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Abs t rac t 

Th is note desc r ibes two methods of 
ass ign ing p r i o r i t y scores t o 
developed hypotheses about 
u t t e rance for de te rm in ing which 
to extend f u r t h e r . These 
guarantee the d i s c o v e r y of 
matching i n t e r p r e t a t i o n o f the 
when used in an a p p r o p r i a t e 

p a r t i a l l y 
a speech 
hypotheses 

methods 
the best 
u t t e r a n c e , 

c o n t r o l 
f ramework. A l though presented in the 
speech c o n t e x t , the a l g o r i 
a p p l i c a b l e to a genera l 
o p t i m i z a t i o n and h e u r i s t i c 

thms are 
c l ass of 

search 
prob lems. The d e n s i t y method is 
e s p e c i a l l y i n t e r e s t i n g s ince i t 
i ns tance of the genera l A* al 
H a r t , N i l s s o n , and Raphael , and 
be super io r to i t in the domains 
i t i s a p p l i c a b l e . Proofs 

i s not an 
gor i thm of 
appears to 

in which 
of the 

guaranteed d i scove ry of the best 
i n t e r p r e t a t i o n and some 
comparisons of the methods are g 

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

empir i c a l 
i v e n . 

Th is paper i s concerned w i t h c o n t r o l 
s t r a t e g i e s govern ing the fo rma t ion and 
re f inement of p a r t i a l hypotheses about the 
i d e n t i t y of an u t t e rance in a cont inuous 
speech unders tanding system. We assume a 
system tha t con ta i ns the f o l l o w i n g 
components: 

o) A L e x i c a l k e t r i e v a 
can f i n d the k b 
s t a r t i n g or ending 

1 component 
es t matching 
at any g i ven 

t ha t 
words 
po i n t 

in the u t te rance fo r any number k, 
and can be reca 
enumerat ing word 
decreas ing order 
g iven P o s i t i o n . We 
component is 

l i e d t o con t inue 
matches 

of goodness 
assume t h a t 

i n t e r faced 

i n 
at a 
t h i s 

t o 
a p p r o p r i a t e s i g n a l p r o c e s s i n g , 
a c o u s t i c - p h o n e t i c 
a n a l y s i s components 
a l . , 1976) , and 
" q u a l i t y " score to 
r e f l e c t i n g the good 

and phono log i ca l 
as in (woods et 

t h a t i t assi 
each word 

igns a 
match 

ness of the match. 

b) 

The HWIM speech understanding system 
developed at BBN [Woods et a l . , 1976; Wolf 
and Woods, 1977] has such c a p a b i l i t i e s . A 
c o n t r o l s t r a t e g y fo r such a system must 
answer ques t i ons such as : 

a) At which p o i n t s in the u t t e rance to 
c a l l the L e x i c a l R e t r i e v a l component, 
and when, 

b) What number of words to ask f o r , 

c) When to g i ve subsequences of the 
r e s u l t s to the L i n g u i s t i c component, 
and 

d) When to r e c a l l the L e x i c a l R e t r i e v a l 
component to con t inue enumerat ing 
words at a g i ven p o i n t . 

The goal o f the c o n t r o l s t r a t e g y is to 
d iscoyer the best scor inc; sequence of 
words tha t covers the e n t l r e u t t e rance and 
Ts accep tab le_ to " the LinguTstTc component. 
We w i l l cons ider here a p a r t i c u l a r c l ass 
of c o n t r o l s t r a t e g i e s which we r e f e r to as 
" i s l a n d - d r i v e n " . 

2* I s l a n d - D r i v e n S t ra teg ies 

In an i s l a n d - d r 
p a r t i a l hypotheses 
i d e n t i t y o f the 
around i n i t i a l "seed 
the u t t e rance and 
and l a r g e r " i s l a n d 
a d d i t i o n of words t 
of the i s l a n d . Occa 
may " c o l l i d e " by pro 
the same word in th 
may be combined i 
i s l a n d . Each such 
eva lua ted by the 
component to de te rmi 
w i t h the acous t i c ev 
s y n t a c t i c , semant 
cons i s tency by the 
we w i l l r e f e r to a p 
has been so eva lu 
cons i s tency as a " t h 
t h a t we w i l l c 
success i ve l y proces 
event queue, where 
suspended or dorma 
r e s u l t i n the c r e a t i 

i ven c o n t r o l s t r a t e g y , 
about the p o s s i b l e 

u t t e rance are formed 
words somewhere in 

are grown i n t o l a r g e r 
hypotheses by the 

o one or the other end 
s i o n a l l y , two i s l a n d s 
posing and d i s c o v e r i n g 
e gap between them and 
nto a s i n g l e l a r g e r 

i s l a n d hypo thes is i s 
L e x i c a l R e t r i e v a l 

ne i t s degree of match 
idence and checked fo r 
i c , and pragmat ic 
L i n g u i s t i c component. 
a r t i a l hypo thes is t h a t 
ated and checked fo r 
e o r y " . The s t r a t e g i e s 
ons ider opera te by 
s ing "even ts " on an 
events correspond to 
nt processes t h a t may 
on of t h e o r i e s . 

The genera l a l g o r i t h m 
f o l l o w s : 

opera tes as 

A L i n g u i s t i c component t h a t , g i ven 
any sequence of words, can determine 
whether t h a t sequence can be parsed 
as a poss i b l e i n i t i a l , f i n a l , o r 
i n t e r n a l subsequence of a 
s y n t a c t i c a l l y c o r r e c t and 
s e m a n t i c a l l y and p r a g m a t i c a l l y 
a p p r o p r i a t e u t t e r a n c e , and can 
propose compat ib le c lasses of words 
at each end of such a sequence. 
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(1) An i n i t i a l scan of the u t t e rance 
is performed by the L e x i c a l R e t r i e v a l 
component to d i scover the n best matching 
words anywhere in the u t t e rance accord ing 
to some c r i t e r i o n of " b e s t " and fo r some 
va lue n. An i n i t i a l seed event is c rea ted 
fo r each such word and p laced on the event 
queue. In a d d i t i o n , one or more 
c o n t i n u a t i o n e v e n t s , which can be 
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(2) The h ighes t p r i o r i t y event is 
se lec ted fo r p r o c e s s i n g , which c o n s i s t s o f 
( i ) c r e a t i n g the cor responding theory (a 
one-word theory in the case of a seed 
e v e n t ) , ( i i ) c a l l i n g the L i n g u i s t i c 
component to check the cons i s tency of the 
theory and to make p r e d i c t i o n s fo r words 
and/or word c lasses t ha t can occur 
ad jacent t o i t , ( i i i ) c a l l i n g the Lex i ca l 
R e t r i e v a l component to enumerate the k 
best matching words s a t i s f y i n g the 
p r e d i c t i o n s at each end of the t h e o r y , and 
( i v ) genera t ing a "word" event fo r each 
such word found . A word event is an event 
t h a t w i l l add one word to a theory to 
c rea te a l a r g e r t h e o r y . Con t i nua t i on 
events are a lso c reated t ha t w i l l con t inue 
the enumerat ion of success i ve l y lower 
sco r ing words ad jacent to the t h e o r y . I f 
i s l a n d - c o l l i s i o n is pe rm i t t ed as an 
o p e r a t i o n , then each word event generated 
is checked aga ins t an i s l a n d t a b l e to see 
if the same word (at the same p o s i t i o n in 
the inpu t ) has been proposed and found in 
the o ther d i r e c t i o n by some t h e o r y , and i f 
so , an " i s l a n d - c o l l i s i o n " event is c rea ted 
t h a t w i l l combine the new word and the two 
t h e o r i e s on e i t h e r s ide o f i t . Both word 
and i s l a n d - c o l l i s i o n events are assigned 
p r i o r i t y scores de r i ved from the q u a l i t y 
score of the new word and the scores of 
the t h e o r i e s to which i t i s being added 
and are i n s e r t e d i n t o the event queue 
accord ing t o t h e i r p r i o r i t i e s . 

