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Abs t rac t 

An a d a p t i v e - c o n t r o l procedure is descr ibed 
which is in tended to improve both acoust ic 
ana lys i s and l i n g u i s t i c decoding in automatic 
r e c o g n i t i o n of cont inuous speech by b r i n g i n g 
i n t o agreement data a v a i l a b l e a t each o f 
these s tages. S p e c i f i c a l l y , hypotheses are 
formed by t h e decoder concerning the phonet ic 
t r a n s c r i p t i o n der ived dur ing acoust ic 
a n a l y s i s . The procedure then accesses and 
u t i l i z e s re levan t acous t i c data in an attempt 
t o v e r i f y o r r e j e c t these hypotheses. 
Depending on the success of such a t tempts , 
ac t ions are taken to cons t ra i n the decoding 
in subsequent processing i t e r a t i o n s . 
P re l im ina ry r e s u l t s are presented and 
d iscussed. 

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

The work to be descr ibed here concerns 
one aspect of a l a rge r e f f o r t , the o b j e c t i v e 
of which is to make inroads toward pragmatic 
s o l u t i o n s f o r the very d i f f i c u l t problems 
invo lved in Automatic Recogni t ion o f 
Continuous Speech (ARCS) ( 1 , 2 , 3 , 4 ) . The 
s t r a tegy which has been employed is one in 
which no at tempt is made to model human 
processing in t r u e analog form ( 5 ) . The 
model generated cons is ts of h i e r a r c h i c a l l y 
arranged, e s s e n t i a l l y independent stages 
concerned w i t h s i g n a l q u a n t i z a t i o n , subword 
segmentat ion, acoust ic c l a s s i f i c a t i o n and 
l i n g u i s t i c decoding. 

The present t o p i c is an a d a p t i v e - c o n t r o l 
mechanism in tended to improve both the 
acoust ic analyzer and l i n g u i s t i c decoder 
outputs by b r i n g i n g i n t o agreement data 
a v a i l a b l e at each of these stages. In our 
work the automat ic mechanism which performs 
t h i s v e r i f i c a t i o n task i s r e f e r r e d t o as the 
l i n g u i s t i c - p r o c e s s o r feedback stage (or 
adapt ive c o n t r o l l e r ) of an automatic speech 
r e c o g n i t i o n system. E a r l i e r work concerned 
w i t h t h i s p a r t i c u l a r u t i l i z a t i o n o f adapt ive 
c o n t r o l has been repor ted p rev ious l y 
( 3 , 4 , 6 , 7 ) . The use of adapt ive c o n t r o l in 
the i n t e r a c t i o n o f successive stages in 
systems o f t h i s s o r t i s c e r t a i n l y not new, 
and has a lso been t e n t a t i v e l y s tud ied in t h i s 
system r e l a t i v e to the segmentation and 
c l a s s i f i c a t i o n stages (8 ) . 

Since the data presented here represent 
a l a rge r se t o f u t te rances than h i t h e r t o 
processed by the l i n g u i s t i c decoder, the 
r e s u l t s are more r ep resen ta t i ve than those 
p rev ious l y r e p o r t e d . This was made poss ib le 
p r i m a r i l y by the increased processing speed 
of an IBM/360, Mod 91 as compared to a Mod 
40, on which the system was developed. A lso , 
f o r purposes o f c l a r i t y , r e l e v a n t processing 
performed on an example u t terance w i l l be 
presented. This should enable readers who 
are u n f a m i l i a r w i t h t h i s system to ob ta in a t 
l e a s t an overview of the ideas behind the 

main processing s tages. The procedures 
p a r t i c u l a r l y r e l a t e d t o t h i s study are 
descr ibed in d e t a i l , whereas other procedures 
are descr ibed on ly b r i e f l y . Obvious ly , 
l eng th r e s t r i c t i o n s preclude the p o s s i b i l i t y 
o f g i v i n g a d e t a i l e d d e s c r i p t i o n o f a l l 
aspects of the system. Fur ther d e s c r i p t i v e 
i n fo rma t i on on the most recent ve rs ion of 
t h i s speech r e c o g n i t i o n system can be found 
i n Ref. 4. 

Procedures 

A block diagram of the speech 
r e c o g n i t i o n system under cons ide ra t ion here 
i s presented in F i g . 1 . The acoust ic 
processor performs s i g n a l q u a n t i z a t i o n , 
subword segmentation and acoust ic 
c l a s s i f i c a t i o n . The inpu t to the acous t i c 
c l a s s i f i e r cons is ts o f a sequence of d i g i t a l 
Spect ra l Time Samples (STS), one every 10 ms, 
w i t h t ime-a l i gned phone t i c -c lass boundary 
i n d i c a t o r s (F ig . 2 ) . These boundary 
i n d i c a t o r s genera l l y f a l l w i t h i n what are 
usua l l y considered the apparent phonet ic 
s ta tes (nodes). 

Acoust ic C l a s s i f i e r 

C l a s s i f i c a t i o n cons is ts o f s teady-s ta te 
and dynamic c l a s s i f i c a t i o n , node 
conso l i da t i on and anchor-po in t placement. 
Spec t ra l c o r r e l a t i o n s are performed f o r each 
STS (F ig . 2 ) ; f o r any STS they are s imply the 
f i v e h ighest c o r r e l a t i o n s ( i n percent) o f 
t h a t STS w i t h each of a se t of r e f e r e n t 
c lasses . This set rough ly corresponds to the 
broad phonet ic classes of General American 
Eng l i sh . For a boundary STS, s teady-s ta te 
c l a s s i f i c a t i o n cons is ts o f the spec t ra l 
c o r r e l a t i o n s a t t h a t p o i n t i n t ime. Dynamic 
c l a s s i f i c a t i o n i s concerned w i t h l a b e l i n g the 
in te r -boundary regions r e l a t i v e to a set of 
s tored c lasses . The subword segments so 
def ined r e l a t e to the t r a n s i t i o n from 
phonet ic s ta te to ne ighbor ing phonet ic s t a t e , 
and are r e f e r r e d to as " t ransemes." The 
d y n a m i c - c l a s s i f i c a t i o n output i s represented 
as a rank-ordered , f i ve -deep choice t a b l e . 
Node conso l i da t i on combines, by r u l e , 
s teady -s ta te and dynamic c l a s s i f i c a t i o n at 
the boundaries i n t o a s i n g l e phonet ic 
t r a n s c r i p t i o n . A d d i t i o n a l procedures are 
employed a t t h i s p o i n t to de le te o r i n s e r t 
boundaries based on t ime-domain i n f o r m a t i o n . 
Anchor-po in t procedures place symbols 
immediately f o l l o w i n g the segmentation 
i n d i c a t o r s , marking the c e r t a i n t y w i t h which 
the boundary is placed and/or the p r e l i m i n a r y 
name is ass igned. A bar (!) i n d i c a t e s a 
d e f i n i t e segmentation p o i n t and a p lus (+) 
i nd i ca tes a d e f i n i t e boundary name. 

The output of the c l a s s i f i c a t i o n s tage , 
which serves as i npu t to the l i n g u i s t i c 
decoding s tage, is b a s i c a l l y a s t r i n g o f 
machine-der ived phonet ic symbols. Using 
standard phonet ic n o t a t i o n ( I n t e r n a t i o n a l 
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Phonetics A s s o c i a t i o n , an e s s e n t i a l l y broad* 
t r a n s c r i p t i o n of the example u t te rance was 
a u r a l l y determined to be 

Using our mach ine- re la ted , a lphaphonet ic , 
two-character -per -node method of 
t r a n s c r i p t i o n the corresponding 
rep resen ta t ion would be 

The a lphaphonet ic s t r i n g a c t u a l l y obta ined 
from the acoust ic c l a s s i f i e r f o r a p a r t i c u l a r 
u t te rance can be considered a no isy ve rs ion 
of some acceptable phonet ic t r a n s c r i p t i o n . 

