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A b s t r a c t 

T h i s paper d e s c r i b e s t h e VOCAL (Vo ice Opera ted 
C A L c u l a t o r ) speech u n d e r s t a n d i n g sys tem. VOCAL is 
a s o f t w a r e package t h a t l e t s I t s user program a 
computer t o p e r f o r m n u m e r i c a l c a l c u l a t i o n s b y 
speak ing t o I t i n E n g l i s h - l i k e s e n t e n c e s . T o a c 
c o m p l i s h t h i s , VOCAL uses p rocesses f o r a c o u s t i c , 
g r a m m a t i c a l , and semant ic a n a l y s i s . These i n d i v i d 
u a l p r o c e d u r e s , wh ich a re r e l a t i v e l y s i m p l e , a re 
embedded i n a c o n t r o l s t r u c t u r e t h a t uses the i n 
f o r m a t i o n f rom each component to a r r i v e a t a mean
i n g f u l i n t e r p r e t a t i o n o f spoken s e n t e n c e s . 

One un ique f e a t u r e o f VOCAL, wh ich is e s s e n 
t i a l t o the development o f speech u n d e r s t a n d i n g 
sys tems , i s t h a t i t i s comple te and s e l f - c o n t a i n e d . 
Coded in s tanda rd FORTRAN, i t i s compact enough to 
r u n on many m in i compu te rs and can be used in a 
r e a l - t i m e , o n - l i n e env i ronmen t o n s l i g h t l y more 
p o w e r f u l mach ines . 

T e s t i n g has shown t h a t d e s p i t e a c o r r e c t word 
i d e n t i f i c a t i o n r a t e o f l eas t h a t 60% the VOCAL s y s 
tem u s u a l l y c o r r e c t l y i n t e r p r e t s even v e r y l o n g 
s e n t e n c e s . 

I n t r o d u c t i o n 

T h i s paper d e s c r i b e s the p r e s e n t s t a t e o f t he 
VOCAL speech u n d e r s t a n d i n g s y s t e m . B r i e f l y , VOCAL 
i s a c o m p l e t e , s e l f - c o n t a i n e d speech u n d e r s t a n d i n g 
system t h a t has undergone s u f f i c i e n t t e s t i n g t o i n 
d i c a t e t h a t i t has p o t e n t i a l b o t h a s a p r a c t i c a l 
v o i c e programming system and as a r e s e a r c h t o o l f o r 
the i n v e s t i g a t i o n o f more g e n e r a l prob lems o f n a t 
u r a l , spoken man/machine commun ica t i on . 

VOCAL i n t e r p r e t s a spoken u t t e r a n c e as the 
w e l l f o r m e d , m e a n i n g f u l sen tence t h a t sounds most 
l i k e i t s a c o u s t i c t r a n s c r i p t i o n o f t he i n p u t a c 
c o r d i n g to a q u a n t i t a t i v e s i m i l a r i t y measure and 
demons t ra tes i t s u n d e r s t a n d i n g b y c o m p i l i n g the i n 
put i n t o e x e c u t a b l e machine language code . To a c 
c o m p l i s h t h i s , VOCAL uses s e v e r a l r e l a t i v e l y s i m p l e 
p rocedu res l i n k e d by a c o n t r o l s t r u c t u r e - The 
VOCAL language was des igned to be s i m p l e and power
f u l i n s p e c i f y i n g n u m e r i c a l a l g o r i t h m s . W i t h i n the 
c o n s t r a i n t s o f s m a l l v o c a b u l a r y and s i m p l e s y n t a x , 
the VOCAL language bears a reasonab le s i m i l a r i t y to 
the s p e c i a l subset o f E n g l i s h used by a m a t h e m a t i 
c i a n to d e s c r i b e e q u a t i o n s he i s w r i t i n g on a 
b l a c k - b o a r d . F i n a l l y , VOCAL i s f a s t , e f f i c i e n t , 
and p o r t a b l e . 

VOCAL o p e r a t e s on a l i m i t e d v o c a b u l a r y , as a l l 
speech u n d e r s t a n d i n g systems do [ 1 , 1 5 , 1 6 , 2 0 , 2 1 , 2 2 , 
2 3 ] . Sentences are spoken b y c o o p e r a t i v e s u b j e c t s 
i n q u i e t rooms. The VOCAL s y n t a x i s w e l l d e f i n e d 
by a m a t h e m a t i c a l mode l and the prob lem domain is 
l i m i t e d t o a s p e c i a l i z e d t a s k s o t h a t h e u r i s t i c s 
f o r semant ic a n a l y s i s a re a p p l i c a b l e . 

VOCAL does n o t , however , accep t t r u l y c o n t i n u 
ous speech i n p u t . Our da ta was reco rded under i -
d e a l c o n d i t i o n s and the s u b j e c t s were r e q u i r e d t o 
a r t i c u l a t e c l e a r l y . Thus VOCAL can r e l i a b l y l o c a t e 

word b o u n d a r i e s by d e t e c t i n g b r i e f pauses between 
w o r d s . As a r e s u l t , VOCAL beg ins i t s a c o u s t i c 
p r o c e s s i n g a t t h e l e x i c a l r a t h e r t han the phonemic 
l e v e l . 