(3) Cont inue s e l e c t i n g the top 
p r i o r i t y event from the event queue (s tep 
2) u n t i l a theo ry is d iscovered t h a t spans 
the e n t i r e u t t e rance and i s s y n t a c t i c a l l y , 
s e m a n t i c a l l y , and p r a g m a t i c a l l y acceptab le 
as a complete sentence. 

The main t o p i c in t h i s paper is the 
assignment o f p r i o r i t y scores to the 
events in the above a l g o r i t h m in order to 
guarantee t h a t the f i r s t complete theory 
found w i l l be the best sco r ing one t h a t 
can be found . Using the q u a l i t y scores 
assigned by the L e x i c a l R e t r i e v a l 
component d i r e c t l y as p r i o r i t y scores does 
not o r d i n a r i l y p rov ide such a guaran tee . 

3 • I£*£ §J2°_Lt££iI £c°_li!21 Method 
3.a) Assumptions 

The s h o r t f a l l method assumes tha t the 
q u a l i t y scores assigned to word matches by 
the L e x i c a l Matching component are 
a d d i t i v e , so t h a t t h e o r i e s are 
a p p r o p r i a t e l y assigned scores t ha t are the 
sums of the scores of the word matches 
conta ined in them. I t a lso assumes tha t 
word matches have assoc ia ted beginn ing and 
ending p o s i t i o n s t ha t correspond to 
boundary p o s i t i o n s in the input u t t e r a n c e . 
In the HWIM system, the q u a l i t y scores are 
l o g a r i t h m s o f es t ima tes o f the r e l a t i v e 
p r o b a b i l i t i e s of the co r rec tness of a 
theory g iven the acous t i c ev idence . 

3.b) The Basic S h o r t f a l l 
ScojLiDJi. ProcecTure 

Let t ( i ) be the t ime in m i l l i s e c o n d s of 
the i - t h boundary in the u t t e r a n c e ; nsegs, 
the number of segments in the u t t e r a n c e ; 
and seg( i ) be the reg ion of the input 
u t t e rance from t ( i - l ) to t ( i ) for i from 1 
to nsegs. 

For a word match from p o s i t i o n i to j 
w i t h score q, we w i l l a l l o c a t e in some 
sys temat ic way the t o t a l word score q to 
the segments seg( i -H) . . . seg ( j ) covered 
by the word match. For t h i s d i s c u s s i o n , 
l e t us a l l o c a t e i t p r o p o r t i o n a l t o the 
d u r a t i o n s of the segments. 

For a g iven u t t e r a n c e , we w i l l 
determine fo r each segment seg ( i ) the 
maximum score max( i ) t ha t can be a l l o c a t e d 
to t ha t segment by any word match t ha t 
covers the segment. The score fo r any 
word match from i to j w i l l hence be 
bounded by the sum max ( i + l ) + . . . 
and the maximum score for any 
theory w i l l be bounded by T 
1 to nsegs of m a x ( i ) . 

+ m a x ( j ) , 
complete 

the sum from 

Every p 
con t iguous 
spanning a 
some bounda 
c a r r y w i t h 
i s the sum 
covered by 
of the word 
ass ign each 
- m + q , 
maximum to 
minus the 
which one i 
p a r t i c u l a r 
T - ( m - q ) ) . 
thought o f 
f u t u r e scor 
which has 
reg ion cove 
score T-m 

a r t i a l t heory w i l l c o n s i s t o f a 
sequence of word matches 
reg ion from some boundary i to 

r y j . Each such theory w i l l 
it two scores m and q, where m 

of the max( i ) fo r the segments 
the sequence and q is the sum 

scores of the t h e o r y . We w i l l 
t heory a p r i o r i t y score p * T 
which can be thought of as the 

t a l score T fo r any theory 
s h o r t f a l 1 from t h i s i d e a l t o 

s committed by choosing t h i s 
sequence of words ( i . e . , p * 
A l t e r n a t i v e l y , i t can be 
as the es t imated best p o s s i b l e 

e c o n s i s t i n g of the score q 
a l ready been achieved fo r the 

red p lus the best p o t e n t i a l 
fo r the reg ion not ye t covered 
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processed to con t inue the enumerat ion of 
success i ve l y lower scor ing words, are 
c rea ted and placed on the queue. Each 
seed event is assigned a p r i o r i t y score 
(de r i ved from the g u a l i t y score -" t ha t the 
L e x i c a l R e t r i e v a l component gave i t in one 
of severa l ways to be descr ibed s h o r t l y ) , 
and each c o n t i n u a t i o n event is assigned a 
p r i o r i t y score t h a t can be guaranteed to 
bound the p r i o r i t y score of any word t h a t 
can be generated by t ha t event ( e . g . , 
de r i ved from the score of the l a s t word 
enumerated p r i o r to the c o n t i n u a t i o n ) . 
The events are ordered on the event queue 
by t h e i r p r i o r i t y scores and are processed 
i n order o f p r i o r i t y . 



( i . e . , p = qMT-m) ) . Because T-m is an 
upper bound on the p o s s i b l e score tha t can 
be achieved on the reg ion not cove red , the 
p r i o r i t y scores p have the c h a r a c t e r i s t i c 
tha t they are non - i nc reas ing as t h e o r i e s 
grow. 

In the s h o r t f a l l sco r ing s t r a t e g y , the 
p r i o r i t y scores o f the i n d i v i d u a l seed 
events are s imply the s h o r t f a l l scores of 
the words. A p r i o r i t y score fo r a 
c o n t i n u a t i o n event t h a t w i l l be an upper 
bound on the p r i o r i t y score of any words 
t h a t might r e s u l t from the c o n t i n u a t i o n 
can be computed as f o l l o w s : Since the 
Lex i ca l R e t r i e v a l component enumerates 
words in decreas ing order of sco re , the 
q u a l i t y score of any word t ha t r e s u l t s 
from the c o n t i n u a t i o n w i l l be no g rea te r 
than t h a t of the l a s t word enumerated so 
f a r . Moreover, we can d e r i v e from the 
l e x i c o n 3 lower bound on the l eng th of a 
word and from t h i s we can deduce the 
s h o r t e s t reg ion o f the u t t e rance t ha t such 
a word cou ld cove r , and hence the smal les t 
poss ib l e m score t h a t such a word cou ld 
have. From these two numbers, we can 
bound the p r i o r i t y score (T-m+q) of any 
f u t u r e word and use t h a t as the p r i o r i t y 
score o f the c o n t i n u a t i o n even t . (This 
bound is somewhat c o n s e r v a t i v e , and in 
ac tua l p r a c t i c e , i t should be poss ib le to 
d e r i v e a much t i g h t e r bound, but t h i s 
argument i s s u f f i c i e n t to guarantee tha t 
such a bound can be computed.) 

c o n t i n u a t i o n events fo r f i n d i n g lower 
sco r ing seeds or lower sco r ing words to 
add to the ends of i s l ands ) w i l l a l ready 
have f a l l e n low enough in i t s p a r t i a l 
score (q score) t ha t no poss ib l e match 
sequence in the remain ing reg ion of the 
u t t e rance can b r i n g i t s t o t a l score above 
t ha t o f the spanning t h e o r y . A l s o , the 
presence of the c o n t i n u a t i o n events in the 
queue makes the search process complete in 
the sense t h a t any word in the vocabu lary 
would be enumerated if the process were 
con t inued long enough. Thus there is no 
poss i b l e word sequence across the 
u t t e rance t ha t would not be cons idered by 
t h i s search a l g o r i t h m i f i t were run 
s u f f i c i e n t l y f a r . Hence, any complete 
theory of the u t t e rance w i l l have a 
s h o r t f a l l (m-q) at l e a s t as g rea t as t ha t 
o f the f i r s t complete theory d i s c o v e r e d . 
Since a l l spanning t h e o r i e s have the same 
maxscore m = T, i t f o l l o w s tha t the f i r s t 
spanning theory a lso has the maximum 
poss ib l e q u a l i t y score (q) of any spanning 
t h e o r y . 

