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A b s t r a c t  
This  paper  d e a l s  with a problem of s e l e c t -  

ing an op t ima l  phrase  sequence from a phrase  
l a t t i c e ,  wh ich  i s  o f t e n  e n c o u n t e r e d  in  
l anguage  p r o c e s s i n g  such as word p r o c e s s i n g  
and p o s t - p r o c e s s i n g  fo r  speech r e c o g n i t i o n .  
The problem i s  f o r m u l a t e d  as one of combina-  
t o r i a l  o p t i m i z a t i o n ,  and a po lynomia l  o rde r  
a l g o r i t h m  is  d e r i v e d .  This  a l g o r i t h m  f i n d s  
an op t ima l  phrase  sequence  and i t s  dependen-  
cy s t r u c t u r e  s i m u l t a n e o u s l y ,  and i s  t h e r e -  
f o r e  p a r t i c u l a r l y  s u i t e d  fo r  an i n t e r f a c e  
b e t w e e n  s p e e c h  r e c o g n i t i o n  and v a r i o u s  
l anguage  p r o c e s s i n g .  What the a l g o r i t h m  does 
i s  n u m e r i c a l  o p t i m i z a t i o n  r a t h e r  than sym- 
b o l i c  o p e r a t i o n  u n l i k e  c o n v e n t i o n a l  p a r s -  
e r s .  A p a r a l l e l  and l a y e r e d  s t r u c t u r e  to  
implement  the a l g o r i t h m  i s  a l s o  p r e s e n t e d ,  
Al though the language  taken up here i s  Japa-  
nese ,  the a l g o r i t h m  can be extended to cover  
a wider  :family of l a n g u a g e s .  

1. I n t r o d u c t i o n  
In Japanese  language  p r o c e s s i n g  r e l a t e d  to 

speech r e c o g n i t i o n  and word p r o c e s s i n g ,  we 
o f t e n  e n c o u n t e r  a p r o b l e m  of s e l e c t i n g  a 
phrase  :sequence which c o n s t i t u t e s  the most 
a c c e p t a b l e  s e n t e n c e  from a phrase  l a t t i c e ,  
t h a t  i s ,  a s e t  of  p h r a s e s  w i t h  v a r i o u s  
s t a r t i n g  and e n d i n g  p o s i t i o n s ,  By s o l v i n g  
t h i s  problem,  l i n g u i s t i c  a m b i g u i t i e s  a n d / o r  
u n c e r t a i n t i e s  coming from the i n a c c u r a c y  in  
speech : r e c o g n i t i o n  are  e x p e c t e d  to be r e -  
so lved .  

This  problem can be so lved ,  in p r i n c i p l e ,  
by e n u m e r a t i n g  a l l  the p o s s i b l e  c o m b i n a t i o n s  
of the ph ra ses  and measur ing  the s y n t a c t i c  
and s e m a n t i c  a c c e p t a b i l i t y  of each p h r a s e  
sequence  as a s e n t e n c e .  Obv ious ly ,  however, 
the amount of computa t ion  in t h i s  enumera-  
t i v e  method grows e x p o n e n t i a l l y  wi th  r e s p e c t  
to the l e n g t h  of the sequence and becomes i n -  
t r a c t a b l e  even for  a moderate problem s i z e .  

In t h i s  paper  we f o r m u l a t e  t h i s  task  as a 
c o m b i n a t o r i a l  o p t i m i z a t i o n  p r o b l e m  and 
d e r i v e  a se t  of r e c u r r e n c e  e q u a t i o n s ,  which 
l eads  to an a l g o r i t h m  of po lynomia l  o rde r  in 
t ime  and s p a c e .  We u t i l i z e  t he  i d e a  of  
dependency  grammar [Hays 64] f o r  d e f i n i n g  
the a c c e p t a b i l i t y  of a phrase  sequence  as a 
Japanese  s e n t e n c e .  

With a review of r e c e n t  t h e o r e t i c a l  d e v e l -  
opment on t h i s  t o p i c ,  a p a r a l l e l  and l aye r e d  
i m p l e m e n t a t i o n  of the a l g o r i t h m  is  p r e s e n t -  
ed. 