L i n g u i s t i c Decoder 

The f u n c t i o n o f l i n g u i s t i c decoding is 
t ha t o f phoneme-to-grapheme t r a n s l a t i o n , t ha t 
i s , the convers ion o f t h i s no isy phonet ic 
sequence from a phonet ic rep resen ta t i on of 
speaker performance i n t o a 
s tandard -o r thog raph ica l rep resen ta t i on of 
speaker i n t e n t i o n . L i n g u i s t i c decoding 
u t i l i z e s a speech-or ien ted, graph-search 
technique based on the Fano a l go r i t hm (9 ) , 
Sentence p roduc t ion is modeled by a 250-word 
command language** capable of producing 
approximately 14 m i l l i o n d i f f e r e n t sentences. 
The average leng th of a sentence is e i gh t 
words. For each word en t r y the l ex i con 
conta ins a d e s c r i p t i o n of phonet ic paths 
corresponding e s s e n t i a l l y to the reasonable 
p ronunc ia t ions of the word. These 
p ronunc ia t i on v a r i a t i o n s were generated 
a u t o m a t i c a l l y by a se t of phono log ica l r u l es 
opera t ing on " i d e a l " or "s tandard" 
p ronunc ia t ions (10) . Since the l ex i con 
descr ibes approx imate ly 100 speaker-dependent 
phonet ic paths per word, the t r e e to be 
searched conta ins about 
t en - t o - t he - s i x t een th -powe r phonet ic paths per 
sentence, not i n c l u d i n g paths to account f o r 
machine e r r o r . The decoder ou tput cons is ts 
o f t i m e - a l i g n e d , hypothesized phonet ic-symbol 
and word s t r i n g s w i t h i n d i c a t i o n s of the 
types of hypotheses which are necessary to 
a r r i v e a t these s t r i n g s from the i npu t da ta . 

* E x c e p t f o r s t o p a s p i r a t i o n we have used 
b r o a d p h o n e t i c t r a n s c r i p t i o n i n t h i s w o r k . 
B road p h o n e t i c t r a n s c r i p t i o n r o u g h l y 
a p p r o x i m a t e s phonemic t r a n s c r i p t i o n . On 
o c c a s i o n , howeve r , we have e x p e r i m e n t e d w i t h 
c e r t a i n a l l o p h o n i c v a r i a t i o n s , such a s l i g h t 
v e r s u s d a r k [ I ] . The r e s t r i c t i o n to 
e s s e n t i a l l y b r o a d t r a n s c r i p t i o n has been due 
l a r g e l y t o compu te r c o n s i d e r a t i o n s i n v o l v i n g 
a c o u s t i c c l a s s i f i c a t i o n . 
* * The command l a n g u a g e is s p e c i f i e d by a 
s i m p l e c o n t e x t - f r e e grammar ( 4 ) . The 
c r i t e r i a by w h i c h o u r c h o i c e o f a command 
l anguage was made a r e pe rhaps w o r t h 
m e n t i o n i n g . The p r i m a r y c r i t e r i a were t h a t 
i ) t h e grammar mus t b e e a s i l y i m p l e m e n t a b l e 
b y m a c h i n e , i i ) t h e s t a t i s t i c a l p r o p e r t i e s 
must b e such t h a t p h o n e t i c d e c o d i n g c o u l d b e 
c o n t r o l l e d and s t u d i e d i n d e p e n d e n t l y o f 
s y n t a x and s e m a n t i c s , and i i i ) i t s h o u l d b e 
o f such a c o m p l e x i t y t h a t sys tem p e r f o r m a n c e 
i s n e i t h e r t o o good n o r t o o p o o r , s o t h a t 
sys tem improvements can b e e a s i l y s e e n . 

For t h e example u t t e r a n c e t h i s o u t p u t i s 
shown i n F i g . 3 . These h y p o t h e s e s a r e 
c o n c e r n e d w i t h two t y p e s o f n o i s e : t h a t 
c o n s i d e r e d t o o r i g i n a t e f r o m t h e s p e a k e r 
(Dependen t , D ) and t h a t f r o m t h e sys tem 
( I n d e p e n d e n t , I ) . W i t h i n each t y p e , t h e 
n o i s e i s f u r t h e r c a t e g o r i z e d a s S u b s t i t u t i o n 
( S ) , O m i s s i o n (0) o r I n s e r t i o n ( I ) o f 

p h o n e t i c e v e n t s r e l a t i v e t o t h e h y p o t h e s i z e d 
s t r i n g . T h u s , i n t h e example u t t e r a n c e , t h e 
" I S " a t t h e f o u r t h node r e p r e s e n t s t h e 
h y p o t h e s i s t h a t t h e i n p u t node was a 
s p e a k e r - i n d e p e n d e n t ( m a c h i n e - r e l a t e d ) 
s u b s t i t u t i o n o f one sound [ p ] f o r a n o t h e r 
[ t ] , Ancho rs a r e u t i l i z e d t o r e s t r i c t t h e 
t y p e s o f h y p o t h e s e s a l l o w e d a t t h e node 
l e v e l . T h u s , I does n o t p e r m i t i n s e r t i o n 
h y p o t h e s e s and + does n o t p e r m i t s u b s t i t u t i o n 
o r i n s e r t i o n h y p o t h e s e s , r e l a t i v e t o t h e 
h y p o t h e s i z e d s t r i n g . 

A d a p t i v e C o n t r o l l e r 

The a im o f t h e c o n t r o l mechanism i s t o 
v e r i f y o r r e j e c t t h e h y p o t h e s e s made i n 
a r r i v i n g a t t h e l i n g u i s t i c - d e c o d e r o u t p u t s o 
as t o i m p r o v e s u b s e q u e n t p r o c e s s i n g . 
Feedback i s made a t t h e s e n t e n c e l e v e l ; t h e 
c o n t r o l - m e c h a n i s m p r o c e d u r e s may m o d i f y t h e 
p h o n e t i c a n d / o r ancho r i n f o r m a t i o n w h i c h , i n 
t u r n , may l e a d t o changes i n s u b s e q u e n t 
decode r o u t p u t . The p r o c e d u r e s make use o f 
i n f o r m a t i o n a v a i l a b l e a t t h e 
a c o u s t i c - c l a s s i f i e r l e v e l . S p e c i f i c a l l y , 
s e q u e n t i a l s p e c t r a l - c o r r e l a t i o n , r a n k e d 
dynamic -segmen t c l a s s i f i c a t i o n and a g e n e r a l 
" w o r d - f i t " c r i t e r i o n a re e m p l o y e d . The 
w o r d - f i t c r i t e r i o n conce rns t h e d e g r e e t o 
w h i c h a n h y p o t h e s i z e d w o r d r e q u i r e s 
h y p o t h e t i c a l change f r o m t h e n o i s y i n p u t 
s t r i n g . 

