8 73.2 67 .5

* ATR — advanced tongue root ,
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LIII S N G  F N S PS STOPS

- - St ’s)P - SC’NutRAN ’t CLUS TE RS - - ,~ 
STOPS u~i s ivu r - I

- 1 - - SON O R AN T , I

I 
C L U S T E R S  :

r r~

I u p .  4 — 7 .  -\ v e ’n ’ a g e  \ ‘O’h f u r  S I , -  voiced l i p ,  4 — s . A v e - n - n p - - X ’( l ’l h i t  the v , , j u ’ , - l e--u s-
s- t o p s -  c_n u _ t m i h i — s - u l n u u u n  t in t  c i u u s n i ’ n  s- . s ime l u s in s t i m j l — u - - m , f l m u l ’ t u t u b t ’ l u — t ~~i’

u N G p E ON STOPS i -~

‘cu-u - ‘ - 
~~~ /s / — S OP

I - — ,s/ - S T O P — 1,- I
___ S uNOu Le -O N -,t ’ ,~ ’s ~

‘ ‘ 

:~ 
I s / - S T O P  - 

H
- 

— Sri --p. - f /  
- 

- I
~~~~~ - ,t - - ,~~ ,, ,

c ’ s -  - ‘ -
‘H 

~

u~~, -1— ’’, X v i i - u g ~ Vo l b . m m ’  n h ,  s - h m , 1 , s -  I u p - ,  4 1 ’ ’ , \ ‘m ’ c ’ n ’ ; i u 4e -  ~ O’l ’ “ ‘ n ’  ‘t m  i’c u 1 C c ’l i ,’~~S
in e r I r c ~~ t c ’ u  s as a b’iun c ’ t u c c n u  u~f n b , ’ i m u l l m m u t ’ i n i 1  s - t m p s  in ~ S , m i n i s - r u - n ’ s .

38

- “r’ ~~‘



C , 3.2 s - n ,  p s- in C u i - u n , ’

A t ’ ’ t ; c l  of 21 u c c i n ’ i I — u n u j t i a l  - , ‘ t , , — - - u r u , e t u t  c l u ms i e r , - i , u u l , m , t t , n , p  ‘, t u , 1 m ’ ~ has It ’ s - n  c n u ’ s ’~~b i p ’, : u t m ’ u l  m u  b, h , u — ,

‘- t t u , h v  is -  sIn ce- n ui ‘I’, chu l c ’ 4—1 . l ’ ’ ’ - u r ’ l c ’ e - n  m c f  t h e  ~— i - 1 e n u i ’ u , r  c - h u i s t e — r s  tr y - b y e’ n u u l , _ i , n i u , t ’ t c n b romhi—

n iu c i  ions- , cc m t h  n h ,  rem ‘ t i r i n g  d u s t , -  rs  i m r v e d c ’ i  imp - /5  ‘ — s - n i p  or ,1s- ,/— s-tmup— sujnc,rucnt combinat c’tn ,’u ,

I t  s i s u u n u l ci te e u - e ’ u i e ’ u - , u i . - , l l u , , ’ in t b , ’  e m s - , ’  i d ’ -u t ’ h i — ’ s  p u - i ’ - i -c l i ng a — ‘ ‘ t n - m u ’  i n t l  C l u e  d u u ’ u c t u m , n , u I  r u u , u , u , — U r c ’

r u - i - t u b s -  ‘,ve - m-e n u , c - t . -  s -n t - l i  t h a t  t he  m ’ u u ’ i  m , f  t he  ~ b - - I i  u s -  m a r k e ’ i I  b u y  i b ~, -  f i r ~~t si gn s - t u b ’ p e ’ r i o d u l ’ i b v  in  t l u c ’

u n i t e ’  s e t ,  , - ~~~i u’rm ’n f,’e l Ii ’’sv i n t p ’  I h u e ’  - , ‘ h i -  -

I ) , ’ t , I n s mnt ’ hnc \ ( C  I’ m u c h , , -  v o i c e - u I  n i q i  ‘ b m , d ,g  / in ciu s - t i ’r s  r u n - c -  u b u ’ - - , -- n in ‘ u p - ,  4 — 7 . h ” u r  ‘ b u t -

— u P , ’ i d  co mp a rs  ~ ‘ - r u , -
‘ c h i c —  f m t i ’  b u m ’  s u r i g l e t i m n i  - - ‘ ‘ } u — . ‘ ‘ e u - i -  also 4 u b m i t e i l  t i l o n g ’ - i u i b e  c - r a g i n g

,c c ’ i ’ c u s - s -  p l a i t ’  m l ’ , i u - t i m ’ u , I e i i o n , I C i - n u n ’ -  c t ,  X ’ ( i I  c c ~ f ound  t c ,  l u u  ~~ (m . 3 rnsec , a S _ 7 — , n , - — ’ ’  i ’ m ’ _ I M  I ’ m _ r -

u - c - m i l l  , n i , ’ r ’e ’ ‘ u - m i n t  - s - m u j u ~ i in n s - m m l , , ’ i m u n ,  I t , ,  n neue n V i i ’!’, t u s  a t ’t : n c u t i t t n t  ‘ i t ’ t h e  4 i 1 c t  c of , c n ’ n u c u l a —

t l , , t i  I - b  I u ,  u n i l l u s -  ‘ s - u - i _ u t ’ s  i n  c l , ,  — c u r t ’ -  a s - h i t - i t ,  t i - i  ,5 i i i ~~ _u i n  i ’ - u , n l t c t u u e n .  F ” ig ru u - - 4 — 7  t u h s - m m  sh m t ’ s ’, ‘s ‘ l u t e ’

‘ b u m -  u n - n - c - - i - u . ’  in ~~ ‘I from s ing le ’’ - - n  i - i  c l u u i e ’ r s -  u s  i b i e ’  g r - c ’ t i t c ’ s - i , 7 t u u s - e t  o r 37 4 , c ’ r ,  u - t u b , h r
c ’ u t b , c I s - .

h u L ’t r e  4—s s u n n ’n ’m mar ’ i t ’ e ’ s -  i— e s , : I n r ’ u  - ‘ i t  the  ~‘ ( u i’ h X e r  ‘t i e ’  v u , i , - c ’ l e ’ s s -  ‘ t m l h l s  in c i a  - i n c - i ’ s -  r ’ u p - s n i p

to r i e s - s  l u h uce  of u t - t i - , t u b _ c t  u ’ , n u , nh, ru’ ’ , u u  ‘.‘( u  I ’ was  foe - inc h  a ,  b e ’  k i -m , (, m u s e ,  - c n n  1s- , 1 — r ’ n - i c ’ - b c ~ r

pt — u ’ u — t u t u  n i  ‘ r e - i - — c oS’em’ — u t t , ~~-S in u —  I , i u , c n i ,  -‘c _ —i in I b m , ’  - i - i , ’  cif ‘,‘ ‘ u u ’ ’e ,— ’ b I i 1 u ,  , , ,  ( — h i t s - r i - n ’ s -  t h u ’

r u ,  u - c - _ c s - c’ i n  \ I C l ’  i s -  t h u ’  p - u ’e - . t c ’ —- t , s-s- , i i t t — c m o n ’  40 p e r ’’ i - t u b , u r I c ’  u , ’ al s , In  h u m - n  t i m ’  ‘ ‘ - — ‘ u i ’ s in
l ip .  4 — 5  m n i u h i e - t i t e  t h a t  - l e n t i l s -  in c l u s b e ’ r ’ , h i v e - -  a means  \ 01’ p ’u’m ’ m t c ’ n -  Ih a n  t h a t  of ‘ u - I - m u ’ s ,

‘ [lie-’ r ’ e s - n c l t s  in I i p ’t- , 4—7 te nd — t -  can  I , . -  h i ” t P ’ u i  dose m fu i m - t h e r -1c-i th ‘ c - - u p -i  t ‘o t ime fc i l iov ,’ u r p -

s te n ’ su u ru cnt , as i s  shown in b - i L ’ , 4— ’ , I b u m ’  r r u m - u n  \ (  ( ‘I ’ b u t t -  ~, b t t 1 i ~ in  c ’ l t u t - t e t ’ ’- , av e n - m t ’ i - -- u  i , ’s ’ , -r  t e l l  c- c ot- —

e l  c c i n s t ’ s ’ \ I  c - t i n - l e t s  f s s c n n ’ s  15 n u t — c - c  f u m e  h u l /  to 100 p u s - e u  b r  - I ’s’s’ - The incn ’ea s , , i n ’ s X (  ‘ I ’  - ‘ ‘ i - n ’
‘- u t ~ u, ’ I i - ’ - ’ n u  _ ‘~~~~-i ‘ l u n g e ’  h u n t ,  1,5  m s - c c b u u r  ‘p1 /  b u m  ,i~ b , 3 n u t s - c , ’  f o r  n v ’.

R m ’ -~~u h t - u  of \ u ’l ’ fo r s - t o l l s -  in  /s! l u st e ’r s  arc slu owni in I u g . ’ 4 — h i , ‘l In e’ \‘O’ I t m ’ “ ‘ - -- u ’ —

s - t c l r i c l ’ . c’s h , ’ u u  a you’ u - I c - s - s  s t u m p  u p h l c ’ t c r ’ t- in 5 J  c h u u , , t c ’ n ’ ,,. \v e rti p - it mp u u -cc- -s l u P u  e ’ of , c r t u u -u la t i on,

t I n e ’  mean \ ( h I ’  t i u r t o 1i - i  in /s ! u ’ l u s - t u - x ’ s  I,n’ m -I i ’ i l l n p  te vowel cc t i~~ found to he ,~~,) ,  7 ms- , ’’ . ‘l’his

‘ s ’ s - l i t , ’  is j u s t  S l u L ’ b u t h \  l u i g b m e - n ’  t i t u c t u  t h e m ’  mean \ ‘O ’l ’ ‘ m , u u n , i b  for - ‘s’ m , u -d u t o l l s -  i n ,  isolation. \~ b u m - n t  II , , -

“ n o j i t -  , u j i p c ’ t u i ’  in /5  / c lus t e - m — s 10’’’ ’ e ’ u b i t u p  a sonorarr t , the ’  mean \‘O’l’ was f o u n m u l  t a m h u e -  30 n o t - ’

4, - i  t I ’ —( I

- hu e - ’ -c’ s - u u l i s  reported m i  the j ’ u  i - c  u - - u , —  — c - u - b ‘ u n ,  sho w t h a t  c - c c - n  iii a i- - r ib rol l , ,’ - )  v - n n v i n ’ i ’ n m t t u e ’ n t ,

c ’ , the p i t ’ s - b ’ ’ ’  ~ s - ’~ I - , —  u - u i , r u m -  \ ‘( m l ’  u I , , t , ,  s-~ m t m u u  a wide n - t i n g e  of ‘s’ui r i a I i u i n —~, l I t , ’  u ’ s ’ i ’ n ’u iged

( ‘I’ I m u n ’  v ’ ’ u u  c - - h  s b u e j c t -  r l o g e -u  f r on t  13  m t - i - u ’  for l u  to 15 ms -c- ’ ’  for ‘ pit 1, I h u e ’ , u ’ s i ’ u ’ c g & H  \ i )T

for v ’ t i ’  e ’ l es s  u n n . m s - p u  t ’ t c t e , t m l  s - l i m p -u r a n g e s-  m u m  15 i t s - e r I ’ m ’ / s - p  to t e - , 7 ui — c ’ ’ c m i ’  St n’/ t c n m r i  i t s,-

i , . - t  , gc.,’ub \‘ d C ’l’ fo r  ‘ s ’ c , u - e l e s - s  ai -~l n i n ’,c te -’ m I s l u m p ” ,  u ’ ; ins pcs -  f n- n u t  ti 5 , 4 ru se ’  for p to  100 r u u ’ - c ’ m f m t n ’

I : - . c - t i  - ‘s  t h u  i u b e n n t i , ’ t , h  phone t ic  e n m v j u ’ ’ - u u u r u m n t n l  a ~‘ c, ’r ’ t ain u b e g r ’~’c’ t b c ’ s-’e ’ t ’ I , , j  in ~‘( ) T  s - mm b - c

f e c u n d  b - m ’ ’ ’ , ’,’ , ’ i ’ n ,  i i i , ’  c u b  u u n m n l  ‘s- u m u m - ’ e I , ’ s -s -  , t , m 1 u s _ h - u n ’  , ‘‘s u u n n u j i l ’ - , ,~~_ ‘ u n ’  If, jui ’ r c’tnt ‘.1 s u n u p l e - - t m s n

h - y e  Vt CT I. ’ss t t i : ’n  or equal to 40 meec , ‘s l i t -  u - c u e s -  15 on’ 1 3  pe u - c -c mit of s i n g l e t - u i  p - ‘ s have \‘( )T

gt ’e ’ t c t e - ’  i ’  ( I n t e n t  or  equal to 40 m s-ut ,- , ( C u r  daI s-  r e a f f i r m  n b t e ’  f i n d i n g  hi ’ s ’  K h a b t  t h a t  the  l ii ’ ‘ i m ’ I ’ I U a I
I , - c - j s m ( e n  ‘cn  the vo ic i ng I ’c - , , t u u r - e -  fu n’ b - n g l i s - b i  s i l u p s  ‘‘ . e n n n u t  m, ’  n e -made on the  basis  ‘ ‘ I  \‘( )T c l - u i , , ’ ,

Son-n e t I e r ,  - - e n  i v . ’  r ef  the V( CT , such as the  p u - c ’  s - c -nc - c ’  or : i h u - u , ’ n u ,  c - of n ’ s - p u b t - 4 l c ’ ‘ t n - a l  , - b i u e n u g e  s- i t  t h e

‘ u r m s - e n t  of voicing s - u u g t r c u  s - t , ’ m l  by Ste’vc’ru s i n t l  K l a t t ,29 
c r c ’  some .i p r io r i  knowle dg e ’  of the i h m i l d r e t  in

c u n u ’ , i rimnment .mnc i t u e  p lc ’ e of , cu ’ t i , t u l , c b i u , n s  of t i s e  ‘ - u b t i p s  n t ’ s - i c ’  play a role irs the u l i s - t i n n , ’ t i on i  b e - ’  - - - - - u t

- - u - c ’ ’  I s - mi il voiceless s - t u t l m - - i,

-



The i o u - n -eas e met ’ VOT from , -‘l m , -t to ,1~] -
, to /g/ ‘ t e n ,  be explained by the l m m u s i t i m m n n  and shape of the

oral  ,- , m n u s - t  u ‘ - b r u m , to-u well as the t u n -b i c u l a t o r s  involved in f o r m i n g  the c o n s t r i c t i o n  I l< l a t t
8 ). ‘I’he

u e n m s t r iction fcm r ‘b is formed at the l u l l s , w h i c h  can move , c w : m v  qui te  rapidly fo l lowing  the i ’ m - -

le ’ , u s - c , As - ment ioned  c a n - h e r , the la bial release is usual l y weak in i n t e n s i t y ,  wh ich t c l s o  ‘-on-

t r i b u t e s  to  the appearance of a short h u m - s t .

The m ’men n st r n c t i c m n for ‘p. - is formed l iv  the tongue body, wh ich  i s  n - t e n  lie u ’ n r i , i s s m v c u  t m u u ’ I  r a n n t ~n

move i w t , v  f rom -n the palate too t ’ , m j u u u b h v  fo l lowing the release. It has  , e l s - i u  been ‘ ‘I t -c ’ r v u u t l  t l b , , , u ( I , , 30

l’ e- ’rke l l  I l I m i t  the motion c m f  t he  tongue body afte r the n’elease is-  in such a way that  a t c p m ’ n ’~- ’ i ,

t u e r u ’ u ’ w  ccpening  is m a i n t a i n e d  f u m n -  -a longer period of t ime .  Them -efo re , the c u , n s - t r i m t u i m n m  f u r  - p

spe ’ i ’ s 8  Slu ) W I Y ,  a l lowing t u r b u l e n c e  noise b u m  be generated for t i  longe r period of t i n m e .