2. Dependency S t r u c t u r e  of Japanese  
In J apanese ,  words and morphemes are con-  

c a t e n a t e d  to form a l i n g u i s t i c  u n i t  c a l l e d  
' b n n s e t s u ' ,  which i s  r e f e r r e d  to as s imply  
' p h r a s e '  he re .  h t y p i c a l  phrase  c o n s i s t s  of 
a c o n t e n t  word fo l lowed  by some f u n c t i o n a l  
morphemes, h Japanese  s e n t e n c e  i s  a sequence 
of ph r a se s  with a s t r u c t u r e  which can be de- 
s c r i b e d  by a d i a g r a m  as  i n  F i g .  1 
[Hashimoto  463. For a s e q u e n c e  of p h r a s e s  
X l X Z . . . x  n to  be a w e l l - f o r m e d  J a p a n e s e  
s e n t e n c e ,  i t  must have a s t r u c t u r e  s a t i s f y -  
ing the f o l l o w i n g  c o n s t r a i n t s  [Yoshida 72]: 

( e l )  For any i ( l < i < n - 1 ) ,  t h e r e  e x i s t s  
un ique  j ( i < j < n )  such t h a t  x i mod i f i e s  xj in  
a wide s ense .  

(c2)  For any i , j , k , 1  ( l < i < j < k < l < n ) ,  i t  
n e v e r  o c c u r s  t h a t  x i m o d i f i e s  x k and xj 
modifies x I. 

A s t r u c t u r e  s a t i s f y i n g  t h e s e  c o n s t r a i n t s  
i s  c a l l e d  a dependency s t r u c t u r e  here .  Mere 
f o r m a l l y  we d e f i n e  a dependency s t r u c t u r e  as 
f o l l o w s  [Ozeki 86a],  

D e f i n i t i o n  1 
(1) I f  x 0 i s  a p h r a s e ,  then  <x0> i s  a de-  
pendency s t r u c t u r e ,  
(2) I f  X 1 . . . . .  X n are  dependency s t r u c t u r e s  
and x 0 i s  a ph ra se ,  then <Xl . . .X  n x0> i s  a 
dependency s t r u c t u r e .  

A d e p e n d e n c y  s t r u c t u r e  < X I . . . X  n x0> 
( X i = < . . . x i > )  i m p l i e s  t h a t  each x i ,  which i s  
the l a s t  p h r a s e  in  X i ,  m o d i f i e s  x 0, I t  i s  
e a s i l y  v e r i f i e d  t ha t  a s t r u c t u r e  s a t i s f y i n g  
the c o n s t r a i n t s  ( e l )  and (c2) i s  a dependen-  
cy s t r u c t u r e  in  the  s e n s e  of D e f i n i t i o n  1 
and v i ce  ve r sa  [Ozeki 86a3. 

When a dependency s t r u c t u r e  X i s  composed 
of ph r a se s  Xl,X 2 . . . . .  x n we say t h a t  X i s  a 
dependency s t r u c t u r e  on X lX2 . . . x  n. The se t  
of a l l  t h e  d e p e n d e n c y  s t r u c t u r e s  on 
X l X 2 . . . x  n i s  d e n o t e d  as K ( X l X 2 . . . X n ) :  and 
for  a sequence  of phrase  s e t s  A1,A 2 . . . . .  A n , 
we define 

KB(A 1 ,A 2 . . . . .  A n) 
={X[XeK(XlX2...Xn), xieh i (l<i<n)}. 

F i g .1  Example of dependency s t r u c t u r e  
in  Japanese .  A,B . . . .  a re  p h r a s e s .  
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3. A c c e p t a b i l i t y  of a Dependency S t ruc tu re  
For a pa i r  of phrases  x 1 and x 0' we can 

think of a pena l t y  imposed on a m o d i f i e r -  
modif icant  r e l a t i o n  between x 1 and x 0. This 
non-negat ive  value is denoted as pen(x l ;x0) .  
The smaller  value of pen(xl ;x  0) r ep resen t s  
the more n a t u r a l  l i n g u i s t i c  r e l a t i o n .  Al- 
though i t  is very important to e s t a b l i s h  a 
way of computing pen(x l ;x0 ) ,  we wi l l  not go 
in to  tha t  problem in t h i s  paper.  Based on 
the ' l o c a l '  pena l ty ,  a ' g l o b a l '  penal ty  P(X) 
of a d e p e n d e n c y  s t r u c t u r e  X is  d e f i n e d  
r e c u r s i v e l y  as fol lows [0zeki 86a]. 

De f in i t i on  2 
(1) For X=<x>, P(X)=O. 
(2) For X=<Xl. . .X n xo>, where X i = < . . . x i >  
(I<i<n) is a dependency s t r u c t u r e ,  

P(X)= P(Xl)+. . .+P(X n) 
+pen(xl ;xo)+. . .÷pen(xn;XO).  

Note tha t  P(X) is the sum of the pena l t y  
of a l l  the phrase pa i r s  which are supposed 
to be in mod i f i e r -mod i f i can t  r e l a t i o n  in the 
dependency s t r u c t u r e  X. This f u n c t i o n  is 
invar ian t  under permutat ion of X 1 . . . . .  X n in 
accordance with the c h a r a c t e r i s t i c  of Japa- 
nese. 