The r e s u l t s o f a d a p t i v e c o n t r o l o n t h e 
example u t t e r a n c e a r e p r e s e n t e d i n F i g . 4 . 
The o n l y p o r t i o n o f t h e example u t t e r a n c e 
changed by f eedback was t h e p r e p o s i t i o n a l 
p h r a s e . For t h e f i r s t and second passes t h e 
h y p o t h e s i z e d word o u t p u t f o r t h a t p o r t i o n was 
" . . . b e t w e e n t h o s e camps . " O n t h e t h i r d and 
f o u r t h passes t h e o u t p u t became " . . . o v e r t h e 
c o v e r " and t h e n " . . . o n t he c o v e r , " 
r e s p e c t i v e l y , n e v e r r e a c h i n g t h e i n t e n d e d 
" . . . u n d e r t h e c o v e r . " I t m i g h t b e n o t e d t h a t 
o f t h e s e f o u r passes t h e a l i g n m e n t o f i n p u t 
and h y p o t h e s i z e d nodes i s c o n s i d e r e d most 
a c c u r a t e ( r e l a t i v e t o s p e a k e r p e r f o r m a n c e ) 
f o r pass t h r e e , due t o t h e p r o p e r a l i g n m e n t 
o f " t h e . " 

O n t h e t h r e e t y p e s o f h y p o t h e s e s w h i c h 
may b e made a t a p a r t i c u l a r p o i n t i n t h e 
s t r i n g — s u b s t i t u t i o n , o m i s s i o n o r i n s e r t i o n 
— t h e a c t i o n t a k e n b y t h e c o n t r o l mechanism 
may b e p o s i t i v e , n e g a t i v e o r n e u t r a l . F o r 
s u b s t i t u t i o n h y p o t h e s e s t h e p o s i t i v e o r 
n e g a t i v e a c t i o n i s t o change t o , o r p r o h i b i t 
change t o , t h e h y p o t h e s i z e d name. F o r 
o m i s s i o n h y p o t h e s e s , t h e p o s i t i v e o r n e g a t i v e 
a c t i o n i s t o i n s e r t , o r p r o h i b i t i n s e r t i o n 
o f , t h e h y p o t h e s i z e d name. F o r i n s e r t i o n 
h y p o t h e s e s , t h e p o s i t i v e o r n e g a t i v e a c t i o n 
i s t o d e l e t e , o r p r o h i b i t d e l e t i o n o f , t h e 
name o r i g ina l l y inputted to the l i n g u i s t i c 
decoder. For a l l t h ree hypothes is t ypes , 
n e u t r a l a c t i o n leaves the o r i g i n a l i n p u t 
u n a l t e r e d . The procedure is as f o l l o w s . 
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F i r s t , t h e w o r d - f i t c r i t e r i o n i s a p p l i e d 
i n t e r m s o f i n f o r m a t i o n a t t h e w o r d l e v e l 
w i t h i n t h e a d a p t i v e c o n t r o l l e r . A n 
h y p o t h e s i z e d w o r d i s c o n s i d e r e d i n " poo r f i t " 
i f i ) e v e r y node i n t h e word r e q u i r e d 
h y p o t h e t i c a l change , i i ) a g r o s s c l a s s 
s u b s t i t u t i o n was h y p o t h e s i z e d ( e . g . , a v o w e l 
h y p o t h e s i z e d a s a s t o p ) a n d / o r i i i ) t h e r a t i o 
o f i n d e p e n d e n t o m i s s i o n and i n s e r t i o n 
h y p o t h e s e s t o h y p o t h e s i z e d - w o r d l e n g t h 
exceeded a t h r e s h o l d . The w o r d - f i t c r i t e r i o n 
i s used e i t h e r t o a l l o w o r d i s a l l o w the use 
o f t h e h y p o t h e s i z e d w o r d and c o r r e s p o n d i n g 
components t o d i r e c t t h e a t t e m p t t o v e r i f y a n 
h y p o t h e s i s ; t h a t i s , p o s i t i v e a c t i o n can o n l y 
b e t a k e n i f t h e w o r d - f i t c r i t e r i o n i s m e t , 
whereas n e g a t i v e a c t i o n can be t a k e n 
i n d e p e n d e n t l y . 

Second , s u b s t i t u t i o n h y p o t h e s e s a r e 
t e s t e d u s i n g a s c o n f i r m i n g o r r e j e c t i n g 
c r i t e r i a t h e c l a s s i f i c a t i o n i n f o r m a t i o n a t 
t h e node (boundary c o r r e l a t i o n and t ranseme 
names) l e v e l . C o n f i r m a t i o n t a k e s p l a c e b y 
c h a n g i n g a n i n p u t node t o t h e h y p o t h e s i z e d 
node when t h e r e i s s u f f i c i e n t i n f o r m a t i o n t o 
s u p p o r t t h e h y p o t h e s i s . R e j e c t i o n t a k e s t h e 
f o r m o f i ) p l u s (+) anchor p l a c e m e n t i f t h e 
o r i g i n a l name i s d e t e c t e d t o a h i g h deg ree i n 
t h e c l a s s i f i c a t i o n i n f o r m a t i o n o r i i ) i f n o 
e v i d e n c e o f t h e h y p o t h e s i z e d name i s f o u n d , 
t h a t name i s supp ressed i n subsequen t 
l i n g u i s t i c d e c o d i n g . S i nce a l l a c t i o n s a r e 
c u m u l a t i v e , more t h a n one name c o u l d be 
p r o h i b i t e d as a s u b s t i t u t i o n f o r a node a f t e r 
s e v e r a l p a s s e s . For t h e example u t t e r a n c e , 
a l l r e j e c t i o n s were o f t h e s u p p r e s s i o n 
v a r i e t y . 

T h i r d , o m i s s i o n h y p o t h e s e s a re t e s t e d 
u s i n g a s c o n f i r m a t i o n o r r e j e c t i o n c r i t e r i a 
t h e c l a s s i f i c a t i o n i n f o r m a t i o n a t t h e 
i n t e r - n o d e l e v e l — t h a t i s , c o r r e l a t i o n s 
be tween b o u n d a r i e s . * F o r examp le , a v o w e l [ i ] 
was h y p o t h e s i z e d as h a v i n g been o m i t t e d 
be tween t h e e l e v e n t h [ f ] a n d t h e t w e l f t h [ s ] 
nodes o f t h e o r i g i n a l s t r i n g . T h i s was a n 
h y p o t h e s i s o f dependen t o m i s s i o n ( D O ) . S i nce 
t h e " w o r d - f i t " c r i t e r i o n was m e t , t h e 
a d a p t i v e c o n t r o l l e r accessed t he i n f o r m a t i o n 
be tween t h e s e b o u n d a r i e s , l o o k i n g f o r a 
sequence o f f i v e s u c c e s s i v e I X [ i ] names i n 
t h e c o r r e l a t i o n s w i t h i n t h r e e p e r c e n t o f 
f i r s t - c h o i c e c o r r e l a t i o n ( F i g . 2 ) . T h i s 
w o u l d have been s u f f i c i e n t t o c o n f i r m t h e 
h y p o t h e s i s , i n s e r t i n g i n t o t h e s t r i n g f o r 
s u b s e q u e n t l i n g u i s t i c d e c o d i n g . However, 
s i n c e such a s e a r c h d i d n o t p roduce 
s u f f i c i e n t e v i d e n c e o f t h e h y p o t h e s i z e d 
sound , no a c t i o n was t a k e n . For an 
i n d e p e n d e n t o m i s s i o n ( 1 0 ) , i f t h e r e i s n o 
e v i d e n c e o f t h e h y p o t h e s i z e d sound found i n 
t h e c l a s s i f i c a t i o n d a t a , a d o t ancho r { . ) i s 
p l a c e d a f t e r t h e i n d i c a t o r i m m e d i a t e l y 
f o l l o w i n g t h e h y p o t h e s i z e d o m i s s i o n , 
d i s a l l o w i n g o m i s s i o n h y p o t h e s e s a t t h i s p o i n t 
i n t h e s t r i n g d u r i n g subsequen t l i n g u i s t i c 
d e c o d i n g . 