3.e) Notes 

Note tha t the process can be cont inued 
to o b t a i n the second best complete t h e o r y , 

Note a lso t h a t the 
ho lds fo r t h i s method 

process i s l e f t - t o - r i g h t 
on l y at the l e f t end of the 

u t te rance) or m idd le -ou t (seeds anywhere 
in the u t t e r a n c e ) , and t h a t i t does not 
r e q u i r e the i s l a n d c o l l i s i o n f e a t u r e . 

and so on. 
a d m i s s i b i l i t y 
whether the 
( i . e . , seeds 

As new t h e o r i e s a r i s e from process ing 
events t h a t l i n k an e x i s t i n g theory w i t h a 
new word match, the m and q scores of an 
event and the new theory t h a t i t w i l l 
c rea te are s imply the r e s p e c t i v e sums of 
the m and q scores of the o l d theory and 
the word being added to i t . Thus, a f t e r 
ass ign ing an m score to a word match by 
summing the max numbers fo r the segments 
tha t i t cove rs , the m score of any new 
theory t h a t i nc l udes i t can be computed by 
a s i n g l e a d d i t i o n . 

3.d) 

CI a im: 

Admiss ib i 1 i ty of _the Method 

The f i r s t complete spanning theory 
found by the s h o r t f a l l sco r ing method w i l l 
be one of the best sco r i ng complete 
t h e o r i e s ( t he re cou ld be more than one) 
t h a t can be found by any s t r a t e g y ( i . e . , 
the a l g o r i t h m is " a d m i s s i b l e " in the 
conven t i ona l t e r m i n o l o g y ) . 

Proof ; 

At the t ime the f i r s t complete spanning 
theory has been processed, every o ther 
event on the event queue ( i n c l u d i n g 

The s h o r t f a l l method works w i t h almost 
any type of grammar. it makes no 
assumptions t h a t the grammar is 
f i n i t e - s t a t e , as do most Markovian 
s t r a t e g i e s . I n the m idd le -ou t modes, i t 
does r e q u i r e the l i n g u i s t i c c o n s u l t a n t to 
have a parser (such as the b i d i r e c t i o n a l 
ATN parser in the c u r r e n t HwlM system) 
t h a t can take an a r b i t r a r y i s l a n d fragment 
in the middle of an u t t e rance and judge 
whether i t is a p o s s i b l e subsequence of an 
acceptab le sentence. I n p r a c t i c e , i t a lso 
helps immensely i f the parser can a lso use 
the grammar to p r e d i c t the acceptab le 
words and c lasses ad jacent to the i s l a n d , 
and i f the L e x i c a l R e t r i e v a l component can 
use such p r e d i c t i o n s to c o n s t r a i n i t s 
search (as in HWIM), but t h i s is not 
e s s e n t i a l t o the fo rmal a d m i s s i b i l i t y o f 
the a l g o r i t h m . 

3 • f) Avo id ing Duplicate Theor ies 

Note t h a t in the m i d d l e - o u t , 
i s l a n d - d r i v e n s t r a t e g i e s the re are many 
d i f f e r e n t ways o f e v e n t u a l l y a r r i v i n g a t 
the same t h e o r y . For example, if we have 
an i s l a n d w w i t h a p o s s i b l e word x on the 
l e f t and a p o s s i b l e word y on the r i g h t , 
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t h e n we can f i r s t f o rm t h e t h e o r y (xw) and 
t h e n (xwy) or we can f o r m t h e t h e o r y (wy) 
and t h e n d e r i v e (xwy) f r o m t h a t . Which o f 
t h e s e two r o u t e s i s t a k e n w i l l depend o n 
t h e s c o r e s o f t h e w o r d s , b u t i t i s q u i t e 
p o s s i b l e ( i n f a c t , l i k e l y ) t h a t i n t h e 
c o u r s e o f w o r k i n g t o w a r d a c o m p l e t e t h e o r y 
a s t r a t e g y w i l l a r r i v e a t t h e same 
s u b t h e o r y s e v e r a l d i f f e r e n t t i m e s b y 
a l t e r n a t e r o u t e s . 

I f we do n o t i n c l u d e c h e c k s f o r t h e 
d u p l i c a t i o n o f t h e o r i e s , t h e n w e wou ld 
o f t e n g e t two c o p i e s o f t h e same t h e o r y . 
These wou ld f o r e v e r d u p l i c a t e t h e same 
p r e d i c t i o n s and t h e o r y f o r m a t i o n s , g i v i n g 
r i s e t o a r a p i d e x p o n e n t i a l e x p l o s i o n o f 
t h e s e a r c h p r o c e s s . I f we i n c l u d e a t e s t 
each t i m e a t h e o r y i s fo rmed t o d e t e r m i n e 
w h e t h e r t h a t t h e o r y has been f o r m e d 
p r e v i o u s l y , t n e n w e can a v o i d t h i s 
e x p o n e n t i a l p r o c e s s . I n f a c t , i f each 
t i m e we a re abou t to p u t an e v e n t on t h e 
e v e n t queue we check t h e e v e n t to see i f 
t h e s e t o f word matches t h a t i t uses i s 
t h e same as t h a t o f some o t h e r e v e n t , t h e n 
w e can t e r m i n a t e t h i s d u p l i c a t i o n b e f o r e 
mak ing t h e e n t r y on t h e queue and 
consum ing t h e queue space (and c e r t a i n l y 
b e f o r e c a l l i n g t h e L i n g u i s t i c component t o 
check i t o u t and make f u r t h e r 
p r e d i c t i o n s ) . 

The check f o r d u p l i c a t i o n among a l l t h e 
e v e n t s t h a t have been c r e a t e d can amount-
t o a c o n s i d e r a b l e amount o f t e s t i n g i f 
done i n a b r u t e f o r c e e x h a u s t i v e t e s t , 
a l t h o u g h i t can b e c o n s i d e r a b l y r e d u c e d b y 
i n d e x i n g e v e n t s b y t h e i r b e g i n n i n g and end 
p o i n t s o r o t h e r t r i c k s . However , i f one 
can r e l y o n t h e e v e n t s b e i n g G e n e r a t e d i n 
t h e o r d e r d e t e r m i n e d b y t h e b a s i c 
s h o r t f a l l s t r a t e g y , t h e n t h e f o l l o w i n g 
s i m p l e check based o n l y on t h e word 
ma tches at each end of an e v e n t can be 
used t o d e t e r m i n e whe the r a n e v e n t i s 
r e d u n d a n t ( i . e . , w i l l p r o d u c e t h e same 
t h e o r y as some e v e n t a l r e a d y g e n e r a t e d ) : 

I f t h e new word i s a t t h e l e f t end 
and has t h e same o r g r e a t e r s h o r t f a l l 
a s t h e word a t t h e r i g h t e n d , t h e n 
t h i s e v e n t i s r e d u n d a n t . 

I f t h e new word i s at. t h e r i g h t 
end and has s t r i c t l y g r e a t e r 
s h o r t f a l l t h a n t h e word a t t h e l e f t 
e n d , t h e n t h i s e v e n t i s r e d u n d a n t . 