4. Formulation of the Problem 
For s i m p l i c i t y ,  l e t  us b e g i n  w i t h  a 

spec ia l  type of phrase l a t t i c e  composed of a 
sequence of phrase  s e t s  BI,B 2 . . . . .  B N as 
shown in F ig .2 ,  which we c a l l  phrase ma- 
t r i x .  Suppose we are given a phrase matrix 
and a r e l i a b i l i t y  func t ion  

s :  BIUB2U...UB N --> R+, 
where R+ d e n o t e s  the se t  of n o n - n e g a t i v e  
r e a l  numbers.  The s m a l l e r  va lue  of  s (x )  
r ep re sen t s  the higher  r e l i a b i l i t y  of x. We 
encounter  t h i s  spec ia l  type of phrase l a t -  
t i c e  in i s o l a t e d  phrase speech r ecogn i t i on .  
In that  case B i is the set  of output candi-  
dates  for  the i th  u t t e r ance ,  and s(x) is the 
r ecogn i t i on  score for  a candidate  phrase x. 

For a dependency s t r u c t u r e  X on a phrase  
sequence XlX2.. .x N, the t o t a l  r e l i a b i l i t y  
of X is def ined as 

S(X)= S(Xl)+.. .+S(XN). 
Combining the a c c e p t a b i l i t y  and the r e l i -  
a b i l i t y ,  we d e f i n e  an o b j e c t i v e  f u n c t i o n  
F(X) as 

F(X)= P(X) +S(X) . 

B 1 B 2 • • • B N 

X l l  x 2 1  - X N 1  

x 1 2  x 2 2  .- _ X N 2  
X l 3  x 2 3  X N 3  

Fig.2 Phrase matrix.  B 1 . . . . .  B N are 
phrase s e t s .  

Then the cen t r a l  problem here is formula t -  
ed as the fo l lowing combinator ia l  op t imiza-  
t ion  problem [Matsunaga 86, 0zeki 86a]. 

Problem Find a dependency s t r u c t u r e  
XeKB(B1,B 2 . . . . .  B N) 

which minimizes the o b j e c t i v e  func t ion  F(X). 
By so lv ing  th i s  problem, we can obta in  the 

op t ima l  ph rase  sequence  and the op t ima l  
dependency s t r u c t u r e  on the sequence simul-  
taneous ly .  

When [Bll=[B2I=. . .=IBN] : M, 
we have 

[KB(B1,B 2 . . . . .  BN)[= (2(N_I)C(N-1))/N)MN, 
where C denotes combination.  This oecomes a 
huge number even fo r  a moderate  problem 
s i ze ,  render ing an enumerative method prac-  
t i c a l l y  impossible .  

5. R e c u r r e n c e  e q u a t i o n s  and a r e s u l t i n g  
a lgor i thm 

Combining two dependency s t r u c t u r e s  X and 
Y=<YI . . . . .  Ym,Y>, a new dependency s t r u c t u r e  
<X,Y 1 . . . . .  Ym,y> is obtained which is denoted 
as X O V. Conversely,  any dependency s t r u c -  
tu re  Z with l e n g t h  g r e a t e r  than 1 can be 
decomposed as Z= X@ Y, where X is the top 
dependency s t r u c t u r e  in Z. Moreover, i t  is 
e a s i l y  v e r i f i e d  from the d e f i n i t i o n  of the 
o b j e c t i v e  func t ion  that  

F(Z)= F(X) ÷ F(Y) ÷ pen(x ;y) ,  
where x and y are the l a s t  phrases in X and 
Y, r e s p e c t i v e l y .  The fo l lowing argument is 
based on th i s  f a c t .  

We denote elements in B i as Xjl,Xi2 . . . . .  
For l<i<j<N and l<p<lBj [ , 'where  [B j [ ' d eno t e s  
the number of elements in Bj, we def ine  

o p t ( i , j ; p )  
=min{F(X) XeKB(B i . . . . .  Bj_l{Xjp})} 

and 
o p t s ( i , j  p) 

=argminCF(X)[X~KB(B i . . . . .  Bj_l{Xjp})}. 
Then the f o l l o w i n g  r e c u r r e n c e  e q u a t i o n s  

hold for  o p t ( i , j ; p )  and o p t s ( i , j ; p ) ,  respec-  
t i v e l y  [Ozeki 86a]. 

