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0
S unim a ry

This projec t was initiated to test the feasibility of designing a
close-coupled , two-way communication link between nan and computer using
biological information . Specifically, experiments have been devised to
determine whether biological information can be related to human thought ,
whether this information can be processed meaningfully by a computer , and
whether similar biological processes representing the same or other thoughts
can be induced in the same or another individual. Shou ld such a close—
coupling between man and machine prove to be feasible , possible applications
would include extremely rapid interactive processing between a man and a
computer , or communication between two or more persons with the computer
acting as an interface.

The research plan was predicated on existing evidence that verbal
ideas or thinking are subvocally represented in the facial muscles of the
vocal apparatus (see Rationale of Approach , p. 3, for details). If the
patterns of this muscle activity are at all similar to those involved in
normal overt speech , then it is reasonable to assume that the electrical
activity of the brain during covert speech (verbal thinking) may be simi-
lar to that during overt speech. The objective of the first year of re-
search is to establish the validity of this basic premise.

The general methodology was to record the electromyograph (DIG) of
fac ial muscles involved in speech from volunteer human subjec ts during
performance of language tasks . The electroencephalograph (EEG) from
scalp elect rodes over lying areas of the cerebral cor tex involved in speech
were recorded simultaneously (see Methods , p. 5, for details). The resulting
analog data were then digitized for computer processing , and several
statistics that reveal patterns of cortical activity were calculated .
These statistics were then used in a computer pattern recognition program
designed to identify features in the physiological data associated with
specific words , whether overtly or covertly produced.

Two experimental paradigms were used (see Results: Experiment 1,
p.13, and Results: Experiment 2, p.29, for details). In the first , EMG
and EEG records were obtained dur ing performance of a language task under
various conditions of stimulus presentation Including: visual presentation ,
overt response ; visual presentation , covert response (silent reading);
auditory presentation , eyes open , overt response; and auditory presentation ,
eyes closed , overt response. (The last two conditions were chosen because
the EEC is charac ter istica lly dif ferent when the eyes are open compared
with closed.) The language task , recommended by a psychophysiological
linguist consultant , consisted of words and sentences most likely to re-
veal pa tterns in the DIG and EEC tha t may be related to speech and verba l
thinking . In the second experiment , similar records were obtained, but
under slightly different stimulus conditions and with 20 repetitions per
subject for  r e l i a b i l i t y  tes ts .  These condi t ions  included v i sua l  presen—
tation with overt response of five selected monosyllabic words , and five
bisyllabic words with the accent first on one syllable and then on the
other to compare ordering effects caused by emphasis.
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Computer processing of these data has not been completed , but signi-
ficant results to date are:

(1) EMG patterns for each word are specific for that word .

(2) EMG patterns for a given word are cons istent , showing less
within subject variability than between subject variability.

(3) Averaged EMG pat terns for a given word spoken by a given indi-
vidual are sufficiently consistent for that averaged EMG to
serve as a template for identifying the same word when it is
imbedded in a sentence.

(4) There is some variability in EMG patterns for bisyllabic words
between accent on the first or second syllable , but it is
sufficiently small so that either pattern may be used to identify
the same unaccen ted word imbedded in a sentence.

(5) “Raw ” EEG patterns for silently read words are similar to those
for the sane overtly read words , so that the onset and ending
of silent reading may be identified by visual observation .
This strongly suggests that the statistical data of the EEG
during verba l thinking shou ld be similar to the statistical
data of the EEC during vocalization of the same thought.

(6) The pattern recognition analysis so far carried out has been
able to distinguish words beginning with “H” from al l  other
words , and to define five clusters for five word sets.

t In conclus ion, the results so far show that the DIG may be used to
identif y specific overtly spoken words of a given individual. The results
also imply that patterns of EEC activity associated with these words may
be used to identify the same word when covertly produced (as in verbal
thinking). Completion of the EEG computer pattern recognition analysis
during the remainder of this contract year should definitely establish
the validity or nonvalidity of this Implication. Research during the
second year will examine all possible EEC locitions to identify those
that best serve to make such identifications on—line .

No important items of equipment were purchased or developed during
this period , and there were no major technical problems .



Introduc tion and Significance of Research

This project was initiated to test the feasibility of designing a
close-coupled , two-way communication link between man and computer using
biological information . Specif ically , experiments have been devised to
determine whether this information can be processed meaningfully by a
computer , and whether similar biological processes representing the same
or other thoughts can be induced in the same or another individual.

Shou ld such a close-coupling between man and machine prove to be
feasible , possible applications wou ld include extremely rapid interactive
processing between a man and a computer , or communication between two
or more persons with the computer acting as an interface. For example ,
an individual using such a biocybernetic communication system would be
able to “talk ” (i.e., both send and receive) with a computer at the speed
ol thought , rather than be limited by the speed of a teletype or other
electromechanical device through which ideas in the form of questions and
answers must normally pass. In addition , nonverbal imagery and affective
(emotional or “feeling ”) states might similarly be used in the communication
process , thereby significantly increasing the bandwidth of information
transfer. Furthermore , two or more indiv iduals, separated by short or
long distances , would have the capability of rapid r4nd accurate communi-
cation with a high degree of immunity to decoding if the signals were
Intercepted , where information transfer might be more complete than with
norma l speech .

Rationale of Approach

Our approach is predicated on previous research conducted by the
authors and others in the areas of psychophysiological measures of thought ,
computer processing of electrophysiological information , and development
of computer pattern recognition techniques, This research may be summarized
as follows (see SRI Proposal LSU 71-145 to DARPA , dated 10 December 1971 ,
for details).

Early work by Watson (1930) indicated that verba l cognitive processes
may be represented in muscle activity of the vocal apparatus as subvocal
speech. McGuigan (1970), reviewing studies of such covert oral behavior
during the silen t performance of a language task , concludes that covert
oral behavior (as measured by the electromyograph , or EMG) increases
significantl y in amount and frequency of occurrence. Thus , verbal ideas
or thinking , although unquestionably a central nervous system process
(MacNeilage and MacNeilage , 1971), has some sort of peripheral represen-
tation in the muscles of thy vocal apparatus.

If the patterns of this muscle activity are at all similar to those
involved in normal overt speech , then it is reasonable to assume that the
electrical activity of the brain during covert speech , or thinking , may
be similar to that during overt speech. That is , a measure of the scalp—
recorded electroencepha lograph (EEC) of a human during verbal thinking
should be similar to the EEC of the same individual when expressing the
same thoughts vocally.

3
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However , examination of the “raw” EEC has not revealed any obvious
pattern related to overt or covert speech; it may be that only patterns
of EEG activity between various areas of the brain at a given moment are
related to speech. Several technical advances made in recent years have
provided us with some tools to deal with this possibility. Most important
is the use of computer techniques for frequency analysis of the real—time
EEC and the development of multi variate statistical procedures (Donchin and
Lindsley , 1966 ; John et al. , 1964; and Rose and Lindsley , 1965). These
procedures allow comparison of specific components of EEG waveforms that
are known to ref l ect different neurophysiological processes. In addition ,
certain statistics , such as auto— and cross—sprectral frequency anal ysis
(Walter , 1963 ; Walter and Adey , 1965), linear coherence function (Adey ,
Kado and Walter , 1967), and the weighted-average coherence (Gaibraith , 1967),
may be used to determine the degree of interaction between two different
brain regions. Thus , with these tools , the EEG waveforms f rom several
areas of the brain that are neurophysiologically related to speech may
be examined to determine if their patterns or interaction are similar during
overt speech and verbal thinking .