The burst  I i i  m a t  i m u n s -  for , ‘p, h , k - - have the same re la t ionsh ip  as tha t  of the voi ceui  s - t u m p _ , This

i n h e r e - n h d i f f e r e n mc - e  rui n presumably he exp la ined  in the same w a y  a s -  ou t l ined  s-hut ’s ’, ’,

That the voiceless t e s - p i  i ’ s - t e u l  t - t u u p s  all  have iden t ica l  t u n t t c l  du ra t ion  is -  s - ’ i n u n c - ’ s c  h t m t  s t u  u - p r - i  s u r i L ’ ,

This m’e sult u - , c n n n u i ’ l  he a t t r ibuted s imply b u t  the rhythmic pa t t e rn  and c o n s n t e r i t  t n t ’ , ’ r s -t n - e s - u - u  n r m t e -  i -v - c l

of the m I l e ’  i ’ t i e - m  i ’ c , .-~ possible explanat ion can be proposed based on the lar -ynge al  b eha vnor  d u r i n g

bh e p u ’u e m l u c m ’ t i ’ m  i f  l I c e - s e t  s - t i p s  and i t s  timing relative t i i  the release of the s - t ip  t ’ t u g h u u b t - i  I c u m n s t  n c —
3 ,

t ion u u~t e ’s ’ c,’n is  “

- ‘
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St le *A STOP VOWEL

CLOS URF ONSET VOiCi NG ONSET

l-’ ig. h - I t .  Schematized relationship between p l u h t t e l  s p r e a d i ng
and suprag lottal opening.

The t i m e  u - m u i r - - i c’ of events in the product ion of v i u i u - e l e s - s  e s - p i r a t e d  s - l I m p s  us  s c -h e m s - l i - i c - I in
Fi g. 4 - t i ,  ‘Ftc ’ -  suu pm - a g l o t t a l  movement from the p r ’eceding s-u h it s- tue  the fo l lowing  vowel  is- shown
as a simple c l u c s - u n i g  and opening at the place c f  am ’t icu l a t ion  mb the s - b u m p ,  l’he vim ,  te l i ’ t e r c l ue , h u m a  -

ever , w i l l  h u e ’  s t i f f ened  and the g lu t t i s  me - u - st be spread apan - t I i i  p revent  ‘s- u i - d r u g  and allow the

ge- nm.’ r a t ion  of -e ‘i~ ii n ’ t u t  miens  u,c ft e r ( em-al  release I I l a h l e  and Stevens ~~~ If we pn ’opumse t h i t c h  t he  t in t ing
of the s-t ip m ’ e l e tu se  is c’c,nt rolled by two more or less separate m e c -h a n i sm s , one fo m the s - u i p r t e -

gl o t ta l  n - , ’ l e ’~u -ut aitci one for g lo t t a l  abduct ie ,n , then the phenm um e n a  ic luse  rved , i l u t t ’ s - ,n can be-n , I’l l m e d
in the fol lowing way. The c-onstant  tc ,t a l  d u n ’ t c t i u i n s  of the s - b u m p s  could be a direct  cumnsequence if

the n fac t t h a t  the amoun t  of t i m e  r e q u i r e d  to spread and c h u m s - c ’  the g l c e t t i s  is independent of the
t i m i n g  i f  the s u c b l r ’ i c g l i u t t . i l  movement. Given th i s  constant t ime  inte rval , the release will them m

have t ’ m  be ad jus te d , t u c c u e r d i n g  to the ar t iculators  involved , snmch  t h a t  by the tin rm e of 5 -uu ut - mn i p ens -ct ,
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u ’ s - .—, c - n t i , e h l c  t e l l  I i i , ’  n u ’, m r i s m u m , m u u  l s , u m t u t 1 i b , ’ n c ’ u u , ‘I ’ ln u -’— b , c c ’ k  , c ” n ’ u u l e u l l  _ h m c  - t I c l  i I ’ - - ’ u u ’ ’ ’  u t  th.’ ‘ mu , — , ’ ’ - m l

‘ s u i t  t i ’ s’ i — u  n u e ’ c c - -u s - e m ’ \ ’  ‘ u i ’  Ibm. -  ‘ ‘~~~‘ u ’ I~ 
‘ u ’ ’ l~ ‘ ‘ r u ’ ’  I b u m ’  ‘s ’ u u i c ’ m ’ h m ’ ’,s-  _ u m , 1 i ,s e s s - u m p p e , -  ~‘ c m l  I - ’~’ s- ’ ‘ - ‘ u s -

c i t - I  1 . 1

I I t , ’ m u , ,  u ’ e-’ , u - u c ’  in \ ‘c Yf l u t e  s - t m  i h i s  i n s  ,~~i - ‘I’  s - m e n u ’  m u  tub ‘ l i i  - n i ’  a — l u t e  -‘s ‘- ‘ ‘ u t ‘c - F a c t ’ ’ -  i n  I h me - - ‘ c

I u b i m m m m t ’ n i c  l m i i ’ r ’ , , b , , u ’ , ’ , i i t s - ’  m l u u t , e  l t u ’ I j c  - ‘ l i e ’ l I m i t t h u . ’  r m m l l i u -.’s r u e  c m i i i - c - g i f l e n s t  u s  l c - n i p n h m c ’ r u c ’’ I u - r u

, i ’s c - t - , c ~~’’ I c ’ s  ,i’ n u t  - c - c  t e e m ’  5 , - i c  c - l u ’ s - s  ~- t u - p —  m m m c i  I c ’, 13  u t i s , ’ ,-  i i i ’  ‘ s i e n m ’ , ’ ’ I  t- I l m h l ,- , I I , , ’,, ‘I s - t t t  _ ‘ } c b u m m n ’I

‘ h u e -  m I m u  n u t  m y  Is- h t m l ’  ‘ l i i - m u t t ’ s ’  t h i ,  - u r n  i n , ,  e I j u , e t ’ t  m l  I mc - s u u u u u - r , u n u t  u ,, um ‘s - ‘ u - - b , I n n  - , - - , , ‘ s  s - u t  i ’ s - I  c m i

I i ’s I - , I - - ’’ - I b i , - t,’ ’ m ’  i n c - i ’  i n n , ‘u ’ - c ’  “d i r  c m i m e ’  I c  - s- - u s t u m j t  -u , ‘ i , t ,  1 m b  I , ,  a I ‘ h i  u r n ,  I s a  u i - i l  r u u  I c ’  ‘ v I n e ’ , ” ’  I b u m ’  - s - m u , ,  - -

i t —  l e . u u u ’ r t i c ’ t u e  m l  - - i l - u , ’, t i e - ’ ‘s - i c  c b c ’ —~ ,.t m c I u .-~ s m  t h u s - b  t u  s - u c b u ,-it , c r u t u t u b  , c m u u u n n i t  ‘ m l  t h e -  n n ’ t I n s n t i , m n i  s- n I l

- ‘ - i i i  u i  tu  — .m l u  r v i ‘ mc - i n ,  p m m u  t ,, - n -

‘ l ’ t mc ’  g m - c ’ t e t e ’ n -  i n n ,  ‘ ‘ , ‘ , , s - e ’  ‘ , f  ‘c _ i  C l ’  “ ‘ i ’ d ’ -  n n b , e l — _ - , i i u u , ’ u  t , b  , ‘ I u u s - u m ’ u ’ s -  i s  h m u ’ m b i , u I I V  a l i t - c - u  I ‘ ‘ u i  , - m 1 , u e n n ’ - m -

c c i  Ha’ e ’ c m t c  ‘i n ,  m i l u i t e e r u m ’ , - : ,  - i , Au c d i  - t m m 1 i — ,u , t m u l t ’ ,m mi b i t u , , b c r s I i - r ’ t t t s  a — m r - u , n ’ S ’  m i n t s - u  n ’ u e ’ t i c m r n  ‘ b i t , ’

I u ’  l u l l  n — e c u i n c i , n m u - , ‘m, l , n ’ u e ’ b ’ s-ii e ’ u ’’ , m l  m c I ’ — u i - — u , ’ , ’ - , ‘ l m ’ m t  c - t i n s  I i ’ m b ’ — , m ’ t ’’ , i - ’ b  I ‘ ‘ ‘ ‘ ‘ i s ’  a t~ 5e , i s l m u i ’ i h i ’ ’ u i  . t i i l

c u ,  t i ’ s ’  i - u i - _ c ’ ’ , u l , u e ’  b u m  a lac k  m i t
’ , c , ’ , , t , s - i j m ’  i u t j ~~t t l . ‘mcli :, “ s m u t , ’ i u u t , ’ u ’ ’s , m h  m s - c  ac i m t m n n t  c u r  1, i ’  i n —

( ‘ u - u - c ue in n  \ I

\‘e I , ’ ’ n s  , t m ’ t u t , , t — , t m h e l m e ’ u t m ’  in n m l c , n ’ u b , u l ’ — n e - l t u ” : t u ’ r s - , t h e -  I , , u ’ p e ’ r ’  i n n , - , ’ ’’ , e , d ’  i n \ I ) ’l ’ u - u u ’ i L u , , m n m  t m ’

- - - u ’ s  - ‘, - p ,  c - u t , ’ ’ ’ ’  I ’ t h u e ’  a n’t i m - u c  I - m u ’ ’’, u ’ m c n o t  ‘ t e l  u s -  5 , ~~u m u ’  m - I b u m ’  -i i  - -p ansn ,I u ha’ s-, - un i i - ~c nun mc i t  In u t  t i n ,  t Ire ’

t u b’ . , t u i  I n - ’ t m - u - h — u  tee u -tu rd tIn c’ ‘ ‘ t i a  u h I s - Ic l i , ’ s v t m t ’’I  t b ’s . -  c i  -: h u e -  i ’,’Ic’s - se’ us - s - t t , ’ tu I , ,~ n t he

I m m n n s -~~r u , t , m e mu is - l u - r u m - u i  s - h i - c l -, , K l t i l I t- 
u s - m i  b r , m s -  m e t e — c t ’’ -, , - u t e  I ’ - r t t ’ ’ ’ r h u n t - s t  m I ’ s i i ’ , c ’ , , , t u  - m r t I n , ’  ‘ I c - t i ’ s - I —

- ‘ p ‘ I t t
\ I t c t i ’ c ’ tL ~ i j m c ’ i ’t s- l b  I m n i r  u - i - _ b r ,  t i r e ’  i i i  L i m b  Ort t ’ m - m ’ t u u m - n r t  u ’ , , b b , ’ b u m - i t , I ,- e  i c - g i l t - I  m ’ c - - ’ ’ u , ’ b v  t i ’ s  b ,~ a ’

m e n  a s u t l , — ’ n , , n t i u u l l v  .s n m , : i l i e ’ t ’  ‘h u e - b - u  — m - , \ \ m -  , u u ’ m ’ , I u m u c _ m ’ ’ s c ’ r, ti n s - I - l i ’  b u m  t t u u ~ h . m n i y ’i c  l~ u m m t l . n m c ’ c  ‘ - I ’ \ (  I I

m e n  bu n  ‘ - ‘ ‘ s e - I  , , , u i u m -\ t t , c  us m j m m m t ’ I  b u n —  - I , u i n m m  t l u , m t  ~ ( u ’ h ’  i s -  b - im p - c r t m , I l u i ’ s ’ s m n u p  h i p - I n  c m u s - e ’ l s -, l ’ b u m s -  d i s —

c u’Cpafle ’V t ’ i , b u , m b h ’ s  c t c n  I ”  : , t r r i h , u , t c u u l  t m  , c , I i t ’ b ’c , ’ u ’m ’ u n , ’ e’  i n  t u i u ’ ~ m s u m m - c ’ m . ’ n s t  u c ’ t ’ b n n u u m g i ~ ’ , \ l , - s u  ‘ i t ’ tI ne - - p t m s i

s -b t , h u  e s , - ,g~, h i s - L u - n ’  t u m i u l  \ I t r , u r u , ~~~, m m ,’’ ’ ‘ I- i t t  
5

i u t u b i ’ i u u  s - l u ’ -  t t ’ t t p u ’ m n t s , , eut ’ I ~ & C ’l’ i t -  u n I t , , — ’ ,’ ‘c - h  ‘ - -

t b , ’  re- Il l s - c ’  t i c  l Ime ‘ e m s-t b c t  ‘s (u i ( ’ in g ,  u b e ’ I ’ i n i , ’ n I  u s -  - b u m -  t u t u ’ ’  u’s l i e - n ’, ’ s-e c u  n , u I  and l m u p b u  c - u ’ u , c n ’ n ’ s , . , , , ’ -u a

vi  — ‘ s u l u l c  e ’~~m ’ u b c ’ u I  he ’ s’  i’ c m i c ’i n g  -u ’ u ’ u , , b i ’ u n n s - . in s t I m e ’ t i — i ’s -t i n t  s - t u u u l c - C C l ’  i s -  r i u e ’ , m ,’u t m r ’t - n i  ‘ n — o u r  u t h i m ’ ’ m ’  I 

u e u  n h . ’  t u r in ’ ’  ‘ s _ b  d c - t m ’  ‘I, , ’ ‘se’ ,m c ’ - t ’mm m’m ‘i nst s - l u - c’s’ -— .—ui pnes  (if l m c ’ m ’ u m i b i m ’ i t \ ’ , , \ n u l u m ’  u r n s — u - u  m l  i s - m u m - i n t l , . ‘ In ’ ’

i n i t i a l  p l m - t t , i I  I s - i i ’ s ’S r s mu ’u’~’ I i ’ h o - c u l l i - i l  c c _ j I b  l u , ’  p - l i m I t  c u-u s - b u l l  reI ch ‘ s u b ’ .’ s - p n ’ m ’ L  ‘l imit - ,  ‘‘
‘ ‘ ‘ I : ’  ‘ s ’ i l , u ’ t i

! t u  ens ’’ - m u  b c e -  c _ s - m i  c l  e ’c ’u ’m I s  c _ t i l l  Ie,- n i u l  i t — i c - I l ’ b u m  a ‘s- i t  ‘ c i  ‘ m n  m l  u , , rn ’s b h i t i t  1 ,-c t n t  t u , - 1 ’s’ ‘s’s , ‘ : ,k ins  t i e  p - lu  —

! n ’ , ’ t I , t , ’ n u i ’ v m ’  n u e - r ~~\’, ‘ I ’ b , c ’ r ’, ’ ‘ n m ’ , i l c - p e ’ m i u h m n g  , u n  t h u ,  , c , u u m e u u n s t  m c I  si - c e i n s i l  s - n i b h u ’ s ’ h i m ’ n ’ t m u t ’ , ’n t , m m n t  , - , t h  c -  P .