F o u r t h , i n s e r t i o n h y p o t h e s e s a r e t e s t e d 
b y s e a r c h i n g t h e c o r r e l a t i o n s be tween t h e 

* M e d i a l names i n t ransemes were a l s o used 
i n a n e a r l i e r s e t o f p r o c e d u r e s ( 3 ) . 

p r e c e d i n g and f o l l o w i n g b o u n d a r i e s f o r 
c o n f i r m a t o r y i n f o r m a t i o n , t r e a t i n g t h e 
o r i g i n a l boundary as a n o n - b o u n d a r y s t a t e . 
The g e n e r a l p r o c e d u r e f o r e l i m i n a t i n g nodes 
h y p o t h e s i z e d a s i n s e r t i o n s i s t o t e s t t h e 
h y p o t h e s i s t h a t a n e x t r a s e g m e n t a t i o n 
boundary was a d v e n t i t i o u s l y i n s e r t e d . The 
t e s t employed a t t e m p t s t o f i n d a s t r i n g o f 
names, w i t h i n a s p e c i f i e d p e r c e n t c o r r e l a t i o n 
and c o r r e s p o n d i n g t o e i t h e r t h e l e f t o r r i g h t 
b o u n d a r y , w h i c h w i l l n o n i n t e r r u p t e d l y b r i d g e 
w i t h t h e node h y p o t h e s i z e d a s i n s e r t e d . I f 
b r i d g e a b l e , t h e node h y p o t h e s i z e d a s i n s e r t e d 
i s d e l e t e d f o r subsequen t p r o c e s s i n g . O n t h e 
o t h e r h a n d , i f b r i d g i n g does n o t o c c u r f o r a n 
i n d e p e n d e n t i n s e r t i o n , and i f s t r o n g e v i d e n c e 
i n d i c a t e s t h a t t h e node i n q u e s t i o n i s 
a c t u a l l y p r e s e n t , a b a r (1) anchor i s p l a c e d 
s o t h a t i n - s u b s e q u e n t p r o c e s s i n g a n i n s e r t i o n 
h y p o t h e s i s canno t be made. 
P l o s i v e - a s p i r a t i o n s t a t e s (such as TQ) are 
h a n d l e d b y s p e c i a l p r o c e d u r e s i n w h i c h t he 
g o a l i s t o e l i m i n a t e p l o s i v e a s p i r a t i o n a s 
a d v e n t i t i o u s , r e l a t i v e t o t h e 
b r o a d - t r a n s c r i p t i o n r e p r e s e n t a t i o n i n t he 
l e x i c o n used b y t h e l i n g u i s t i c d e c o d e r . 
These s t a t e s a r e i d e n t i f i e d and g e n e r a l l y 
r e t a i n e d i n e a r l y s t a g e s o f p r o c e s s i n g 
because o f t h e a c o u s t i c - p h o n e t i c f a c t t h a t a 
l o w - e n e r g y f r i c a t i v e f o l l o w i n g a s t o p 
consonan t a t a word boundary i s e s s e n t i a l l y 
i n d i s t i n g u i s h a b l e f r o m p l o s i v e a s p i r a t i o n : 
e . q . , "make t h e " [ m e t k i a ] v e r s u s "make a " 
[ r m i k ^ a ] . S y n t a c t i c c o n s t r a i n t s a r e i n v o k e d 
d u r i n g l i n g u i s t i c d e c o d i n g t o d i s a m b i g u a t e 
such " m i n i m a l - d i f f e r e n c e " c a s e s . 

S e v e r a l o p e r a t i o n a l c r i t e r i a f o r 
t e r m i n a t i n g t h e f eedback l o o p i n g g o v e r n e d b y 
t h e a d a p t i v e c o n t r o l l e r a r e f e a s i b l e . These 
i n c l u d e t h e f o l l o w i n g : i ) n o change o c c u r s i n 
t h e h y p o t h e s i z e d word s t r i n g , i i ) n o change 
o c c u r s i n t h e h y p o t h e s i z e d node s t r i n g , i i i ) 
n o i n c r e a s e o c c u r s i n s i m i l a r i t y measu re , i v ) 
n o dec rease o c c u r s i n l i n g u i s t i c - d e c o d e r 
c o m p u t a t i o n t i m e , v ) i n s u f f i c i e n t p o s i t i v e o r 
n e g a t i v e a c t i o n o c c u r s , v i ) a s p e c i f i e d 
number o f f eedback l o o p s i s c o m p l e t e d , and 
v i i ) some c o m b i n a t i o n o f t h e above . The 
f o l l o w i n g c r i t e r i a were employed f o r t h e 
p r e s e n t s y s t e m . 

1 . I n o r d e r t o make a n o t h e r feedback l o o p , 
t h e r e must b e a t l e a s t one h y p o t h e s i s 
r e j e c t i o n , i . e . , one o r more node 
s u p p r e s s i o n s o r d o t , b a r o r p l u s 
a n c h o r s . T h i s was c o n s i d e r e d r e a s o n a b l e 
i n t h a t s u p p o r t i v e a c t i o n s h o u l d n o t 
cause a change in word o u t p u t . 

2 . For c o m p u t a t i o n a l pu rposes a s p e c i f i e d 
number o f f eedback l o o p s canno t be 
exceeded . A maximum of t h r e e was 
employed h e r e . 

S i n c e i t was f ound t h a t s i m p l y t a k i n g 
t h e l a s t o u t p u t s t r i n g was n o t o p t i m a l , 
a d d i t i o n a l s e l e c t i o n c r i t e r i a were 
e s t a b l i s h e d t o s e l e c t t h e b e s t o u t p u t f r o m 
among t h e c a n d i d a t e s , i . e . , t h e o r i g i n a l and 
f eedback p a s s e s . I t was e m p i r i c a l l y 
e s t a b l i s h e d o n t r a i n i n g d a t a t h a t i t w o u l d b e 
r e a s o n a b l e t o t a k e t h e l a s t c o m p l e t e 
s e n t e n c e o u t p u t , i f any c o m p l e t e s e n t e n c e 
o c c u r r e d , and t o s i m p l y t a k e t h e l a s t o u t p u t 
where o n l y i n c o m p l e t e s e n t e n c e s were 
o b t a i n e d . Thus t h e o n l y o u t p u t s s e l e c t e d 
w h i c h were n o t t h e most r e c e n t l y o b t a i n e d 
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were those in which a complete sentence 
became incomplete through feedback. 

Resul ts 

Eva luat ion was performed on a t o t a l of 
9 5 sentence- length u t t e rances , 2 3 t e s t 
u t terances from one speaker under the 
in t ra -speaker c o n d i t i o n , and 24 t e s t 
u t terances from each of th ree speakers under 
the i n te r - speake r c o n d i t i o n . Thus, one of 
the t r a i n i n g speakers was a lso used f o r 
eva lua t ion on t e s t sentences. These 
performance r e s u l t s are shown in Table 1. 

Performance was eva luated in percentages 
a t the f o l l o w i n g l e v e l s , before and a f t e r 
feedback. 

1 . Sentences c o r r e c t l y decoded r e l a t i v e 
to a l l sentences en te red . This prov ides a 
measure of o v e r a l l sentence performance w i t h 
no other f a c t o r s cons idered . * 

2 . Sentences c o r r e c t l y decoded r e l a t i v e 
to those sentences ou tpu t ted in complete 
form. I f sentences ou tpu t ted i n incomplete 
form are considered to be system r e j e c t s , and 
the re fo re sub jec t t o r e e n t r y , then t h i s 
percentage prov ides a measure of system 
performance r e l a t i v e to system acceptance. 
I f t h i s percentage were s u f f i c i e n t l y h igh and 
s u b s t a n t i a l l y h igher than the f i r s t measure, 
the r e j e c t i o n c o n d i t i o n would become 
o p e r a t i o n a l l y u s e f u l . 