There a re 42 words in t h e VOCAL l e x i c o n ( " t o " 
and " t w o " a re c o n s i d e r e d t h e same word a t t h e a -
c o u s t i c l e v e l ) s o t h a t word i d e n t i f i c a t i o n becomes 
a d i f f i c u l t bu t t r a c t a b l e p a t t e r n r e c o g n i t i o n 
p r o b l e m . 

A t the a c o u s t i c l e v e l , VOCAL r e p r e s e n t s l e x i 
c a l i n f o r m a t i o n in the form o f a s p e c t r o g r a m . An 
e x t r e m e l y e f f i c i e n t Fas t F o u r i e r T r a n s f o r m (FFT) 
g e n e r a t e s the s p e c t r o g r a m , w h i c h c o n t a i n s a l l t h e 
i n f o r m a t i o n necessary f o r word r e c o g n i t i o n i n s u f 
f i c i e n t l y compact fo rm s o t h a t the f u l l power o f 
m a t h e m a t i c a l p a t t e r n r e c o g n i t i o n t e c h n i q u e s can be 
b rough t t o b e a r . (Very e a r l y work b y P o t t e r , 
Kopp, and Kopp [ 1 4 ] and recen t v e r i f i c a t i o n by 
K l a t t and Stevens [ 7 ] demons t ra te t h a t a s p e c t r o 
gram can c o n t a i n a l l t h i s i n f o r m a t i o n , a l t h o u g h 
the more r ecen t t r e n d i n a c o u s t i c s i g n a l p r o c e s s 
i n g has been toward d i g i t a l f i l t e r i n g [ 1 7 ] and 
p r e d i c t i v e cod ing [ 8 , 1 2 , 2 3 ] f o r s p e c t r a l e s t i m a 
t i o n . ) 

I n o r d e r t o s o l v e the g r a m m a t i c a l p rob lem o f 
p a r s i n g u n r e l i a b l y t r a n s c r i b e d i n p u t s t r i n g s [ 1 1 , 
2 2 ] , the p a r s e r i s p e r m i t t e d t o i n s e r t h y p o t h e t i 
c a l words or s t r i n g s based on a c o u s t i c and seman
t i c i n f o r m a t i o n w h i l e p r o c e s s i n g the i n p u t . 

The d i f f i c u l t y o f t e n encoun te red i s p r o v i d i n g 
a speech u n d e r s t a n d i n g system w i t h seman t i c c a p a 
b i l i t i e s was p a r t l y s o l v e d b y t h e cho i ce o f p r o b 
lem domain . Cher ry [ 3 ] d e f i n e s semant i cs as t h e 
r e l a t i o n s h i p between the symbols of a language and 
the r e a l o b j e c t s o r concepts f o r wh i ch t hey s t a n d . 
For the VOCAL system the o b j e c t s to wh ich the sym
b o l s a re r e l a t e d a re s e t s o f machine language i n 
s t r u c t i o n s t h a t cause the computer t o p e r f o r m t h e 
o p e r a t i o n s s p e c i f i e d by those symbo ls . The seman
t i c r e l a t i o n s h i p s a re those r e q u i r e d b y a n o r d i n 
a ry c o m p i l e r f o r the VOCAL l anguage . 

The c o n t r o l s t r u c t u r e of VOCAL has two i m 
p o r t a n t p r o p e r t i e s . F i r s t , i n f o r m a t i o n e x t r a c t e d 
a t each l e v e l o f p r o c e s s i n g i s used b y eve ry o t h e r 
l e v e l . Second, the a c t u a l s t r a t e g y used by VOCAL 
to u n d e r s t a n d a sen tence i s l a r g e l y d e t e r m i n e d by 
t h a t u t t e r a n c e o f t h a t s e n t e n c e . I n t h i s p r o c e s s , 
n o a b s o l u t e q u a n t i t a t i v e c r i t e r i a ( e . g . e m p i r i c a l 
l y de te rm ined c o n f i d e n c e l e v e l s ) a re used and no 
unbounded c o m p u t a t i o n s ( e . g . e x h a u s t i v e sea rches ) 
a re p e r f o r m e d . 