‘iii’ t u e - i ’  n u u . - t e - - uu m ’ j u u p - a’’ I m t c u m 1 u i ,  -- ‘ ‘ c m i  ‘c’ s - m u l l  in  h i  fb ’e ’ n ’ m , ’ n u b  \ (  i ’~ c , e l t u e - ’ , , \ l - , u s - u u r u n u ’s, \ C u b  f i - - m u r ’  ‘ , u — u l u h c ’

i - \ m - i t , e b  ‘ - n m  c m l I , , , ’ c- n’ ‘ - t n t ,  u t i t s -  ‘ s t i l l  I . - r b m : e l u s -  r~~~ u i l t  i n c  n n c c e u ” ’  j l c - n - u ’ ’ ’~ u t t u , l b l ,c I i t e , i ’ i h  u ’ u ’ ~ - r j n - c - I , , t i , ’ t i

of u t _ i t t , , ‘ce- hi c , n ’ c ’ ; i _ s mu, t ,, s -u_sriu u m _m \ (  i l ’ ‘ I i t - e ’ , ’ i l y  ‘ t o m  ‘ h u e ’  c_vas’el’i m r ’ nn i  c c _ i l l  r - c s - u u l h  in I _ h e  ‘,‘, i u u - - b u  , - , u n n

j c c i s s - j I c I ’ ,’ s - huc , ’ m l  r n i c c i ’ m -  I m p - b i t  ‘ ru  t h e  t u t i u c ’  , - c , c n - s - t -  , m f  , c r’ t ic u l ,c t mi n’ ’e’ u- c ~i- i t t - i  in  t h t —  i n ’ m m i b u ’ i u i m n n  d l i  b u m _ _ c ’

s - I c  uri s ,
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( II l ” I ’ L I t  S

‘-. I ’b ,t ’i”l(_ \ b (‘lh \ I t \(’l’l b l i ’ ~ l ’b ( ’ h-~ , u l - ’ h : ’ u~u ; l  l’ —~h l  l-I’I ’ e t l  — -

T h u s -  c l i u c ptt ’ r rt’ 1 , , c u ’ r S  , e u u m ’ f i n d i n i c , i ’u ‘ ‘ m u  t h e ’ — I - ’ ’ ’  t m ’ s - I  ,- h ia u ’ , i m ’ n , ’ u - u s - t i c - s -  ecf m - :n g i  t - l u  — i m i j ~ s, in 

—~‘ c’ ’~ ~
‘ - ‘ -

~ 
u t u i m u r , c s - m u g  t t i e -  , ‘ m , I I c - , ‘ m ’ ‘ I , I ’ , l  i n t l  I b u  c- - c ’ s ’  e ’ I m u 1 , , ’ -b b t c , ’ u l i t ’ ,’ e s  m l ,  —u c r nh’ ,erJ e- ,, n ’b u en ’ _

‘ I I t , -  - , ‘ , ,  — c ’ ’  us th e s-s-me c ,u t Ine’ ‘ e m i t ’ u — c - t in  ‘ b u m -  J u n e ’ s- moe - i s -  m l~~i I~i c ’ u -

\‘c b u e ’ i ’ c ’ ,i i-c t I n , ’ l , ’ t t t l u l l t ’ 1 u . b m , i r a ( - t e r l s - e n c ’s- o f ‘_ t  m i l l ’ s , , - , t i m  in t cs d e s - t m -c , l , r nc t - ,-,t amid ‘ s ’ i m i c u n p -  s - r u — c - i

t u — , l m t c c c ’  h u e - c - n i  s -u u d i e d  e ’ x t , ’ n u s n ’ , e - I ’ s  u i - b ,  t h s i ’ m e u i g l s  u - - i ’  l ’~u al  exp t ’ni nn e n t s  u s - d r u g  s--c-r u t h it ’

In e m i l c n u , c i v s - i s -  i f  n t ’ s -h  t - p c - c ’ ’h dana , t i c -  ‘u 1 i c - , ’ t i t c h  , - h i . u u ’ :cc ’ I e ’ u ’ u - _ t m c S cl t i m I  h u , c ’, m ’  b c - i - t n  ,‘ u u i j u m ’ - t

p n m m t u u — i l v  i n n  t b c  c ’ - ’  i t _ I  I l l ’ 1 ~-‘ ‘ m ’  m r n n . ’ n u t — I i , m k u n n p -  ‘m e n’ b u t t ’  i ’ l m l i u t l l l ’ e’ u n n u l  m ’ m u - b , ’ m n t  a r— d u o s - l i ’  ril es , ‘1 1, - u- -

, m ’ ’ u , ’ ’, , t t u , c h  , ‘ ‘ i t m c ’ r ’ m n n u m ’ u u I u -~ l i i i ’  c -x a rn up l e ’ , ( m ’ t ~ l i ’ n ’  i t  c l . ,’’ S t e - ’ s , - n n n - c  u n , , 1  - . 1 , 1 1 ’’ ’ ) u _u s c- a i n ’ t - — u t  m - x c - l u u — , u c c - i ’ —

s ’ s u t i t ,  n u c ’ s-I u c ’ c ’ m I n  m c i  e l .  \~e h u u I , -  i t  i n-’ t r ’ , ue  t t u , c l  i t , -  s - ’ s n u t b , ,— s i s  ‘ ‘ I t t  n ’ , ’s , c t -  e c h ’ i e ’ r n r ’ u t . ’ u l  t l u n m , , t i , b

e cu r m u - i  m u d s - t i m ’ I - I n -  ‘ r u e - - t i c  k mm iec e - ’ ‘ -  up - c’ - s- c -nit  l i e - ’ , , ’ spe c h s - u i  p- ht sm ~m u m  - t u rune - - s Ic e - ’  un  ‘m i - c ’  i ’ Ium’  s - i i t~ h - I t t  t i ’  - c m

‘ ‘ c c - r n  e ’ r u ’ , u t t c ’ m ’ l ’ ’, , , ‘ c ’ I t ’ i ’ s -’ t t t , 1 t u u m n u  e m ’ r is e u - c - al  m b , m r t e , lime-- i i ’ m l u i . - n u  l i t ’ s -  b c n t h  in  the lin n , ’ e - - b s-u ~~l ’ ’  m e l

t i-sc— - b , , l ’ s e  , — “ u , u n n n u m i , - ’ I  ‘seo u l t t nc ’~ m n n , ’ t t u m c ’ h s- hi ’ s’  ii l u r u ’ h  n t u i ’’,’ ’ . ’, - ’ , ’ i ’  , n n , , l ’ s ’ ’ s ,’’’I , \ I c i s - n  es-f n h ,  l u s t  ( e i ) , — t ’ m ’’s n i -  ‘ i t S

s- n i l  ms i e ’ , m  s- u i  u - c r u t ’ ’ t u l  s - ’s ’ s m - t ’ c-  i t t _ i - i c ’  u rn  i u - e l  r e-eg n - :i n n i t-- , a bsich a c ’ s- c ’  - c  ‘ ‘ c ’  i-v h i  n n u t t e d  ‘ I ’ s ’ t i , e  n u , i c  n ’ t cnn g c ’  i m  -

r ’ c - b - r ’ e - s - t ’ t t l  — p ~- u ’t r a l  in t e n t s - s - v. I cc - _ i C i n g  h u e ’  e ’ \ ’ s e  c - n t ’ ’ u’ i g u t ’ n i m ’ \ ’  c c f  a s I m ’ I -  l u u c n -s - b f m - c d- rn n h , ’  s ,ec -i  t r ’ - e r ’ c m i

i s -  ‘ - ‘sr n ’em, - i c ’ - h i i ’ t ’ u ,  ‘s u b ’ , u n t i l  u i c ’ - l u m c - i n g  the -’  _
~ ‘, ‘ , n  n , e l  — I t  -p ’ tet the  reh . ’ t , s - . -  is ne xt b u m  i m p c e s - u - c m b ’ I ’ -. I n

, e - I u I , t i , , m , , t he \ ( (  c i n ’ t - u i t m ’ c -  i n n  ., ‘- I’ ’ ’ ’ I ‘ u p n _ d eli  n t , , ’  h u , r u c ’  b ias l e - n n ’ i c ’ n u u - v  I I ,  i nn - ’ -  - ‘s c ’ t h e  h u m ’s-’ i n —

‘ m - n s - t I%’ ’ - l I , s- u t ’ s’ t I n e ’ s i l e n n c -  j n t e ’ m - - ,’ a l  b b u , - u - c - I u v  m u c k i n g  t I n e  hurt -u 
~~~i ’~’ r  to be m m m i ’,’ m u ’ s - r i sc n b m : c n n

ml ‘ c u e  l i v  u s ,  i,~~i u , , , u n  i t c h ’ s , ’  d u e t , ,  , ‘ , ‘ l l e ’e ’ t e u h  f u ’ ’m u ’ i i  , ‘ , ‘ , i I  ~ c c ’ , ’ h ‘I~e Ia , s - t i c - h  cs -  these ’ u ’epcem ’ted I i , ’ , ’-

i n ’ ’ ’ t , ’ - , h u , ’u u i u I ’  I i ’ , nc -e - ’c’ssu_m t—v t i c  s - t i b m s - t ,m r , b c _ c u m  , e n , i I  , ‘ c c  m ’ m’ - - l ’ - - u ’  ‘ s e t , ’  the’ l u n t d u t u g s  oh t i c -  ~nc i ’m I n t u u a i

- s - I c c ’  r i t a - t n t

‘ l ’ I o s -  e b u , u i l r m ’ u ’ - ‘ ‘n ’ ’ uu ’ m ’tc he - ’ s m n Ic _ c_ u i : e ’ _ I m i ’ I ’ Is- ‘ m f  t i m , - s-bI l l u ’e ’I t ’ .e ,se ’ n u , i u u , , ’ b v  l i t ’  p-eu’s-k u n n t i ~n t s i l ’ ,’

m n  t i me -’ s h u e J i  i - suit - -u’ ue i ne ,1 he s j u - u ’ n n ’, c I  m h u , m u ’ , m ,  i t ’  m’s s-I c c — , c c l  t h e  s - t h u  10 m n ’  I S  n u t s - u ’, ’ follo ’sc’ u n u g  t I ne a - i t - u — ,,’ ,

W e  uThu cH h i m - p - i n n  F m v  f i r - _ h  d e f in i n g  the - ’ u , , u - , , s m c u ’ e n m nenut  us tha t  ‘ sc _c ,’ n - u-  made , ‘send lice - - n cm. ,s h mtc hl l it - c- sc -nt

It s , ’  u - i ’ s - i l l s -  and ujis-cuss- the-H i’ ini sp l ie’ I n t r o ’ s .

5 . 1 \Ih \ ’-’ b R b , \ I I ; \ h  i~ . ‘t N l )  l ’ I (  b l N I Q I  l - S

l i e n ’  n ts ,u u ’ m ’ u t , , u t u u b u ,’ t  m u f  t h i s -  c l u t c h - t m - n ’ , - ‘s c ’  sb u s - l I  u s - c  h u e  term h u u i ’ s - t  frequency 1 m m  d e s i g n a t e  Ihe

, ‘i 1 i m , ’ t u ,  v ue f  n u t , i x i m ’ n c l t u t  s - I ” ’ ’  ‘ n ’ s - I  s - t i l l - b  t n t - t m ’  c m i  ~l u c’  s - h i t - i - b  n ’ i u m  computed n - mini the first 10 to 15 ms-i- ’

of l int’ ,‘, , m ’ , ’ , ’ t ’m u t ’ n t ’  f o l l m ’ c u  m u g  t h u d ’  u - c - I c _ i s- c’ , F u n ’  e t i s - p l a v  amid nneuu &ctu r ’ emen t  p u t ’~ u~~st’ t- , t he  u’ m u n u ’ s~ m u u t t ’ i I

s u i ’ - ~ n r u r r n u u s -  p,, c s n i  n u - p l u a s - u z m - l  c_ c I l ,  a l m ’ c - q n  i c ’ n i c ’’, u’ i - s b i u l t t s m -  s u n u m i a m ’  to tha t  of a c ’ i u u , v , ’ u u b u i , n u u e l

- t r e i p r ’ , d l u l _

h I s - n - u n “s J u c ’ u  t n — _c I u m t u , l , t u u m _ u b  t ’ m’ i u r u  I i t m c ’ , u r  I t ’ e ’ c h u u u s - m n  m u l ’t , ’n i  shuc ce - ’  sham—p - l ee - I - b u ’ t c l  peaks, ‘T he n—el—

t , t i c ’ c ’  sh a m  l , t u m ’ s - s  ‘ i f  n b r m ’ ~~m ’  s - } c c ’ u - t  r a l  ~n . ’ e k s  i s  a c i t  ‘ m c I Conn s e ’ m l u u c ’ r n e ’e -u u s f  u s i ng  l inea r  predic t ion  as t i

ra l s - m n , i c c m t  i c i n g  I c - i n u i j u t c  u \ I m k l n i u u i l  t end Y. e I f t 
~
‘ I . In any cause ,’ , we are n b c  m t ’ s-ted in the f n e —

, 1 , u e n n m - c ’  I ’ m  , c b j m i r , s  , , ‘ m u m  m m ’  c -t n ~- n ’gum- e ’ u c n -en t  t ’t m t i m c n u s , num b in  the e f fec t  of the I n - a l  sp e c l m -t u l  maxima ,

c h ’ i m n ’ t’ , u t n c -  h u r s t  - I ” ’ - I ra c o m p u u t e ” I  m s -mm b u m u , ’ .,r  ~‘ n ’ c ’ -  i i ,  h e m  t u n e - ’  fu r the r s - n n n m t u i l h e u l , u s ing  a

3 — s - ’s e n n u p l c ’  u l i g i t m I  b u i u m ’ r , i m i m s i n , u , e ’  t h i t  s - t t c ’~ I of the high — Q poles. This final smoothing e - ’ n u , i l u l , ’ —

u i  t i  i i i ’  ti le -’ t he  m u i r ’ s - I  I ’ ‘ c - i 1 - , , ’  i n ’  v n ’e d l e u , h m i ’s’ l h u ’ t i t c p hi a u’ic ’ m n u u , munt , i tun a tim - process whe re the pr ogram il

: m m m n , c m m n  i i , ’  m i l l ’ s -  I m m , t i R’s- and i l i - ,I i u i ’ s ’ s- ‘ h u e ’ l m m m r-st b ’ u - d - J u i c ,u n -v  and the m i s - e n ’ i - _ t i m i n te r a c t i v el y m ced i fv

t he  , - m ’ , s u e l t  l u - t m - u , ’  f i l i n p - .  t ) ur ’  c - ’, e u - i c ’  u t ’  hu i s been t h u m b the m u c ’ , ’ t , , s j m c n n s  where user in te rv en t imens  is

t m , ’ c - m i e ’ ( j  t m ’ s ,  h i t s - u n  n - a r ’ ’- , ‘ c n n  t t u c ’  - mu t i e - i  m c I  ‘ ‘ m m ’ ’  ;~ c - m c ’ c ’  n u t  m l ’ c-rui n i la t r i  s e - b .
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l i i  i s ,

I ’ ,~, S I . ~~
u m u  l d’ ue c i te  

- P7’ b - t u ’ s t  l t d  l c i ’ t ’ u u ’ c ’  I - u ’ s ’ , 
~~~~~~~ 

_
~~

i m- - t ~~a ‘ ‘ I c - I ,  i o u - — n  ta t - , ’ - ‘ n ’ ’
- i i i  m l , ,  tc  ~t c m ’  I ’u m u  ‘ ‘ , u  t s - m i m e’ ,t l 1 n i p .  I I - t u b  - - u ’ m u m -  u i - i  t u r n , - r I~u n i b  ‘ - n u t - ’ -  ,r - u t  u I - - u t ’ - a

- t u u  I ,  - t e l  - -us b m i t  — l t n ’ c - , 1 i c m  - m i i i . m i m I  n u te l, ’ ‘5 I ’ ’ ~ u ’  — 1  tu’ c’ n 1 ’ , c ‘ m m ’ - -

I4IIII”~
’

~

’ 

I t ‘s ’s. S - t , ( i i m u ,  I~
u c i - , i , - ‘ - u s - h u b .  c ’ s ’ ’ e b ’ I ’ ’ -  - g u m’ te

- ‘ u l i i i  i t— I m mm l  I t  c ’  l m , ~ I ‘ ‘ ‘ s l i l t ’  - ru n ‘ ‘ I  I- . -
l I i i l l ,  s - h~ - I I I  h i _ i c c  - i c ’ - i i  s - u n , ’  m c m l ’  - e ’ u h  - n b c ’ — r u t  —

c - u ’ - i t -  , — i n  t e u m u l I u t u , i m ’ i s -  ‘ s e l t m e c i n  ,_! - I l l _ u