P ropos i t i on  1 For l<i~jJN and I~p<[Bj[ 
(1) i f  i= j ,  then o p t ( i , j ; p ) = s ( X j p ) ,  
(2) and i f  i< j ,  then 

o p t ( i , j ; p )  
=min{f(k,q)[iJk<j-l,l~q~]Bk[}, 

where 
f ( k , q ) = o p t ( i , k ; q ) ÷ o p t ( k + l , j ; p )  

÷pen(xkq;Xjp). 
P ropos i t i on  1' For l~i<j<N and lJp<]Bj , 

(1) i f  i= j ,  then o p t s ( i , j ; p ) = < X j p > ,  
(2) and i f  i< j ,  then 

o p t s ( i , j ; p )  
=op t s ( i , *k ;*q )  O o p t s ( * k + l , j ; p ) ,  

where *k is the best  segmentation point  and 
*q is the best  phrase number in Bgk: 

(*k ,*q )=a rgmin{ f (k ,q ) [ i~k< j - l , l<q~[Bk[} .  
According to P ropos i t i on  1, i f  the values 

of o p t ( i , k ; q )  and o p t ( k ÷ l , j ; p )  are known for  
l~k<j -1  and l<q<[Bk[ ,  i t  is  p o s s i b l e  to 
c a l c u l a t e  the value of o p t ( i , j : p )  by search-  
ing the best  segmentat ion point  and the best  
phrase  number at  the s e g m e n t a t i o n  p o i n t .  
This f ac t  enables us to c a l c u l a t e  the value 
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of o p t ( 1 , N ' p )  r e c u r s i v e l y ,  s t a r t i n g  with 
o p t ( i , i ; q )  (lJi<N,lJqJlBiI). This is the 
p r i n c i p l e  of dynamic programming [ B e l l -  
man 57]. 

Let *p= argmin{opt(1 ,N'p)  ll<p<lBN[}, 
then we have the f i n a l  s o l u t i o n  

o p t ( 1 , N g p ) = m i n { F ( X ) [ X e K B ( B  1 . . . . .  BN)} 
and 

op ts (1 ,N;gp)  
=argmin{F(X) lXeKB(B 1 . . . . .  BN)}. 

The o p t s ( 1 , N ' * p )  can be c a l c u l a t e d  r e c u r -  
s i v e l y  us ing  P r o p o s i t i o n  2. F ig .3  i l l u s -  
t r a t e s  an a lgo r i t hm t r a n s l a t e d  from these  
r e c u r r e n c e  e q u a t i o n s  [Ozeki  8 6 a ] .  This  
a l g o r i t h m  u s e s  two t a b l e s ,  t a b l e l  and 
tab le2 ,  of upper t r i a n g u l a r  matrix form as 
shown in F i g . 4 .  The ( i , j )  e lement  of the 
matrix has [Bil ' p i g e o n - h o l e s ' .  The value 
of o p t ( i , j ; p )  ts " s t o r e d  in t a b l e l  and the 
pa i r  of the best  segmentat ion point  and the 
best phrase number is s tored  in tableZ. I t  
should be noted that  there  is much freedom 
in the o rde r  of scanning  i , j  and p, which 
wi l l  be u t i l i z e d  when we d iscuss  a p a r a l l e l  
implementation of the algor i thm.  

Optimal Dependency_Structure;  
begin 
/* Analysis  Phase */ 
for  j : = l  to N do 

for  i : = j  downto 1 do 
fo r  p:=l  to IBjl do 
if i=j then 
tablel(i,j;p):=s(Xjp); 

else 
begin 
tablel(i,j;p) 
:=min{tablel(i,k;q)+tablel(k+!,j;p) 

+pen(xkq;Xip) 
ll<k<j-l,l<q<[Bkl}" 

t a b l e 2 ( i , j ; p )  
: = a r g m i n { t a b l e l ( i , k ; q )  

+ t a b l e l ( k + l , j ; p )  
+pen(xkq;Xip) 

I i~k<j-l,t<q<|gkl[: 
end: 

/* Composition Phase */ 
*p:=argmin{ tab le l (1 ,N;p)  

]I<p<IBNI}: 
r e s u l t : = o p t s ( 1 , N : # p ) :  
end. 

func t ion  o p t s ( i  j ; p ) : c h a r  s t r i n g ;  
begin 

i f  i=j then 
op t s := '<Xjp> '  

e l se  
begin 

( * k , * q ) : = t a b l e 2 ( i , j ; p ) ;  
o p t s : = o p t s ( i , * k ; * q )  ( ~ ) o p t s ( * k i l , j ; p ) ;  

end; 
end. 

Fig.3 Algorithm to s e l e c t  an optimal 
dependency s t r u c t u r e  from a phrase 
matrix.  

(T,3T. ~') . . . . . . . . . . . . . . . . . . . .  