F i n a l l y , t h e r e i s the m a t t e r o f t he c o s t o f 
speech u n d e r s t a n d i n g c o m p u t a t i o n s i n p r o c e s s i n g 
t ime and r e s o u r c e s . Because VOCAL is coded in 
FORTRAN at a l e v e l v e r y c l o s e to the machine and 
uses e f f i c i e n t FFT, p a t t e r n r e c o g n i t i o n , and p a r s 
i n g a l g o r i t h m s , i t has o n l y modest co re r e q u i r e 
ments and w i l l r u n o n - l i n e i n r e a l t ime o n l a r g e 
m i n i c o m p u t e r s o r med ium-s ize mach ines . I f the 
s p e c t r a l a n a l y s i s i s pe r fo rmed b y a n e a s i l y c o n 
s t r u c t e d bank o f f i v e ana log bandpass f i l t e r s , t h e 
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system can run o n - l i n e in r e a l t ime even on a s m a l l 
m i n i c o m p u t e r . Th is opens up avenues f o r t e s t i n g , 
e v a l u a t i o n , and development t h a t are c l o s e d t o l a r 
ger sys tems. 

The VOCAL System 

VOCAL is c u r r e n t l y o rgan i zed i n t o one main 
program and s i x s u b r o u t i n e s . The main p rog ram, 
c a l l e d CNTRL, governs (and reco rds f o r subsequent 
a n a l y s i s ) a l l o f the o p e r a t i o n s o f the s u b r o u t i n e s . 
The s u b r o u t i n e s and t h e i r t asks are l i s t e d b e l o w . 

(1) SPGRM genera tes the spec t rogram of s i n g l e -
word u t t e r a n c e s . 

(2) SWIFFT is a s p e c i a l purpose Fast F o u r i e r 
T rans fo rm a l g o r i t h m used to compute s h o r t d u r a t i o n 
s p e c t r a . 

(3) KNN3 i s the p a t t e r n r e c o g n i t i o n a l g o r i t h m . 
I t uses a g e n e r a l i z e d k - n e a r e s t - n e i g h b o r scheme 
w i t h p r e p r o c e s s i n g [ 1 3 ] . 

(A) PAUSE is a push-down automaton t h a t no t 
on l y accep ts w e l l formed sentences bu t a l s o makes 
h y p o t h e t i c a l i n s e r t i o n s where the a c o u s t i c t r a n 
s c r i p t i o n leads t o a n ungraramat ica l s t r i n g . 

(5) SEMANT forms hypotheses about the meaning 
o f a sentence f rom c l u e s i t f i n d s i n the a c o u s t i c 
t r a n s c r i p t i o n and g rammat i ca l s t r u c t u r e . 

(6 ) COMPIL genera tes machine language code 
co r respond ing t o the f i n a l i n t e r p r e t e d meaning o f 
i n p u t sen tences . U n f o r t u n a t e l y t h i s r o u t i n e i s 
mach ine-dependent , so i t now s tops s h o r t o f gene r 
a t i n g the a c t u a l machine language code and mere ly 
se ts up the i n t e r n a l form r e p r e s e n t a t i o n from wh ich 
the code can be g e n e r a t e d . 

Acous t i c P rocess ing 

SPGRM per fo rms a l l o f the s i g n a l p r o c e s s i n g r e 
q u i r e d to segment the speech a long word b o u n a r i e s 
and produce a compact r e p r e s e n t a t i o n of t he spec 
t rograms of each of the words . 

Word bounda r i es are l o c a t e d by a s imp le 
t h r e s h o l d i n g t e c h n i q u e . When the s i g n a l drops to a 
r e l a t i v e minimum and remains a t t h a t l e v e l f o r s e v 
e r a l c o n s e c u t i v e samples , a word boundary i s a s 
sumed . 

The f i r s t s tage in the g e n e r a t i o n o f a spec 
t rogram i s the sampl ing o f the s h o r t d u r a t i o n spec 
trum of the speech waveform every 3.2 msec, and 
s t o r i n g the r e s u l t s in a m a t r i x S *= (S m n ) g i ven by 
equa t i on ( 1 ) . 

The r e s u l t of these t r a n s f o r m a t i o n s is a 5*10 
m a t r i x t h a t r e p r e s e n t s the n o r m a l i z e d t ime and 
f requency smoothed spec t rogram of a s i n g l e spoken 
wo rd . 

The d i s c r e t e F o u r i e r T rans fo rm (DFT) i m p l i c i t 
i n e q u a t i o n (1) i s a c t u a l l y per fo rmed by the 
s p e c i a l - p u r p o s e FFT a l g o r i t h m of s u b r o u t i n e 
SWIFFT. The d e s i r e d speed i s ach ieved i n t h i s a l 
g o r i t h m b y emp loy ing a l l o f the f o l l o w i n g t e c h 
n iques : 

1) Real t r a n s f o r m of l e n g t h N computed as a com
p l e x t r a n s f o r m o f l e n g t h N/2 

2 ) Mixed r a d i x r e p r e s e n t a t i o n o f s u b s c r i p t s [ 2 , 1 9 ] 
3 ) P run ing the f i r s t s tage t o account f o r the ze ro 

padding [ 9 ] 
4 ) E l i m i n a t i o n o f a l l t r i v i a l o p e r a t i o n s ( e . g . 

m u l t i p l i c a t i o n by 0 , ±1) 
5) I n - l i n e cod ing w i t h no l oops and no address 

c a l c u l a t i o n s 
6 ) No e x p l i c i t b i n a r y s o r t . 