V
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I i g u r - ~’ ,s “ — 1  d r I l l  —
~~~ - n - c -  , _ \ , m n i n l c l m ’ i_ , ,t  t he I’ ‘ i ’ ’  i ’ i I , m u ’ e u u t m t h e m c e m l  a b , m m ’ s ’ , - , In n  I m g .  S — I , t i m e -  hu m i ’ s-I

I t ’ , ’ , 1 u u c ’ n c t ’c ‘~~ ‘ ‘ ‘ -  ~~~~~~ c - ’ . - i  n I - c  n i  the 1~~’ , e L  in thm ’ c e n ’ i g inu el  s l u m ’  I rum.  l ’hius u - l i m e _ l i m m i l u i ’ t , m ’ 1 -  u - -u

u , .  ‘ ‘i c l i v  ? h c ’ , , — m  ‘ 1 m m ’  c _ e ’ l t e n ’s, l’ ’ ec ~ u l . ’ n i t a h s  i s -  s - hn ewn in F ig .  5 — Z ) ,  the b u r r _st n ’ e ’ u 1 , u c ’ n u ,  c’ t cs

, i e , ’ b ’ u t  , c ’ ’ I b , i - ’ c, , ‘ ‘ I n n cl int-c nu r t c u i e n u m  i l , ’  a u t h  s - J m c ’ m  t n - - i l  pe aks-  in s t i m e ’  o r i g i n a l  SI tc ’ ’  I i’ s -nfl .

i t t ,  ‘‘ i b m , ’  cii ‘ ‘— h  h ’ m ’ c- ’ 1 ’ . u e , ’n n m ’ ’ ,’ i s -  I i c m ’ , c i , ’ , b , the u t m I i l  I I  u c t l ’ ’  of n I n e - b - u j n ’ s t  is  s - i s - u ,  b e l t ’ s  u ’ n u m u  n u m b , is-

— h i c m ’ s c _ i i  i ’  t u - _ u i -c . S — I  l i d - b  — .~, b - - i n ’  l I n e -  n - u s -P c ’  m u f  m ’ m u n u ’ipue m ’ i s - m c n m , n n m , ’ t e s m u m - e nme n l  us  s-Is - i rn i - b c ’  ‘in t I m e - -

~u mp i i t m m m l e -  c m l ’ ‘ I t , ’  I ’ ’ ’ ’ I ‘ m l  l e e - uk  m i t ’ the  f ol l o win g  ‘ _ - ‘ s c - I  in t In , ’ us tun ’n — i e f n ’ , ’ i 1 i t i ’ t u -  ‘.‘ u -i ’s’ ‘‘ u t ,  ~u - I m e ’ ‘ m’a l

i t  - t 1 , 1 ,  c c l , ’  I - ‘r l I m e ’  ‘s u ,’s’, c - I m s- u u u ’ m  - I c ’ on h it’ s - t n t ’ ” ’  I he’d s-l Ie’ ‘I i’ti rim c u  m u m  t I l e - b at  n l u  - m imi  - h 1 m m ,  u m u l  m l ’ ‘

‘s ’c e i t , ’ l .  - ‘ ‘ m i ’  1 P m -  u i ’ t : t  u n t m , i c ’ u ’  of t h u s  c b u z m l u t m ’ r . t I u , ’  t m - m i m i  h u m - s t  t m t u u b , b m h t , I m ’  is us - cs -u i  nm a n c - h t m l , ’ ,’, s - c - n u t - c ’ ,

‘ l , - t ’ u r n , - , t  ‘c -u I t t , ’  u I ’ ’ s ’ m ’ r ’ u - n m ,  c -  l i e — I c ’ , ,‘m ’ um the lnu i ri t ars’iphu ’ ‘ b c ’  - m m i i the  ‘ s - c u e - e l a n ’ r n h m l u u  t m - i c ’ , -\ I m m m ,_ u u i d ’ _ ’ e- ‘,‘ , m i m r e

a e,uil d ins - b u m  ti le th .mI b u m ’  bu r st i s -  higher in u l m J m l  m t m , ’ l c ’  t h t e n  the  f o l l ow i n g  - ‘ i - - i - i ,

I u p - t i n s -,’ 5 — i  - ‘ s lu t ’, _i t h e  i -s mu t ’ s- sp e n d -b  rui n-n s-b um ‘s m I  in t I n , ’  — c ’ I l , , l i l c’  / d a ’/ .  The t - l I m ’ I ’ t n ’ t m rn u ’ t In s -

f l n u d j m i , u t i t  ‘ m l’ ‘ l i i ’  e- ’o’evel i s -  u u 1 m c - i ’ c r n ’ i p e e t ’ c t ’ t i , i— o r t l m u s  e x t d u u t l m l c ’ , t h e ’  h m c n ’ s - l  ,i r r , l , I i t u i m l c  u n - u - m u ,  t h e i r - i l i - u ’

c c l ’ —
~~ 1 b u .

m ’ ’ - c - u - t e l l  b - ( \1” t  am p l i t u u d e  of I b m u -  h u t ’s- I i s -  . c I s - u m  i u u m ’ , , — c t u t ’ t ’ t b  in t h i s  —, l i i m h i ’ , ‘ I I n , ’  lt ’u I ” m , m m u u l m b m l u m n l e - ’

i s -  u - m I m I - ‘ u n i ’  u i t t  t i me b u t - s t  1I~ to I S  m i s t ,’, ’ of tIme, u ’ d t i c j h  i ’ u , u l t ’ t c s , ’ , t c n u ’ l  i s -  n u m -n ’s a l i , ” c ’ t b  t m , ’ 1 P m -  t r i m x u t u t , u t n u

}-t\1” t e n s i p l m l u u ’ I i ’ l u r e ’  tm bu ,~b i c m - zence ,  A l t h ough the  n n s - a x i m n n u m  b t \ l , -’ u s - l u , ’  u s -  c h u t e ’ , s u e - ’ i t t m u n  then

‘ c -  _ s i ’ i l  ‘, ‘ i t ’ ,’s ’ m ’ I  t I m e ’  I u c c ’ ‘ t e n  of the m a x i m u m  n - te n-ely o c c u ir s  at the  m i d j c m m n n t  m i b  ‘hi , -

~aZ  I t h , sn ’ I , T l ”

I b m ’  ‘ ‘ I t s  p i ’ e - u c ’ n t e ’ u I  in t h i s -  chapter are p c m c m l e - ’ u b  t t u-m’ im s-n’u s- Jm e - ’ Pc ’ u ’ s  ti rm ul ‘cs m cn ’rh in g — m - s - s u i u t m ’i ,

( ‘b a u m ,  t ’ r ’ i s - t m C r - u  , m l b t  u b i u l t u b l e  t t u  inne m ’ u’e peakei’ v u e t ’ u t c t u u ) n u s  w il l  h u e ’  d i s - u ’ i m n - u s u ’ ’ b  w h e n n i , ’ ’, m ’ r c I l l t ’ l r ’ u _ c ’ ’’ ,

I t  s-i n i l  I e l s e ,  l~ m s u e ’ n u t i u - n u e ’ ’ I  n b , , i  b Ile m ’ e ’s- u u l t s  cnn s t l u l u - u  i n  m ’ I , u s - I e ’ m ’ ,u m r - c  , m h u b t i u t m c - u i  f n ’ ’ ’ r r u — c “ s n ’ s n u m l l e n ’

u , c u u n g b m -  I b u , c n  ‘ b u m _ i ’  cnn n ’ u s m u g b e ’ t n m u i  — _ b 1 I I u -u ,

S . -~ . I ‘-s-n p - I c - I - l u ,  ‘u- ’ u m g s

I I c - u - - i ’ m -  g t - c . -i m ’ n u t i m n p  d l i v  , 1 , t t c t t t j t t u t u ’ , c d aIs-, ml u s- h u l l  u s - h r  ,, c t m -  t I c  e ’x , m n ’,m m u u u ’  f i r s - b  s - m m m n u c ’  - 1 t u  , I m l , d t ’ ’ ,” ’

c-h a t ’ , e ,  ‘ e ’ r u ’ s t u m ’ s - , , l ’ !u c  s t c m j m  m ’e - - I e t c s - . ’ s, ‘ u ’ s - u n - c’ S- - I s - h i m ’ s - s the u_’ e ’ n m c ’ i ’ , m l  s-p t - i  l u - i l  c h a u ’ . m m ’ t t,’ r i s - t m c s -

.u I  s- mm - ‘ i - I i ’ s’’ m u  ‘ I / and ,‘ k - - f c e m ’  t ue-- me uh t ’ t e ’ n ’ cu n l  s h u c n ,e k e ’ m ’ s , ‘r he çei , ’ l u u n ’ i ’ ’i u r n  i - u p ,  5— - b t in - u’ n n u l l u l u b u ’ _

ui - ~~’ t u i ’  — I n n s- , , l m l , , u n u e - ’ i b  i ’ m i t t ,  ‘ s u t u m n c ’  I c u n  e ’ , s - t i p s -, Srns m p the  I t s - n’s - I unten u -u n ’ s varie s- fn - ,m m u u - ‘ i t ’ ’

‘tt ’’ ’n ” sm ni ’e - ’ h e m  , e r u m i t b m c ’ n ’, i l l  ‘, 1u c - i ~~~~ i ns  b ug ,  5- - n I i , - , - , ’  l i - i - m u  u u - - n ’ n u m , , l u , ’m ’ n l try t h e i r ’  n - c ’s -pc- - u ’ s  i , ge-none’ ’ n-ic

a — , ‘rb -~u s u n m c n ’ m u m , c l m  m’s- ’ ‘m n ’ s j i t ’ c e m ’ e ’’hum ‘n , ce-’ h iu ’h  ‘ m ’ n i , I —  ho n ’e ’u lur m ’e l I m e ’ c u u u h m l  u n i t , l i ’  ‘ I ,  i n c n - e r n I e - - us urn - - m u m . ’

‘g~’ u ’ b u e  , c u u u b  J u i ’ l m i P u m  c -  a cl - nc r d l u s t e r i n n p ,  m s - u - c ’ ’ ’  I s - n r u u ’ t l v  b o r  i l c s - l i I . m V  hnuU’ P oSe s-.

\ b l I i c u i p Ii  the  ‘ ‘ ‘ U I - r u m  c’ I - ’ ’  , l u u , n n s- s- f ‘— I ’ ’ ’ ’  t ru el m ’ u c n u e - c ’ r u ’ u ’t u h e m u n s -  i - t e n — c’ f r d mni ‘ t u n e -  u- 1- u - k r  u

, e u m c i l i u c r , ‘ t u e  b , s - ,  -1 .4 of n , ’ t c t i d i  - P / , ‘ c t t i h , u l  s - e m i t ’ ’  p’enen’ue l s - j e e s - ’b  n ’ s - I  c h u t e  m a c l I e - r u  s-I i c _ s  m n i u l d ’ l e e ’ n s m b e t ’ s I

c i t  s j mc ’ . i k e - - r ., n u m l , to s - c e n , u ’ ’  , ‘ x u , ’ i t t  e’ i i m m n e x t ,  I I , ’ - 
-
‘ / h u m n ’ .s - t —  t i re , in  genera l . t ’ t i l h u e ’ r ’  I i m ’m m , u , l l , , I u n ’ b

c r u m b  m , m ’ i ’ n i J m v  I u i ’ i n s u t m m ’ i i v  the h i g i e — u i ’e-b 1 t de - ’rim-v u ’c- u _ ’u m mr l c c l ’ the m u ’ ’ - ‘ r’unu , s- ti ’s’, t cbc nv ,’ ~000 liz , I t i c ’  P

l c u m ’ — n s -  ‘- I l ’  I C - c t ’ , ’ , , , - c l V  chsr - c — i m n u u i l , e n ’  “ b m . e ; c ~’r’ ~ I c - pen i dun g on th e’ nate- i re  of I b m ’ ’  ‘ I i i ’ ,’, u n u p  ‘ s - u - c c - b ,  l’he

b ’ t u t ’,~’t - ‘ ‘ a k 1 u m ’ m ’ i  ‘ ‘ ‘ l u t u c, ’ , m h r  m m m ii ‘ s , c ,~ c i  l i _ u -c me nm m , m r e  u ’ i e u u , ~~u . i u  I -~g~’ I n - i l  s i m c j ,s’ I b i t u i m  the l~~~ h u u m  st-

and 11c c ’ l u - c  s - c e r n  of l~ i I t - m m - -u n i ce uu  t hin n i i d ’ b t ’ c ’ q m m t ’ n t m ’v r ’egion. I hue ’  h m n , m m ’ s - t of a u- k 1  1 t ’c ’ m ’ - l u m p t u

P ’ ui k . ’ i , u c ’  I I n , ,  — ‘i s - c _ u , , , , ,  I s - e l i 1  — h u e  n J ’  I,xi’sek inn t Ime 1,m~ ’—t m ’c’ c J uue ’n im ’ v region. In  t i m l d i n  u~ u n n , tm e ’ u ’ ’ t , u  I r i

- - ra l  ;N’ .ek at high fi ’. ’ m ; n i e - n m u ’V c - t e n  a l w t m v s  be - e l m s - , -  u ’s -e l for t h u . ’  hack /k , / 1  i’m , l I n u s  — , ‘ c - em nd uc  m c

peak , J t c - ’ s - c nnu m i c l v  ‘ sms - s - , c ,  - t s - m I l d  b u n  3 / - C ’- W c ’, . ’ I e ’n m g t m n ’ , - u , c n u , d n u l  c ’  Of t n , ’  t u ’ , c n n t  i , i ’, i t \  ‘ u’s -ev en s-
t 

C ,

h t c —  ‘s’ e ’ n , ’ ’ r , m I l v  i c - c n n  i g n - - u ’ ’ - b  in m l . - - .’ m ’u t c i n u b , ’ t m , ’  /k ,’ h m t u n  -tn , ln ( ’ i u c , ’t i i ) f l  m c I  t h i s  , e , h i l m t u u t n u t i l  i cc - _ ck  bc _ u —,

h e - c - r u s - l u c i a  nm I c  u ’  p - ‘- th q u a l i t y  ct  — ‘ s t u n  b c - - t i m  ‘P ~‘ s ( K l u m t t , ; c c - n - ’ i m n n , c I  c — c e n n n ’s’eU f l s c t e l  m m i i i , .
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I - u p, ‘u- — - , i c n i m ~ tt m , u- , t i ’  d i m s - i d a’, i l  t I , ’ -  I i  - r u - u  - ‘ u t - u  , f t m n i u r  P 1 -

TABLE s - - I
OVERALL RMS AMPLITUDE OF THE BURST

FOR THE SINGLETON STOPS

Overall RMS
Stop Amp litude dB)

/p/ —27.6

/t /  
- 

- 16.6

/k/ — 1 7 .2

/b/ — 28.0

/d/ -15.8

/g/ -16.6

- ~~~~~~~ 
— — ---—- •—-

~~
- - - -



‘ l u ’ s - e n ’  m - - d , i s - t u m U ’  m c  c , t  I - -p .  - - I t m l  c - u ’ , ’ ’ , c - 1 - - ‘ I m i i  i liP t e n .  -‘ ¶ ‘‘c m l i ’  t I i i ’ I - ,  P P - - ‘ ‘ i t ’

c c l ’ n o m e  u’ u s l c ~ - m i c e - e L ’  t - - i s - i t  I - t - - u - I I i , ’ Cm ‘ ‘ I  c c - l u ’ ‘ - - ‘ - St s - u ,  I t , , ’  i’ m ’ ‘ ‘ i l l  S m e t ’ s  t c ‘ ‘ u i l ’ i md -

i i i , ,  t I c u t  -~ t —,

‘ l ’h u m c c c i ’  mm _ c - II \ l  ‘—‘ m n  m l i i i  ( t i c  i ’ — t e l  ‘ i - ,  I icr ’ — I I ,  mm ’ - i’se . t P I c , m l ,  g - _ c m ’ e ’ .11,1 ’s ’  mm u ‘ - ‘ I - - i d ’  h i . ,

m i  ‘I c t - I c ’ - I t u m  t u -  t m ’ e I n , , I - I t t - i  - j — ‘ ,-  - — n u b  i n c  l i i  - ‘ I n ’ ” , ’ ’  nuc u ’ -
~~t I l  I s  ,e,n l p1mb t a l e ’  I - ‘  - u  e - - m b u I

t e n , ’ I — S ’. _ ‘ m i b c s _ I ) ,  n u t , m b — ’ ’ s l t d ,  I ‘ s , ’ I t , t ’ n- I t  c c ’ ,mI,c ciit ‘ h i ’  u -ms - t i e -  t i \ l l ~, , m n m b u  I n ’ u u ’ I c .’, ‘,e- I n c ’ c ’, I , c I , n  m l

m u ’  - _ t  , mt ’ ’ u ‘ - c  I i’  l ’ s  a ’ , - ‘ I - ’

I n n  i t t ’ ’  t c . - . u u ,  a n i p  - I , ’  h iu ,r ’-u ’ f t c - ’ e , e - t l c  , n ’m c m  - 1
~ c I c  I t t  a I , s  u t cc , c  s 1, eum ’ I n b c  - n n b c , ’ u c -  i s -  ; m ‘,‘, i - I c -  i - m u m  mc - u t

e-” s ir  n u b mm m e t  i n n  ‘ I i , ’  , , c I - , ’ — coo - - 
-
~~ mu , ‘ ‘ n b  m c ’ ’ , c m n u ’  , c  - c f  ‘

p it — h i - ,  I t i c , ‘ b u s - I c r u d  b , l u  r .si tn ’, ’ ’ ’ , s-c

r i m ’ ’ II \ h ’— t i  01 1 11 u t  - - us m l  ‘ I n c ’ s-c s-i - ‘ I - u - -  h I ’ ’ ’ ’ - I , . u ,  I n , , ’  m i c e - u -  c - b  I t u , I ’ m m  p t ”  m i t t  ‘ c a l l s -  m m - c  ‘ l i e ’  I ’  ‘ ‘s-I