{r -, = . . . . . . . .  _ _ £  - - 2 2  -_-£ _-.7 Z - 
{2, 5; ]), 

I I . . . . . . . . . .  £ g-2K . . . .  

:.17£ 2--21 , ;-# 7_-.77 

: - - : :  22221--_-2 :-_: J 

Fig.4 Tr iangu la r  matrix tab le  . . . . . . . . .  
fo r  t a b l e l  and table2 .  - . . . . . . .  
In t h i s  example, N=7 and ~ - ~  
IBII=...:IBTI:3. ~77523 

c h a r a c t e r  p o s i t i o n  
1 2 3 4 5 '6 7 8 9 10 11 12 13 14 151 

~ 1 A) I B(S,8) 

B(12) B(35) [ B(68) 

~ B(11,15) --1 

B(9,13) 

Fig.5 Example of phrase l a t t i c e .  

When IB1]=...=IBNI=M, the number of opera-  
t i o n s ( a d d i t i o n s  and comparisons) necessary  
to f i l l  t ab l e l  is O(M2N3). 

These r e c u r r e n c e  equa t i ons  and a lgo r i thm 
can be e a s i l y  ex tended  so tha t  they can 
handle a gene ra l  phrase  l a t t i c e .  A Phrase 
l a t t i c e  is a set  of phrase se t s ,  which looks 
l i k e  F i g . 5 .  B ( i , j )  d e n o t e s  the  s e t  of  
phrases  beg inn ing  at c h a r a c t e r  p o s i t i o n  i 
and ending  at j .  A phrase  l a t t i c e  is oh-- 
ra ined,  for  example, as the output  of a con- 
t inuous speech r ecogn i t i on  system, and also 
as the r e s u l t  of a morphological  ana ly s i s  of 
non-segmented Japanese text  spe l led  in kana 
c h a r a c t e r s  only.  We denote the elements of 
B ( ~ j ~  as X i j l , X i j  2 . . . . .  and in p a r a l l e l  
wi be d e f i n i t i o n  of opt and o p t s ,  we 
def ine  op t '  and o p t s '  as fol lows.  

For l<i<m<j(N and Xmj p, 
o p t ' ( i , j , m ; p )  

=the minimum value  of  [P (X) iS (X) ]  as X 
runs over a l l  the dependency s t r u c t u r e s  
on a l l  the  p o s s i b l e  p h r a s e  s e q u e n c e s  
beg inn ing  at i and ending at j with the 
l a s t  phrase being f ixed as Xmj p, 

and 
o p t s ' ( i , j , m ; p )  

=the dependency s t r u c t u r e  which gives the 
above minimum. 

Then r e c u r r e n c e  e q u a t i o n s  s i m i l a r  to 
P r o p o s i t i o n  1 and P r o p o s i t i o n  1' hold for  
op t '  and o p t s ' [ O z e k i  86bJ: 

P ropos i t i on  2 For l ! i J m ! j ! S  and 
l Jp< lB(m, j ) [ ,  
(1) i f  i=m, then o p t ' ( i , j , m ; p ) = S ( X m j p ) ,  
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(2) and if i<m, then 
o p t ' ( i , j , m ; p )  

=min{f '  ( k ,n ,q )  l i<n<k<m-1, l Jq J lB(n ,k )  l}, 
where 

f ' ( k , r l , q ) =  e p t ' ( i , k , n ; q ) ÷ o p t ' ( k + l , j , m ; p )  
÷pen(xnkq:Xmjp) 

Propo~;it ion 2' For [<i<mi3~N and 
lJpJIB(m,J)l, 
(I) if i=m then opts'(i,j,m;p)=<Xmjp>, 
(2) and if i<m, then 

opts'(i j,m;p) 
= o p t s ' ( i  *k ,gn;gq)  O o p t s ' ( g k + l , j , m ; p ) ,  

where *k is  the bes t  segmenta t ion  po in t ,  *n 
is  the top p o s i t i o n  of the bes t  ph rase  a t  
the segmenta t ion  poin t  and *q is  the best  
phrase  number in B(*n,*k) :  

(~k,$n,*q)  
=a rgmin{f (k ,n ,q )  l i < n < k < m - l , l J q J I B ( n , k ) [ } .  

The minimum is  s ea r ched  on 3 v a r i a b l e s  in 
t h i s  case .  I t  is  a s t r a i g h t  forward ma t t e r  
to t r a n s l a t e  these  r ecu r r ence  equa t ions  in to  
an a l g o r i t h m  s i m i l a r  to Fig.3 [Ozeki 88b, 
Kohda 86] .  In t h i s  c a s e ,  the  o r d e r  of  
amount of  c o m p u t a t i o n  is  O(M2NS), where 
M=IB( i , j ) I  and N is  the number of s t a r t i n g  
and e n d i n g  p o s i t i o n s  of  p h r a s e s  in t he  

top l a y e r  

n o d e ( I , 1 )  bottom l a y e r  node(7,7)  

Fig.6 2 -d imens iona l  a r r ay  of computing 
e lements .  

lattice. 
Also, we can modify the algorithm in such 

a way that up to kth optimal solutions are 
obtained. 