P a t t e r n R e c o g n i t i o n 

KNN3 i s the p a t t e r n r e c o g n i t i o n s u b r o u t i n e . I t 
pe r fo rms two sepa ra te o p e r a t i o n s , f e a t u r e s e l e c 
t i o n and n e a r e s t ne ighbor o r d e r i n g , i m p l i c i t i n 
wh ich i s the i d e n t i f i c a t i o n p r o c e s s . 

The f e a t u r e s e l e c t i o n p rocess i s accomp l i shed 
by means of a Karhunen Loeve expans ion a p p l i e d to 
f e a t u r e s e l e c t i o n problems a c c o r d i n g t o methods 
d e s c r i b e d by M e i s e l [ 10 ] and P a t r i c k [ 1 3 ] . R e c a l l 
t ha t the spec t rog ram f o r each word i s r e p r e s e n t e d 
by the 5*10 m a t r i x , S " , o f e q u a t i o n ( 3 ) . Le t Y be 
a 5 0 - v e c t o r whose components , yi. 1 < i < 50 , a r e 
the e lements of S" o r d e r e d co lumnwise . We reduce 
t h i s v e c t o r , Y , t o a t e n - d i m e n s i o n a l v e c t o r , X , by 
the l i n e a r t r a n s f o r m a t i o n T . 

(A) X = T Y. 
T is a m a t r i x whose rows a re the e i g e n v e c t o r s c o r 
r espond ing t o the t e n l a r g e s t e i g e n v a l u e s o f a n 
e s t i m a t e o f t he c o v a r i a n c e m a t r i x U o f the t r a i n i n g 
s e t . That i s . 
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Of c o u r s e , the compu ta t i ons d e s c r i b e d by e q u a t i o n s 
( 5 ) , ( 6 ) , ( 7 ) , and (8) a re done o n l y once i n an 
o f f - l i n e s tep and the m a t r i x T i s s t o r e d i n KNN3, 
wh ich s i m p l y uses the t r a n s f o r m a t i o n a c c o r d i n g t o 
e q u a t i o n (4) to ge t a t e n - f e a t u r e r e p r e s e n t a t i o n 
of a s p e c t r o g r a m . 

An e x a m i n a t i o n o f the e i g e n v a l u e s o f f r om 
e q u a t i o n (7) r e v e a l s t h a t the i n t r i n s i c d i m e n s i o n 
a l i t y o f t he f e a t u r e space is between 6 and 16. 
That i s , becomes v e r y s m a l l f o r 16 . But i n 
o r d e r t o keep the i m p l i c i t e s t i m a t e s o f t he p r o b a 
b i l i t y d i s t r i b u t i o n f u n c t i o n o f t he f e a t u r e v a l u e s 
c o n s i s t e n t w i t h the number o f samples i n the t r a i n 
i ng d a t a , we r e s t r i c t e d o u r s e l v e s to a t e n - d i m e n 
s i o n a l a p p r o x i m a t i o n . 

The nex t f u n c t i o n of KNN3 is to use the v e c t o r 
f rom e q u a t i o n (4) i n the g e n e r a l i z e d K Neares t 

Ne ighbor d e c i s i o n r u l e o f P a t r i c k [ 1 3 ] t o c l a s s i f y 
an u t t e r a n c e . 

The d e c i s i o n r u l e o f e q u a t i o n (9) s imp ly says 
a s s i g n the v e c t o r t o c l a s s n i f and o n l y i f t h e 
t o t a l d i s t a n c e ( i n the E u c l i d e a n sense) f rom t o 
i t s k n e a r e s t n e i g h b o r s i n the c l a s s i s l e s s 
t h a n i t s t o t a l d i s t a n c e t o i t s k nea res t n e i g h b o r s 
i n any o t h e r c l a s s . 

Ln o r d e r to use the d e c i s i o n r u l e o f e q u a t i o n 
(9a ) a se t o f d i s c r i m i n a n t f u n c t i o n s 

are e v a l u a t e d where 

The s i g n i f i c a n c e of the o r d e r i n g (9c) is t h a t X 
i s c l a s s i f i e d a s n j , but n 2 i s t h e n e x t most 
l i k e l y c a n d i d a t e , f o l l o w e d b y n 3 , e t c . T h i s i n 
f o r m a t i o n is s t o r e d f o r l a t e r use by PARSE and 
SEMANT. 

The n a i v e i m p l e m e n t a t i o n o f t h i s a l g o r i t h m 
r e q u i r e s one d i s t a n c e c a l c u l a t i o n f o r each t r a i n 
i n g sample . But c a r e f u l l y r e o r d e r i n g samples 
w i t h i n each c l a s s and s t o r i n g t h e i r p o s i t i o n s o n 
each a x i s can e l i m i n a t e many d i s t a n c e c a l c u l a 
t i o n s because i t i s known i n advance t h a t they 
cannot be c a n d i d a t e s f o r n e a r e s t n e i g h b o r s . T h i s 
p r e p r o c e s s i n g t echn ique o u t l i n e d b y Shustek e t a l . 
[18 ] g r e a t l y reduces the c o m p u t a t i o n cos t o f i m 
p l e m e n t i n g e q u a t i o n ( 9 a ) . 