A thorough visual analysis of the statistical results of these EEC
waveforms would be extremely comp licated . and time—consuming ; certainl y
on—line visual analy,sis of verbal thinking would not be po~.s1ble. There—
tore , we have turned to machine pattern recognition techniques to analyze
the patterns of the EEG interrelationships to be found in the cross—spectra
and coherence functions related to covert and overt speech. Most  u s e lu l
for this feasibility study are techniques for on—line pattern recognition
using interactive graphic displays (Hall et al. , 1968). These techniques
allow the user to process multivariate data by using all reasonably con-
ceivable graphic plots , and further manipulate the data using appropriate
numeric procedures, available in the computer system . Thus , for our purposes ,
a set of statistics such as the coherence functions of the LEG , the patterns
of the DIG changes with overt speech , and other measures may be plotted
as a function of each other for specific covert language tasks (i.e., thinking).

The objective of the first year of this feasibility study, then , ijs
to establish the validity of the basic premise that patterns of biological
inton ation can be related to covert language behavior . This is being
done by:

(1) Measurement of EMGs of the vocal apparatus and EEG5 overlying
cerebral areas involved In speech during overt and covert
language tasks .

(2) Computer processing of the averaged biological activit y, and
analysis of the cross— and eutp—spectra , coherence , and weighted-
average coherence of the EEC as related to DIG speech patterns.

(3) Application of computer pattern recognition techniques to deter-
mine ii the statistical patterns of biological activity from the
DIGs and EEGs are similar during overt and cove’r t speech , and
to attempt to machine—identif y silent language performance with
the pattern recognition method.

_ _ _ _ _ _  
— -- 
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Method s

General

Data Collection. The data have been collected and ana lyzed as follows .
During performance of a language task , integrated EMGs from surface—recordable
muscles of the human face involved in speech production are recorded along
with the instantaneou s EEG from p laces on the scalp overlying brain regions
involved in speech. Integrated EMGs , with a time constant of 0.25 sec ,
were chosen over instantaneou s EMGs because of the limited band pass of the
recording system (a Beckman type R Dynograph), because of the relative
ease of quantification of EMG activit y, and because integrated patterns
of DIG changes related to speech are more readily identifiable visually
arid by machine.

The language tasks are described in detail below . In brief , they
consist of the human subject being presented visually or auditoril y with
selected individual words or sentences , in response to which the subject
speaks the word or sentence overtly or reads it covertl y as instructed.

The output ol the Beckman recorder is simultaneou s on eight channels
of ink—writing , moving paper (at 25 mm/sec) and on an Ampex SP—300 , seven
channel ana log instrument tape recorder with FM and AM capability. The
Beckman chart recording is used for real—time monitening of signal levels
and for later editing of the Ampex ana log tape . Six channels of EMG and
EEC and one channel of voice are recorded on the ana log tape.

Data Analysis. Data are analyzed in three ways. The first is direc t
overlay tracings of the DIG outputs on the Dynograph recorder . Overlays

~ii ~ a r i o us EMG p lacements are visually compared for within—word pattern
variability, between word variabilit y, between subject variability,
between experimental conditions variabilit y, and between experimental
sessions for reliability of patterned EMG production.

Linc-8. The second and third method s of analysis are not yet
fully operational , but are proceeding as follows . In the second method ,
the Ampex analog tape is edited and digitized by a Linc—8 computer ; the
seven channels of edited data are then stored on Linc tape for further
processing . A data block consists of five seconds of recording : the
three seconds before the stimulus word presentation , one second for the
overt or covert response , and one second of post-response activity. Six
months have been spent writing the Linc—8 programs necessary for this
data digitization and storage process; the program is now complete , and
data are being edited and stored .

Several other processing procedures also will be done on the
Linc-8 . One procedure is to transfer the stored edited data from Line
tape to a digital tape recorder for further processing on a CDC—6400
computer (see below). Thi’~ recorder will be installed during October;
programs for the data transfer are now being written , and complete transfer
capability ti! edited data to the CDC—6400 should exist by December

.5



This will reduce our turn around time from about one month at present to
no more than one day (i.e., the time from initial data collection to
complete computer anal ysis and some pattern recognition) .

Other procedures on the Linc-8 will inc lude averaging of EMG
and EEC responses during overt and covert speech. These averaged responses
will then be used with a simple pattern recognition program (now being
written) , whereby a single analog response to a test stimulus word will
be compared with the averaged response of a standard stimulus word . The
comparison word response will be normalized and scaled on the Linc-8 scope
for a visual “best fit ” to the standard word response. Point—by—point
comparison of the two displays will then be made using a variance analysis.
If the sum of the point variances is below a certain value (determined
by the variance of the averaged response), then the comparison response
will be identified as belong ing to the same word as the averaged response.
The reliability of this method can then be checked by computing an error
score of all comparisons. If the reliability is high , this procedure will
be tried on the CDC—6400 for pattern recognition of the analog waveform.

CDC—6400. The major portion of data anal ysis will consist of
calculating the various statistics for the DIG and EEG data , including
cross— and auto—spectra , linear coherence , and wei ghted—average coherence.
These statistics will then be used in the clustering procedure for pattern
recognition . Clustering is a means of grouping data so that similar objects
or samp les fall in the same group and dissimilar objects or samples tall
in different groups.

ISODATA , the name of the clustering program , uses Euclidian dis-
tance as the measure of dissimilarity. Thus , objects that are far apart
are assigned to separate clusters , and objects that are close together
are put in the same cluster . The values of the variables in a data set
must be scaled to the same relative order of magnitude so that they have
equal effec t in the clustering . For example , the distance between the
points at coordinate (1000,5) and (1100 ,6) is 100. No significant contri-
bution is added by the lower—scaled values 5 and 6.

The data were processed both with and without scaling . In the
outpu t of the EEG and EMG spectral analysis programs , it is observed that
the amplitudes are much higher for the lower frequencies , frorir 0-i hertL .
Thus , clustering of the unscaled spectral data is based mainly on these
lower I requencies . In scaling the data , two different methods have been
used . First , amplitudes of spectral data are scaled to proportion , s~’
that each variable (i.e., each spectral bin) is normalized to a standard
deviation of “one” over all words. Second , each spectral bin is scaled
to a standard deviation of “one” over all pairs of recorded data channels
and all stimulus words. Use of this technique with the actual data Is
described below .

6



Subjects and Experiments

Subjects were three adult , right—handed , human female volunteers ,
ages 21—4 1 , hereinafter designated B, C, and D. A total of 16 experimental
sessions , each of about 2~ hours duration , were carried out under two
experimental paradigms . A given session for a given subject is identified
by the subject ’s letter code and her chronological session ; thus C5 was
the fifth experimental session for subjec t C. Before conducting these
sessions , several apparatus debugging sessions were carried out with a
fourth subjec t , A.

E x p e r i m e n t  1 was  concerned w i t h  e s t a b l i s h i n g  o p t i m a l  v a l u e s  for all
exper imental par ameters. Thus , v a r i o u s  el ec t rode  p l a c e m e n t s f o r  bo th
EMG and EEC were used to determine optimum p lacements for obtaining repro-
ducible patterns of surface—recordable muscle activity of the vocal appar-
a t u s  and the EEC related to overt speech In addition , v a r i o u s  words  and
sentences suggested by our psychophysiolog ical linguist consultant were
emp loyed to determine the best language task. For Experimen t 1 , subjec ts
H and C were run four sessions each and subjec t I) for two sessions .

Experiment 2 ‘~rs a further refinement of Experiment 1. Only those
electrod e p lacements used in Experiment 1 that gave optim al results \~ere
enip loved fur further recording . Certain words from the language task
w e r e selected that would most likely result in reproducible DIG and LEG
patterns. Furthermore , the ses s ions  were more r i g i d l y  s t r uc t u r e d , each
sess ion c o n s i s t i n g  of ten repetitions of the language task. For Expcri~ ent 2 ,
all three subjects Were run two sessions each.

A pparatus

Electrodes and Electrode Placements. For surface recording of the
EMG from facial muscles involved in speech production , Beckman silv er ,
silver-chloride miniatur e disk skin electrodes (2—mm exposed) were used .
EEC scal p electrodes , reference electrodes , and the ground electrode
were Beckman silver , silver—chloride standard disk skin electrodes
(8—mm exposed). Two reference Sites were emp loy ed——the skin under the
left mastoid fur DIG recordings and the skin under the right mastoid for
EEC recordings. All recordings were monopolar in order to record absolute
potentials at the recording site and t e ’  eliminate in—p ha se’ signals common
to two electrodes.