6. P a r a l l e l  and Layered Implementa t ion  
When only one p r o c e s s o r  is  a v a i l a b l e ,  the 

amount of computat ion dominates  the p roc-  
e s s ing  t ime.  On the o the r  hand, when there  
is  no l i m i t  as to the number of p r o c e s s o r s ,  
the p r o c e s s i n g  time depends on how much of 
the computat ion can be executed  in p a r a l l e l .  
There  e x i s t s  a t i d y  p a r a l l e l  and l a y e r e d  
s t r u c t u r e  to implement the above a lgo r i thm.  

For s i m p l i c i t y ,  l e t  us c o n f i n e  o u r s e l v e s  
to a phrase  mat r ix  case here .  Fur thermore,  
l e t  us f i r s t  cons ide r  the case where the re  
is  o n l y  one e l e m e n t  x i in e a c h  of  t h e  
phrase  se t  B i .  I f  we de f ine  

o p t ' ' ( i , j ) = m i n { P ( X ) l X e K ( x  i . . . . .  xj)} 
then P r o p o s i t i o n  1 is  reduced to the  fo l low-  
ing s imple r  form. 

P r o p o s i t i o n  3 For l J i J j J N ,  
(1) i f  i= j ,  then o p t " ( i , j ) = O ,  
(2) and i f  i< j ,  then 

o p t " ( i , j )  
= m i n { o p t " ( i , k ) i o p t " ( k + l , j )  

+ p e n ( x k ; x j ) [ i < k < j - 1 } ,  
I t  i s  e a s y  to  s e e  t h a t  o p t ' ' ( i , j )  and 

o p t " ( i ÷ m , j ÷ m )  (m~O) can be c a l c u l a t e d  inde-  
penden t ly  of  each o t h e r .  This m o t i v a t e s  us 
to dev i se  a p a r a l l e l  and l ayered  computa- 
t i on  s t r u c t u r e  in which p r o c e s s i n g  e lements  
a re  a r r a n g e d  in a 2 - d i m e n s i o n a l  a r r a y  as 
shown in F ig .6 .  There are  N(N+I)/2 p r o c e s s -  
ing e lements  in t o t a l .  The n o d e ( i , j )  has an 
i n t e r n a l  s t r u c t u r e  as shown in F ig .7 ,  and is  
c o n n e c t e d  wi th  n o d e ( i , k )  and n o d e ( k ÷ l , j )  
( l J k < j - 1 )  as in F ig .8 .  The bottom e lements ,  
n o d e ( i , i ) ' s  ( l < i < N ) ,  hold  v a l u e  0 and do 
noth ing  e l s e .  The n o d e ( i , j )  c a l c u l a t e s  the 
va lue  of o p t " ( i , j )  and holds the r e s u l t  in 
memory i t o g e t h e r  with the op t imal  segmenta-  
t i on  po in t  in memory 2. Within a l aye r  a l l  
the nodes work independen t ly  in p a r a l l e l  and 
the computat ion proceeds  from the lower to 
upper l a y e r .  An upper node r e c e i v e s  informa-  
t i o n  abou t  a l o n g e r  s u b - s e q u e n c e  than  a 
lower node: an upper  node p r o c e s s e s  more 
g loba l  i n f o r m a t i o n  than a lower node. When 

[. oinio;zatio. 
. . .  

x,  '"ut t on 

J 0 node(i÷l.j' / 0 node(i+g,J) 

0 node(i.i) 0 node(i.i+l) 

memory I o~ut p 
min ; ut 1 

, ,L]~ 

~ u t a t i o n  of 

Fig .7  I n t e r n a l  s t r u c t u r e  of  n o d e ( i , j ) .  
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e ( i , j )  

n o d e ( i , j - 1 )  n o d e ( i + l , j )  

/ \ 
1 \ 

1 \ 

node ( i  , i+ l)  n o d e ( j - I ,  j )  

d n o d e ( i , i )  n o d e ( j , j ) ~  

F i g . 8  Nodes c o n n e c t e d  to n o d e ( i , j ) .  