The a rgumen t f o r t h e v a l i d i t y o f t h i s t e s t 
i s a s f o l l o w s : 

I n t h e s e a r c h space we a re c o n s i d e r i n g , 
i t i s p o s s i b l e , w i t h o u t a check f o r 
d u p l i c a t i o n , t o d e r i v e a g i v e n t h e o r y w i t h 
words w ^ , w 2 # . . . r W u i n 2 k ~ i d i f f e r e n t ways 

one c o r r e s p o n d i n g t o each o f t h e 
p o s s i b l e b i n a r y d e r i v a t i o n t r e e s s t a r t i n g 

w i t h some one of t h e w- as a s e e d , and 
t h e n s u c c e s s i v e l y a d d i n g words e i t h e r t o 
t h e r i g h t o r t h e l e f t e n d . ( P r o o f 
e i t h e r w-, or w^ was chosen l a s t , hence 
t h e r e a r e two ways t o d e r i v e a s t r i n g o f 
l e n g t h k f o r e v e r y p o s s i b l e d e r i v a t i o n o f 
a s t r i n g o f l e n g t h k - 1 . The re i s one 
p o s s i b l e way - - i . e . , a s a seed - - t o 
d e r i v e a s t r i n g o f l e n g t h 1.) O f a l l 
t h e s e d e r i v a t i o n t r e e s , t h e f i r s t one t h a t 
w i l l b e f o u n d i s t h e one t h a t uses t h e w . 
w i t h t h e s m a l l e s t s h o r t f a l l a s a s e e d , and 
a t s u b s e q u e n t s t e p s adds t h e b e t t e r ( i n 
t e r m s o f s h o r t f a l l ) o f t h e two words a t 
e i t h e r end (assume f o r t h e moment t h a t no 
two o f t h e words have e x a c t l y t h e same 
s c o r e ) . Hence , any d e r i v a t i o n t h a t 
a t t e m p t s to add a word to one end of an 
i s l a n d when t h a t word has a s m a l l e r 
s h o r t f a l l t h a n t h e word a t t h e o t h e r end 
o f t h e i s l a n d w i l l b e d u p l i c a t i n g a t h e o r y 
t h a t has a l r e a d y been d e r i v e d (or a t l e a s t 
a l r e a d y has a n e v e n t f o r i t o n t h e e v e n t 
q u e u e ) . I n t h e case o f two c o m p e t i n g 
seeds w i t h t h e same s h o r t f a l l o r words a t 
each end o f an i s l a n d t h a t have t h e same 
s h o r t f a l l , w e have a r b i t r a r i l y p i c k e d t h e 
l e f t m o s t as t h e p r e f e r r e d o n e , w h i c h we 
w i l l p e r m i t t h e a l g o r i t h m t o f o l l o w f u l l y , 
and w e b l o c k t h e d e r i v a t i o n o f d u p l i c a t e s 
f r o m t h e o t h e r o n e . T h u s , i f we have a 
word b e i n g added t o t h e l e f t end o f a 
t h e o r y t h a t has t h e same s h o r t f a l l a s t h e 
word a t t h e r i g h t e n d , t h e n t h i s e v e n t i s 
r e d u n d a n t , s i n c e t h e p r e f e r r e d o r d e r w i l l 
g e n e r a t e a n e q u i v a l e n t e v e n t t h a t adds t h e 
l e f t end word f i r s t . 

T h u s , a v e r y s i m p l e check be tween t h e 
s c o r e o f t h e word b e i n g added to a t h e o r y 
and t h e s c o r e o f t h e word a t t h e o t h e r end 
o f t h e t h e o r y w i l l s u f f i c e t o e l i m i n a t e 
t h e f o r m a t i o n o f r e d u n d a n t e v e n t s . 

3 .g ) Fuzzy Wor_d Matches 

The above d i s c u s s i o n does n o t 
e x p l i c i t l y m e n t i o n t h e p r o b l e m o f f i n d i n g 
t h e same word in e s s e n t i a l l y t h e same 
p l a c e b u t w i t h s l i g h t l y d i f f e r e n t end 
p o i n t s and d i f f e r e n t s c o r e s . We have 
o b s e r v e d t h i s k i n d o f o u t p u t f r o m t h e 
L e x i c a l R e t r i e v a l component o f HWIM and 
i n d e e d f i n d i t d e s i r a b l e t o know t h e 
d e g r e e o f v a r i a t i o n p o s s i b l e i n t h e end 
p o i n t s o f a word ma tch and t h e a p p r o p r i a t e 
d e g r a d a t i o n i n s c o r e f o r e a c h . However , 
i t i s w a s t e f u l t o g i v e s e v e r a l d i f f e r e n t 
e v e n t s t o t h e L i n g u i s t i c c o m p o n e n t , a l l o f 
w h i c h a r e a d d i n g word ma tches to a g i v e n 
t h e o r y t h a t d i f f e r o n l y i n t h e i r e n d p o i n t s 
and s c o r e s . For t h i s r e a s o n , we have 
i n t r o d u c e d a s t r u c t u r e t h a t g r o u p s 
t o g e t h e r m u l t i p l e e q u i v a l e n t word m a t c h e s 
i n t o a s i n g l e e n t i t y c a l l e d a . fuzzy word 
ma tch (or " f u z z y " f o r s h o r t ) , w h i c h T s 
g i v e n t h e s c o r e o f i t s b e s t member. A 
t h e o r y c o n t a i n i n g f u z z y word ma tches 
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a c t u a l l y represen ts a c l ass of 
g rammat i ca l l y e q u i v a l e n t t h e o r i e s and 
c a r r i e s the score of the best one. 

I t word matches re tu rned by the Lex i ca l 
R e t r i e v a l component are grouped i n t o fuzzy 
matches whenever p o s s i b l e , and word events 
are g iven a p p r o p r i a t e l y r e c t i f i e d scores , 
then the above a d m i s s i b i l i t y r e s u l t s t i l l 
holds ( i . e . , the f i r s t complete theory 
processed w i l l be the b e s t ) . The on ly 
d i f f e r e n c e (as ide from the e l i m i n a t i o n of 
separate processing for g rammat i ca l l y 
equ i va len t t heo r ies ) w i l l be tha t c e r t a i n 
word events ( i . e . , those using a 
l e s s - t h a n - b e s t path through the e x i s t i n g 
theory) w i l l be formed e a r l i e r than they 
o therwise would have. However, these 
events w i l l s t i l l be placed on the queue 
w i t h the c o r r e c t score so tha t they w i l l 
reach the top and be processed in e x a c t l y 
the same order as they would in the 
s t r a t e g y w i t hou t f u z z i e s . 

3.h) D iscuss ion 

The s h o r t f a l l scor ing method is s i m i l a r 
in some respects to the wel l -known branch 
and bound, t echn ique , except fo r the 
c h a r a c t e r i s t i c i n the m idd le -ou t ve rs i on 
t ha t the same p a r t i a l i n t e r p r e t a t i o n may 
be reached by many d i f f e r e n t pa ths , and 
the f a c t t ha t the space of poss ib le 
s o l u t i o n s is determined by a grammar. I t 
can a lso be modeled as an example of the 
A* a l g o r i t h m of H a r t , N i l s s o n , and Raphael 
[1968] fo r f i n d i n g the s h o r t e s t path 
through a g raph , where, in t h i s case, the 
nodes in the graph are p a r t i a l 
i n t e r p r e t a t i o n s of the u t t e r a n c e , and the 
connect ions in the graph correspond to the 
seed and word even ts . Consequent ly , i t 
shares w i t h t h a t a l g o r i t h m a c e r t a i n k ind 
o f o p t i m a l i t y t h a t H a r t , N i l s s o n , and 
Raphael p rove . I t i s s impler than the 
genera l A* a l g o r i t h m , however, in t ha t we 
are l ook ing f o r the best sco r i ng node, and 
we are not i n t e r e s t e d in scores of paths 
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lead ing to t ha t node ( i n f a c t a l l such 
paths have the same score in our case) . 
The s imple argument g iven p r e v i o u s l y 
s u f f i c e s to show the a d m i s s i b i l i t y of the 
s h o r t f a l l method, whereas the genera l A* 
a l g o r i t h m is more c o m p l i c a t e d . 