Syntax 

PARSE is the s u b r o u t i n e t h a t pe r fo rms the neces 
sary a n a l y s i s f o r u n d e r s t a n d i n g a s e n t e n c e . 
PARSE a l s o se rves as a " f r o n t end" f o r the f i n a l 
c o m p i l a t i o n of s u b r o u t i n e COMPIL. 

VOCAL has 43 symbols and e l e v e n d i f f e r e n t 
sentence schemata , most of wh ich have two f o r m s . 
The f i r s t fo rm p e r m i t s the use o f l i n e numbers , 
wh ich COMPIL t r e a t s as i n s t r u c t i o n a d d r e s s e s . 
The second form is a " s t a n d a l o n e " form in wh ich 
each sentence i s a comple te program un to i t s e l f . 
These command s t r u c t u r e s are o f t h r e e t y p e s , 
e x e c u t i v e ( e . g . s t a r t , s t o p , e d i t ) , minor u t i l i t y 
( e . g . u n c o n d i t i o n a l b r a n c h i n g , s u b r o u t i n e l i n k i n g , 
i n p u t ) , and ma jo r u t i l i t y ( e . g . c o n d i t i o n a l 
b r a n c h i n g , ass ignmen t , i n d e x i n g ) . The t h i r d a r e 
the r e a l work ho rses o f the language and c o n t a i n 
a r i t h m e t i c e x p r e s s i o n s composed o f v a r i a b l e s t h a t 
may or may not be s u b s c r i p t e d , f l o a t i n g - p o i n t c o n 
s t a n t s , and a l l the usua l a r i t h m e t i c o p e r a t o r s , 
d e l i m i t e r s , and e lemen ta ry f u n c t i o n s . 
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Equa t i on (11) i n s u r e s that the grammar 



Equa t i on (12) then d e f i n e s the o p e r a t i o n of M as 
f o l l o w s . On scann ing i n p u t symbol A w i t h n o n 
t e r m i n a l symbol a on t o p of t he s t a c k , accept A 
and r e p l a c e a by the s t r i n g a . I f t he s t a c k i s 
empty a f t e r the i n p u t sentence has been scanned , 
i t i s a w e l l formed sentence i n L ( G ) . Th i s o p e r a 
t i o n i s the h e a r t o f PARSE. 

The t r a n s i t i o n f u n c t i o n o f e q u a t i o n (12) i s 
s t o r e d i n t h e fo rm o f a t a b l e w i t h two l e v e l s o f 
p o i n t e r s . One i s f o r i n t e r n a l use and i n s u r e s 
t h a t the t a b l e w i l l b e scanned e f f i c i e n t l y a c c o r d 
i n g t o an a l g o r i t h m d e s c r i b e d by G r i e s [ 6 ] , The 
second l e v e l p r o v i d e s a l i n k to SEMANT, wh ich we 
s h a l l d e s c r i b e s h o r t l y . 

I n a d d i t i o n t o d e t e r m i n i n g whe ther a sentence 
i s w e l l f o r m e d , PARSE i s a l s o capab le o f i n s e r t i n g 
words a c c o r d i n g to the o r d e r i n g o f (9c) i n a s e n 
tence t o r e p l a c e g r a m m a t i c a l l y i n c o r r e c t ones . 
T h i s rep lacement r o u t i n e i n v o l v e s a l i n k t o t h e 
a c o u s t i c and semant ic l e v e l s and w i l l t h e r e f o r e b e 
d i s c u s s e d when we c o n s i d e r the c o n t r o l s t r u c t u r e . 

Semant ic A n a l y s i s 

The f u n c t i o n of SEMANT is to de te rm ine the meaning 
( i n terms o f what C0MPIL can unde rs tand ) o f w e l l 
formed sen tences . SEMANT gene ra tes these h y p o t h e 
ses on the b a s i s o f a c o u s t i c and g r a m m a t i c a l c l u e s 
p l u s some t a b u l a t e d knowledge o f i t s own. 