(1, 6;5) 

d :  C~ / / "//C~"/3C~\ >3 2nd (~aver/(D\\ ' C ) x  

(], i;!) bottom layer (6,6:1) 

F i g . 9  3 - -d imendiona l  a r r a y  of comput ing  
e l e m e n t s .  

the t o p  e l e m e n t ,  n o d e ( 1 , N ) ,  f i n i s h e s  i t s  
i ob ,  each node ho lds  i n f o r m a t i o n  which i s  
u e c e s s a r y  to compose the  o p t i m a l  dependency  
' . ~ t r u c t u r e  on X l X 2 . . . x  N. T h i s  c o m p u t a t i o n  
~ ; t r u c t u r e ,  hav ing  many s i m p l e  i n t e r - r e l a t e d  
comput ing  e l e m e n t s ,  might be r e m i n i s c e n t  of  
a c o n n e e t i o n i s t  model or  a n e u r a l  ne twork .  

Th is  r e s u l t  can be e a s i l y  e x t e n d e d ,  based  
,:)n P r o p o s i t i o n  1, to the  case  in which each 
p h r a s e  s e t  has  more than  one e l e m e n t s .  In 
i :his  c a se  p r o c e s s i n g  e l e m e n t s  a r e  a r r a n g e d  
in a 3 - d i m e n s i o n a l  a r r a y  as shown in F i g . 9 .  
The bo t tom e l e m e n t s ,  n o d e ( i , i ; p ) ' s ,  ho ld  the  
v a l u e  of  s ( X i p ) .  The n o d e ( i , j p )  c a l c u l a t e s  
I:he v a l u e  o f  o p t ( i , j ; p ) .  The c o m p u t a t i o n  
i , r oceeds  from tile lower  to  upper  l a y e r  j u s t  
as in  t h e  p r e v i o u s  s i m p l e r  c a s e .  F u r t h e r  
e x t e n s i o n  of t h i s  s t r . u c t u r e  i s  a l s o  p o s s i b l e  
:',o t h a t  i t  can hand le  a g e n e r a l  p h r a s e  l a t -  
l ; ice .  

?. R e l a t e d  Works 
The p r o b l e m  of  s e l e c t i n g  an a p p r o p r i a t e  

? h r a s e  s e q u e n c e  from a p h r a s e  l a t t i c e  has  
been t r e a t e d  in the f i e l d  of  J a p a n e s e  word 
? r e c e s s i n g ,  where a non- segmen ted  J a p a n e s e  
t:ext s p e ] . l e d  in  kana c h a r a c t e r  must be 

c o n v e r t e d  i n t o  an o r t h o g r a p h i c  s t y l e  s p e l l e d  
in kana and k a n j i .  S e v e r a l  p r a c t i c a l  methods 
have been d e v i s e d  so f a r .  Among them, t he  
a p p r o a c h  in [Oshima 86] i s  c l o s e  in i dea  to  
t he  p r e s e n t  one in  t h a t  i t  u t i l i z e s  t h e  
J a p a n e s e  c a s e  grammar in o r d e r  to  d i s a m b i -  
g u a t e  a p h r a s e  l a t t i c e .  H o w e v e r ,  t h e i r  
method i s  e n u m e r a t i o n - o r i e n t e d  and some 
k ind  of  h e u r i s t i c  p r o c e s s  i s  n e c e s s a r y  to  
r educe  the  s i z e  of  the  p h r a s e  l a t t i c e  b e f o r e  
s y n t a c t i c  a n a l y s i s  i s  p e r f o r m e d .  

In o r d e r  to  d i s a m b i g u a t e  t he  r e s u l t  of  
s p e e c h  r e c o g n i t i o n ,  an a p p l i c a t i o n  of  d e -  
pendency a n a l y s i s  was a t t e m p t e d  [Matsunaga 
86, Matsunaga 87] .  The a l g o r i t h m  used i s  a 
b o t t o m - u p ,  d e p t h - f i r s t  s e a r c h ,  and i t  i s  
r e p o r t e d  t h a t  i t  t a k e s  c o n s i d e r a b l e  p r o c e s s -  
ing  t i m e .  By i n t r o d u c i n g  a beam s e a r c h  
t e c h n i q u e ,  comput ing  t ime can be ve ry  much 
r e d u c e d  [Nakagawa  8 7 ] ,  bu t  w i t h  l o s s  of  
g l o b a l  o p t i m a l i t y .  

P e r h a p s  t i le  most c l o s e l y  r e l a t e d  a l g o -  
r i t h m  w i l l  be (extended)CYK a l g o r i t h m  wi th  
p r o b a b i l i s t i c  r e w r i t i n g  r u l e s  [Lev inson  85, 
Ney 87, Nakagawa 87] .  In s p i t e  of  the  d i f -  
f e r e n c e  in the  i n i t i a l  i d e a s  and the  formu-  
l a t i o n s ,  b o t h  a p p r o a c h e s  l e a d  to  s i m i l a r  
b o t t o m - u p ,  b r e a d t h - f i r s t  a l g o r i t h m s  based on 
the  p r i n c i p l e  of dynamic programming.  