Measuring the s h o r t f a l l from any 
p r o f i l e t h a t is a per word upper bound of 
q u a l i t y score would be s u f f i c i e n t to 
assure the t h e o r e t i c a l a d m i s s i b i l i t y o f 
the method. However, the t i g h t n e s s of the 
upper bound a f f e c t s the number of events 
t r i e d and p a r t i a l t h e o r i e s c rea ted in the 
search fo r a success fu l i n t e r p r e t a t i o n 
( i . e . , the " b r e a d t h " of the s e a r c h ) . By 
ass ign ing the upper bound as a 
segment-by-segment p r o f i l e determined by 
a l l o c a t e d shares of ac tua l word match 
sco res , a f a i r l y t i g h t upper bound is 
ach ieved . A f u r t h e r e f f e c t o f scor ing the 
s h o r t f a l l from such a maxscore p r o f i l e is 
t ha t the score d i f f e r e n c e s i n d i f f e r e n t 
p a r t s o f the u t te rance are e f f e c t i v e l y 
l eve led o u t , so t h a t events in a reg ion of 
the u t te rance where there are not very 
good scor ing words can hold t h e i r own 
aga ins t a l t e r n a t i v e i n t e r p r e t a t i o n s i n 
reg ions where there are h igh scor ing 
words. This promotes the re focus ing of 
a t t e n t i o n from a reg ion where there may 
happen to be h igh scor ing a c c i d e n t a l word 
matches to events whose word match q u a l i t y 
may not be as g r e a t , but are the best 
matches in t h e i r r e g i o n s . Thus, an 
apparen t l y s a t i s f a c t o r y and i n t u i t i v e l y 
reasonable s t r a t e g y fo r focus ing a t t e n t i o n 
emerges from the same s t r a t e g y t h a t 
guarantees to get the best scor ing theory 
f i r s t . 

When using the s h o r t f a 
understanding an u t t e 
overwhelming tendency is 
adding a new word to an i s l a 
a d d i t i o n a l s h o r t f a l l and 
d i s tance down in the queue, 
t ha t o ther events are proces 
a d d i t i o n a l work is done on 
(Occas iona l l y , the new wo 
word in i t s reg ion and buys 
s h o r t f a l l , but t h i s i s a 
d i s tance t ha t t h i s new even 
the queue is determined by 
a d d i t i o n a l s h o r t f a l l t h a t 
p icked up and the s h o r t f a l l s 
t ha t are competing w i t h i t 
This d i s tance d i r e c t l y a f f ec 
o f " d e p t h - f i r s t " v s . 
process ing done by the a lgor 
new word scores w e l l , the ev 
s l i g h t l y , and few, i f a 
events are processed before 
case the a l g o r i t h m is re 
f i r s t . I f the new word scor 
event f a l l s f u r t h e r down t 
more a l t e r n a t i v e events have 
i t and the a l g o r i t h m i s 
f i r s t . 
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the amount of 
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of the events 
on the queue. 

ts the degree 
b r e a d t h - f i r s t " 
i t h m . I f the 
ent f a l l s on l y 
ny , a l t e r n a t e 
i t . I n t h i s 
l a t i v e l y depth 
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p r i o r i t y over 
more breadth 

When an event is c rea ted to add a word 
match to a theory c o n t a i n i n g a fuzzy word 
match at t h a t end, the score of the event 
must be computed using a " r e c t i f i e d " score 
t h a t takes i n t o account the best member of 
the fuzzy t h a t is compat ib le w i t h the new 
word ( i . e . , has boundar ies t ha t hook up to 
the new word and s a t i s f i e s app rop r i a te 
phono log ica l word boundary c o n s t r a i n t s ) . 
in g e n e r a l , when severa l f u z z i e s are 
ad jacen t , the best compat ib le sequence of 
members must be chosen, and when the new 
word match is i t s e l f a f u z z y , the best 
combinat ion of one of i t s members w i t h a 
corresponding r e c t i f i e d score for the 
theory must be t aken . The event is thus 
g iven the score of the best of the 
g rammat ica l l y e q u i v a l e n t , non- fuzzy events 
for which i t s tands . 



H o w e v e r , when used w i t h t h e i s l a n d 
c o l l i s i o n f e a t u r e t h a t a l l o w s one t o 
c o m b i n e t o g e t h e r i n one s t e p t h e w o r d 
l i s t s o f two d i f f e r e n t e v e n t s t h a t a r e 
n o t i c i n g t h e same w o r d f r o m o p p o s i t e 
d i r e c t i o n s , t h e d e n s i t y m e t h o d a l s o 

g u a r a n t e e s t h a t t h e f i r s t c o m p l e t e t h e o r y 
f o u n d i s t h e b e s t o n e . T o p r o v e t h i s 
c l a i m , w e m u s t use a d i f f e r e n t a r g u m e n t 
t h a n f o r t h e b a s i c s h o r t f a l l s t r a t e g y . 
The a r g u m e n t d e p e n d s o n t h e a b i l i t y t o 
d e r i v e t h e same t h e o r y i n d i f f e r e n t ways 
f r o m d i f f e r e n t s e e d s - - i . e . , t h e 
m i d d l e - o u t c o n t r o l s t r a t e g y i s e s s e n t i a l 
f o r t h e a d m i s s i b i l i t y o f t h e d e n s i t y 
s c o r i n g m e t h o d . 

Lemma: 

U s i n g t h e m i d d l e - o u t d e n s i t y s c o r i n g 
m e t h o d and u s i n g i s l a n d c o l l i s i o n e v e n t s , 
any t h e o r y c o v e r i n g any r e g i o n o f t h e 
u t t e r a n c e can b e d e r i v e d b y a s e q u e n c e o f 
e v e n t s a i l o f w h i c h h a v e a s c o r e d e n s i t y 
n o l e s s t h a n t h a t o f t h e t h e o r y i t s e l f . 

P r o o f : 

B y i n d u c t i o n o n t h e number o f w o r d s i n 
t h e t h e o r y . (1 ) The h y p o t h e s i s i s 
t r i v i a l l y t r u e f o r o n e - w o r d t h e o r i e s b y 
means of a seed e v e n t . (2) Suppose we 
have a t h e o r y o f k + 1 w o r d s w i t h d e n s i t y 
d . L e t w b e t h e wo rd i n t h e t h e o r y w i t h 
t h e l o w e s t s c o r e d e n s i t y ( o r one cvf them 
i f t h e r e a r e s e v e r a l s u c h ) , and l e t x and 
y b e t h e w o r d s e q u e n c e s o n e i t h e r s i d e o f 
w (one o f w h i c h may be e m p t y ) . Then t h e 
d e n s i t i e s o f b o t h x and y mus t b e a t l e a s t 
as g r e a t as d and t h e d e n s i t y o f w mus t be 
n o g r e a t e r t h a n d . I f e i t h e r x o r y i s 
e m p t y ( i . e . , w i s a t one end) , t h e n b y t h e 
i n d u c t i v e h y p o t h e s i s , t h e o t h e r has a 
d e r i v a t i o n u s i n g e v e n t s o f d e n s i t y n o l e s s 
t h a n i t s own and hence no l e s s t h a n d and 
t h e w o r d e v e n t t o add w w i l l have d e n s i t y 
d . I f w i s n o t a t t h e e n d , t h e n b y t h e 
i n d u c t i v e h y p o t h e s i s , b o t h x and y have 
d e r i v a t i o n s u s i n g e v e n t s o f d e n s i t y n o 
l e s s t h a n t h e i r o w n , and hence n o l e s s 
t h a n d . T h e r e f o r e , b e f o r e e v e n t s o f 
d e n s i t y l e s s t h a n d c a n r e a c h t h e t o p o f 
t h e s t a c k , b o t h o f t h e t h e o r i e s x and y 
w o u l d have been p r o c e s s e d , and b o t h w o u l d 
have n o t i c e d t h e w o r d w f r o m o p p o s i t e 
s i d e s ; h e n c e , a n i s l a n d c o l l i s i o n e v e n t 
w o u l d have been c o n s t r u c t e d f o r t h e 
c o m b i n e d t h e o r y and w o u l d have t h e 
c o m b i n e d d e n s i t y d . 