SEMANT t r e a t s phrases and sen tences as mean
i n g f u l i f COMPIL can e i t h e r make a p p r o p r i a t e e n 
t r i e s i n i t s symbol t a b l e ( e . g . da ta o r i n s t r u c t i o n 
addresses) or can genera te code ( e . g . to compute 
the v a l u e o f an a r i t h m e t i c e x p r e s s i o n ) . For e x 
ample , the word " s e v e n " b y i t s e l f i s s e m a n t i c a l l y 
mean ing less but the phrase "X seven " is a v a r i a b l e 
f o r wh ich COMPIL wou ld a s s i g n a s t o r a g e l o c a t i o n . 
Or the phrase " t h r e e p o i n t seven" c o u l d be a l i n e 
number f o r wh ich COMPIL wou ld a s s i g n an e n t r y a d 
d r e s s . SEMANT scans the i n p u t s t r i n g s f o r c l u e s 
and uses a c o u s t i c i n f o r m a t i o n to fo rm the bes t 
phrase ( t he s m a l l e s t m e t r i c computed f rom e q u a t i o n 
( 9 b ) ) hav ing the assumed mean ing . I n f o r m a t i o n c o n 
c e r n i n g the g rammat i ca l s t r u c t u r e o f t he phrase i s 
c o n t a i n e d i n the t r a n s i t i o n f u n c t i o n o f e q u a t i o n 
( 1 2 ) . The a p p r o p r i a t e se t o f p r o d u c t i o n r u l e s are 
l o c a t e d by the second l e v e l o f p o i n t e r s in PARSE 
d e s c r i b e d above. For example , the words " t h r e e " 
and " o n e " in the phrase 

t h r e e (?) one (?) (?) 

would serve as a c l u e to SEMANT t h a t a f l o a t i n g 
p o i n t cons tan t was p r e s e n t . SEMANT wou ld t h e n go 
t o the t r a n s i t i o n t a b l e and look up t h e p r o d u c t i o n 
r u l e s f o r t h e f o r m a t i o n o f f l o a t i n g - p o i n t numbers . 
Then, r e f e r r i n g t o the va lues o f t he d i s t a n c e f u n c 
t i o n computed by KNN3 a c c o r d i n g to e q u a t i o n ( 9 b ) , 
the bes t such phrase would be formed and the r e s u l t 
m igh t be 

t h r e e p o i n t one f o u r o n e . 

SEMANT forms f o u r h y p o t h e t i c a l command 
s t r u c t u r e s ( s i n c e t h e r e a re f o u r ma jo r u t i l i t y 
I n s t r u c t i o n s ) . The arguments of the command 
s t r u c t u r e a re r e s o l v e d ( e . g . v a r i a b l e names, l i n e 
numbers ) , and f i n a l l y a r i t h m e t i c e x p r e s s i o n s a r e 
de te rm ined i n c l u d i n g p roper p a r e n t h e s i z i n g . I f 
the chosen command s t r u c t u r e cannot c o n t a i n an 
a r i t h m e t i c e x p r e s s i o n , of c o u r s e , SEMANT does not 
l ook f o r c l u e s f o r one . 

COMPIL is no t a necessary p a r t of t he speech 
u n d e r s t a n d i n g p rocess b u t r a t h e r p r o v i d e s a means 
by wh ich VOCAL can demons t ra te t h a t I t has indeed 
unde rs tood a s e n t e n c e . U n f o r t u n a t e l y a s u b r o u 
t i n e t h a t produces machine language code i s n e c 
e s s a r i l y mach ine -dependen t . For t h a t r e a s o n , 
COMPIL has been p u r p o s e l y l e f t u n f i n i s h e d . I n 
i t s p resen t s t a t e , COMPIL s i m p l y pu t s a sen tence 
i n a conven ien t i n t e r n a l f o rm f rom w h i c h t h e a p 
p r o p r i a t e s u b r o u t i n e s c o u l d gene ra te the o b j e c t 
code . 

C o n t r o l S t r u c t u r e 

The o r g a n i z a t i o n o f VOCAL is shown in f i g u r e 1 . 
I n t h i s d iagram the s i n g l e l i n e s r e p r e s e n t l o g i c 
pa ths and the doub le l i n e s , da ta p a t h s . The r e 
q u i r e d c o n t r o l o f i t s o p e r a t i o n i s pe r fo rmed b y 
the main p rog ram, CNTRL, and may be d e s c r i b e d as 
f o l l o w s . 

D i g i t i z e d speech i s p rocessed t o p roduce t h e 
n e a r e s t ne ighbo r o r d e r i n g f o r each word i n t h e 
sentence a c c o r d i n g t o e q u a t i o n s (9b) and ( 9 c ) . 
These r e s u l t s a re s t o r e d f o r l a t e r u s e . 

The sentence i s t hen p a r s e d . I f the a c o u s 
t i c t r a n s c r i p t i o n o f the sentence i s g r a m m a t i c a l 
l y w e l l formed t hen a l l p r o c e s s i n g ends s i n c e n o 
b e t t e r i n t e r p r e t a t i o n f o r the sentence can be 
f o u n d . 