Selected skin areas were f i r s t  c leansed  w i t h  ace tone  (a lcohol  on the
f a c e )  a nd then  c o n d i t i o n e d  w i t h  Redox electrode paste ’ by rubbing it into
the s k i n , f o l l o w e d  by a second cleansing of acetone . A conductive , past e—
I il l eci e l ec t rode was t h e n p laced over each r e co rd ing  area and a t  tached b y
a s t i c k y  c o l l a r  to the underlying skin. Following a recording session ,
e l e c  t r o m l e s  w e re removed , a nd the  sk in  was  cleaned w i t h  acetone or a lcohol.

Figure 1 shows the facial musculature. Muscles involved in vocali-
zation that are surface-recordable are 2, 3, 4, 6, 7, 8, 9, 10, 11 , 13 ,
and 16. Each of t hese  locations was tested during preliminary experiments ,

7
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B A

1~ Orb.cufar ,i ocufi m. fright) 8. Me ital’s rn. 15. Bucc,nator m. ( le f t )
2 Qu.dratus lab,, superior is m. 9. Quadratu, lab, inferior,, m 16. Depressor taps nsa, m

(right) (left ) 17 . Nasal,, rn . ( lef t )
3. Zygoma*,c head of quadratu, 10. Tr iangular,s m. (left , cut ) 18. Procerus rn

lab,, superiorit m~ (right ) 11. Zygornaticus rn (left , cut) 19. Frontalis m. ( le f t )
4. Zygornaticus m , (right) 12. Quadratut lab,, superiorit 20. Frontal,, rn, (rig ht)
5. flisor,us rn (right. cut) m. (left , cut) 21. Orbicu(eris ocu(i m
6 Triengutaris m. (right) 13. Orbicufari, o ne rn ( left )
7, Qu.dr.tus lab,, inferior,, is,. 14. Caninus m. (left ) 22. Nasa),, m (right)

(right )

FIGURE 1 MUSCLES OF THE FACE (AFTER VAN RIPER AND IRWIN , 1958)



and 2 , 9 , and c o m b in e i t  Sites 7 8 and 13 16 were selected for Exper i~ icn
as r c p r t s & n t a t i v e  of t h e  m u s c l e s  mos t used in speech production of tbe
t e s t  w o r d s  (see below) . For Experiment 2, a s in g le e l e c t  rode  was p laced
over muscles 13 16 and a n o t h e r  over musc l e s  7 8 based on the ri’su~~ts “I
Experiment I for best EMG speech—pattern production.

Figure 2 illustrates t h e  10 20 system ~~ EEG recording (Penf i ld
and  Jaspet’ , l9~~l) . L o c a t i o n s  F7 , T3 , C5 , F8, T4 , C6, and T6 were ~tnp lovi’ d
in Experiment 1. These approximate placements over cor t cal areas assu~~e’d
to  t~~’ involve d in speech p r o d u c t i o n  ( P e n f i e l d  and R o b e r ts , 1959) as
follows . For t h e  d o m i n a n t  hemisphere , F7 (Broc a ’ s speech ar i a) ; CS , c o n t r o l
01 v o c a l i z at i o n  m u s c u l a t u r e ;  T3 and T5 , speech o r g a n i z a t i o n  and cumpre—
hcnsion we r e  used . For c o n t r o l , t h e  n o n d o m i n a n t  h e m i s p h e r e  p l a c e m e n t s
F8 , C6 , Ti , and T6 were employed . In E x p e r i m e n t  2 , p lacements  F7 , T3 ,
and C5 w e r e  U s e d  f o r  t h e  d o m i n a n t  h e m i s p here  and T6 fo r  t h e  c o n t r o l .

Equi pmen t .  A p p a r a t u s  f o r  E x p e r i m e n t s  1 and 2 was the same ; only
the e l e c t r o d e  p l a c e m e n t s  and p roced u r e s  d i f f e r e d . E l e c t r o d e s  from the
I a e i al  ‘~u scu l a t u re  were led f i r s ’ to a Beckman  Model  9852A EMG i n t e g r a t o r
c ou p ler , w i t h  a t i m e  c o n s t a n t  of 0 .25 second s , and pass  band  of 20—5000
hertz. Exp e r i m e n t  1 used c h a n n e l s  1,, 2 , and 3 of the  Dynograp h to re-
cord t h e  i n te g r a t e d  EMU . EEC e l ec t r o d e s  were led to Beckman type 9806A
coup l e t s , w i t h  a pass  band  of 2 to 30 cps;  c h a n n e l s  4 , 5 , and 6 recorded
t h e  i n s t a n t a n e o u s  EEG . C h a n n e l  7 recorded the  vo ice  o u t p u t  of t h e  micro-
p h o n e ;  c h a n n e l  8 was n o t  used .

A l l  ()kl’SiOlog ical signals were preamplified by Beckman Model 481B
p r e a m p  h ers , and were t h en  led s i m u l t a n e o u s ly to Beckman  Model 482A
p l i w e r  ai:ip l i l i er s  w i t h  c a l i b r a t ed  zero  s u pp r e s s i o n , and to an Ampex SP—300 ,
seven c h a n n e l , a n a l o g  in s t r u m e n t  t a p e  r eco rde r .  The o u t p u t  of the Beckman
power  amp lifiers d r o ve  i n k — w r i t i n g  ga 1~~a n om et e r s  on moving c h a r t  paper
a t  25 mm per sec . The o u t p u t  on t h e  c h a r t  paper  could be set b y a s w i t c h
to record e i t h e r  the  i np u t  to the  Ampex t a p e  recorder ( i . e . ,  “d i r e c t ”
r e c o r d i n g)  or t i n  ou tpu t  of t h e  A m p e x ;  t h i s  f e a t u r e  enab l e s  t h e  i n v e s t i -
g a t o r  to  c a l i b r a t e  and monitor the permanent tape recording . EMG and EEG
rec,,rd 1 r i g s  w e r e  on c h a n n e l s  1 t h r o u g h  6 of the  Ampex , u s i n g  f r e q u e n c y
m o d u l a t i o n  at  1— 7 . 8  i nches  per sec ( p a s s  band d c— 3 1 2  h e r t z ) .  V o i c e  was
r e c, ,r ded  on c h a n n e l  7 u s i n g  a m p l i t u d e  m o d u l a t i o n  (50— 3.5  k i l o h e r t z ) .

D a t a  I r ’oi E x p e r i m e n t s  1 and 2 t i l l e d  t h r e e  1 0— i— i n c h  Ampex t a p e s  with
ana log  d a t a .  Some of these d a t a  we ’i e t hen  sent through the data anahys~ s
s y s t e m  (~~~~i i  ab o v e ) , us ing t h e  L i n c — 8  l a b o r a t o ry  instrument computer ,
an XDS 930 c o m p u t e r , and f i n a l l y a cDC—6400 c o m p u ter  (see D a t a  Ana l y s i s
s e c t i o n  b e l o w ) .