C o r o l l a r y : 
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The above c h a r a c t e r i z a t i o n is o n l y an 
i n t u i t i v e a p p r o x i m a t i o n , s i nce "the a c t u a l 
number of even ts processed b e f o r e the new 
event is cons ide red depends on the number 
of new even ts t h a t w i l l be genera ted by 
the i n t e r v e n i n g events t h a t w i l l s t i l l 
score h ighe r than t h i s one . In some 
cases , the number of such even ts can be 
e x t e n s i v e . The g e n e r a l e f f e c t , however, 
i s t h a t the s h o r t f a l l s c o r i n g method 
p r o v i d e s a d y n a m i c a l l y v a r y i n g comb ina t i on 
o f d e p t h - f i r s t and b r e a d t h - f i r s t search 
which i s de te rmined by the r e l a t i v e 
q u a l i t i e s o f the events t h a t are i n 
c o m p e t i t i o n . 

4. Dens i t y Scor ing 
w i t h i s l a n d C o l l i s i o n s 

D e n s i t y s c o r i n g c o n s i s t s o f us ing the 
score of an event d i v i d e d by the d u r a t i o n 
of the r e g i o n covered by the event as the 
p r i o r i t y s c o r e . One way to v iew t h i s 
s t r a t e g y i s t o cons ide r aga in the task o f 
e s t i m a t i n g the expected score to be 
ach ieved in the r e g i o n not covered by an 
event and cons ide r e s t i m a t i n g t h i s score 
as a d i r e c t e x t r a p o l a t i o n of the same 
score per m i l l i s e c o n d t h a t has a l r eady 
been ach ieved by the event - - i . e . , add to 
the c u r r e n t score an es t ima ted p o t e n t i a l 
score c o n s i s t i n g o f the score d e n s i t y o f 
the c u r r e n t event t imes the d u r a t i o n o f 
the r e g i o n not covered by the e v e n t . 
Since the r e s u l t i n g t o t a l es t ima ted score 
i s j u s t the score d e n s i t y o f the event 
t imes the t o t a l d u r a t i o n o f the u t t e r a n c e , 
and the t o t a l d u r a t i o n o f the u t t e r a n c e i s 
a c o n s t a n t , we can compare o n l y the score 
d e n s i t i e s of the events themselves and 
ach ieve the same d e c i s i o n s . 

When we t h i n k of the score d e n s i t y as 
an e x t r a p o l a t i o n of the score a l r e a d y 
ach ieved by an event i n t o the r e g i o n not 
covered by the e v e n t , we are c l e a r l y no 
longer o b t a i n i n g an upper bound on the 
p o s s i b l e f u t u r e score of an e v e n t , and the 
p r e v i o u s p roo f o f a d m i s s i b i l i t y used f o r 
the s h o r t f a l l method no longer a p p l i e s , 
i n p a r t i c u l a r , whereas the s h o r t f a l l i s a 
m o n o t o n i c a l l y i n c r e a s i n g f u n c t i o n as an 
i s l a n d g rows , the score d e n s i t i e s can ge t 
s m a l l e r when a bad word is p i cked up and 
then g e t l a r g e r aga in as the t h e o r y grows 
and p i c k s up b e t t e r words , ave rag ing the 
score of the bad word over a l a r g e r 
d u r a t i o n . Thus, i t i s no t t r u e t h a t the 
score d e n s i t y o f descendants o f an event 
must be no g r e a t e r than t h a t of the event 
i t s e l f . 

When a spanning t h e o r y of some d e n s i t y 
has been found by the m i d d l e - o u t d e n s i t y 
s c o r i n g method w i t h i s l a n d c o l l i s i o n s , any 
spanning t h e o r y o f h igher d e n s i t y c o u l d 
have been c o m p l e t e l y d e r i v e d us ing even ts 
of h igher d e n s i t y , and thus would have 
been found b e f o r e the t heo ry i n q u e s t i o n . 
Hence, the f i r s t complete spanning t h e o r y 
found by the d e n s i t y s c o r i n g s t r a t e g y 
us ing i s l a n d c o l l i s i o n s w i l l b e one o f the 
bes t p o s s i b l e i n t e r p r e t a t i o n s . 



5 . S h o r t f a l l Dens i t y 

The above p roo f of the a d m i s s i b i l i t y of 
d e n s i t y s c o r i n g makes no assumpt ions about 
the s c o r i n g m e t r i c whose d e n s i t y i s being 
taken o the r than t h a t i t b e a d d i t i v e . 
Hence, the d e n s i t y method can be a p p l i e d 
t o e i t h e r the o r i g i n a l q u a l i t y score 
ass igned by the L e x i c a l R e t r i e v a l 
component, o r to the l o c a l s h o r t f a l l 
desc r i bed p r e v i o u s l y , g i v i n g r i s e t o 
s t r a t e g i e s which we r e f e r to as q u a l i t y 
d e n s i t y and s h o r t f a l l d e n s i t y , 
r e s p e c t i v e l y . I n i t i a l expe r imen ta l 
comparison of the a l g o r i t h m s (see Sec. 7) 
suggests t h a t the s h o r t f a l l d e n s i t y method 
i s supe r i o r t o e i t h e r the q u a l i t y d e n s i t y 
or the s h o r t f a l l method a l o n e . 

6 • Other heuristics 

In a d d i t i o n to the bas ic cho ice o f 
p r i o r i t y s c o r i n g m e t r i c used to r rank ing 
the event queue, t h e r e are a d d i t i o n a l 
h e u r i s t i c s t h a t can be used to improve the 
performance o f the i s l a n d - d r i v e n 
s t r a t e g i e s w i t h o u t l o s s o f a d m i s s i b i l i t y 
gua ran tees . Two of these are the use of 
" gh o s t " words, and the s e l e c t i o n of a 
p r e f e r r e d d i r e c t i o n f o r events from a 
g i ven t h e o r y . 

6 . a) Ghost Words 

The ghost words o p t i o n is a f e a t u r e 
t h a t can be added to any i s l a n d - d r i v e n 
s t r a t e g y w i t h o u t a f f e c t i n g the 
a d m i s s i b i l i t y o f the s t r a t e g y t o which i t 
is added. Every t ime a t heo ry is g i ven to 
the l i n g u i s t i c c o n s u l t a n t f o r e v a l u a t i o n , 
p roposa ls are made on bo th s ides of the 
r e s u l t i n g i s l a n d (un less the i s l a n d i s 
a l ready aga ins t one end of the u t t e r a n c e ) . 
A l though events can o n l y add one word at a 
t ime to the i s l a n d , and t h i s must be at 
one end or the o t h e r , e v e n t u a l l y a word 
w i l l have to be added to the o the r end, 
and t h a t word cannot score b e t t e r than the 
best word -that was found at t h a t end the 
f i r s t t i m e . The ghost words f e a t u r e 
c o n s i s t s o f remembering w i t h each event 
the l i s t o f words found by the L e x i c a l 
R e t r i e v a l component at the o ther end and 
sco r i ng the event us ing the best o f the 
ghost words as w e l l as the words in the 
event p r o p e r . The r e s u l t i s t h a t bad 
p a r t i a l i n t e r p r e t a t i o n s tend to ge t bad 
tw ice as f a s t , s ince they have e s s e n t i a l l y 
a one-word look-ahead at the o ther end 
t h a t comes f r e e from the l i n g u i s t i c 
c o n s u l t a n t each t ime an event is 
p rocessed . On the o the r hand, an event 
t h a t has a good word match at the o ther 
end ge ts c r e d i t f o r i t e a r l y , s o t h a t i t 
ge t s processed sooner . The ghost words 
f e a t u r e , t h u s , i s a n a c c e l e r a t o r t h a t 
causes ex t raneous even ts t o f a l l f a s t e r 
down the event queue and a l l ows the 

d e s i r e d events t o r i s e t o the top f a s t e r . 
Exper imen ta l use of t h i s f e a t u r e has shown 
i t t o be ve ry e f f e c t i v e i n reduc ing the 
number of events t h a t must be processed to 
f i n d the bes t spanning e v e n t . 