I t might b e mentioned t h a t i t i s 
probably poss ib le to achieve the above by 
making i t more d i f f i c u l t f o r the system to 
output complete sentences by t i g h t e n i n g 
system c o n s t r a i n t s . This would undoubtedly 
occur on ly at the expense of an increase in 
r e j e c t i o n r a t e , c e t e r i s p a r i b u s . 

3. Sentences r e j e c t e d . 

4 . Cor rec t words in non - re jec ted 
sentences. This prov ides a d d i t i o n a l ana lys i s 
a t the subsentence l e v e l where f u l l sentences 
are o u t p u t t e d . If enough were known on an 
ope ra t i ona l bas is about the r e l a t i v e 
importance of words according to some 
l i n g u i s t i c / s e m a n t i c r e f e r e n t , such an 
ana lys is would become i n c r e a s i n g l y meaningfu l 
w i t h regard to i n fo rma t i on t r a n s f e r . Wi th 
t h i s i n mind, i t i s probable t h a t , as such 
l i n g u i s t i c / s e m a n t i c r e f e r e n t s are brought 
w i t h i n ope ra t i ona l knowledge, t h i s measure 
w i l l become i nc reas ing l y impor tan t . 

5 . Words co r rec t r e l a t i v e to words 

* In a d d i t i o n , percentage of sentences w i t h 
only one word i n e r r o r r e l a t i v e t o a l l 
sentences is o f i n t e r e s t , s ince there can 
e x i s t words which are m in ima l l y d i f f e r e n t 
p h o n e t i c a l l y , bu t equa l l y l i k e l y a t some 
po in t i n the s t r i n g . This i s one c o n d i t i o n 
under which a very minor e r r o r in acous t i c 
ana lys is can c rea te , w i t hou t more 
soph i s t i ca ted language c o n s t r a i n t s , an 
i n c o r r e c t sentence. The percentage of t ime 
tha t t h i s happens, t h e r e f o r e , can a id in 
ana lys is o f l i n g u i s t i c process ing a t the node 
and word l e v e l s . 

o u t p u t t e d , whether or not in complete 
sentences. This corresponds, at the word 
l e v e l , to number 2 above. 

6. Words r e j e c t e d . 

7 . Words c o r r e c t r e l a t i v e to a l l words 
en te red . This corresponds to 1 above. 

8. Words c o r r e c t r e l a t i v e to words 
ou tpu t ted from those u t te rances in which 
feedback changed the word ou tpu t . This 
prov ides a s p e c i f i c measure of feedback 
performance. 

The speaker invo lved in bo th t r a i n i n g 
and tes t -sen tence e v a l u a t i o n w i l l he rea f t e r 
be r e f e r r e d to as "speaker 1 " . As might be 
expected, accuracy w i t h i n the l i n g u i s t i c 
processor was somewhat h igher f o r t h i s 
speaker than t h a t f o r the o ther t e s t 
speakers. 

Discussion 

Phi losophy o f Ana lys is 

I f the goal o f process ing i s automatic 
speech unders tand ing , the performance 
e v a l u a t i o n must be t i e d to the 
appropr iateness of consequent " a c t i o n s " taken 
as a r e s u l t of semantic f a c t o r s . However, 
f o r the present system, whose goa l is 
automatic convers ion of speech s igna l s to 
p r i n t e d sentences in standard o r t hog raph i ca l 
form, quest ions a r i s e in the ana lys i s o f 
performance data concerning the r e f e r e n t to 
be employed. For l i n g u i s t i c processor ou tput 
the parameters of concern are accuracy at the 
word and sentence l e v e l s . Two types of 
e r r o r s are considered f o r each l e v e l 
e r r o r s of omission and e r r o r s of commission. 
The f i r s t are t y p i c a l l y mani fes ted in terms 
of word or sentence r e j e c t i o n by the 
l i n g u i s t i c processor and the second by words 
ou tpu t ted i n e r r o r . This corresponds w i t h 
human speech-percept ion behavior i n s o f a r as 
the l i s t e n e r asks the speaker to repeat 
h imse l f ( r e j e c t i o n ) o r m i s i n t e r p r e t s what the 
speaker sa id ( s u b s t i t u t i o n , d e l e t i o n and/or 
i n s e r t i o n o f words) . 

I f one cares to ca r ry the analogy 
f u r t h e r i t may be reasonably hypothesized 
t h a t human l i s t e n e r s e r r in t h e i r speech 
pe rcep t ion behav io r , assuming op t ima l s i g n a l 
c o n d i t i o n s , in terms of two major phenomena 
— those e r r o r s of omission which r e s u l t when 
the i n p u t w i l l not map through the l i s t e n e r ' s 
"model" and those e r r o r s of commission which 
r e s u l t when a wrong path is taken through the 
model. From a d i agnos t i c p o i n t o f v iew, i t 
can be seen t h a t bo th e r r o r s of omission and 
commission a r i s e from the same two sources — 
rece i ve r model l i m i t a t i o n s and i n p u t 
c o r r u p t i o n . Fur ther d iagnos is of the human 
s i t u a t i o n becomes exceedingly d i f f i c u l t and, 
i n f a c t , v i r t u a l l y imposs ib le , due t o the 
s u b t l e t i e s o f the communication event , 
l i s t e n e r " s e t " and p o i n t o f view of the 
d i a g n o s t i c i a n . For example, w h i l e some smal l 
nuance in the expression of a speaker may be 
complete ly m i s i n t e r p r e t e d b y the l i s t e n e r , i t 
is moot whether the miscommunication is due 
to speaker m iseva lua t ion o f l i s t e n e r 
s o p h i s t i c a t i o n o r t o the l i m i t e d 
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s o p h i s t i c a t i o n o f t h e l i s t e n e r . I t must b e 
n o t e d t h a t " m i s c o m m u n i c a t i o n " i n v o l v i n g human 
p r o c e s s i n g n e c e s s a r i l y i n v o l v e s l e v e l s o f 
p r o c e s s i n g w h i c h a r e much deeper t h a n t h o s e 
o p e r a t i o n a l l y i n v o l v e d i n a u t o m a t i c 
p r o c e s s i n g b y mach ine a t t h e p r e s e n t t i m e . 
W i t h t h e e x c e p t i o n o f some t r i v i a l c a s e s , i n 
w h i c h l e x i c a l i t e m s may be v i ewed 
i n d e p e n d e n t l y a s o p e r a t i o n a l v a r i a b l e s , i . e . , 
s i m p l e o p p o s i t i o n s such as y e s / n o and t h e 
l i k e , t h e r e a re p r e s e n t l y i n s u f f i c i e n t 
o p e r a t i o n a l d a t a e x t a n t c o n c e r n i n g t h e s e 
deeper l e v e l s o f n a t u r a l l anguage a s t h e y may 
be m a n i f e s t e d p h e n o m e n o l o g i c a l l y . 

W i t h t h e above i n m i n d , i t appears t o b e 
r e a s o n a b l e t o s e t a s t h e e v a l u a t i o n r e f e r e n t 
f o r system" p e r f o r m a n c e v a r i a t i o n s a t b o t h t h e 
p h o n e t i c and l e x i c a l l e v e l s w h i c h a r e n o t i n 
v i o l a t i o n o f t h e model b e i n g u t i l i z e d a s o u r 
" l i s t e n e r " , i . e . , t h e ARCS s y s t e m , n o t 
i n c l u d i n g s t a t i s t i c a l phenomena c o n s i d e r e d t o 
be s p e a k e r - i n d e p e n d e n t . 