P t o e e d u r i ’

Language Task. Experiment I used 16 words and t h r e e  s e n t e n c e s
(Table 1) as the language tasks (the words used in Experiment 2 are des-
cribe d under that section). Individual words were chosen on the’ basis
of s e v e r a l  c r i t e r i a .  According  to our p sy c h o l i n g u i s t i c  c o n s u l t a n t , t h e
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Table 1

PURE VOWELS , DIPHTHONGS , AND SENTENCES USED IN EXPERIMENT 1

Pure Vowels

No. Word Vowel or Diphthong Li ps

i hea t ee Spread

2 h i t  i Spread

3 head e Open

4 h a d  ac Very open

3 t h e  uh Spread

6 bird er Bilabial

7 l a t h e r  ah Spread

8 call aw Spread

9 put U Bilabi al

10 citol oo Round

11 ton Open

Di p h t h o n g s

tone ou Round

2 take ci Spread

3 might Oi Bilabi al

j shout  au Round

5 toi l 01 Round

Sen tences

1. “ PIMPLES AND POCKMARKS MAR PUI~~HRI TU DE IF PROMINENT ON

!ARTS WHICH ARE DISPLAYED TO THE PUBL li

( 16 b i l a b i a l s , u n d e r l i n e d ; 15 words )

2 .  “CRANK PHONE CALLS CAN IRRITATE ONE ALTHOUGH THEY ARE NOT

AS DANGEROUS AS PHYSICAL ASSAULT . ”

(3 b i l a b i a l s , u n d e r lIn e d ; 15 w o r d s )

3. “ NOW IS THE TIME FOR AL!. GOOD MEN TO COME TO THE A I D  OF

T H E I R  COUNTRY . ”

11
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main aspects of vowel production that have recordable consequences from
the EMG on the surface of the face area are: (1) lip rounding and (2) lip
opening . The lip opening action is most marked when there is a preceding
bilabial or bilabia l consonant (e.g., p, b , m). For consonant production ,
t h e  main aspects are: (1) lip closure (2) lip spreading and (3) lip rounding .
Therefore , for this experiment , we chose words that were most likel y
to have these characteristics , and a few words that did not have them
for contrast.

The first 11 words in Table 1 represent the pure vowels , which means
that their quality is unchanged throughou t the syllables in which they
are employed . In addition , these vowels represent the different tongue
positions for the principal English vowels (Denes and Pinson , 1963), and
therefore give a change in vocal musculature without changing the balance
of their quality in a syllable. Thus , the EMG recordings should reflec t
differences based only on tongue position , and whether the lips are
spread , rounded , unrounded , or bilabials (see Table 1 for significance
of each word). The last five words in Table 1 are diphthongs , whose
qualities do change from the beginning to end in the syllable in which
they are used , thus offering a contrast for the EMG measures of pure
vowel pronunciation . Tongue movements of the diphthongs are between those
for pure vowels. Diphthongs also have bilabials , lips rounded , and
spreading lips.

Simil a r ly , the sentences were chosen to ref lect (1) the predominant
use of bilabials , (2) the predominant use of nonbilabials , and (3) a
control sentence. In addition , each word of each sentence was spoken
separately, as well as the sentence being spoken naturally , to compare
the EMG pattern of each word in the sentence in its “pure” state with
its EMG pattern when the word is preceeded and followed by another word .

After electrodes were attached , Ss were comfortably seated in a semi-
dark , electrically shielded booth. All electrodes were plugged into a
junction box leading to the Beckman Dynograph recorder . Electrode
resistances were checked ; il one was found to be greater than 5000 ohms ,
it was removed , the skin further cleansed and conditioned , and the
electrode replaced . When all electrodes checked correctly , the S was
instructed in the experimental procedure , a microphone for recording
speech was placed in front of the S’s mouth , and a recording session
was begun.

Stimulus Presentation . Each of the individual woi~ds and each sen-
tence in Table 1 were printed on a 35—mm slide (white on black to reduce
glare) and presented to the subject by projecting the word (or sentence)
on a rear projection screen abou t 3 feet from the subject ’s eyes. The
subtended visual angle of the stimulus and its intensity in the semi—
darkened room were chosen to avoid squinting , glare , or eye strain. The
procedure for stimulus presentation was ~~ follows ,

After installation in the recording chamber , the S was instructed
that she was to relax with eyes closed while the polygraph and tape

I
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recorder gains and filters were adjusted for proper EMG and EEG recordings.
During that period , the S was to say her name when asked (to calibrate
EMG gains and the voice channel) and to open or close her eyes when asked
(to check for alpha in the closed—eyes EEG and a lpha blocking, or desyn-
chronization , with eyes open). Following these adjustments , the S was
told she would be presented with a list of 16 words , one at a time , for
four full presentations , plus three sentences for two of the presentations.
The first presentation would be visual. (The S was shown a test word on
the screen as an example.) The S was to sit relaxed with her eyes closed .
On hearing the statement “ready” from the experimenter , she was to open
her eyes and look at the screen . In 2-3 sec , a stimu lus word wou ld be
projected on the screen for about 3 sec , during which time she was to
read the word aloud into the microphone. When the projected word was
turned off , she was to close her eyes until the next word was presented ,
and wait until the next “ready” signal.

At the end of the 16 words , the three sentences were presented to
her twice each , one at a time . On the signal “ready,” S was to open
her eyes and look at the screen. When the sentence appeared the first
time , she was to read it aloud one word at a time at the same speed as
the preceding individua l words. On the second presentation of the sen-
tence , S was to read the sentence at her natural speech. The second
and third sentences were to be read in the same way. (All words and the
three sentences were presented in a random order to 3bviate any antici-
patory effects in the EMG and EEG.)

At the end of the first presentation , the S was instructed that the
same series would be shown as before , except that this time she was to
read the word (or sentence) silently . On the third and fourth presentations ,
the S was instructed that only the 16 words would be presented , not the
sentences , but that this time the words wou ld be called to her by the
experimenter (auditory presentation) , and she was to repeat the entire
list with her eyes remaining open , while on the fourth presentation she
would keep her eyes closed . This procedure was used to discriminate
between an auditory and visual stimulus and between eyes open (a desyn—
chronized EEG), and eyes closed (a synchronized EEG).

Subjects B and C participated in four complete sessions each over
two months to test repeatability within a S and variation between Ss.
Subject D was given two complete sessions during the same period . Since
only seven channels of recording were available and 14 total electrode
placements used , several trials were repeated for each S using those
electrodes not previously recorded from.

Results: Experiment 1

Genera l

Figure 3 i l l u s t r a t e s  a typ i -~a l Beckman Dynograph recording for the
period of visual presentation of a single stimu lus word (“TOIL”), and the
overt response during the third session for subject C. Although such a

13



CHANNEL SUBJECT C3
ELECTRODE

I
1 EMG 2

2 EMG 13116 -~~ -

3 EMG 7/8 ______________________________ _____
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~
--‘---------- —

4 EE G F7

5 EEG 13

6 EE G Tb

7 VOICE AND MARKER

‘1 (~~ l’ ~~~~~~~~~~~~ ~~ Lf ~~~~~
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EYES CLOSED

EY ES OPENED

STIMULUS VOCAL RESPONSE
“ READY” ON “ TOIL’

I I I I
TIME MARKE RS II sac)

FIGURE 3 DYNOGRAPH RECORDING OF STIMULUS-RESPONSE OF EMG AND EEG
FOR THE WORD “TOIL”
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“raw ” record does not provide much information , several items of interest
may be noted that are generally present for all stimuli and overt responses
in both Experiments 1 and 2.

First , note in channels 4, 5, and 6 that the EEG is synchronized at
about 9 hertz (alpha rhythm) one sec before the “ready ” signal (shorter
bracke ted  a r e a) .  However , following the ready signal , this synchronization
is significantl y reduced . Shortly after the stimulus word is presented ,
and before the beg inning of the vocal response , all three EEG traces be-
come completel y desynchronized (alp ha “blocking”), and remain so until
the eyes are closed about ~ sec after vocalization is complete. This
means that under these conditions , the EEG spectra during speech will
consist of primarily “fast ” frequencies (roughly 15—30 hertz).

Second , note the time relation between the physiological measures
and the complete vocal response (longer bracketed area). In channels
1 , 2, and 3, the integrated EMG begins to increase about three—fifths
of a second before actual voice production (channel 7), and continues
for a short time after the vocalization ends. In the EEG , coincident
with the onset of the EMG increase , there is a large “slow—wave ,” nega-
tive/positive potential. Although not always present , it does occur
frequently. Because this negative/positive shift (largest in channel 4)
is so large , because it occurs over a second after the visua l stimulus
comes on , and because i t  is not always present , it cannot be considered
a visually evoked response, This is clearly evident when comparing
Figure 3 with Figures 4, 5, and 6, which illustrate the same response
(“TOIL”) with audio presentation (eyes open and closed and overt response)
and during silent reading (covert response).