I n ’ ’ t l t t  1 c m ’ I ,e I’n uc I — ‘
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‘h i ’ t h i s - I r m l ’ , t h u , , u u  - m ’ l u - , ’s- t ’ t ’ m ’ q u c ’ n i c  c ‘ - u  ‘ us — lu ’ - n m  tm I -  ug.  s - - u -, \ -, c ’r , , p m u u p  t e l  i t , .— - .  c l i  i - , ’,

i - i s- , b , c -  u ’ u c ’ t d i ’ m  I m u u r - u l  t ’ n ” ’ u 1 t .it’i ti’~~~’V;i5 ‘ ‘ ‘ m u m , ’ 1  I ‘ I ”  11, - i l  I I , . , \ —  m d h m . s - e ’ t ” s ’ m ” b  m ’ , m r ’ l u m ’ n ’  ‘ I i , ’ d , u - n m ’ , b m m t u u i n n

u s -  4, , ’ , t i ’ d  ‘- c u ’ t e  i- e l the ’ h i m _ l I — l u  m ’ d , u i ’ n u c ‘cc ’ i ’ m t i ’m ’ s i t h  c’s- s - e r , ’ m a l l v  till In , ’ u ’ n m ’ . u — - , u - m ’ ’ I  ‘, , e l ’ , ’ - s  t e l , , e ’ , c ’

b lIPs-  I I  -
‘ 

‘UI , , -  t u  .- ‘ i ’ m I m u u t  , u i m ~ , e l c b l e - , e r s -  I ’ ’  i - c  - I ,  c u r ’ - -  m l  - ( i - I - c e - n m - ‘c s - inn ,, n c r  m m m d  ‘ci t h e  - I i I , c  in

s h n e i ’ ,t -c t h u d ‘ h , c ’  l m , ’,m, c ’ r  - e - -~ b’s u r n  t i n , -  l t - u ’ I i  u t - u t s- cu is - (l dt ’ c ’l’lI V n ’ , - L , n e - - b l e e  l i i , ’ a t , -  u i - u - i a ’ t i u _u m ’ , u t t u n ’c’ ’, m e l

‘ I n , ’  “m d i e c u ’ , I t - ,,’ ‘s’ c , t u c I .  I ’ , i ’ I t m - b n n u s -  I t ’  d’ , e u u n m ’ b c ’ m l  c r u d  m l  , ‘ - ‘ ‘ s I m ’ \ m ’ ’ l  v c m ~e - c ’ I s , t he - ’  u m u c - , c u m  l t u r s ’ ’ i ’ i ’ u l u c c - t u

h’s -n -  I ‘ s u t e s -  l’m m u i n t l  n I , . - I - d u l l  II, . , ‘ s e - bum - i ’ m  c s -  t in t- I t c h ,  b i t , i ’ -’,I I u ’e ’ - 1 - t e ’ t u f i t ’ I t  I , , , ,,e t ’ i , , t i t , i c ’ t

I c r  i - c - I t  - - ‘ b c ’ ’ c, u ’ - i  can e - I - - “ s - e s -  I’o em nd I I ,  tm I m l c t ’ I m \ ’ t  t n m - i ’ , b b i . i O I I , ’ , 1 1 m m - u t ’  l w ’  n t , ’ , m t t  \ , , l - u c — e ’’ - r ’ ’c —

u - h I  in I ‘ s e - c - l b  ‘se- ut h I t , , ’  t - ‘- - - I ” ’  - I I ” , — u in I mc - t i n  u- ’ m - m h t m l u - _ t m ,

F lu ‘ t u e - c’ -, u t - c ’ - ’. l euu n — I  t ‘‘  - I u i - r u ,  u ’ s -  ~c i i  u / s-re I - m I l e ”  - I’h . c I tnnnct mu cr s m l  I I n ’ ’  P ’ I I i  c it  i m p ’ . - - - -  I -

cii ’,’ u - m u - i ,u t m i n n  i - m i ’ , S — i , II - u t ,  b - c ’  s - i - c - i t  t I c u i b ’ m u r s - I  l t - e ’ m 1 ’ u , ’ I i ’  m c ’ s  h i m  I l i l t ’ ,  c u t u p  i’ m - ’, t i ’ I e ’ ’ i mr n - c-I

‘ b c ’ s - n i l  , , ‘ c ’ , e ’ l s -  s - u t -  , - c m n s - u s b , - u u l  l ’ s  1 , - u s  ~h , ’ s m , u b t , ’ i m c , - r u m l l  ‘ s u e - i l  V , m l m c c ’ , Whi t ’ m ’c n , i s  t l m c ’  h m m u r s - 1  f r c ’ t 1 ’ s i e ’ n t ’ ’ m e ’ s -

I - n ’ ’ ’ ’ c - b u m p  t i l l  u - I h u c ’ u ’ u s - i s - m I t - c  t c r c  el-t u e-a-c p’ t ’ c ’ t e t e ’ m ’  ihum n tis,, ttu,’an i- _ chi c.’ .

‘l’he ‘ I t — I  ‘ i l - - u t  m m ‘Ii ‘f l u u c  ‘ -‘I t m c ’ l J u u c ’nu c c f m m t ’  - ‘I / u s -  s i u c i t u t i  in n I - n p - ,  5 — 7. 1 m i t t u ~ i n ” - - I I c , t h e e ’  m I t t - c t r m i i u u —

ti cnn u mf i c ’ b , u n n ’ ,,Is- , t h e ’  ‘ ‘ ‘ n ’ s - n  I n l c ’ t m m ’ v  e I j ’ —, l m ’ m b m u u b u i e n  b in’ 1 c l m  I ’ - ’ ’ n s  t i m  I n _ c ’ s , ’  s-bi l e - I  i b u , ’ ,u n un  I n ’ . ’ —

l p m . ’ m n c  ‘,- , ~c- c - n ’t e g m n m p  ,ccm ” cs - ’- v,cwt’l ,‘ im n sle ’ ” ch , b h c ’  n t u i ’ ,, ru c :i bu n ’ ut ,us- ti m u c n u m l  I c  I c c  . 1  ‘ i t n ’ 3 100 l I z , ‘u s  t i - c

- b , -  c - c  s - c’  f te m n , u l u -  thus- h ‘ - u b ,,t t u i - r u  t m } m , c ’ t ,  m’s -  t u u  P c ’  h c u n n i c d a l  in n u t  u i - c ’ , I ’ I u c ’  t u t u  I t u r s t  I n - e ’c j t m c ’ n t c v

‘ ci p r  - c - -l i ng i ’ m , um nn h ’ ch  d i r  i’m - t i ’’ fl’ ‘ ‘ - ‘ ‘ ‘ I  ‘ s -c cu e - c-I S m e t e s  fc e u und I ’ ’  h i m -  ‘150 I l ’ s  cc b u t  b e ’  I he mn m t ’ tenn  c s - e l -  u t

J m t ’ , ’ c ’ e ’ i l l i c i t  t i l l  , ub i u m ’ r e - ’ e e c c e ’ h ” e  ‘ s e - c e — c  t c m t c m t d  b u m  be b~ 10 lI z.

In i - u ’ s’. 5 — 8  I t t . ’  - ‘‘I ’  I t u u u ’ - I ’ ’~ ’’ 1 u d m ’ f l ( ’ ’ s ’  i ’ d  m h m ’ b t i ’ u b  cs - tm s - rim - h u n , il time’ l c c b l u c s -  u n n p -  ‘ s - — c e - c - I ,  ‘ up - _ u n ,

1 u - _ m m ’, be ‘ — , m ’ c ’ n u t I m _ u t  ‘ I, c ’ c c - i m p - c d bu s- —t b l i - , ’ c 1 t u n m n ’ i e ’ s -  for  , ‘, i /  c r c - m e ’ ’ m u g  u ’ n , , u n u - l , ’ - i  . u u n , I  ‘i’ I ‘ ‘ ‘ 1 1 , - s - - b

‘,- e i ’ s ’e m ’ I ’ , - ‘c  c - , , m c s - m - c ’ , ’ n u l l c  Ic- u s t h a n  b I , , ’ m , ’ s ’ c ’ m ’ , c l l u m , c ’ t , m n  v t , I u e .’ , \ c I u d ’ m ’ e ’ t i s -  l I me , m c c r ’ t e g i ’ u i  t e m u r s - t  f t ’ c ’ t p u c ’ t ~ ’ u c ’ —

I- ’ ’ ’’ ’ l i n g  s - I l  ‘ - 1 1 c c - i ’  ‘ s - m , u e - c ’ l s -  c c , ’ ,’ i ’ m m n m s m ’ - c t c ’ n u l l v  g n ’e ’ u t i ’ i ’  tha n h im , ’ s - m i - . I n I ,
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‘ l ’ h u m ’  u i c — , i u ’ n l m u i I j i c n  e e l  b - u i si t n ’m ’ ,1 n u e ’ u m c  V ‘t m ’  ‘k /  is - sb i ec wni mum ‘ m i ,  ~~~~ ‘‘ _ ‘I t , ’ -  b u m  ‘ ‘ l ’ n ’t- t c , - n , u  u - s  ‘ c m i -

l i ’ s - i t  i ’  1 - m -  - I n  — l n ’ i l n t , u i ’ ’ t  nm t I m , ’  l i ce-’ — t , u  t t t i t l — t ’ u ’ t ’ t h u i e - ’ r t , ’~m ’ r e p - i - u t , , ‘s’ i l l ,  I c - s - S  ‘ b m , c m u  5 
~ ‘‘ ‘ m i - m i t  on ’ ‘ t u m

t i l n m c ’ s e - ’  bm ) l n o I I , ’ , \ c c ’ t ’ , c g u i n p  l I  u - - s -s t u I l  ‘, , c m ’ ,’ t . ’ i s - , 1 1 m m - t , e ’ ,, m c l e e - c r — I  I ‘ u c ’ n ’ u ’ -,‘ ‘, t , , -c h u c t cnd  t i c  P,

c h u t  I I , ’ - I I ’  cu ’ ~‘‘, ‘ c ’ r , ‘ nc ‘ I t ’  l I d  - - - l i t  I me - u I l i u m , ’, ’ i i i  s-t n n u t - I  i)eus-k us i n  i i , , ’  ii u s - I  ‘ ‘ m l  - ‘ 1 , - i t t  - ( ‘ ‘ - — c ’  u - c - ” , m s - c  —

u r n _ c t  l i i  u c  I m b _ c t , ,  ‘ ‘e-’c’ c’ , d I , - c  I lnu c I tim e - -c,’ i, ’ tck u - _ ,, m ’ e - ’  , cg t c u n u c I t  u ’ u b , u u b m b i l i -  ~m m  I h u c ’  t , n m i l e ’ i ’ h ’ s ’ u n m p -  I c .’ c t - u ’ , - — n - i f  ‘ I m c -

b i m l  I ,u ’ su I mu g ‘, , - c c ’  I ,  I I i i ’  u t t m ’  en lie -u ‘ ‘-cl t ’ i ’ i 1  t m m - r u m  ‘s f i m n P I ’ ’ ’ ’ ’ ’ I c mu ’ s ’ I m - -n t ‘ -
‘ ‘ ‘‘s e - -c - I s ‘ se - t m s t - i - u  t t d  n - - I - c -

1 1 , 1 , I ’ m ’, ’ ’ ’ ’  b u t u ’ st I i  c b s -  , m n u u l  u n n — , , u u m u l m , ’ u i  c’ i ’ w c l u - m , t h c ’  t m - u i  h , , t u ’ — l t u ’(’ u l t c c ’ u u m  -, c t _ c s  ‘ c l u u l  ‘ m m  I ’ ’ ’

177( 1 I I  - ‘l ine ’  m u t e - t i n s  i , uo r s-I f n ’ e t l u m , ’ t n l - ’s fcc ’ ‘ IS ,! I - I ’ ’ ’ ’  i- - l u  u p  I ‘ t i m - P  ancJ u - u m ’ c n , u I , ’ ’  i ‘ ‘ m - ’ m I s -  i t s- s  hi it s - i l tic

b e ’  l _ ~ ’m 0  I I , - . l ’ l u m ’ — m ’  b u t - c t ’  ‘ s - t u b e- ‘ u l m ’ r ’ c ’ s l m i t t n t l  c e - - u - I l  ‘ c u l l ,  t I c ’ ’  1e- ’s’ i ’ , m t u ’ i n i s -  of n b c  I bm ‘ c m -  l m c ’ , h l ’ t ” s  in  n i c e ’

i t s - i r i b - - u t  m u m  - t b  l w  n n o I up ’ ,

b u t ’  h muu’ --uI i c ’ e ’~l t c e - ’mtc ’ s’ I m u n  IS , us p h u n t u m ’ l in  I ’ n p .  5—10 1 , 5 t c  t u t u  h u nt ‘ml ‘ I t ’ -  b i c h l - m ’.’, ’ i m m t ’ s  ‘s- m c i - i ,

‘I’ho,— - e’ ‘,‘ , e lm .u e - ’ s I ’ m ’’’’ t _ ’ l , i m m _ m  t i ,  n u t  ‘,-i ’m ’ ,’s’ ,,’ 1 s -  I l l ’,’ : i l c ’ s ’ t , ’,’s t , I u ’ ’ ’ - i 1 c ’ i ’  ‘ i nu c n ‘ I , , -  u u u t ’ - , m u _  ‘l ine-u l i e - ti p ’ s -ill c e ’ s -  i l

- - - i ’  i - - lu mp - l’.m ck c m c ’, u ’ c ’ I us t c i - e  c ’ m u n m s - i t-c I c ’ m n l l ’ s ’ b p s - u s’ ’ - I ,  u t u  l I m e .’ t u t u ’ , m u i  ‘ s ’ s - h u e - , cu m in I b u ’ - u - c ’
b it’ r - u u t u - b c ’ - b c - - ice - - c’ Is bit e ’ s - n nng line —u ’s-a I l i - - uI

l l u c ’ b , c c i ’ m’d u ’u’ I l u u m ’ m m F  V - i , s t r i h m c t m c , n s  f-mu ’ ‘
p- - as s-hoc’s-n in I”ig. 5 — I l , is  u - i ’’, - c , u m , i l u u r  I t ’ tins- u

- i i  k ’ , \‘, m - , ’ : i ’ p - m ’t I  ‘ c c - cr  u l I  ‘s’mu ’,u’c’s l u - - t u t u’ s - I , l h u ,i- tu e - m u m  v s - hue ’ is - I ’ m ; u t  l I t ’ , I ’ b m e t  l i t m u s - r n  - ‘ s d - c -  - m i ’

b - m r s - I ’ m’ , ’ , 1 i c e ’ i m c  V Ict ~ P ‘ l i ’ m ’ t ’ m ,’ t l  , nip - It’ ’ tnt c ’li c Ve IS , ‘ m t  I ’ -  i i  t i p -  I m . c u  P m s - n I  l e n  n - i ’ s - u n - i ’  - I -
‘ -- ‘ ‘ I s , t uo’I

m i t ’ ’ ’ ’’  i c t u p -  I m t u u ’ k  ‘ u n n u l  r ’ m , t ,u nde d ‘s’ u ue - ’m _ ’l s - ’ i u ’ u ’  i7~~0 , 1770 , tuns , l  1 2 50  l I z , t ‘ .- —
~~

“‘ - ‘ m i - c l ’s . ‘l i i ’ ’ ti c - i ’ m ’ ‘s-c-

I’ - l s- i~

cm- ’ ’-

I u ’ s .  - ‘ ‘ . l m u s - t t ’m b - mc I mutt , of bI l e’ b - m u m - s t  
~ ~~~~ fl‘ n - e ’ q U c ’ ’ t I  e- for ‘ IS ” . ‘u- i r~ Li
LL ~~~ LH~ -

I ’ i g .  c — j o  , ,\ ‘ , c ’ , ’’ p - c ’  l u - m i ’ s - I  i ’ I’ e’ c 1 t u c ’ t i c ’’s b u l l -  ‘, I t i m _ ’ I c ’t t c t i  ‘ k mis -  cm l , u n m c ’ l r - u ’ i
- ‘ ‘ ‘ m I  d - m , u m l m ,’\l ,
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F p - .  S — b !  , \ c c ’ r c p - ’ -  b ur st t - I ’ l h c u m , ’ r m l - ’ ,’ 1 - u i ’ s - i s - p - b i n  ‘p c s -  a l’I i n l m ’ I i i , t t
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TABLE 5-Il

AVERAGE RELATIVE AMPLITUDE OF THE BURST
FOR THE SINGLETON STOPS

A ver age Burst
Stop Amp litude (dB)