Most o f t e n , however , m i s c l a s s l f i c a t l o n s d o 
o c c u r , and they r e s u l t i n ung rammat i ca l s t r i n g s . 
I n t h i s case the p a r s e r r e p l a c e s t h e i n c o r r e c t 
word b y o t h e r words i n the v o c a b u l a r y I n the o r 
d e r i n g (9c) f o r the o f f e n d i n g w o r d . The v a l u e s 
o f t he d i s c r i m i n a n t f u n c t i o n s o f (9b) a re added 
up as the sentence is p a r s e d . When the e n t i r e 
sentence has been scanned t h i s t o t a l i s a measure 
o f t h e s i m i l a r i t y o f the m o d i f i e d s t r i n g t o t h e 
a c o u s t i c t r a n s c r i p t i o n . For examp le , l e t the a -
c o u s t i c t r a n s c r i p t i o n o f t h e sentence H 0 be r e p -
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t h e d i s c r i m i n a n t f u n c t i o n f o r t h e c o r r e s p o n d 
i n g w o r d , 

A f t e r t h e a c o u s t i c t r a n s c r i p t i o n has b e e n 
p r o c e s s e d , PARSE o n l y o p e r a t e s o n s e n t e n c e s t h a t 
have been g e n e r a t e d by SEMANT. F i r s t SEMANT 
c h o o s e s t h e b e s t ( i n t h e s e n s e o f e q u a t i o n ( 1 3 ) ) 
command s t r u c t u r e . Then i t b u i l d s a s e n t e n c e 
a r o u n d t h i s command s t r u c t u r e b y r e p l a c i n g w o r d s 
o r g r o u p s o f w o r d s w i t h w e l l f o r m e d , m e a n i n g f u l 
s t r i n g s . R e p l a c e m e n t s a r e a l w a y s made i n t h e o r 
d e r o f ( 9 c ) and a t o t a l o f t h e r e p l a c e m e n t s i m i 
l a r i t i e s i s k e p t . The r e s u l t i n g s t r i n g , H 2 , i s 
r e t u r n e d t o PARSE f o r s y n t a c t i c a n a l y s i s and t h e n 
s e n t back t o SEMANT f o r r e f i n e m e n t . T h i s l o o p i s 
e x e c u t e d u n t i l SEMANT c a n n o t o f f e r any more i n f o r 
m a t i o n Then t h e n e x t command 

s t r u c t u r e i s t r i e d and t h e p r o c e s s i s r e p e a t e d . 
The b e s t f o u r command s t r u c t u r e s a r e t r i e d i n t h i s 
w a y . 

When PARSE i s c a l l e d t o a n a l y z e t h e h y 
p o t h e s i s , , i t compu tes P ( H , H I ) a c c o r d i n g t o 
e q u a t i o n ( 1 3 ) . A t t h e i t e r a t i o n , i s 
compared t o t h e s e n t e n c e c o r r e s p o n d ! n g 

t o t h e s m a l l e r m e t r i e i s r e t a i n e d and t h e s m a l l e r 
m e t r i c i s s t o r e d f o r c o m p a r i s o n a t t h e i + l s t s t a g e . 

When t h i s p r o c e s s t e r m i n a t e s , t h e w e l l fo rmed 
s e n t e n c e c o r r e s p o n d i n g t o t h e s m a l l e s t m e t r i c i s 
c o m p i l e d and e x e c u t e d . I f n o s u c h s e n t e n c e i s 
f o u n d , VOCAL a s k s f o r h e l p , i n d i c a t i n g w h i c h p a r t s 
o t t h e s e n t e n c e i t f i n d s c o n f u s i n g . 

I n t h e c o u r s e o f t h e u n d e r s t a n d i n g p r o c e d u r e 
VOCAL may g e n e r a t e and t e s t t w e n t y h y p o t h e s e s f o r 
a s h o r t s e n t e n c e o r f i f t y f o r a l o n g , c o m p l i c a t e d 
o n e . I n t h e o r y , t h e r e i s n o l i m i t t o t h e number 
o f t i m e s i t may t r y t o r e f i n e a h y p o t h e s i s . I n 
p r a c t i c e , h o w e v e r , t h e maximum o b s e r v e d has b e e n 
t w e l v e . 

T e s t D a t a and R e s u l t s 

T e s t i n g o f VOCAL t h u s f a r has been on a d a t a 
se t o f 1266 w o r d s d i v i d e d i n t o a t r a i n i n g s e t o f 
88? w o r d s and a t e s t s e t o f 22 s e n t e n c e s c o n t a i n 
i n g a t o t a l o f 384 w o r d s . The t r a i n i n g s e t c o n 
 s t s o f 2 1 s p o k e n s a m p l e s o f each o f t h e 4 2 w o r d s 
i n t h e VOCAL l e x i c o n . The t e s t s e t s e n t e n c e s a r e 
s p o k e n b y e l e v e n d i f f e r e n t s p e a k e r s , f o u r o f whom 
were n o t s u b j e c t s f o r t h e t r a i n i n g s e t . 

The s p e e d ) was r e c o r d e d i n an a n e c h o i c room 
on a NACRA IV s c i e n t i f ic r e c o r d e r on l o w - n o i s e 
t a p e a t 1 5 i p s . The a n a l o g s i g n a l s w e r e t h e n l ow 
pass f i l t e r e d a t 5 K h z , s a m p l e d t o 1 0 b i t s a t 1 0 
K h z , and s t o r e d o n m a g n e t i c t a p e . 