Other comparisons of note between these figures are the EEG during
audio presentation , overt response , eyes open (F igu re 4) ,  versus eyes
closed (Figure 5). In Figure 4, desynchronization of the EEG is much
the same as in Figure 3, whereas in the eyes closed condition (Figure 5)
desynchronization is only slightly decreased in channels 5 and 6 and not
at all in channel 4. Therefore , the spectra between eyes closed and eyes
open should be different. Nevertheless , the temporal characteristics
of the physiological responses relative to the onset of vocalization
discussed above are present in both conditions , inc luding the slow—wave,
negative/positive potential in the EEG .

In F’igure 6, dur ing visual presentation but with a covert response ,
there is relatively little change in the EMG (the gain of channels 1, 2,
and 3 is 100 times that in Figures 3, 4, and 5). In the EEG , however ,
the slow—wave potential still appears (between brackets), although not
as sharp as during actual vocalization . Since there is little or no EMG
activity, even at high gain , this EEG p o t e n t i a l  cannot be caused by muscle
action . Also , since the temporal realtion between this slow-wave and the
onset of vocalization in Figures 3, 4, and 5 is consistent , then the
probable onset of silent reading can be predicted from Figure 6. Of course ,
the EEG of Figure 6 contains the same temporal relations of synchronization
and desynchron iza t ion  rela tive to the ready signal , onset of the stimulu s,

15
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FIGURE 4 DYNOGRAPH RECORDING OF RESPONSE TO AUDITORY STIMULUS, OVERT
RESPONSE. EYES OPEN. Elctrod s and symbols th. sam. as Figur. 3.
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SUBJECT C3

2 
_

RESPONSE
“TOIL”
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TIME MARKERS II *c)

FIGURE 5 DYNOGRAPH RECORDING OF RESPONSE TO AUDITORY STIMULUS , OVERT
RESPONSE , EVES CLOSED. EI.ctrodss and symbols th. same as Figure 3.
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CHANNEL SUBJECT C3

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

5

6

EYES OPENED
EY ES CLOSED

7

~~~~~~~~~~~~~~~~~~~~~~~ PROBABLE ONSET
OF SILENT READING

SILENT READING
“ TOIL”

I I I I I I I 1
TIME MARKE RS (1 sic)

FIGURE 6 DYNOGRAPH RECORDING OF RESPONSE TO VISUAL STIMULUS , EYES OPEN,
COV ERT RESPONSE (SILENT READING), EI.ctrod .s and symbols the same
as Figure 3.
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a nd the  c l o s i n g  (~1 e~ es I ol lowi ng the  r e a d i n g  as was I ound in F igu re  3 ,
1 , an d 5. This at l eas t  suggest  t h a t  f o r  the eyes—open condition , the
EEG f o r  cover t  speech should h a v e  a spec t r a  v e r y  s i m i  lar  to t h a t  of t h e
EEG f o r  overt  speech.

F i n a l l y , in conip a r ing the  EMGs of F igu res  3 , 4 , a nd 3 f o r  the overt
resp onse “TOIL ,” a l t hough marked dii lerences in the patterns exist , there
are  a iso o b vi o us s i m i l a r i t i e s .  These may  be a r e s u l t  of d i f f e r e n c e s in
the  ac t u a l  pronunciation of t he  word , as is suggested by the  d i f f e r e n ce s
in pattern of the vocalization output shown in channel 7.

EMG An a 1~~~~

As des c r i b e d  abo ve , i n i t i a l  a n a l y s i s  of EMG records has  been done
by visuall y comparing direc t overlay tracings of the Dynograph o u t p u t s .
Figure 7 illustr ates the comparison of three EMG electrode outputs for
Ss B and C for t h e  same  overtly spoken word (“TAK E”) on two different
experimental days each. Thus , comparisons can be made within a S on
t w ’  d i f f e r e n t  occasions , between two different Ss fo r  the  san e  word ,
a nd be twe en  t h r e e  se ts  of musc les  fo r  the  same S and word . Figure 8
i l l u s t r a t e s  the ’ compar i son  b etween  two  d i f f e r e n t  but  s i m i l a r  sound ing
~wrd s ( “TONE ” and “TON ” ) f o r the  same S d u r i n g  the  same recording sess ion .

A compar i son  of the  EMG records for subjec t C in Fi gures 7 and 8
show t h a t  t he  EMG p a t t e r n s  are more cons i s t en t  f rom one sessiof l  to
another for the same word (“TAKE ”) than between two similar words
(“TONE ” and “TON ”

~ recorded in the same session. Nevertheless , the
EMG pa t te rn s f o r  “TAKE ” (Figure 7) are not as cons i s t en t  fo r  s u b) e c t C
on t w o  different occasions as might be expected a prior i. This may be
d ue to  d i f f e r e n c e s  in e lt c t r o d e p l a c e m e n t  between t h e  two sessions , since
in E x p e r i m e n t  2 and w i t h  subj ec t B in Exper imen t  1 (Figure 7 ) ,  a much
close,’ p a t t e r n  r e p e a t a b i l i t y  is shown , perhaps because of better ‘ 1cctr~,dt
p la c e m e n t .  N o t e  a l s o  in  Figure 7 t h a t  w h i l e  subjec t B ’s EMG responses
of “TAKE ” on two d i i  f e r e nt  occasions are f a i r l y  s i m i l a r , t h ey are q u i t e
fi ff e re n t f r o m  sub jec t  C ’ s , v e r i f y i ng t h a t  t h L  physiological response
patterns arc u n i q u e  fo r  each i n d i v i d u a l .

F i g u r e  9 compares the  EMG p a t t e r n s  b r  sub j ect s  C a nd B b e tw e en
sessions f o r  sen tence  3. The r e s u l t s  are e s s e n ti a l l y t h e  same as 1 ‘ i
t h e  i n d i v i d u a l  w o r d s — — n a m e l y ,  t h a t  each i n d i v i d u a l ’ s response is u n i q u e ,
and is  more similar f rom one session to another within a S than b e t we en
Ss w i t h i n  s en t e nc e s  or betwe en sentences within a S and w i t h i n  a session .
By t h u s  c o m p a r i n g  the  EMG responses to a l l  words f o r  the  t h re e  Ss f o r  a l l
con d i t i o n s  and over a l l  sessions , it was f ound that EMG pa t te r ns f o r the
m uscle groups mi isured by electrodes 7 8 and 13. 16 mos t c o n s i s t e n t l y
reproduced a pattern for the same word .

Finall y, F igure 10 (hot tom) shows the reconstruction of the EMG
response of sentence 3 I i on, the separate responses to the individual
words. Comparison of the reconstruction with the naturall y spoken sen-
tence (upper portion of Figure 10) illustrates that the pattern of each

19
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word spoken sep a r at  e l y  is r e c o g niz a b le  in the n a t u r a l  l~ spoken ~i n t e n c e
even t h o u g h  in the l a t t e r  each word is preceded and f o l l o w e d  by a n o th er
word , T h i s  s u g g e s t s  t h a t  i n d i v i d u a l  words  may be r e c o g niz ed  w i t h i n  a
sentence by t h e  compu te r  p a t t er n  r e c o g n i t i o n  procedure ,

LEG A n a l v ~~i s

The f i r s t  p o r t i o n  of d a t a  c o l l e c ti o n  and anal ysis is to  e d i t  and
d i g  i t  i i.e t h e ’  d a t a  r e c o r ded  on t h e  a n a l o g  t a p e  by t h e  L in c  —