/t/  2. 4

/ k/  — 1.8

/ d /  —0. 4

/g/  -3.4

so

- - 
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r -‘~~— — —~-~~ —~~~-- — - —

b u m r t - —~ ~u’c ’ u I m u c ’ n c ’ ui ’ s- ‘ i n  ‘gt  c m - ’ ’  p l u i t l m - m I  in 1’ig. 5— 12 as- a ‘ m u m - I m m , ,  of m et ’ ‘,‘ - - -‘s’ m ’  I n - u , t u ’ ’ u x b , I t c m i i r i a m ’ —

c u c , m n m c u f i u u ’ -,. S~~1O m m d  — t ~~ sl ui ” ,e - us I b u , c t  t i t m ’, ’ m , ’, e - m - I  I , ’ l m c - n m u c m e n e . v  c u b  /g/buc ’st is t i , ~ s - _ u r n , ’  t i s  t l i s - t  s-I

IS ‘ bu st ,

The - m c ’ , ’ 1 m m _ c ’ i m u c u - u s t  a m i c p h u l u u u b . . ’s- I ’ m ’ t , k , d , p - ’ /  a rc’s -c t u u u i t , , t c m ’ ize u l  m u  ‘b t e b m l , ’  5 — b I _  I- ’ u ’’ i r t m I _ c h I c ,- S — I l ,

‘ s e - c ’  — c ’ , ’ t h a t  the  “ s e - u - u p - u ’  bu r st t m n n n b t h c l - t ’ t I ’  u m f  t he  ‘s- u u u , ’ c ’ l u - s - ,s s l u u 1 u ’ .  i s -  m ’ u m r i u - m s t e u n , ’l ’s ’ g rea te n ’ , hi ’ s ’  ‘ s t i m u t u l

2 I I I , t h u t c u t  ‘ b I l l  m c i  t b m ,  \ ‘ , c  I c - p t h  511, 1,5 , ‘l ’he b u t ’ s - I , c u t u l , I t t , , u l c c  i s  p - , .,c t l l e r  I c u r  ‘ I t - n i l  m I s  t han  1 - c  u,’i ,’ b , c r ’ .s,

I’he .‘ ,‘s’ c u ’ p- n u b  l , u t t ’ s - t  t c i t u l u l u t u m u l e  b’m ’ m ’ t h e  u l c ’ t i b t m l s -  -, c n m , b  the ‘ s ’ e l c u m - s  u s -  , , I i , , u u b  l i m e  —c , u u n t c ’  t e s -  t ha t  ‘i t  I b m ’ —

- I b m  ‘ c e - d u n g t - - ‘ t i  I.

2 , 2  ~~t m i j i ,, in c- l us te rs

I b m , -  t c e - ’ c ’ r ’ c p m ’  I ( \ l S  a m h u b u h t t - I c ’  ‘if  t I m e  I n t O ’ s-b Ion’ s t u m p ’ s -  in c luste rs  is i’ m ’ n n t u 1 u t m u ’ ( ’ ’ I  w t n h  Ih n , c ’ fou ’

~i m m p  I , ’  I - t n t  —s- ‘~ 
- 5  in n ‘I ’ . c l i p  5—Ill .

‘ I b m ’ v s - l i m e -u s -  i n  ‘I c l u b , ’  ~~— i i i  t c l u e ’  s m - I l l  I b m ’ , -  ‘ i i l ’b ’c - m - c  t i m - i ’  between t b c c u  lu’~ u l : u -  m i u t ç i t I - m u b e - ’  of 11 , , ’ -m i n g l e —
t , m n m  s b m m } u ’ c  , c n u u l  t h a t  u I  u - c l , , 1 , — ’ in - mu st er’s. h - m m - t ime s 1 u u p —  s- l t f l i’ t i ’c c f l t  c b i m — ’ s t t, ’ t  s-, tIme ’ ’ ’, ’ i,s a n m t c n ’ke~ t I

- I n ,  ‘c c — i ’ , h i ’ s’ s l i m s - c  8dB , mr s b b \ l t ’ i t c t i u l u l u l m m d e lot’  t h e -  i - c l - c m - —c , ‘ , e - b t e - ’ t ’ u ’ , u s  b I n . ’ , ’, ’ i t - ,  I u ’’le  c ’ h , c n m _ ’ ,u

in lt~~1~- ,c ~m ’ s p ’ b m I t c’ Ic ,’ for the L i l u - n u e l s - ,  The c ’s- em-a ge ibm ’ s ’ ‘e s-s-c’ in  it \h t- am p l i t ude  5 aiu t iu I 3 nIB t i u r  I I I ’ ’

‘ I c - n u t s - b - c, l- ’iu u- t l m c ’  s - — s - t o p  c h u s l c m ’r s . both ‘ lu - r u t s - I _ s  t end v ’ ’ b t e r s  s -b a -ce - ’  a m l e r t ’ m ’ - , , u s c  in  lt\1 s- ‘a nt i- bu n cu be ’- ,

“s- u t h ‘Ic’ s- I c is having _ c I - u i ’ s ’ ’ ’  t I n s -n p - ”,’ , ‘t he lahials , howeve r , s-h i  mc ’s’ an j u t ’  re t ,  use,’ in b ( \1i’ valmt’ -

(iv 2 ‘ I I I .

I-n p - t u rns S-I I and - 1 4  plot the avers-ge burst f r equenc ies  f,mr n/ in /h r’ - c l u u s - l e r .-u and k/  in

- l u — I t - r u , , re~~l u - ’ t i c s - n b c , is - a f t t m u m  I t ’ t l m  u f  ‘he vunwe l m m m t d h , ’ ’ ,tl , ,- \ b u s u u  1 m b , , b t e ’ h  in b bI u ’ u u c -  f i g m i m - e s-

- , ‘ i ’  ‘ b u i ’ - - - m ’ r e  s - I ”  u t l u l m n p ’  v a l u e s -  f o r  the s - in g l c t c u n  s- b, ’ t i m s , I”igun ’e-s 5 — 1 3  and — 1 4  s c - i ’ s - c , ’  l u  - i I h e - c s - t n ’,u ie

tluc’ c -  I t h a t , ‘,‘, h e l m ,’ ‘ b u m ’  ‘c ’ m t - c  mt cu’kcuI chst cn ige in bum - - i  f requency i n - m u m s - l i m p - b e t - nt  u-’’ ’ ’ l ’ s -  I - u  s - t i m 1 m — c

m u ,  m ’ I u m s - I e ’r s , t h i n s  - I t~~u up c’ is -  in , i n c -u n - e - l a ted Ic ’j  the ’s  n n , m m u u r e  i i i  the  s s - r m m m u ’ t c n h  i n c - t m  b - t I  r a the r  I b n t m n u  t h i n

v s - - e l  r - u t l l t - \ I , S un ’  e this l u b m c t i u m u u u t ,- i  u - u s - ce- t e u s  observed cm i n u ’ s - c j s - u e -’ - n n l  lv  for all the ’s c ’ bus - It’ r-c , “ i- shall

l,x)c’l the ‘ c - s - s -I t s -  acm ’s- s -c v ice -- cl - n I u l m ’ X t  I m m u ’  l i e ’  s I m l l l _ — s - u l I i ’l t ’ t c l ’c i  ‘s l i m s - t e n ’ s -,

TABLE 5 — I l l

DECREASE IN OVERALL RMS A~ 1PLi T IJD E
FROM SINGLETON TO CLUSTERS

Stop—Sornorarm t /s/-’Stop
Stop 

,~ Clusters Clusters

/p/  — 0.2 — 2 . 0

/t/ 2.3 5.0

/ k/ 8.2 3.0

/b/ -0.6

/d/ 4 .0

/g/  8 .7
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n
I m p - ,  S — 1 , \ ‘, m ’ , ’ , c ’s,’c’ I ’ s - u ’ — ’ u ” ’ e n - c c ’ u n m  ~m ’
b e - n ’  I , m t , k , p -  s- n 5 t m c h m ~~5 u c n i i m i ’ s i u t l  c - h u m s - I c r ’ ,,,

I I I  ~1

I I t t  i ’ m ’ n ’ ; c ’ s n e l iemi r n-c t ’ - - ’ l 1 t u m ’ n u i  1, - u, I - ,  — ‘ - - I ’ - ’ - t i ’ - r m n u ’ c l c m . n - ’n ’ s -  c u - c -  s - l i n e - n  i n  I” p - , S — I S , m I ’ m , t p-

n h  u , l c t ’ - u-, u n ’  — ‘ u i_’’ c ’ m m c n u  _ u ’ b eS, I In . ’  tm ’, , ’,  c s - c ’  b e u m r ’ s - I  i n ’ m ’ n 1 u u c ’ n u m -v  t e n ’ I i t ,  t r ’  u I n c  , I ’ ’ m ’ s - ’, e - , m , - ’ ‘ u - ’ u r n — I

u ’ u c’ c ‘ i c - - m i m I  n u t - - u ’ ’  h e m  1 1)00 I I , ’ , ‘l I re , ’ I i n u r ~~I ‘ ‘c 1’ u c ’ u , m ’’s’ I c e , ’  I - in  ‘ ,‘,‘ clu,tm’ rs-

,~~‘u 7 i l  I I , ’ ,I u d i t l v  ,t I ’, ’ c i t e r  t h u t e n c  ‘ I cc ‘ mu b r ’  i -bc - - I c - n ’s- , ~c s- c s - l i n t ’  t m — c - - - u  l u u p - ! ’ ’ l ’ - r u  s - n - I _ c ,

t i , ,  b u r r — ’  l u ’ c ’ m j t t m ’ o c ’ l e ’S h r  l i e ,  c I u i ~~s - - i ’ s -  , , , - u ’ m ’  ‘ - - n m n u - I  I - ’  le e s e m m u c . ’  !Out  I I . ’ l i ’ s ~ n h ccri l Ime s - n ’ ‘s’ ’ i , , e ’

, ‘ e l m t l u c , - l c t m , ’i ca !l!I J l I t ’  t i e r  m l  ‘ i n n  ‘ c b m - c ’ l u n ’ - i m ’ m ’s - i t - b  ,,i , l l m  I l ’ s  I’e m r  1 /  in -‘el ’, ’, c b t s ’t - r s - , m ’e — ,’ ’c’ ’

l i i ’  I m u I r - I I n r c  1’ t~ t I ’  i i ’  — P’u i  r l ine -
‘ ‘ l u , ’ — in s - t m m ! m  — ‘, m m n n ’ ’ r , u u t  I - ‘l u - c l c’ r S s - I n c  cue - o ’m 1 n ’ ’ ’ ’ - ’ m m ,  i ’  ccc r i m s - ,-,

l u ’ ’  v i i  u ’ i ’ s ’  , l u — t u u i m - t m m i n n .  I ’ u ’ e ’ i ’ i ’ - I c m r g  ‘ I 
d 

‘ h u e ’  h e l l ,  - n fn’ t ’u l tue - nuc ’\ ‘ , ‘, m l i m u c n n m j  I t ’  I ce ’  I l~~0 I I ’  fc , r  k(,c m m mi

1~~~i0 l I t ’  h u n ’  ‘p , - c u - ’  d c i i , , I ’  i - - u - -  u n u g  t- n -
- do- ‘c , e l n ,c s a t ’ , ’  l f l( ,t i l ’ s  h i , ,  IS n m - I  1 1 c m  I l - i

I c r  p - t ’ ’ ’ - b i c ’ m ’ I t ’ : c ’ I ’ , , I I , - ’  l i i i ’ s  l I t ’ , ’ , 
~

- u m u ’ s -  u ’ , m ’ u ’ m ’  I e m m u n ’ t  I m c ’  the-’ l i m e - i - s t  ‘, ‘, h m ’ n m  c - c ’ s - b u n ’ s

11 . 1 511 l b ’ s  - m n -  IS , c c n n ’ l  ‘i s -P  I l ’ s  ‘ m u ’  , n ’ m ’ - - t ’ c  - I u c’ c’ b v .

- em - i _ c’s-us , m l b  ‘ s m i ’, ’, , ’ l ’ .  t I n , ’ u - c - u I ,  I - t m m ’ s - r  l i ’ i” c 1 t .  s-”, ‘V  ( n c  I un ~ I c i u m s - t e -’r s -  ‘ k , ,  i i  - c i i ’s

‘ m e  I ’ ’ ’  ‘m c i ’ I t ’ , I ’ I u , — c ‘s- _ d i m , ’ i s - u i n u s - c - n ’ ’ - c  l u , ’  n u u c ’ , c u m  ‘s’ , , l ’ m m ’  i d
’ , ‘ m i n n m , i l c ’b c ,n  ‘‘I 

/ th , emt ‘humt ‘ c t ’ ‘ .

, - m l n m c w n i  i n n  I u p - . 5 ’ 1 ’  t i m e I i c t ’ s - t  b ’ n ’ m ’ i l u e - n e c ’ n m ’ ”c i - ) i  ‘ t ’  m m d  — ‘ - - lu m -- c n , ’m - — ‘s- cu - c ’ - ‘ s  n I h  c u t e - i_ I u i m n i I , ’ ~~,, i in

ni i’ - In ‘ c -  s- c c n t m -  cc c v  ,c,s - i u i ’ s  1 , - I n n m l

9 t

I ic~ cc a’’ CLUS TE RS

I mg. 5 - 1 ,  \ ‘ , c - ,  m u _ c ’  h c u u , - , ,l l ’ i’ e -i j n m c ’ nnm - ’ s ’ b c m r  ‘t ( nu n —u p l c - i s - I c — i ’ s -  u ls-
uI ’  v o te -e l -

‘ci t
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i - n p ,  R — 1 7 , A v e m ’ , cgc ’  b u r s t  I u s - ’ i 1 u m m ’ n m  ‘.‘ for ‘ I S  - i n n  ‘ s-k - m ’ b t n c u t c ’r s  as ci t ’ n u n s - ’ d r m n i

‘cm ’ ‘ ‘ ‘ s c ’  - t I l i ’ \ I ,

TABLE 5—t V

INCREASE IN RE LATIVE BURST AMPLITUDE
FOR STOPS FROM SINGLETON TO CLUS TERS

Sto p—So nor ~nt /s /- Stop
Stop Clusters Clusters

/ 1/ 3.5 — 2 .0

/k/ -4. 7 - 
- 3 .0

/d/ 1.5

/g/ — 3. 7
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I ’b ne ’ h u n - -in I - c ’  , 1 u u c ’ u n m -v  for  - ‘k/ in 1 s-k , ’ c - I t m , s - t t ’ r s  i s -  h i s-l Ied  in L i p ,  5 — 1 7  mis - t e f un d  d u n  of the
f m c l l ’ i - ,c- m n i g  ‘s- m i c e - - e l , m I ni , ,  w i t h  l b s - i t  m c I  n ’munp - ’I .-bui n -“p - . ,“u ’ s ’ e m - t i c , , - u I  e u - n - m u s s -  t c h l  ‘s s -, e -c ’ l s , b l u e ’  r i l e _ mn  b u r ,—ul

- c ’  u p c t ’ n ’ s c y  a tc s fm ’s-ni l 1 m m  hi p , 1I) 10 LIz , u e h , c i u c t  thi n s eni l e c s - s i n g l e t u e n  ,/g “.
‘l’~e b b c ’  5 — I \ ’  c ’uennn i uu . n’e s the c’s-em-aged h un’ s-I ‘sunip litunde F u r  s t u m i m s -  in  c lu s t e , r s  ‘ - c m l i i  t h a t  d cl ’ si n g l e ’ s —

I - c n n  .~ I m i p - c , I-
_

i c , ’  the  s - I t i h i — s , m n o n ’ t t n t  c l u s t e r ’s- , the re ius t i b m - u - n t -  ,c ,-o u of t h e -  _c ’sa ’ u ’u ge b u r s t  t i i ; c p l i t n u d m -
e l m  m m c l -4 n IH for Ihe c- m I t ,  r ,— , ‘se-he n - cues  the ave n ’ t m p c ’ inn n’ - s-I t e n n i p l i t  ude f o r  lu ,- -i c’ntt ,Is i n’s- - m e - c