A t t h e node l e v e l , i f a n e v e n t i n t h e 
o u t p u t s t r i n g canno t b e r e a s o n a b l y a c c o u n t e d 
f o r , t h e n i t i s c o n s i d e r e d t o b e a n e r r o r . 
I n such cases i t i s p o s s i b l e t o d e t e r m i n e t h e 
sou rce o f t h e e r r o r , w h e t h e r i t b e i n 
s e g m e n t a t i o n o r c l a s s i f i c a t i o n . 

A t t h e word l e v e l , i f a n i n p u t s t r i n g i s 
a c c o u n t e d f o r and t h e l i n g u i s t i c - p r o c e s s o r 
o u t p u t i s i n c o r r e c t r e l a t i v e t o t h e known 
i n p u t , t h e n t h e word i s c o n s i d e r e d a n e r r o r 
a r i s i n g f r o m t h e l i n g u i s t i c p r o c e s s o r . 
However, t h e p r o c e s s o r has been d e s i g n e d so 
a s t o overcome i n p u t c o n t a m i n a t i o n r e s u l t i n g 
f r om t h e speake r a n d / o r a c o u s t i c a n a l y s i s . 
Thus , w h i l e components o f a word w i l l be 
c o n s i d e r e d i n e r r o r t h e word i t s e l f may n o t 
b e i n e r r o r ; w o r d e r r o r s and p h o n e t i c e r r o r s 
may be t r e a t e d i n d e p e n d e n t l y . 

The most s t r i n g e n t t e s t o f sys tem 
p e r f o r m a n c e i s made a t t h e s e n t e n c e l e v e l . 
I n o r d e r f o r a s e n t e n c e t o b e c o r r e c t , i t s 
d e s c r i p t i o n a t a l l l e v e l s o f p r o c e s s i n g must 
r e m a i n w i t h i n t h e c a p a b i l i t y o f t h e sys tem t o 
overcome e r r o r . E x c e s s i v e n e s s o f e r r o r a t 
any l e v e l o f p r o c e s s i n g w i l l b e r e f l e c t e d a t 
t he s e n t e n c e l e v e l , s i n c e t h e a p r i o r i 
p r o b a b i l i t y o f c o r r e c t s e n t e n c e o u t p u t i s 
v i r t u a l l y z e r o (1/14 m i l l i o n ) . I d e a l l y , t h e 
sys tem w i l l r e j e c t s t r i n g s i n w h i c h 
c o n t a m i n a t i o n i s e x c e s s i v e . T h i s may b e 
v i e w e d a s a r e j e c t c o n d i t i o n a t t h e s e n t e n c e 
l e v e l , c o r r e s p o n d i n g t o t h e n e c e s s i t y f o r t h e 
speaker t o r e p e a t t h e s e n t e n c e . A sen tence 
may b e c o n s i d e r e d i n e r r o r i n v a r y i n g 
d e g r e e s , d e p e n d i n g on t h e number o f words 
r e j e c t e d o r o u t p u t t e d i n e r r o r , i n r e a l i t y , 
a s i m p l e c o u n t i n g o f c o r r e c t words in . 
r e l a t i o n s h i p t o t o t a l word c o n t e n t o f a 
s e n t e n c e does n o t r e f l e c t t h e t r u e degree o f 
e r r o r i n v o l v e d i n t e rms o f i n f o r m a t i o n . I t 
i s c l e a r t h a t f o r p u r p o s e s o f s e m a n t i c s t h e 
k i n d o f word o u t p u t t e d i n e r r o r s h o u l d b e o f 
p r i m a r y i n t e r e s t ; i n f a c t , a o n e - w o r d e r r o r 
can b e more s e v e r e t h a n m u l t i p l e - w o r d e r r o r s 
d e p e n d i n g o n t h e s e m a n t i c w e i g h t s o f t h e 
words i n v o l v e d . S i n c e t h e r e a r e n o s e m a n t i c 
f a c t o r s i n c o r p o r a t e d / a s s u c h , i n t h e p r e s e n t 
s y s t e m , i t i s n o t m e a n i n g f u l t o e v a l u a t e 
p e r f o r m a n c e a l o n g t h i s d i m e n s i o n . 

D i a g n o s i s o f System E r r o r 

A d d i t i o n a l a n a l y s i s o f t h e p e r f o r m a n c e 
d a t a beyond p u r e e x p o s i t i o n i s e x t r e m e l y 
d i f f i c u l t a t t h e p r e s e n t t i m e . I t s h o u l d b e 
c l e a r t h a t i n t h e deve lopmen t o f a sys tem a s 
complex a s t h i s , t h e o p t i m i z a t i o n and 
s t a b i l i z a t i o n o f p e r f o r m a n c e w i l l p r o g r e s s a s 
a f u n c t i o n o f d e p t h i n t o t h e s y s t e m , i . e . , a s 
a f u n c t i o n o f c u m u l a t i v e c o m p l e x i t y . 
However, t h e s e r e s u l t s a re c e r t a i n l y 
e n c o u r a g i n g f o r t h e p r e s e n t a p p r o a c h . 

I n a n a l y z i n g e r r o r i n t h e o u t p u t o f t h e 
l i n g u i s t i c d e c o d e r , i t became a p p a r e n t t h a t a 
c o n s i d e r a b l e amount o f t h e e r r o r t e r m was 
a t t r i b u t a b l e t o i n t e r a c t i o n be tween t h e two 
ma jo r s t a g e s o f p r o c e s s i n g . A n a d d i t i o n a l 
e r r o r component was e x p l a i n a b l e i n te rms o f 
i n a d e q u a c i e s a t one o r t h e o t h e r s t a g e . 

For a c o u s t i c a n a l y s i s t h e p r i m a r y 
p rob lems a rose f r o m i n t r u s i v e phenomena w h i c h 
exceed t h e p r e s e n t c l a s s i f i c a t i o n 
n o m e n c l a t u r e . Some examples of such a re 
g l o t t a l a r r e s t s a t word b o u n d a r i e s ( t h e S 1 a t 
STS 77 and t h e M a t STS 218 i n F i g . 2) — 
n o r m a l l y c l a s s i f i e d a s s t o p s b y t h e s y s t e m ; 
a s p i r a t e d r e l e a s e s o f i n i t i a l vowe ls 
n o r m a l l y c l a s s i f i e d a s f r i c a t i v e s o r s t o p 
a s p i r a t i o n ; v o i c e b r e a k s and 
f u n d a m e n t a l - f r e q u e n c y a n d / o r 
i n t e g r a t i o n - i n t e r v a l i n t e r a c t i o n — n o r m a l l y 
c l a s s i f i e d a s r a p i d c l o s u r e s ( s h o r t , s h a l l o w 
d i p s i n t h e s h o r t - t i m e a m p l i t u d e m e a s u r e ) ; 
and p a r t i a l d i s s i m i l a t i o n o f v o c a l i c s when 
t hey occu r between f r i c a t i v e s — p o t e n t i a l l y 
c l a s s i f i a b l e a s one f r i c a t i v e f o r 
f r i c a t i v e - v o c a l i c - f r i c a t i v e . A number o f 
methods f o r ove rcom ing t h e s e e r r o r s have been 
i n v e s t i g a t e d . Some o f t he t e c h n i q u e s were 
i n c o r p o r a t e d i n t o s e g m e n t a t i o n , o t h e r s i n t o 
d u a l c l a s s i f i c a t i o n , and s t i l l o t h e r s i n t o 
l i n g u i s t i c p r o c e s s i n g , p r i m a r i l y i n t e rms o f 
l e x i c a l r e p r e s e n t a t i o n . I n t h e example 
u t t e r a n c e , t h e two f r i c a t i v e s i n " o f f i c e r " 
were o b t a i n e d v i a one o f t h e s e c o r r e c t i v e 
methods a t t h e s e g m e n t a t i o n l e v e l . I t i s 
c l e a r , however , t h a t i n many cases t h e r e i s a 
need f o r e x p a n d i n g t h e n o m e n c l a t u r e used i n 
c l a s s i f i c a t i o n s o a s t o a l l o w t h e 
i d e n t i f i c a t i o n o f some o f t h e s e e v e n t s 
u n i q u e l y . C o n s e q u e n t l y , t h e d e c o d i n g a t 
l a t e r s t ages must b e a b l e t o h y p o t h e s i z e 
c o r r e c t l y c o n c e r n i n g such e v e n t s , w i t h o u t 
p e n a l i z i n g a s h e a v i l y a s w i t h " t r u e " e r r o r s 
i n t h e i n p u t . A n example o f t h i s w o u l d b e 
t he un ique c l a s s i f i c a t i o n o f g l o t t a l a r r e s t s 
and r e l e a s e s . 