~~~ c o m p u t e r ;
however , p ro g r a m s  f o r  d ing t h i s  have onl y r e c e n t l y been comp leted
( see  sec t i o n  Method s , G e n e r a l , a b o ve)  , T h e r e f o r e’ , to begin a n a l y s i s  on
t h e  CDC— 6 ’IOO as  soon as pos s ib l e , a t i m e — c o n s u m i n g  c o l l a t e r a l  path was

u-ed to  d ig i t  i ze’ the t apes  of E x p e r i m e n t  1 ( a l l  E x p e r i m en t  2 t a p e s  a r e
n w  b e i n g  ed i t e d  on the  L i n c— 8 ) .  T h i s  i n v o l v e d  p l a y back of the analog
t a p e  on a d i f f e r e n t  model t a p e  recorder (Ampex FR 1300) t h a n  was  used
on i n i t i a l  r e co rd ing , w r i t i n g  programs  f o r  d i g i t i z i n g  an e n t i r e  t a p e  on
a XDS 930 cornpute ’i’ , and f i n a l l y  w r i t i n g  a s e p a r a t e  program on t h e  CDC-6 100
cir p u t er for locating the data for particular words, In addit ion , a
s t a t i s t i ca l  a n a l y s i s  p r o g r a m  supp lied by Dr. Gary Galbraith of the
U n i v e r s i ty  of S o u t h e r n  C a l i f o r n i a  had to be debugged and calibrated on
t h e  CDC—6l O0 to a n a ly L e ’  the  d a t a  of the  se lec ted  words,  F i v e  data w or d s
were s e l e c t e d  fo r  i n i t i a l  a n a l y s i s  and t he  v a r i o u s  s t a t i s t i c s  f o r  the ’
EEG a n d  EMG , w i re  comnpu ted . These’ comp i led d a t a  were t h e n  a n a l yzed f o r
p a t t e r n  c o n t e n t  in the c l u s t e r i n g  p r o g r a m .  The samp ling rate’ f o r  the

digitization was s e t  a t  2500 s a m p le s/ s ec / c h a n n e l  ( s e v en  c h a n n e l s )  , and
the ana log tape w a s  p l ayed  back  at 30 ips , prov iding an effective sar~pling
rate’ per channel of 156 samples per sec. This a l l o w s  f r e q u e n c y  r e s o lu t i o n
(i f  0-78 hertz. Since the EEG signals below abou t 2 hertz are not signi—
I icant for this study, t h e  low end of the spectrum may be ignored for

s p e c t r a l  a n a l y s i s  and c l u s t e r i n g  of t he  LEG d a t a,

f o l l o w i ng s e v e r a l  d i g i t i z a t i o n  sess ions , d a t a  f o r  t h e  liv e ’ selec t ed
w r c f s  ( ‘ F a b l e  2) w e r e  p rep a r e d  f o r  the  c l u s t e r i n g  a n a l y s i s. ,  D a t a  s e lec t i o n
w a s  based on t h e  a p p e a r a n c e  of t h e  raw Dynogroph  record f o r  r e p r o d u c i b i l i t y ,
so t h a t  t h e  n u m b e r  of occu r rences  were ’ i n c luded  in  t h e ’  c l u s t e r i n g  ona  l~ s is .

T a b l e ’  2

WORDS SELE ~~FED FOR CLUSTERING ANALYSIS ,
NU MBER OF OCCURRENCES , AND SEQUENCE OF OCCURRENCE

W or d  N u m b e r  of O c c u r r e n ce s  Sequence  of O c c u r r e n c e

l ilT 6 1 , 6 , 9 , 11 , 16 , 20

COOL 5 2 , 7 , 12 , 17 , 21

PUT 4 3 , 10 , 13 , 18

HAD 1 4 , 8 , 14 , 19

HEAD 2 5, 15
21
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B efore ’  c a l c u la t i n g  the various statist ic’s to be Used in  the  c lus-
t e r  i ,,; p rogram , se~ e r a l  w a v e !  oI ’nm p l o t s  of t h e  d i g i t  ized d a t a  were  obt a in e d
on a CDC—280 microfilm p lotter connec ted to  t h e  CDC-6100 . ‘l’his w a s
n e c e s s a ry  t o  show t h a t  t h e  d i g i t i z e d  d a t a  c o n f o r m  to  t h e  raw Dynogroph
record . F i g u re  11 i i  lu s t i , i t e s  such a p lot of a l l  seven channels for t h e
word “lilT” in s e s si o n  1 l w  S C ,  t h e  o r d i n a t e  be ing  a r b i t r a r y  amp l i t u d e ’
and the ’  abe’ i s s a  the ’ t i me f o r  256 s a m p l e s .

The ’ p hy s io l o g i c a l  d a t a  of ttu selected words were t h e n  fed  i n t o
t h e  spe ctral a n a ly s i s  program to  obtain f requency components , cross

spectra , linear c o h e r e n ce  , and the we ighted average coherence fun ction s ,

These s t a t i s t i c ’s eac h may contain features for recognition of th e’ phys io-
l o g i c a l  c i r p o n e n t  s of speech , and  so w e r e  i n p u t  to the  c l u s t e r i n g  p r o g r a m
in  v a r iou s c o m b i n a ti o n s , In  t h e o r y ,  if the qualit y of information contained
in the spectral out put has “recognizable features ,” then tne c l u s t e r i n g
p r o g r a m  is  c a p a b l e  of classif y ing the biolog i c a l  p o t e n t i a l s  a c c o r d i n g
t o  t h e  selected words . One of the main problems w ith this analysis ,
us  with any cluster analysis on exploratory data , is the relative scaling
of t h e  33 f i i . q ’icnc’ y b i n  a m p l i t u d e s  in  the spectral output. Even  i f  t he
s i g n a l s  ha~~e ‘ f e a t u r e s , ’ they m a y  be lost if t h e  choice  of a s ca l e  is
incor rii t. For this reason , the data were normalized (as exp lained in
section Method s , General), this being the least—biased rela tive’ scaling

~te’ t h

The in itial clustering w’as carried out on the 21 word oce’url’ences

based on the spectral content for frequency and amplitude of the LEG p lus
F;MG , n on s c al ed ;  for the ’  f r e q u e n c y  and a m p l i t u d e  of t h e  LEG alone , nonscaled ;
and for the Irequenc~ and amp li tude of the EMG alone , nonscaled . This
w a s  then repeated with t h e  data scaled in two different ways as previousl y
described . A u examp le of th e r e s u l t s  ( f o r  the  EMG on l y condit ion) are
shown in Table 3. E i g h t  s e p a r a t e’  c l u s t e r i n g s  we’re’ found by f i r s t  p lacing
all p o i n t s  in one’ cluster , then par titioning this into two clusters , and
so on un til eight c l u s t er s  were obtained . These eight we’re then “ lu ’p e d
one cluster at a t in e  until onl y two clusters remain ed. Note’ in this
clu stering that all t h e  words beginni.tg with an “H” arc grouped in the’
f i r s t  c l u s t e r  a t  the two—cluster level.