‘b i g l u t i ’ s . ‘C l u e ’  t i i ’ e .’ t ’ c c p - c ’ s u i  b u t  — 1  a m p l i t u d e - - s cur’ ‘/ ‘ s u n u m b  /k/  in s—sto p  m’ l u ste ,’s - dec-n-e a se it ’s’ ci ‘in 3, 1 11,
‘i- ~~m i l t n mig in e-’ t c l u i e s -  t i i n P r O X m i T I , c l e ’ l y  t h e ’  s, c n n m e  t i_ s  t he  ~i n g I e l c c n  /d ,-’ and ‘g f, i ’e’sp.’s u ’ t i ’ s’c lv ,

S . ~ I ) I s (  I S I-nI l c\

\ l m c s - I cf the m ’e s - ,clt s pn’e u - n n n t l t ’ d b i nn  I cc pnevious s - eu -I  m s-fl (‘ ‘mo d e rn  only t h u. ’  dental  u ,nd v ’ l a r  s ? ’ip ,,,
SS t’ ha ’s , ’  exc luded  ‘ c - c o i t u s  u n  the la bj a ls -  because t h e u r  n -v lease ,-u t in-c , in gene ra l , ve rv e’ t ck ,  TIne
c i ’ s . u n ’c m m,’ e ’ R \ I S  a m p l i t u d e — - f - m r  t h e  l abial s  were sons-m e l c ~ m l i i  Ic’ s - -u t h a n  the dent s-I s  - c r i b 11,1’ ‘ s ’ - I a u ’ s - ,
‘Chis - weak n c - I t - c s-c ’ m a k e - - c  i t  , ‘“ tn m s - ’ t s - e ’ l ’ s’ ihifficult to l m u m ’t c t e  c - b u m ’ l,nnm ’st fn’eqcnenc’m’, The f m ic ’’ t h a t  the
I , e h u u , c I s  I u , c ’ k  c c c - l ea r , (l u - c t  m I n e - n b m c r s  t i t ,  ~u icb ncy ra i ses  the u h u t ’ s - t i o n  of ue-’ I’iet h en ’ the b , i c n ’ s -  1 1 , - c - p  c - n t - c
i -s a pe r c e p t u i c l l y  i m p o r t a n t  cue in the i u l c n t i f i c - s - t  i ucnm c i i  the  I s - I n i a l s -, A l t  hm utu g h the pue - - sc’ nccn ccl
b u r s t  has I ’ m - e n  d e m m i t n , c I ‘ t e l _ s - b to  m - m , n n l  r i i , u l e’ tc ,  t in, ’ pe n - c e p h i d e n  i d  

‘ p 1 , !, i t  m u m ’ s -  be i l m m s - b u u b t c t e m l  t h , m I
I b u m , ’ s-pm’u ’tn ’s -b c ’c im m m- c’ um b n ’al m on of t he  h u r s t  pe r -haps c s -  not  u m u s  i n m m j u i u n ’ t t i n u u  as the  ( ‘au - b  b 1 n t c t  i t s -  r e l , m l m c - , -
mc n m p lm t cc de  is much  weake n ’ t han  that  ‘I ’ a s t u m p  w i t h  another h c h t c r e  t u b ’ t i n - l u i - n c  I - c ’ ic-in .

The bu r u - c m f r ec iuef lc v  f m m n ’  the nlenh t ilus ‘s e - - t cus found to bee’s-. ’ a (list r itcu c ti ci n that i -s h i n n odal i n
rim itmi u-u ’ . Flu n-s - I us fi t i’ ‘I - d “ preceding n ’ounul ed vs-we Is -  were fc , ucnnf  b e ,  I ,~

. 601’ li z Is-we m ’ ihanu h int s - c-

l t ’ ’ c ’ m ’ c ’ m I I t I p  t i l l  u cb her c - m i m i ’ , ’  I s - , ‘l ’ h m s -  l u i c e - - e r i n g  of bu rst f i ’ e u q u i e r t m ’ m e s -  is- pro -cs -m a in ly  the c o n ’ . e ’ q m u u ’n i - c -
m l ’ t c n t m d i ~ n t i t i u r \ -  c s-m indin g  of the l ips  ~itn ring b I n , ’  — u l i m l u  r’ c’b m ’stc u ce, R m n u n d i n g  n ’ - - n u t - i n s  the  u u l u , ’ n i n u  of
the vocal t ‘ - ‘ sue t , end the prot ruding lips also incn’ctes -c’ the length of the f n ’ m c n t  c t c v i b  V . II ’”  Ii  of
Ibm-se ’s I, c dl ’ur s have the effect e c f  lc)wering th e resonant f requency  c c f  the u ’ c c - , jtv , It is s - I s - a  b c d m s -

u - c m h l e  l b s - c l  time metes -tim-cub bu m ’s -h frequencies for the rounded and the unrounded denta ls- a c t u mt , b l v
c - - u r , ’ c s l m c m f l d b  I e u  the n a t u r a l  f requeni  m e s -  of d i f f e r en t  cavi t ies  en t i re ly .  W i t h  n ’ roun ding ,  the b u r s t
i i ’e-’ i~ m m e u n i r v  n u n s - v  he ~c consequence  of the  c i m o s - t r ic tion  i t s - e l f , r a t h e r  than the f m ’ c mn t  c ’ s m ’ s ’ i l v ,

TIne ’s  - I n s - n  r m l , u n t i c e n  of c u r s - c -  f req c -menc c -  fo r’ the ve lat’s -  has three  d i s t i n c t  p eaks-, The c it e ‘us-re

bu m ’s - st I n ’ e ’ m l ’ i m . m t m u - j eS for ‘k g !  I - ” ’  edi ng f ront s-nd hack voue- ’els d i f f e r by 1200 f l ’ s , L m m r  the t ue -k

‘s’ecw e l , the l mtm m ’sts fe-m r -‘k g  ‘ are 550  Hz lower preceding rounded vowels t han  pr ec-t ’m l j n g  n-
i- c mucnu u l c’ - I vowe ls- ,  l I r e -  f ron t  tend b i t s - - k  vela  r- ‘Ii  s t in c ’ t i o t i  is q u i t e  wel l  —k n own in pb s-net ic s-  l i t e  ra —

lu r e  ‘ l ’ u  r e x t e n i u h i l e , i le’ f f ner 35 I . X— m’u i v  s - t t i d u c, ’ of articti latm u z”,- movements ( b - m m -  “x ’s .  mple ,
I’ m ’ r k e l l  I l

l hau l  , c l s - u c  show-n that  the ve lars -  preceding front ,cn ’h b u c e c k  vowels- have di I f e m ’m’f l t  pI : mm I ’ ,

of a ‘ t i c  s - f ue l cnn. “us  shown in Fig. 5 — - i , th i s  a r t i c ’s u u l a t o r ’ v  di fl ’ercnce is t ransfornied into t i ’  u m u u , s - t r ( -

cbs- ru ic t e ’  I ’ d s - t i c ’5 d c c c l  u n -C qu i t e  d j s - s - i m~u i I t i  m ’ fun ’ the f ront  m mm i  ha ck  ‘ IS- , g /‘ us. .-~ b lh o c i g h t h e  p l m m i ’ e s -  at
a ,- ’ u i  i i la t con might  change f rom f ron t  to back along  a - c e n t i n u c u c m , t I m , ,- me asm i u ’c~,b h i m  r u s h  f requencies
c,l t c : , r l y  s-h ow ‘cr I b ’ s tue -m m or three d i sc r e te  va lu ce u-c . Ou r ’ measurement  of bu rst f requency,  the re-
l i n e , k—ne ts finrthei’ supp ort  to the th er , r -~ of the quanta l natu re  of speech prodnm c ’tm on u S l e ’ s ’ e m m s -~

6 l .
f )nce t i c  the d iffe r ences in the sizes and shape d of the  vocal t ract,  the bu m ’s - b fm ’eqni enc ”,’, inn

ge ne ral , doe s ‘s’ c e m ’V f rom one speaker to another. H owever , we have found t hm m t the u l i s I  r ’ ih ut io n

f c c n ’  te p a r t i cu l a r  s-top m a i n t a i n s  a Ce f a in  c h a r ’ a c t e r ’ i s - t i -  independent of speaker 5’s- n at ion.  The
ef f ec t  i f  pool ing the r e su l t s -  cu-ross speakers and sessions icn lv tends to be a imr’omcde nning of the
_ckirt s i l  the ulistribut lon . Figu re 5 - i 8  shows the d i s t r ih mnt i o n  of ‘t/  f ,cr  a single speaken ’.
(‘ompar ing Figs . S-S and -IR , OnO c’afl u’Iearly obse rve the s-ame c h a r a c t e r i s t i c s-  as discussed
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‘i ~~~~ i ’ s ig_ 5 — 1 8 , l i i  s-I m ’ i i m n u l i u c m n  s- f  t i m e ’  I c u i m ’ ,—,l r u ’e ’ c j i u e - t i c v
for  ‘ t  finn’ a single s - I m m - t e k c - u ’  l~~\~~ 75 st c t u m h m b c ’ ~~ n ,

_
-- u

0 i

t R c - QuFNc v c i i , ,

c ’ , c i ’ l m c - ’ m’ . SI - i ’ ak t ’ r ’  K\ S , u n u m - i t b c ’ m u h ’al I v , h a s -  a t , ’n d e n n c ’ ’ s ’  m u m  m - u ’ n n l  r a i u ’ s , ’  t h e  ‘s’ i c c e - e ’ l  IA! i n c - b  m j m i u i m t b m tu L - s  

- ,~~ 
/ d ime  I ’ m  b u m s -  u l i u m l e - c - t  i c t , c  kg m ’ue und  b M m  h ) m i v i c l  37 ), ‘l ’hcs -  l u h m - m m c > n ’ie .- r m u m n m  m u ’ , I c i m n u t s -  i t t l i m e ’ h n ~ - b u c ’ n ’

‘s’ , c lup s  m e l  h u m ’ s - u  f m -e u j m , e ’ n u c  c c c i ’  the v e l c i r s  p r - n t - c-c l i n g  I - ’, - -

t ’  hu m ’ s , ’ h u c u e n c i  , ‘ s - s - c t m i i a l l v  no u b m b ’b ’e ’ n ’ e n n c ’ e  in burst I m ’ c n m j t u , ’ m n c ’ ’ s ’  c , m I , u m ’ ~~ 
‘m e n ’  the s ’c m i m ’ ,- le- s ,—c ‘ s cn u ub

‘s m ’ s - a l c eltic s-. Then - c ’ is , I n c u s - i ’ v e - n ’ , a c c c n m s i s t c ’- n n t  I , ’ n i c i e n n m c ’y  f c m r  I b m  ‘s m u t - m s-I t b i , t i t t i ]  I ’ m  l u t e ’ , ’ , ’  te  b u n ’ s-I

m ’v quem s-’v that  is ,~Fl0 ( m m  30 1) l I z  less- t h a n  i t s  vs - ic -unless  u ’u m t c n t e r p a r t  un i t e r  th e - ’ s ’ s m m t t e n  j i b  r u m ’ ’ l i i ’  ‘ ‘m u —

v m n ’ m m m m m m m e n t .  In fact , Ihe -mtcnnn .’ t m-c-nd can t c l u s u >  he c e i t u s u rved inn  c - I c - m s - b e n ’ s . In u m e l d i h i c , n n , bu n ’s -I I n - c - —

qune nc v  ‘c m i ’ the e-’u c u m ’elcss un aspm r’ated ‘sI was fou nd h u e  hu t s -c  ‘s’ t i h , u c - , - m  t h u c t  c - u n m ’ u ’ e s l m m c t u m b  m ’ l , ’ s - c ’ m I - ,

n h _ c i t  to b In , ’ a s - p u t - s - t e d  , ‘ 1 1. I t  is jcmm ss i h l e  tha t  / t /  and ‘m l !  a r t i c u l a n m u u n s  s- c ’ b n i t c l l c ’  t m ’ s - m b ’ , c - h u m’s i - c - n m ’

ton gue j ’ s-us i tiicn is -, thus  i - c s - m i l l i n g  in the Inc - nm - s - I  f r e ,n ’ , cm ’ s n mc ’ v s h i f t , I I u s -  a l s u m  p c n s s - i b i l e ’ t h a t  t ime ~ i c i h ’ ’
i s u b i u c’s to the diff em c e n t  positions ‘ m l  the Iai-’,’n-cx for the v i u l i - e m b  and v m m i u ’c’ bc’s - s s-b ~~~~~ ( ‘ b n , m n m ’ ~ u r m p t i m e -

b c - r m g t l m  m i t  t h u ,  t m t c c ’ k  c t c v i b . v , u c s - s u i m m’m i n g  f i n i t e  c i c m i ~m I i n g ,  can s - h i l t  I b m , ’  b u n - s t  b ’ t ’e ’ u 1 l m u ’ t n i  c’ , \nnci ’ b u m ’r pimus—

sible - x ji bt u mi tch m i n t  I m p s  ru the difie n— en c - e s  in the s-c ’s-i’m- C s - h u e - u - t n - tm bet’ s -c e-n the v e i n ,  c--h cmiii v i cmu- e’I e i - ,,s-

u s h m u j u s _ The I u ’ c ’ s q i i e ’ s n m r y  l m , u ’c e tmm , n u of the p~’ak in tine s o u r - c - c ’  , s ; u i ’ m ’ b m ’ u u n ’ n  ( ‘mum & c i m n l b u s -  , c u - c - s - m u l l  c u b  n b c , -

ei m l ’Ie _trences in i _ c u b s - m i c e ’  t iow be tw een  the  ‘s’c c i u ’c ’d mind vs-mm c -I e ’ s s - s - s - buc j cs - t i’u h c ’ ’ s e ’ s n n—u , l td -n’ s mm m c ’ m I t ’ m m n m u n ’ s n , m r m m  —

es- I  ‘ 1 mm b. l’he v t m i u ’c l c s - s-  s tops- , ce - - j i b  a h i g h e r  vo lume tlumuv t i c-i- e ms - s l ic e r - o n s t r - i m , - t 1 - 1 m m , s e - i l l  h i ’, ’ a
s i e m m rm ’e - s jc c c - t n u m  tha t  peaks at higi m e m- f requenc ’s’.

Our  i’c sults  ind ica te  that the average b u i ’s -b  u mm f ,e l ib  mu le ’ s b u m r  -“ I , k d , p u s -  t e p j c n x m \ u  n u c , m l e ’ I  V i b m , -

u s t e m m u e ,  i s -  t ha t  of the f u e h l o w i n g  vowel in the same frequency region. In te ‘en e m i l y  i e ’ j m i u u ’n m’ -i P< ’I’ —
cu eptua l experiment , l t t c s h , Stev e-s-ms . and I l l u m u s t e i n  , e l s e m  u u l c t t c u r m e u l  cm s - m u  I t e m’ finding. The- leu rust

ampli tude w a s -  va ried relative I t ,  the s-pe r t cal peak of the  n m d l m c w n m m g  v e e w e l  m m  ‘ I t t ’ s - c cr i mc ’ fu ’.’ c l cmc ’nrv

region , m m cl t ime ,- s - s - i c  jec’ts we re asked to judg e the q c - na l i t  v- c c i  the s - l u c I u s -. ltc - m , - , h en m l ,  u ’ c ’ p o n ’tc -l I h i m ’

t he ’ s - t u l i p s - I s -  m - i c m m s - i s t e n t ly ju eiged t i c , ’  l ies -I  ‘ u i ,g as-  h a v i n g  a bu r s t  t m m i m p l i t u c l e  i ’ u m m m n p u c n — ,c i m l m ’  h e , or
c- s e n d  I t ’ s  ~s tha n , that  i nf  the follcc wing vowel. The se re su Its c um rm l rndic- b the commccn ml ’ it ion t h u d

burs t  a m p l i t u d e  should h a - gm-etch er, I n  i s possible that  the a u m u l i t c , n - v  s - c ’ u s t c n u m  nrc  ti m i n g  the f r ’ e c 1 n m e - t u u - c
cc n s , c l v s - i ,’u i m t i h i t ’ , e ’s a d i f f e rent w i n d e m w  t h a t  mig ht be mo n’e n s - e n s - i t  is - en I c e  i c u u s - , ’ h  m m  t r ’ a n m , i c ’ m u t  j c b u e ’ m n u m u u n c ’ t u , m

i S lec ’ en n-u , pe i’sonal u ’ u m m r n u n i c c m t  i u , n c  I , t hus  resul t ing in tc g m - e s - t i ’  r bu r s t  a m p l i t u d e. It is - aismc jm ccs - —

su i c l c ’ s  U n t i l  the notion m e l  g n ’ m n c m t e ’ r  bu rs t  c m n n m p l i t u d e  was c u m n u c - l u d e i b  f m — c e rn u bsem’vat ioms -  n u t s - b c  din

I ro gram s , whe re the t\( ( ’ ci n - r u m m y  tends t u e  boost the bum’s -h in t emmusit y .