In F i g . 2 ,  i f  each p h r a s e  s e t  has on ly  one 
p h r a s e ,  and t h e  v a l u e  o f  b e t w e e n - p h r a s e  
p e n a l t y  i s  0 or  1, t hen  the  a l g o r i t h m  r e -  
duces  to  the  c o n v e n t i o n a l  J a p a n e s e  dependen-  
cy a n a l y z e r  [ H i t a k a  80] .  Thus, the  a l g o r i t h m  
p r e s e n t e d  he re  i s  a twofo ld  e x t e n s i o n  of  the  
c o n v e n t i o n a l  J a p a n e s e  dependency  a n a l y z e r :  
the  v a l u e  o f  b e t w e e n - p h r a s e  p e n a l t y  can 
t a k e  an a r b i t r a r y  r e a l  number  and i t  can  
a n a l y z e  no t  o n l y  a p h r a s e  s e q u e n c e  but  a 
p h r a s e  m a t r i x  and a p h r a s e  l a t t i c e  in p o l y -  
nomial  t ime .  

We have c o n s i d e r e d  a s p e c i a l  t y p e  of  d e -  
pendency s t r u c t u r e  ill t h i s  p a p e r ,  in which a 
m o d i f i c a n t  never  p r e c e d e s  the  m o d i f i e r  as  i s  
n o r m a l l y  the  ca se  in J a p a n e s e .  I t  has been 
shown t h a t  the  a l g o r i t h m  can be e x t e n d e d  to 
c o v e r  a more g e n e r a l  d e p e n d e n c y  s t r u c t u r e  
[Katoh 893. 

The f u n d a m e n t a l  a l g o r i t h m  p r e s e n t e d  he re  
has been m o d i f i e d  and e x t e n d e d ,  and u t i l i z e d  
f o r  speech  r e c o g n i t i o n  [Matsunaga 88] .  

8. C o n c l u d i n g  Remarks 
In the  method p r e s e n t e d  h e r e ,  the  l i n g u i s -  

t i c  d a t a  and the  a l g o r i t h m  a r e  c o m p l e t e l y  

s e p a r a t e d .  The l i n g u i s t i c  d a t a  a r e  condensed  
in the  p e n a l t y  f u n c t i o n  which measures  the  
n a t u r a l n e s s  of  m o d i f i e r - m o d i f i c a n t  r e l a t i o n  
b e t w e e n  two p h r a s e s .  No h e u r i s t i c s  has  
s l i p p e d  i n t o  the  a l g o r i t h m .  This  makes the  
whole p r o c e d u r e  ve ry  t r a n s p a r e n t .  

The e s s e n t i a l  p a r t  o f  t he  a l g o r i t h m  i s  
e x e c u t i o n  of  n u m e r i c a l  o p t i m i z a t i o n  r a t h e r  
than s y m b o l i c  ma tch ing  u n l i k e  c o n v e n t i o n a l  
p a r s e r s .  T h e r e f o r e  i t  can be e a s i l y  i m p l e -  
mented on an a r i t h m e t i c  p r o c e s s o r  such as 
DSP ( D i g i t a l  S i g n a l  P r o c e s s o r ) .  The p a r a l l e l  

5 315 



and layered s t r u c t u r e  wi l l  f i t  LSI imple- 
mentation.  

An obvious  l i m i t a t i o n  of t h i s  method is 
t ha t  i t  t akes  accoun t  of on ly  p a i r - w i s e  
r e l a t i o n  between phrases .  Because of t h i s ,  
the c l a s s  of s e n t e n c e s  which have a low 
penal ty  in the present  c r i t e r i o n  tends to be 
broader than the c l a s s  of sentences  which we 
normally cons ider  accep tab le .  Never the less ,  
t h i s  method is  u s e f u l  in r e d u c i n g  the 
number of candidates  so that  a more sophis -  
t i c a t e d  l i n g u i s t i c  ana lys i s  becomes poss ib le  
wi thin  r e a l i s t i c  computing time in a l a t e r  
s tage .  

A reasonable  way of computing the penal ty  
for  a phrase pa i r  is yet to be e s t ab l i shed .  
There seems to be two app roaches  to t h i s  
problem: a d e t e r m i n i s t i c  approach  t a k i n g  
s y n t a c t i c  and semantic r e l a t i o n  between two 
phrases into c o n s i d e r a t i o n ,  and a s t a t i s t i -  
cal one based on the frequency of co-occu-  
fence of two phrases .  
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