A m e a s u r e  of how w t ’ l  1 t h e  p a r t  i t  ion ing i n t o  c l u s t e rs  descr ibe’s  t h e
d a t a  is t h e  d i s tan c e  a g i v e n  po in t  in  a cluster is fr i i the cluster center.
This distance can be’ considered as a “error” score for each data p o i n t
in the’ cluster. As an overall statistic for clusteredness , we use the
sum of a l l  of the squared errors in a cluster , measured as a percentage
ui  the total squared error of cluster I (by  definition , 100%). ‘l’he

results on the I ive’ se lec ted  words  a re  indicated in t h e  I oui’th column u i
Table’ 3 , and ar, a i s o  p l o t t e d  ve r su s  t he  number  of c l u s t e r s  in 1’ igure’ 12
u s  t h e  “cluster cha ru& ’t ,r is t i c cu,’te’” for t h c sp  words. Each point on
this curve shows the error or variance caused by using only a certain
s m a l l  n u m b e r  of c lust”rs , rather than using one cluster for each word or
data ob ,~ec t. Not e that this latter condition would represent zero error ,
sine,.’ ~‘;“hi data objec t would be its own cluster . We arbitraril y d e f i n e
the on’ cluster (the overall average of the data) error to have a va lue
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FIGURE 11 COMPUTER PLOT OF SEVEN CHANNELS OF DIGITIZED DATA FOR
SUBJECT Cl IN RESPONSE TO THE WORD “HIT , ” Channels same as
in Figure 3,
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21 woiws rw~ ssssios ci, Ew CI IOIELs osty (cx~~s 1-3)BIns 3—32 of Fr.qu.ncy Data Not Scal.d

11cr N u m , . , ’ f  P u u j n t s in  S Error Words in the Clustem ’ ~nd Frequency of Occurrence
( lu,,t ,r,’ Cluster

1 21 100% A l l  po int s in one cluster

2 2 i-iS iui,5332 NIT (6), HAD (4) , HEAD (2) , COOL (3)

2-6 COOL ( 2 ) .  PUT ( 4 )

3 1 1—8 32,1759 HIT (2), HAD (3), HEAD (1), COOL (2)

2—4 COOL (2), PUT (2 )

3-2 PUT (2)

4—7 HIT (4), HAD (1), H EAD (1) , COOL ( I )

5 1—4 13.9114 HIT (1), HEAD ( 1) , COOL ( 1 ) , HAl) (1)

2-3 COOL (i) , PUT (2)

3—I PUT (1)

4—4 HAD (1), HEAD (1), HIT (1), COOL (1)

5— 1 PUT (1)

6-1 COOL (I)

7—3 HIT (3)

s-I HAD (2), HIT ( 1) , COOL ( 1)

5 7 1-8 15.2311 HIT (2), HAD (3), H EAD (1) , COOL (2)

2—3 COOL (1), PUT ( 2 )

3-I PUT ( 1)

4—4 HAD (1), HEAL) (1), HIT (1), COOL ( 1)

PUT (1)

6-i COOL, (1)

7-3 HIT (3)

6 6 I- S 17 .3050 HIT (2), HAD (3), H EAD ( 1 ) ,  COOL, (2)

2-3 COOL (1), PUT (2)

i — I  m’t r (1)
I — i HIT (4), HAD (1), HEAD ( 1) , COOL (1)

5—1 PUT (1)

6-I COOL (1)

7 5 1—15 23,75112 HIT (6), HAn (4), HEAD (2). COOL ( : 1 )

2- 3 COOL (I), PUT (2)

3-i PUT (I)

I — I  I’IT (1)

5-1 COOL ( I )

8 1 l~~l:) 29.090 1 HiT (6) , HAD (4), HEAD ( 2 ) ,  COOL (3)

2—4 COOt (2 ) ” PU’T ( 2 )

3—1 Pt’T (1)

i-i PUT ( 1)

9 3 1-19 57 9038 HIT (6). COOL (5), HAD (4), HEAD (2), PUT (2)

2—1 • PUT ( I )

3—1 PUT ( 1)

10 2 1-20 72.7129 HIT (6) . COOL (5) , HAD (4), HEAD ( 2 ) ,  PUT (3)

2-1 PU T ( 1)
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of 100%. The cluster characteristic curve shows how much the error drops
us more clusters are used to describe the data.

Thus , Tab le 3 and Figure 12 suggest that  the f ive selected words
may be grouped and compared with a theoretically perfect clustering.
That is , are there f ive c lusters , each containing all incidences of a
particular word? In this manner , it ideally might be found that cluster
1 of the five clusters contains all the occurrences for the word HIT,
cluster 2 for the word COOL , cluster 3 for the word PUT, clus ter 4 for
the word HAD , and cluster 5 for the word HEAD, With additional analys is
f r om Ex periment 2, with its more rigidly structured data collection we
expect the quality of the data to improve , and therefore the clustering
to be more selective.

Results: Experiment 2

Gener al

Experiment 2 was designed to refine Experiment 1 to obtain more
accurate data that might qualify for the clustering pattern recognition
program. First it was decided to choose fewer words than previously
employed , and to select words that had the greatest likelihood of repro-
duc ing  consistent EMG patterns. Second , words were repeated ten times
dur ing each of two record ing sessions for  each of the three Ss , all
under the visual presentation condition of Experiment 1. Third, electrode
sites were restricted to the six that could be recorded simultaneously,
inc luding two F~IIG and four EEG (see Methods Apparatus , Electrode Place-
me’mits). Fourth , five additional bisy l lab ic , phonetically balanced words
were added to the language task , wi th the accent f irst on one sy ll able
and then on the other. The words and the sentence that was overtly read
at the end of each wor~! list are shown in Table 4. The 15 words were
chosen to emphasize rounded lips , bilabials , and open lips in the case
of the monosyllables , and to asses the con t r ibu t ion  of the lead part
of a bisyllabic word on the second part (and vice versa) when one
syllable is accented . Finally, no covert responses were obtained in
Exper iment 2.

Figure  13 i l l u s t r a t e s  the raw record of the word “COOL” by Subjec t C
on session 6. This record is much l ike  tha t  of Figure 3 , except tha t
now there are two integrated EMG channels and four EEG channels. The
st i m u l u s  response paradigm is also the same as in Figure 3——namely , that
the S is resting with eyes closed before a visual word presentation.
On a “ready ” signa l , she opens her eyes and at tends to the screen. On
stimulus  presen tati on , she overtly roads the word into the microphone
and then closes her eyes again to a w a i t  the next word .

Note in Figure 13 that the same general results were found as
described above for Experiment 1, That is , the EEG is synchronized
unt il after the eyes are opened following the ready signal , and then
remains desynchronized until the eyes are closed. Second , the EMG
begins to increase about 2,’5-3/5 soc before the actual vocalization.
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Table 4

LANGUAG E TAS K FOR EXPERIME NT 2

Bisy l l a b ic

Monosyllabic Accent First Syllable Accen t Second~~yllable

TIP BLACKBOARD BLA CKBOAR D

HIT SCHOOLBOY SCHOOLBOY

HAl) (X)UGRDROP (X)UGHDROP

PUT SHIPWRECK SHIPWRECK

COOL MOUSETRAP MOUSETRA P

Sentence:

THE SHIPWRECKED SCHOOLBOY HAD PUT A COOL COUGHDROP ZN THE MOUSETRA P

AND AIMED IT TO HIT AND TIP  OVER THE BLACKBOARD.
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CHANNEL SUBJECT C6
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I EMG 13/16

2 EMG 7~~ I ________________________________

3 EEG F7

4

6 EEG cS

BEGI NNING

7 VOICE AND MARKER 
OF VOCALIZATION —“ ‘~
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V

“ REA DY” STIMULUS VOCAL RESPONSE
ON “COOL”

FIGURE 13 DYNOGRAPH RECORDING OF STIMULUS-RESPONSE OF EMG AND EEG
FOR TH E WORD “COOL”
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Third , in all EEG channels , but especiall y in the dominant (speech)
h e m i s phere  (in particular , over Broca ’s area , electrode 17) , the  s l o w —
wave , negative positive potential is present with t h e  onset of the
EMG increase. Interesting ly, for this subject , this slow—wave appears
ag a i n  in the KEG following the end of the EMG changes and just before
the eyes arc closed . The significance of this result is unknown a t
t h i s  t i m e , b u t  if this potential remains consistent for covert responses
as w e l l  ( u s  i t  did  in E x p e r i m e n t  1), it may serve as a feature detector
in the cluster anal ysis program.

EEG cluster anal ysis of these data is awaiting tape editing and
digitization on the Linc—8 , which should be completed by December.

EMG Analysis

Figure 11 shows the results of multiple (N=5) EMG trarlngs of t h e
15 s t i m u l u s  words for the fifth session of Subject C. The vertical
l i n e  in each set of tracings marks the beginning of vocalization . These
multip le tracings show that the EMG variabilit y for a g iven muscle
group and for a given word is significantl y less than that between words
and between muscle groups. They also show that the temporal variabilit y
is slighLl y larger than the magnitude variab ility. Some words like
PUT , MOUSETRAP , BLACKBOARD show much less variability than others.