Res ult us in Table ’ 5 — f l  m m l s e e  s t cm , u v  t hu m b the  bu r s t  amplitude is  c m the order m c i  2 m I l l  h igher’ ‘m i d

the vc ei c’ e ,’Ieuss s-I mps . St evens  l u c i u s  sheewn that in the gene n’s-i ion c c l ’ tu rI,ulent-c m c ci  se’ , t ine ’  i’adi —

t e l m ’ d I  s m e i m n u l  I m n ’ c ’s s s - um re ‘ct  the nu ,c se c s- proport iona l t m u  the three— humlve m -e p cue - i’m- c f  the pn’e s -us i u re d i’s-p

icr-os-s the c o n s t n - c c - t i i e n , e l I  else being equal.  The mea st m r ed 2 — n I H  ilm fbe rcnc-e in  hur st  a m p l i t u d e ,
according t e e  the above relationship, w i l l  result in a j e n ’ e s s i n r -t t drop n- t i l ls - ‘‘I c e j m ) m n ’ i m ~~i m u m , e t e - b v  1. 15 ,

This c a l c u l a t e d  cs - c -n ec in jc n ’essu cc dr op is en good agreement  wi th  l ime measured len-c’s - sum cc drops
- - - 40 -I Irepo rted by s - e ve-i-c u investigators h f , ubke r and l ’c ir r m -s, f,is-kc r I ,
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b i , i s , ’ i t  ‘‘mm thu nnmc ’asc-d n ’, ’t , ,c um ’ ~‘ m i m m ’ I nc- l c t c r ’ s l  d u r c i b  m i n u s -  c f  th e-  v ucic e u l cind v mc mc c - I e ’ s - s -  ~t -u 1 , ~~, kI ,c lt

b i , u  us c’ ,,i n mu u m t  c - ,  I u , ‘ i t  i t ’  ‘Ii l I e  ‘c’ n u  c in ‘ b u u  ‘ c t  d u n n  c c l ’  cci.’ c-cc mu mc, - - I-ce ’ the h u m  r u s t  mI t c  ‘ ‘ u n , - - I c - s  -, t  p I - ,  -

I~~’ r ’ ~ ’ ’ss-’ 1 u . s  i 1  }e*cc ’ - I I I  1 , - i c - i c - n .  ( i o n ’  u u m u ’ t c s u m c ’ e c b  d i f f e n ’ e n m u ’c ’ mm ~ i c u c m ’ u s b umrnplitu dets - ’-s il l fnnrt her

c -  ‘ nu n  ‘ i l i n u t c  I ,  - I b m , ’ - b n n ’ e ’ i’ m’ ru e -” c m i  i~~’r ”  , ‘ m c c - i l  Im euc hn ess - tie --I ‘ se - cm-mu ve n u e - i l  i n c h  v e c m e ’ e , l e ’  s-~~~~ t i u j u ~~,

I t , ’ , : c b t s  c , t m  I b m , ’  l l \ I S  c u  e ’ l m i m m c ~~ 
u ‘- m c m p s- in cluster s- n n d u c ’ c c l e  a m s - i k e - u i  m I ~~ c n ’m ’ , m , ’ in t h e -  - t c I u c t ’ s~~

f - m r ~~‘ c , u u ’ -c , ‘ t ’ Iuu t ’ c  c - c s -d e l i i , ’ ,c d i r e c t  m , , t t s - c ’ i j m u c ’ m d m  c e m f  ihe far t  t h a n  ‘ k l , k r , k w/  a l l  i u t , c c -  a ,-. , ‘ , m , t m m j , , n - c

‘ - - t i  — I  u - n - - b i s -mm mc f m - c - t i m  m l b l u e  t m - u i  —,e ’ s - s - i c  i ’ m ’ ’’ , thmnm-c n-educing the Imm’ .’s~~s ’sm n e ul m ’ c m f m  e m - m u c u s ’ — th e  j m m  i u t u , m  d y

- - ‘t m —I r u u ’n jcifl cu r l  nbc - - u - c ’ s - m u l l  i m p  u - e l m s - n e d  s - e m s -n d  f m n ’e ’ s s u m  u - i ’ .

Vi berm s l m c ~ i — ~ ~ ‘~~~~
‘ c i  1 m m s - i - j m  — s , i f l u , u ’: c n n b  c - I u u s t c .’ u ’ ,s- , t he lc mnn ’ s t  I n ’ (’cjuue -nl ’’’ i ’s-c tle lxnnchenl men th e- nutet ’ ut ’ e-

- m l b I t , ’  i t ’ l l ’s i o c _ ’ - - ‘ m m m i i  m i m I a t h u  I b m ’  I’, m b l i e c e - ’ m n i p  v m , ’, e - , ’ I  b i t e ’ s  n ip  I c l i l e  men no m n I h u u c — m n r e .  I Inc . ’ l , i - , u c ’ u ’ m u c p

cci b um-s - n i’m ’e’c j m uc’r mc’c c c -  s- ’ i m ; m ,~ in n  ‘ b u s - I c ’ rs- n~~ ,e c c u m m u n m l t c l u l c ’  l iv  consider ing he u ’ m u t m n ’ l  u c ’u u l t m  s - u t ’ s  c - u

ml the  h’c c l h m i s - i t i p  - “ ‘ ‘ n e - u  , c m n l  ‘ h : , c r m t l 2 u . i{ c i t m n c i j m i p  m mnu el  i — e t n -c c t l & ’x m n g  ct cn is-e c cic , mm ul the s - t ime  ; c n ’m u m m u m t u l  c m l ’

l i m e - c  r u i m p “ u n ’ - I ’ ’ m m t a l  h u m  r u s t , se-he “‘ is -  recunding has the p n - e m i i c n ’ u i n a n t  e f f e c t  c c l  Iciuvering the bm ’si r s t

I m e - q u i e ts- ‘s u m ? ’ ‘ s e -Icr’ s -. In u s  of inle t -c ’ — t (em t m m c b~ ’ that th in  cs - rage h u m - s - b  b u - c i j u c t .- u m c ’ e -  b m , r ’  ‘ b / e m  I

, ‘ l t u s b , ’rs - u m’ u ’ s  I m m m m n m m l  n e c  he t m p j n r c i ,x u i u u u c b c ’ l V  2500 J l ~- , ‘l’h i s  nue ’t i s - t i m’ed  ‘s t e b m i e ’ s  is sli gh t l y  h e ’ s - u s  t h a n  th en

t i m ’ s -h pre n ’ c ’ n - r en l  h u m u s-b ‘ n t ’ m l u u e ’ m m ’ ’c f’’r u - c - h  r ’ cmI l ,’s x i ’ m b  ‘t ~~’ i-u I’e ,mm m nd irs mm ~x ’ n ’c ’ m ’ p t uia l  e ’ \ } m c ’ s  rmn ,e f l t  ‘u’ ’ - ’ -  n m e - l~

t’ e ,’ j u i m r ’ t u ’ m b  l u ’ s  s-c e ’ ’ s’ c ’ u u s -  anti H l c m n c s - I c ’ n n n ,
4 3  ‘ l ’ iuc s- u b u l ’fe , ’en e-e ’s u s  pmissuhl\’ due to the ftcc t that bl u e j mm m~~u n  u - u ,

s-I the  c - t u n i s-I i i i  I i ’  m c  l i i i ’ i - i ’ m  roflexed - ‘b - - is more u c n n t e r i u m r  t h a n  that  of ’ ‘I in “b m ’  -‘ c l u u s - t c n r s - .
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( ‘ I I  ‘u I ’ l l - ;  It t ’
( I  i\ (  1, 1 I ) l ’\ ( c  Il l’ \ I A I I K S

I ’I c i s  n - i j c c c i ’ t m c , —  tw o  - l u , s t n n m c - t  c cnc ’ l irut c ’gn - al p ar t s .  The f i r s t  par t  is ‘ l i r e - u  I - e l  t oward  tI c ’-

c b ~ ‘s . ’ l t e p rm m c ’ i u t  t e n  ci p m - t i e r s - I  I , u c  h u b s  w h i t - i ’ m -  c i c ’ , l n - c n l l e ’ u I  s t n m m h i , - s  of the a c ’ s - t u s h ’ c h a r c m i - t e - ’ r m , , I t i  s of
— , l em -  h e - c - I  , i n c  — i c t i , c u t s , c ’e m , , s m c t , a n , m  c -l u— cu -n -u -c . t u n e d  vove ’ c ’ l s -  i n ’ s  c c pm - c-scribe-il phonu- I m u c ’m ,c ’dr o n cr , I at can

h’ ‘ t u r n - c e - n I  o m u t .  ‘ I i i ’’ t i _ I ’ m -  c u t  ‘ m u e t t e  ‘ s e - u ’  h a ’s- .’ , - c c l l c ’ u - t e - c I , m, tmc - l  I - b c . -  jm i-o c-.’ss through, which t h e - v  ‘se - er-c-

c - cell , ’ ,  ted t i c ~ ’s’ i -  I i i  ‘ I , ’ n s - c - m ’ i f , , - , b  i nn  ( ‘ hs -j c .  ~i . 1~ c u r ios-s e s ) m e ’ e ’ t s  of the a mual ’,’sis s ’ s - s - t e r m, a nd the n h a t a —
b c t c s - m ’ ci t - m I m I ’ s  l u t e ’ s ’ ’ - h c , ’ l - u c I c ’ ,, n b c —m i c r c  ( ‘hap. ~~•

l b  c m ’  ‘ ‘ m , m m n u ,  I i n s - l i  m d i  b lue’ m ’t’ h ie cn ’ t utilic’ u’ ,, t I c , ’  I o l l , ’u  t i - m i  data s - n m u, l t i c , ’  mb e _’v eloped f a c - ’ m l c t c  to s t u m h v

m l , ,  am m u t t — t i c ’ t’ I c . c  r u m ,  t e r m s - l e t -s o f t i m e  Ern g l n u s i c  stops. ‘Flie te mporal charact. ’srcstim-s of l b mc- s - c - stops

we r - t - n ’ m ~ i ’ i b e ’ m b  m i t  ( b u ’ i j m . 4 amm u b  t I me spectral t’bia n - cu u te’risticS in Chap. S .

Vu c pproacl  n m - i  l ine ’  rc ’po n ’t w i t h  t h e ’ l i e - I n c - f  t h a t  i m c  o ru le r  to s t u d y  the acoust ic  c h a r a c t er m s t i m -  S
of m m - c ’ , ii  us e ,m i c n n d s  u c u m ,  i p m ’ovi mh i -  a s-tm ’c ’ nu g t h m - ru e- ub h a s -m s  b c - nm ’  l i m i g u i s t i u -  and phone t i c  theorie ’s. u , t c e -  m u s h

- - ‘ t i n ,  c c c , ’  t m  I c  r ge ’ hum i ’ h ~ of cb s -ta , u n u m l . ’  i’ a c ontrol led t ’ n m v i  n- i ’ mmm’ nent , a r id  w i t h  the help of arm i n s - -  r a m  n - m v , ’

c e t i  j m u d b e - r fat - i h c t ’ s  . 0cm - c ’\ji c - rm t-r mc - u c ’ s-net t I c , -  n ’ , ’ s u u l t  us presented in th is report clearl y s u b s t a n t i a t e d
s-un’  c l a i n c u .  \ l  b l i c u m u p l u b l u c  ‘ I t c b t u  — b i t e s - c  fac’il c b s is no longer available. c-Is-c to the termination of ser—

s i m m ’  oh b i t , -  ‘I ’\ — 2 , c e n c c j c t t u ’  r , this rc-port hopeful ly  has so c- t e rnons t r a t t - i h  the im ’rm portamcn and t c c ’ m ’ c ’s —

s - n t’, m u f  -‘ui- h ci ‘t u m m I  m u ’ s  t h at s imi la r  ones- se- ill be uh es ’ . - l c t e j c , ’ u l  on other n ’ o n u puter  s-s s-u - Incus.
T i , ’’ n - c ’ s - i b I s  u s c -  t ’o c cn m d on time -’ t e ’m m i p o n’al e-’ har cc m ’t . ’ ri s t i u ’ s  of the Emmg lish stops ar,’s, w i th  minor

e ’ X e t c . b u b i e d r i s .  i r m  good t i g r c e n m . - n l l  w i th  those re ’c . ’m n t l y reported by Kla tt 8 on a sccb stant i a l1~ sn-nailer
- t , , n , , —h a s - c - . It ,ew,-vc ’r. t l, u- results  on the ’ s -j e t - c - t i ’ s - I  c h a r a c t er i s t i c s  r ep r e s e n m t . to our k n o w l e d ge ,
t i  in r s b  ,c m t c  n c :  mt  I ’ m  q u a r m t i b ” u the-  rele ase , both irm f re ’q c u e ’ n n m - ~ and irm anipl i tu che.  Timese data will

, m m n m m t f t i l lv  I i , ’  ‘s t cl ’ s c a b ul c ’ for imminui ’diate applications Sc-mc h as speech synthesis am ue f s - p t - c c - I c  r i -cogni t ion.
I I i ’ s- s - I s -cc  ‘ s - i l l  -c m’  r ye  to hel p us gain a better u m d e r s t a m m d i n g  of time prods - c - -us -mm and p . ’rce ’j c t io ni of

l’l m c- i l u m e ’  - -tion 01 t i m e -  pr e us e’ m mc - t- of u t c t m n u s t m t  i ruva m ’ian i , ’ e ’  of phomu ’t n  b c - t u t u c r , - s -  has o n c u s t a u c~l’s be en
n ’ s - n — c - e l  m m _ t n  t i m e ’  c c  s - I  t w o  i l e - m - a u l e ’ s  and th u ,  anus - s v t - r  has thus fa r  e lu c le ib  us .  Even under  a coru tr o l le ch

e’n m v u  n’iu u ,u ’ ,c ’m ct. such as t im , ’ one in this report , se- , focmnd that a v .-r’s complex s- c t  of relationshi ps

~ ,m t s - t O f m e - n ’ t i t c ’  an i l  mediate  among t ime - ’ various acoustic’ real izat ions of a give-mi  f ea ture .  The fea-
‘s’oic ’In~~, !cir c’x mcttu j c l e - , cs canjfu ’s-ts i t s - u - h f  in  a diii ’s n - c- nc ,’ in fundance ’ntal fc’e qmm e .’n~ . \ 01’, bun’st .

c u r ,  - 1 u l i t u m l , ’ , mm m cl  a i ee e - dIm 1 c m - i c ’  of othen ’s. A l l  things being equal . eac-- h of these din -ume n si on s migh t  be--
, ‘ s c f f i m n i ’ m c t  m i t  making the v s - mu - c’ —v oi c - eh ’ss  c i i s t i n m c ’tj on . Wii , ’mu the cond ition is le ss-  ideal, however ,
1 1 c c -  i r n t c ’ ra i - I i e m n , s a n n u m i u p  i c - a t c m r e n s  w i l l  lmavc to 1cc-  c ’onm sidered . For examp le . some decision of t I m t -
jml acc - of ac - I m m o l a t i o n  m i m e s -  have to be manic before VOT can hi’ u sed to d is t i r ig cui sh  voi c e mb and
c s - l u  m ’ I e - ,~ t. s-t o 1 s- ,

In tin ,’ demur s-c,’ m m f  t t , i , s- re--port research , us m ,- have been able to isola te  and q u a n t i t y  ce r t a i n
t , c o u s t m m  a t t r m t m - u t , ’ s  of tic . ’  un d e r lying features , such as vo ic ing  and place at ’ a r t i cu la t ion .  A l t h ough
the - u- t he’ , I of c i u m c t ’ - x i  s-ni l  the in terac t ion  wi th  other fea tures  ar e— oft u ’n m observed . we mne ’verthe less
found ru uu n nuv mmus jc .-c - ’t s of t i e . -  r i - s - i l l s -  to be m onit i’xt indepen dent. While the em~ac’ t nature of the in ter—

c u  l ion armior i g  features an d . e ’omcsequent ls , t he i r  acoustic correlates are r m ot vet u n d e r s t m m o m h , We’

I ’e - , - l  that a n m , - m e - s s - t u l ’ \  step h a s  been take n toward a better understanding of the problem .
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