Some o t h e r p rob lems a rose f r o m 
f a l s e - p o s i t i v e c o n d i t i o n s i n t h e t i m e - d o m a i n 
p r o c e s s i n g d u r i n g d u a l c l a s s i f i c a t i o n . The 
p r i m a r y o f f e n d e r was f a l s e d e l e t i o n o f nodes 
needed i n o r d e r t o t r a v e r s e t h e c o r r e c t p a t h 
i n l i n g u i s t i c d e c o d i n g . I n t h e example 
u t t e r a n c e d i n " u n d e r " and t h e v o w e l o f t h e 
second " t h e " were d e l e t e d . These d e l e t i o n s 
were t h e m a j o r p r o b l e m p r e v e n t i n g c o r r e c t 
d e c o d i n g o f t h i s u t t e r a n c e . The o p p o s i t e 
c o n d i t i o n — f a l s e i n s e r t i o n — r a r e l y 
o c c u r r e d . I t was n o t e d t h a t c e r t a i n k i n d s o f 
e r r o r s t ended t o o c c u r i n p a i r s , p r i m a r i l y i n 
t he case o f a d v e n t i t i o u s r a p i d - c l o s u r e 
i d e n t i f i c a t i o n . Under t h i s c o n d i t i o n a 
s i n g l e c o n t i n u a n t becomes t h r e e e v e n t s — t h e 
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f i r s t p a r t o f the con t i nuan t , the r ap id 
c l osu re , and the f i n a l p a r t o f the 
con t i nuan t . While methods have been 
implemented to co r rec t such e r r o r s , they 
cont inue to represent a p o i n t o f d i f f i c u l t y 
f o r the e n t i r e system. 

W i t h i n l i n g u i s t i c process ing the pr imary 
decoding problem takes the form of a mismatch 
between word rank ing and phonet ic decoding. 
As the system is p resen t l y employed i t i s 
poss ib le to rank a word by u t i l i z i n g a 
p a r t i c u l a r word template i n which s p e c i f i c 
e r r o r s o f o m i s s i o n / i n s e r t i o n are hypothesized 
and then proceed w i t h decoding at the 
phonet ic l e v e l w i t h no knowledge of the 
template assumptions made. In p r a c t i c e , 
opposing hypotheses can occur in phonet ic 
decoding r e l a t i v e t o word r a n k i n g , r e s u l t i n g 
many t imes in a wrong p a t h . This problem 
c o n t r i b u t e s h e a v i l y to two forms of 
undes i rab le performance — a h igh r e j e c t r a t e 
and low accuracy at the sentence l e v e l . 

Another problem concerns edge e f f e c t s . 
Backt rack ing i s never i n i t i a t e d f o r the l a s t 
hypothesized node of the f i n a l word of an 
hypothesized sentence, and a s i n g l e remaining 
i n p u t node can be l e f t unaccounted f o r 
w i t hou t decreasing the s i m i l a r i t y measure 
{ F i g . 4 ) . These techniques were employed to 
encourage sentence complet ion w i t h i n a 
reasonable process ing t ime and are considered 
temporary measures dur ing the development of 
the system. Another technique used to 
encourage sentence complet ion was the ra the r 
l i b e r a l s e t t i n g o f t h resho ld spac ing; f o r the 
example u t t e rance , a t i g h t e r t h resho ld 
spacing o f 2.5 d i r e c t l y y e i l d e d output 
corresponding to passes 3 and 4. 

The present method used f o r l e x i c a l 
r ep resen ta t i on a lso has some shortcomings 
which r e f l e c t themselves i n system e r r o r . 
Lex i ca l rep resen ta t i on i s i n s u f f i c i e n t l y 
f l e x i b l e t o account f o r m u l t i p l e " i d e a l " 
t r a n s c r i p t i o n s . I t i s obvious t h a t f o r any 
word the re e x i s t s more than one t r a n s c r i p t i o n 
which may be considered " i d e a l , " depending on 
c o n t e x t . Since use is not made of long- te rm 
phonet ic con tex t , i t i s not reasonable t o 
a l low a l l "dependent" v a r i a t i o n s of a word 
w i t h equal p r o b a b i l i t y , as t h i s would 
e s s e n t i a l l y negate the advantages obta ined in 
the present p r o b a b i l i s t i c p rocess ing . For 
example, p r o v i s i o n cannot be made f o r both 
[ i n t r i s t s ] and [ i n t r i s ] f o r the word 
" i n t e r e s t s " . I n f a c t , the concept o f " i d e a l " 
i s quest ionable f o r these purposes. I t may 
be more approp r ia te to s u b s t i t u t e a 
phono log i ca l l y -based , expected s t r i n g f o r the 
present " i d e a l " r e p r e s e n t a t i o n . Conversely, 
the present l e x i c a l rep resen ta t i on i s 
s u f f i c i e n t l y cons t ra ined r e l a t i v e t o the 
method of account ing f o r dependent omissions 
i n t h a t m u l t i p l e s e q u e n t i a l l y occu r r ing 
omissions are pe rm i t t ed i n e r r o r . 
F o r t u n a t e l y , the pena l t y p laced on dependent 
omissions i s s u f f i c i e n t t o avoid t h i s problem 
i n the v a s t m a j o r i t y o f cases. 

Another problem concerns some 
l i m i t a t i o n s of the s y n t a c t i c model. Most 
obvious is the way in which the d e f i n i t e 
a r t i c l e " t h e " i s handled. While t h i s word i s 
t r e a t e d as a r e q u i r e d word in c e r t a i n pa ths . 

i n p r a c t i c e i t has been found t h a t i t i s not 
uncommon f o r speakers s imply to omi t the word 
p h o n e t i c a l l y and ins tead r e l y on prosodic 
f e a t u r e s . Some form of prosodic ana lys i s 
w i l l b e r e q u i r e d . 

Another component which w i l l undoubtedly 
be requ i red is some mechanism to account f o r 
f u s i o n phenomena at word boundaries such as 
the phonet ic change f r o m [ d i d j u ] t o [ d idzu ] 
i n the word p a i r " d i d y o u " . 