I n  a ny  even t , both the temporal and amplitude variability within
a word and within a muscle group are sufficiently low that an average
response m a y  c o n f i d e n t l y  be d r a w n  to represent the DIG response to a
given word, Such average curves from Figure 14 are drawn in Figure 15
for CS, The averages of bi sy llabic words for C5 may be compared with the
bisy llab ic words for 135 and B6 (Figures 16 and 17) for between S varia-
bility, and between B5 and B6 for within S variability. Such a comparison
reveals again that the DIG response for a given S is unique; however ,
the responses between subjects C and B for the words “COUGHDROP , ” “BLAcK
BOAR D ,” “BLACKBOAR D , ” and “SHIPWRECK ” are f a i r ly  s i m i l a r .  Compar i sons

~ ith in a subjec t between sessions (Figures 16 and 17) shows relativel y
small var ia b ili t~~, wh i le comparisons between words accented on the first
s~~llahlv and t h ose accented on the second shows less variabilit y than
might be supposed a priori.

Finally, Figure 18 illustr ates multiple tracings for Subjec t B , on
her fifth session , for the sentence, Note that even here , where each
sen t e n c e  may he spoken a t  a s l i g h t l y d i f f e r e n t  r a t e , the  magnitude
variability is relativel y srna U , and even the temporal variabilit y is
low d u r i n g  t h e  f i r s t  p o r t i o n  of the sentences, Furthermore , a comparison
c i the sentence component .~ of Figure 18 with the overt response of the
individu al words of Figure 16 shows that roughly 80% of the EMG patt erns
within the sentence can be picked out visually by knowledge 1)1 the average
response of ti’c single word .
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i ) i  Sc ’ us s t o n  a t ic i  Ct ITIC ’ lu si~ us

Th c  i b )  cc t v t ~~ ~I the’ I ii ’ t e at  of t h i s  p roj c (  t were t o us t a b  1 i, sh
he a l i d  i t  v of the’ basic p r e l i l  1st t h a t  pa tte i-ns of biulugic~i 1 m i  t r ’ ’ i a  t ion

t a n  ht’ i’ ,l j t e d t~~ c ’V e r t  l tiiguage l)e’Oav lot’ (thoug h t). We’ might tes t a te
h s by ask iig ~e’~ e ra  I spec  ii ic quest ions:

(1) Ar,’ t i  t u g  r a t  c d  I’~~G p a t t e r n s  of spoken word s C (,nS is tent with in
w o r d s  sn d o ve r  t inie w i t h i n  a sub jec t? If so , ar e  they unique

r a g i v t ’ n  sub i ‘ut I. ‘r a g iv en word? Ii so , do t i c y  f o i l  ow
ii ngu 1 st ic I , w

(2) What stat 1st I t ’ of the’ EEG c ’rrespond s sufficientl y w i t h  t l~
EMG p” t t & ‘i’ii 1 sp e e c h  t o  use as a feature detec tor in  a pattern
i c e  ugn it ion I’’ ’ ‘g i - am I ‘ r a g v e n word’?

( :~) Gi~~cn thi s LEG statistic , can it distinguish one spoken w o r d
I r~ m an t i t t - ’! Can i t  ident il 

~ 
a given covert word’! Can i t

St lee t a word I rom art v e r  t or covert sentence c o tit  a i n i ng
the word , ev en when cu f erent words precede and follow the
t e~ t w trd~

The re~ ei i t s  t i  t h e  I i i ’ s t  S i x  m o n t h s  of the’ research rcpoz’tc(I above
for Experiments 1 and 2, although not conclusive, support an affirmative
response for the first set of questions. The significant results may be
summarized as follows :

( i )  The DIG pa t te rns f o r  each word used thu s f a r  in t h i s  research
are s p e c i f i c  f o r  t h a t  word .

(2) The EMG p a t t e r n s  I or a given word a r e  c on s i s t e n t  , s h o w i n g  less
w i t h i n  subjec t v~t i i a t j i l i t v  than b e t w e e n  sub jec t v a r i a h i l i t ~~ ,

(3) A m p l i t u d e  v u r i ; , b i  i i  t y  oi  an EMG p a t te r n  f r  it g i v & ’n  w o r d  is
‘~~ t d t r t t e , b u t  s l i g h t ly  more t h a n  the t e m p o r a l  v a r i a b i l i t ,~
H n w & ~ e r , bo th  t y p e s  of v a r i a b i l i t y  a re  s u f f I c i e n t  l v  sina i  1
so t h a t  an a v e rag e  p a t t e r n  c a n  be obtained that re l ia hl\
r e p  re S ‘ T i  t s t l i t ’  word .

( I )  ‘~h~ a’~ ei’~ gc EMG response’ of a given word f u r  a g i v e n  sub Jec
can be used as a template to ~dt’ti t If y the same EMG response’
f ‘‘r that word when  t h e  word is imbedded  i i i  a s e n t e n c e’ .

(5) Thu ‘ az’i abi i ity of bisy liabic words between those accented on
the I ii’s t sy l l a b l e’  and those ’  accented on the second i s  g r e a t e r
t h a n  the w i t h i n  v a r  i a i ) i  i i  ty for a given bisy 1 labic word , ant i
g r u i l  t e r  t h a n  t h e  v a r ia b i l i t y  f o r  m o n o sy l l a b i c  w o r d s . However ,
t h i s  acc en t v a r i a b il i t y  Is still sufficientl y small so that
e i t h e r  accen ted  woi’d may bc used to i d e n t i f y  t h e  sam e  ut i acc ’en t e d
h i ss  i l ab i c  word when i t  I s  imbedded  i n  a s e n t e n c e .
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Answers to the Set of questi ons on the KEG arc stil l  not comp lete.
W e  are a s su m i n g  f u r  low t h a t  if the EMG patterns arc consistent for the
over t  r e sp t n s u , as  t h ey  arc’ , t h e n  the KEG for the covert response should
be s i m i l a r  t t ’  t h a t  of t h e  ove r t  response to t he  same w o r d .  E v i d e n c e
f r o m  t h e  r a w  record EEG s both w i t h  respec t to frequency differen ces of
synchronized ~‘ ~‘s i t s  desynchronized patterns and the existence of’ thu
slo w— w ave , negative’ positive’ potential for tile covert and overt responses
s u g g e s t  that such a corrclatit’n is quite ’ possible. In addition , t h e
pattern rc’ct ’gtl i t  i on  ~~r g l ’ jJ nt so I , ‘r has been a b l e  to se l ec t  thosc words
l)”ginning with an ‘LI ” f r : ’  other words in Experiment 1 , using clustering
of sc’~ er~i l LEG statistics . These’ statist ics ire’ the cross— and auto—
sp ’c tra , t l i t ’  l i ne a r  ct It e t - enue f u n c t i o n  , and the weighted—average coherence.
The t i l e  t h a t  a i ll se t ’ s  u h t ’s t  as a f e a t u r e’  d e t e c t o r  is y e t  to  be d e t e r m i n e d .

I)uring ttit’ next six months , w’ith the improved Line—S tape—editing and
d igitizing t I  the’ da t a c , f  Experiment 2 , we expec t to answer the questions
in ’s olving the’ EEG . Hy IJt’ cennber I , our turnover time fo r  d a t a  am a  iv s is
s h o u ld  be reduced to ofle (lay. Based on our results with the EMG , we are
l a i rl y confident th ,t t we’ will he able to establish definitivel y whether
the EEG alone’ can  p r o v i d e  us with sul I icient information to i d e n t i fy
l a n g u a g e  b e h a v ior .

Lawrence R. Pinneo

Manager , Neurophysiolog y Program

David J, Ha ll
Sen i o r  Research Engineer
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