6.b) Choo^LQSL a£ P r e f e r r e d D i r e c t i o n 

When a t heo ry is eva lua ted by the 
l i n g u i s t i c c o n s u l t a n t , p r e d i c t i o n s are 
made at bo th ends of the i s l a n d . When one 
o f the events r e s u l t i n g from these 
p r e d i c t i o n s i s l a t e r p rocessed , adding a 
new word to one end of the i s l a n d , the 
p r e d i c t i o n s at the o ther end of the new 
i s l a n d w i l l be a subset o f the p r e d i c t i o n s 
p r e v i o u s l y made at t h a t end of the o l d 
i s l a n d . In g e n e r a l , words found by t h i s 
new i s l a n d at t h a t end w i l l a l so have been 
found by the o l d i s l a n d , and i f the score 
o f the new i s l a n d is s l i g h t l y worse than 
t h a t o f the o l d i s l a n d ( the normal 
s i t u a t i o n ) , then the s t r a t e g y w i l l tend t o 
r e v e r t t o the o l d i s l a n d t o t r y events 
p i c k i n g up a word at the o the r end. Th i s 
leads to a r a t h e r f r u s t r a t i n g d e r i v a t i o n 
of a g i v e n t heo ry by f i r s t enumerat ing a 
l a r g e number o f d i f f e r e n t subsequences of 
i t s f i n a l word sequence. 

Since any even tua l spanning t heo ry must 
e v e n t u a l l y p i ck some word at each end of 
the i s l a n d , one cou ld a r b i t r a r i l y p i c k 
e i t h e r d i r e c t i o n and dec ide to work o n l y 
i n t h a t d i r e c t i o n u n t i l the end o f the 
u t t e r a n c e is encoun te red , and o n l y then 
beg in to cons ide r events in the o ther 
d i r e c t i o n . Th is would e s s e n t i a l l y 
e l i m i n a t e the d u p l i c a t i o n desc r i bed above, 
but cou ld cause the a l g o r i t h m to work i n t o 
a r e g i o n of the u t t e r a n c e where the 
c o r r e c t word d i d not score very w e l l 
w i t h o u t the b e n e f i t o f a d d i t i o n a l 
s y n t a c t i c suppor t t ha t cou ld have been 
ob ta ined by ex tend ing the i s l a n d f u r t h e r 
i n the o ther d i r e c t i o n fo r a w h i l e . 

Wi thou t s u f f i c i e n t s y n t a c t i c c o n s t r a i n t 
at the chosen end, t he re may be too many 
accep tab le words t h a t score f a i r l y w e l l 
f o r the c o r r e c t p o o r l y s c o r i n g word to 
occur w i t h i n a reasonable d i s t a n c e from 
the top of the queue. By work ing on the 
o ther end , one may t i g h t e n t h a t c o n s t r a i n t 
and enable the d e s i r e d word to appear 
( a l t hough t h i s can never cause a b e t t e r 
s c o r i n g word to appear than those t h a t 
appeared f o r the sho r t e r i s l a n d ) . 

A f l a g in the HWIM system causes the 
a l g o r i t h m to p i c k a p r e f e r r e d or "chosen" 
d i r e c t i o n fo r a g i v e n t heo ry as the 
d i r e c t i o n o f the bes t s c o r i n g event t h a t 
ex tends t h a t t h e o r y , and to mark the 
events go ing in the o ther d i r e c t i o n from 
t h a t t heo ry so t h a t they can o n l y be used 
f o r making t i g h t e r p r e d i c t i o n s f o r words 
a t the chosen end . Th i s i s accompl ished 
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by b l o c k i n g any events fo r one of the 
ghost words at the i n a c t i v e end of an 
event i t t h a t event i s go ing counter t o 
the chosen d i r e c t i o n . Th is b l o c k i n g , 
a l o n e , e l i m i n a t e s a s i g n i f i c a n t number of 
redundant g e n e r a t i o n s o f d i f f e r e n t ways to 
get to the same t h e o r y . An even g rea te r 
improvement is ob ta ined by r e s c o r i n g the 
events t h a t are go ing counter to the 
chosen d i r e c t i o n by using the wors t ghost 
at the o the r end ra the r than the best 
g h o s t . Since o n l y word matches t h a t score 
worse than any of the ghosts at t h a t end 
arc be ing sought by these e v e n t s , t h i s is 
a much b e t t e r es t ima te of the p o t e n t i a l 
score of any spanning t h e o r i e s t ha t might 
r e s u l t from these e v e n t s . 

The e f f e c t o f r e s c o r i n g the events in 
the non-chosen d i r e c t i o n using the wors t 
ghost i s t h a t , in most cases , these events 
f a l l so low in the event queue as to be 
t o t a l l y out o f c o n s i d e r a t i o n . Only i n 
those cases where the re was l i t t l e 
s y n t a c t i c c o n s t r a i n t i n the chosen 
d i r e c t i o n and the wors t matching word at 
t h a t p o i n t was s t i l l q u i t e good, do these 
events s tay in c o n t e n t i o n , and in those 
cases , the use of the worst ghost score 
p rov i d e s the a p p r o p r i a t e rank ing o f these 
events in the event queue. 

7. Empir i c a l Compar i son of 
-t!2£ DT?f e r . e n t S t r a teg ies 

In the HW1M Speech unders tand ing 
sys tem, app rox ima t ions to the above 
a l g o r i t h m s have been implemented. The 
major app rox ima t i on i s t h a t c o n t i n u a t i o n 
events are not. implemented, but i ns tead 
the i n i t i a l va lues of n and k are chosen 
l a r g e enough t h a t one b e l i e v e s t ha t the 
c o r r e c t i n t e r p r e t a t i o n o f the u t t e r a n c e i s 
found be fo re any of the c o n t i n u a t i o n 
events would have reached the top of the 
queue. I f such i s the case , then a l l o f 
the d e c i s i o n s made by the app rox ima t ion 
arc the same as those of the adm iss ib l e 
t h e o r e t i c a l a l g o r i t h m , and hence the f i r s t 
complete theo ry found w i l l s t i l l b e 
guaranteed to be the b e s t . 

D e t a i l s of the HwlM system and i t s 
gene ra l performance are found in [Woods et 
a l . , 1 9 7 6 ] . Comparat ive performance 
r e s u l t s on a set of 10 u t t e r a n c e s fo r the 
s h o r t f a l l (S) , s h o r t f a l l d e n s i t y (SD) , and 
q u a l i t y d e n s i t y (QD) sco r i ng s t r a t e g i e s 
are shown in Table 1 be low. The o p t i o n of 
us ing the q u a l i t y score (0) a lone as a 
p r i o r i t y score i s g i ven fo r compar ison. 