Spec i f i c versus General Feedback Ac t i on 

There are two types of 
v e r i f i c a t i o n / r e j e c t i o n handled by the 
adapt ive c o n t r o l l e r — s p e c i f i c and g e n e r a l : 
those which are s p e c i f i c concern p a r t i c u l a r 
node names ( e . g . , suppression p r o h i b i t s the 
hypothesis of a p a r t i c u l a r name at a 
p a r t i c u l a r p o i n t i n the s t r i n g ) ; those which 
are genera l concern more than a s i n g l e node 
name ( e . g . , a bar anchor p r o h i b i t s the 
hypothesis of i n s e r t i o n f o r any_ node name at 
t ha t p o i n t i n the s t r i n g ) . Op t ima l l y , a 
system would con ta in s p e c i f i c and genera l 
ac t ions f o r each hypothesis t ype . Because 
the present system prov ides no s p e c i f i c 
a c t i o n types f o r c e r t a i n s i t u a t i o n s ( e . g . , 
where a do t anchor p r o h i b i t s any omission 
hypothesis i n subsequent p rocess ing ) , i t i s 
not d i f f i c u l t to imagine a s i t u a t i o n in which 
a genera l suppression of the omission 
hypo thes is , based on the i n a b i l i t y to f i n d a 
s p e c i f i c name in the da ta , would lead to 
d i f f i c u l t y when another event had indeed been 
missed. At the present s ta tus of system 
development e s s e n t i a l l y on ly the general 
mechanisms have been p rov i ded . 

I t might be noted t h a t the a p p l i c a t i o n 
of s p e c i f i c ac t ions can be considered looser 
than those which p r o h i b i t a whole c lass of 
hypotheses. The e m p i r i c a l data demonstrated 
the need f o r s p e c i f i c ac t i ons regard ing 
hypothesized i n s e r t i o n s and omissions in t h a t 
the main a c t i o n which l e d to increased 
decoding accuracy was the s p e c i f i c a c t i o n of 
suppress ion, account ing f o r approximately 70 
percent o f the ac t ions taken . 

Comparison w i t h Manual Speech Recogni t ion 

The pr imary source of data p resen t l y 
a v a i l a b l e which may be used f o r purposes of 
comparison is t h a t o f K l a t t and Stevens 
( 6 , 7 ) , * in which manual speech r e c o g n i t i o n 

was attempted by v i s u a l examinat ion of 

' Vicens (11) descr ibed an automatic system 
in which m u l t i p l e - w o r d i npu t was l i m i t e d by 
u t i l i z i n g a 16-word vocabulary and a 
h i g h l y - c o n s t r a i n e d syntax , capable o f 
genera t ing 192 sentences. In t h i s h i g h l y 
cons t ra ined s i t u a t i o n , accuracy at the word 
l e v e l was 90 percent when new speakers were 
used. The system conta ined no p r o v i s i o n f o r 
adapt ive c o n t r o l o f the type under 
cons ide ra t i on here . Since t h i s system 
u t i l i z e d a h i g h l y cons t ra ined vocabulary and 
syntax i n order t o avo id a l l but the coarsest 
phonet ic d i s t i n c t i o n s , i t would have to be 
mod i f i ed s i g n i f i c a n t l y i n order t o achieve 
u s e f u l word r e c o g n i t i o n accuracy w i t h 
vocabu lar ies o f the s i ze be ing employed here . 
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spectrograms. On 19 sentences {158 words) 
produced by f ive speakers using entries from 
a 200-word lexicon with a syntax describing 
".. .questions asked of a computer program 
whose data base concerned the chemical 
analysis of moon rocks (12)," they reported 
overal l word-recognition performance of 96 
percent correct for each of two 
experimenters. They also employed a form of 
ver i f ica t ion/ re jec t ion akin to that described 
here. 

It is of interest to compare the present 
performance data at ear l ier stages of 
processing with those reported by Klat t and 
Stevens. In the la t te r work, 658 phonetic 
segments were transcribed. At the 
segmentation leve l , 10 percent were missed 
and no mention was made of adventitious 
segments. At the c lass i f icat ion leve l , 17 
percent were incorrect ly transcribed and 4O 
percent were transcribed only par t ia l l y (in 
accordance with a phonetic-feature 
inventory). Thus 33 percent of the segments 
were completely correct and 73 percent were 
either pa r t ia l l y or completely correct. In 
the present work, 1800 segments were 
transcribed from two speakers who were new to 
the system. At the segmentation level , 2 
percent were missed and 4 percent were 
adventit ious. At the c lass i f icat ion leve l , 
B1 percent of the segments were completely 
correct, not including those missed and 90 
percent were correct at the phonetic class 
level (the nearest analog to the 
phonetic-feature measure). Although these 
measures are not exactly comparable, the 
automatic acoustic analysis of the present 
work appears to compare favorably with the 
reported manual acoustic analysis. 
Therefore, the difference between word 
accuracy of these two studies appears to be 
explainable in terms of the difference 
between processing by the human system at the 
word level using a l l the constraints 
available to that system and automatic 
processing with l imited syntactic and no 
semantic constraints. 

Klatt and Stevens' "subjective" 
evaluation of their performance was that it 
is not encouraging for workers in the f i e l d 
of automatic speech recognition because of 
the "...seeming complexity of the things we 
were doing in our heads in order to recognize 
a feature or word or phrase"(6). The present 
wri ters are encouraged, however, by the 
performance data being reported here, since 
they were obtained using completely automatic 
procedures at a l l levels of processing, and 
since these data are based on the utterances 
of several -untrained speakers using a larger 
vocabulary. In addit ion, i t i s f e l t that 
adaptive control procedures, such as those 
herein described, w i l l be s igni f icant ly 
helpful in achieving eventual convergence of 
input and output in ARCS. These results 
should also be encouraging for other workers 
who are interested in pragmatic solutions for 
ARCS problems. 

Certainly much remains to be done in 
th is area and the present work can only be 
veiwed as an i n i t i a l probe. Feedback of 
whole sentence-length strings may, in fact , 
not be the optimal and only level at which 

feedback should be performed. For example, 
it is l i ke ly that a combination of looping at 
the word level during i n i t i a l decoding would 
be more appropriate when both accuracy and 
processing time are considered. In such 
d i f fe ren t ia l looping the confirmation or 
rejection of hypotheses would probably depend 
on di f ferent levels of analysis, most l i ke ly 
phonetic at the word level and semantic or 
prosodic at the sentence leve l . 
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Figure 1. S imp l i f i ed block diagram of ARCS system w i t h data paths. 
Main data path conaista of analog speech input ( 1 ) , node 
s t r i n g w i t h corresponding segmentation i nd i ca to rs and 
anchors ( 2 ) , and f i n a l standard-orthographic output ( 3 ) . 
The adap t i ve - con t ro l l e r paths consist of hypothesized 
word and node s t r i ngs ( a ) , adap t i ve - con t ro l l e r examination 
o f acoust ic-processor in format ion ( b ) , con f i rma t ion , 
n e u t r a l , or r e j e c t i o n in format ion ( c ) , and modi f ied node 
s t r i n g w i t h corresponding segmentation i nd i ca to rs and 
anchors ( d ) . 
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Figure 2. D i g i t a l sound spectrogram of example u t terance, "One t i r e d o f f i c e r forgot the part under 
the cover . " From bottom to top are STS numbers, segmentation and a u x i l i a r y i nd i ca to r s , 
s teady-s ta te names, amplitude in dB, amplitude p l o t , l s t - 5 t h node c o r r e l a t i o n s . 
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Figure 4. Feedback s i m i l a r i t y measures for the p repos i t i ona l phrase 
of the example. Above the top s o l i d l i n e is a descr ip t ion 
of speaker performance ( the r e f e r e n t ) . Above each graph 
are t ime-a l igned input nodes and hypothesis types; on each 
graph is the hypothesized node s t r i n g ; below each graph is 
the hypothesized word S t r i n g , p1 is the o r i g i n a l pass and 
p2-p4 are the l s t - 3 d feedback passes. Feedback act ions 
were: a f t e r p1, AA=WX, VX=ZX, FX=ZX; a f te r p2, AA=IX, VX=SX, 
FX=SX{ a f t e r p3, KQ de le ted , NX=VX. 
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