The t r a i n i n g s e t w a s , o f c o u r s e , used t o com
p u t e T o f e q u a t i o n ( 4 ) and t h e n t h e t r a n s f o r m e d , 
l a b e l e d t r a i n i n g samp les and T we re s t o r e d i n KNN3. 

The a c o u s t i c r e c o g n i t i o n s c o r e o n t h e t e s t s e t 
was 210 c o r r e c t i d e n t i f i c a t i o n s o u t o f 384 w o r d s . 
T h i s r e s u l t e d i n t r a n s c r i b i n g two s e n t e n c e s c o r -
r e c t l y . The number o f c o r r e c t I d e n t i f i c a t i o n s r o s e 
t o J17 f o r t h e f u l l VOCAL s y s t e m . T h i s r e s u l t e d i n 
a n e x a c t l y c o r r e c t u n d e r s t a n d i n g o f e i g h t s e n t e n c e s , 
a n e a r l y c o r r e c t u n d e r s t a n d i n g o f t h i r t e e n m o r e , 
and a p o o r i n t e r p r e t a t i o n o f one s e n t e n c e . The 
mean ing o f " n e a r l y c o r r e c t " and " p o o r " w i l l b e 
c l e a r f r o m t h e e x a m p l e s b e l o w . I n e a c h , t h e a c t u a l 
s e n t e n c e a p p e a r s f i r s t , f o l l o w e d b y i t s a c o u s t i c 

t r a n s c r i p t i o n and t h e n b y i t s f i n a l i n t e r p r e t a 
t i o n . I n t h e f i r s t e x a m p l e , t h e u n d e r s t a n d i n g i s 
p e r f e c t ; i n t h e s e c o n d , n e a r l y c o r r e c t ; and i n 
t h e t h i r d , p o o r . 

Actual sentence: 
One p o i n t t h r e e r e a d X two t w o n e x t . 

Acoustic transcription; 
One c l o s e t h r e e r e a d X two two s c r a t c h . 

Perceived sentence: 
One p o i n t t h r e e r e a d X two two n e x t . 

Actual sentence: 
L e t X one f i v e sub t h r e e t h r e e e q u a l t e r m m i n u s X 
one t i m e s E two p o i n t o h c l o s e c l o s e o v e r t e r m 
s i n e X t w o c l o s e p l u s c o s i n e X two sub t h r e e 
c l o s e c l o s e t o t h e two p o i n t s e v e n e i g h t one 
e i g h t t h r e e f i v e n e x t . 

Acoustic transcription: 
S c r a t c h X one f i v e s c r a t c h t h r e e t h r e e e q u a l s i n e 
m i n u s X one t i m e s E t w o p o i n t oh c l o s e p o i n t o v e r 
t e r m s i n e X two c l o s e log c o s i n e X two s c r a t c h 
t h r e e p o i n t o h t o t h e two c l o s e s i n e t h r e e one 
e i g h t t h r e e f i v e r e a d . 

Perceived sentence; 
L e t X one f i v e sub t h r e e t h r e e e q u a l s i n e m i n u s X 
one t i m e s E two p o i n t o h c l o s e c l o s e o v e r t e r m 
s i n e X t w o c l o s e p l u s c o s i n e X two sub t h r e e 
c l o s e c l o s e t o t h e two p o i n t one t h r e e one e i g h t 
t h r e e f I v e n e x t . 

Actual sentence: 
F o u r p o i n t f i v e s i x s t e p X s e v e n f r o m t h r e e p o i n t 
o h t o e i g h t p o i n t one b y s i n e t h r e e o f p o i n t o h 
c l o s e l e t X n i n e e q u a l a r c t a n X e i g h t sub s e v e n 
c l o s e n e x t . 

Acoustic transcription: 
F o u r p o i n t b y e i g h t f r o m X s i n e o h b e g i n c l o s e o h 
e q u a l e i g h t p o i n t no rm f i v e no rm t h r e e o h p o i n t 
o h l o g l o g X l o g e q u a l a r c t a n X l i n k s c r a t c h 
c l o s e l o g n o r m . 

Perceiih'd sentence: 
F o u r p o i n t f i v e e i g h t l e t X one of) sub one oh 
e q u a l e i g h t p o i n t one f I v e one t h r e e o h one o h 
n i n e p l u s X n i n e t o t h e a r c t a n X e i g h t sub s e v e n 
c l o s e n e x t . 

The 2 2 s e n t e n c e s o f t h e t e s t s e t r e p r e s e n t 
a b o u t s i x m i n u t e s o f s p e e c h . O n Y a l e U n i v e r s i t y ' s 
IBM 3 7 0 / 1 5 8 c o m p u t e r , j u s t u n d e r s i x m i n u t e s was 
r e q u i r e d f o r VOCAL t o p r o c e s s t h e m . 
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