These exper iments were run us ing the 
g h o s t s , i s l a n d - c o l l i s i o n , and p r e f e r r e d 
d i r e c t i o n h e u r i s t i c s w i t h a resource l i m i t 
of 150 t h e o r i e s to process be fo re the 
system would g i v e up w i t h no response. 
The ten sentences used fo r the t e s t were 

chosen at random from a t e s t set of 124 
recorded sen tences . 

A l though a t e s t set of on l y ten 
u t t e r a n c e s is a d m i t t e d l y too s m a l l , 1 
b e l i e v e t h a t the t r ends i n d i c a t e d in the-
f i g u r e are g e n e r a l l y c o r r e c t . 
S p e c i f i c a l l y , w h i l e the q u a l i t y d e n s i t y 
a lone leads to a spanning i n t e r p r e t a t i o n 
in r e l a t i v e l y few t h e o r i e s , i t does so 
w i t h o u t any e x p e c t a t i o n o f g e t t i n g the 
best i n t e r p r e t a t i o n . I n t h i s case , o n l y 
two out of t h ree of i t s answers arc 
c o r r e c t . A l l o f the o ther methods spend 
a d d i t i o n a l e f f o r t i n making sure tha t the 
best i n t e r p r e t a t i o n i s f ound , and 
consequen t l y found fewer spanning 
i n t e r p r e t a t i o n s w i t h i n the resource 
l i m i t a t i o n . We d i d not t r y runn ing the 
q u a l i t y s c o r i n g s t r a t e g y beyond the f i r s t 
i n t e r p r e t a t i o n to see i f a b e t t e r 
i n t e r p r e t a t i o n cou ld be found s i n c e , among 
o ther t h i n g s , i t i s not c l e a r when to 
t e r m i n a t e such a p rocess . Running in t h i s 
mode, one cou ld e a s i l y enumerate more 
t h e o r i e s than the o ther methods and s t i l l 
not have any guarantee t h a t the best 
i n t e r p r e t a t i o n had been d i s c o v e r e d . 

None of the a d m i s s i b l e a l g o r i t h m s found 
i n c o r r e c t i n t e r p r e t a t i o n s , so the 
r e l i a b i l i t y o f t h e i r i n t e r p r e t a t i o n s when 
they ge t them is 100% ( p r o v i d i n g the 
a c o u s t i c phone t i c a n a l y s i s of the . i npu t 
u t t e r a n c e does not cause some i n c o r r e c t 
i n t e r p r e t a t i o n to score h igher than the 
c o r r e c t one, a s i t u a t i o n tha t occurs 
sometimes in the HVIM system, but is not a 
f a c t o r i n t h i s e x p e r i m e n t ) . 
U n f o r t u n a t e l y , the s h o r t f a l l s t r a t e g y 
a lone i s so c o n s e r v a t i v e in do ing t h i s 
t h a t i t f a i l e d t o f i n d any i n t e r p r e t a t i o n s 
w i t h i n the resource l i m i t . Both o f the 
d e n s i t y methods are c l e a r l y supe r i o r to 
the s t r a i g h t s h o r t f a l l method. 

The s h o r t f a l l d e n s i t y s t r a t e g y ranked 
supe r i o r t o the q u a l i t y d e n s i t y s t r a t e g y 
in terms of the number of events t h a t 
needed to be processed to f i n d the f i r s t 
spanning i n t e r p r e t a t i o n and consequent l y 
found more c o r r e c t i n t e r p r e t a t i o n s w i t h i n 
the resource l i m i t a t i o n s . 

The e f f e c t s o f the i s l a n d c o l l i s i o n 
(C) , ghos ts (G) , and p r e f e r r e d d i r e c t i o n 
(D) h e u r i s t i c s are shown in Table 2 (where 
SD+0 means s h o r t f a l l d e n s i t y w i t h o u t 
c o l l i s i o n s , g h o s t s , o r chosen d i r e c t i o n , 
SD+C means s h o r t f a l l d e n s i t y w i t h i s l a n d 
c o l l i s i o n s , e t c . ) . The i n c l u s i o n o f a 
h e u r i s t i c does not always guarantee t h a t 
the system w i l l understand an u t t e r a n c e in 
fewer t h e o r i e s , bu t the pooled r e s u l t s 
shown (note e s p e c i a l l y the s e r i e s SD+0, 
SD+G, SD+GD, SD+GDC) suggest t h a t the 
s u c c e s s i v e l y added h e u r i s t i c s produce 
improvements in bo th accuracy and number 
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o l t h e o r i e s r e q u i r e d . ( N o t e t h a t ou r 
a d m i s s i b i l i t y r e s u l t s h o l d o n l y f o r t h e 
SD+C and SD+GDC c a s e s a b o v e . ) 

8 • C o n c l u s i o n 

h e have p r e s e n t e d two b a s i c p r i o r i t y 
s c o r i n g m e t h o d s , s h o r t f a l l and d e n s i t y 
s c o r i n g , t h a t p r o v i d e a d m i s s i b l e s e a r c h 
s t r a t e g i e s f o r f i n d i n g t h e b e s t m a t c h i n g 
i n t e r p r e t a t i o n o f a c o n t i n u o u s s p e e c h 
u t t e r a n c e . M o r e o v e r , t h e two m e t h o d s can 
b e used i n c o n j u n c t i o n , and t h e c o m b i n e d 
me thod a p p e a r s t o b e more e f f i c i e n t t h a n 
e i t h e r o f t h e m e t h o d s b y t h e m s e l v e s . 
A l t h o u g h t h e m e t h o d s a r e p r e s e n t e d h e r e i n 
t h e c o n t e x t o f s p e e c h u n d e r s t a n d i n g , 
a n a l o g o u s m e t h o d s s h o u l d b e a p p l i c a b l e t o 
o t h e r p e r c e p t u a l t a s k s s u c h a s v i s i o n w i t h 
a p p r o p r i a t e g e n e r a l i z a t i o n s o f s e g m e n t , 
w o r d , and p h r a s e . The d e n s i t y s c o r i n g 
s t r a t e g y i s e s p e c i a l l y i n t e r e s t i n g s i n c e 
i t i s n o t a n i n s t a n c e o f t h e A * a l g o r i t h m 
a n d , a t l e a s t f o r t h e s p e e c h u n d e r s t a n d i n g 
p r o b l e m , a p p e a r s t o b e s u p e r i o r t o t h e 
c o r r e s p o n d i n g A * a l g o r i t h m ( t h e s h o r t f a l l 
me thod) i n t h e number o f h y p o t h e s e s t h a t 
need t o b e e x p l o r e d t o o b t a i n t h e o p t i m u m 
s o l u t i o n . I t a p p a r e n t l y g a i n s t h i s 
s u p e r i o r i t y b y i t s a b i l i t y t o work o n 
d i f f e r e n t p a r t s o f t h e s o l u t i o n 
i n d e p e n d e n t l y and c o m b i n e them by t h e 
mechan ism o f i s l a n d c o l l i s i o n . The 
d e n s i t y me thod i s o f c o u r s e n o t a p p l i c a b l e 
t o a s w i d e a c l a s s o f p r o b l e m s a s t h e 
g e n e r a l A * a l g o r i t h m , b u t s h o u l d b e 
a p p l i c a b l e t o any s e a r c h p r o b l e m w h e r e 

s c o r e s a r e a c c u m u l a t e d f r o m p a r t i a l 
h y p o t h e s e s a s s o c i a t e d w i t h some a n a l o g o f 
a r e g i o n . I n p a r t i c u l a r i t c a n b e 
g e n e r a l i z e d t o t w o - d i m e n s i o n a l r e g i o n s f o r 
s u c h p r o b l e m s a s v i s i o n [Woods , 1 9 7 7 ] . 

T a b l e 2 . The e f f e c t s o f i s l a n d c o l l i s i o n s , 
g h o s t s , and d i r e c t i o n p r e f e r e n c e . 
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