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ABSTRACT 
Natm·al language is crucial for all human activities, especially those in 

intellectual realms. This fact means that research into natural language 

processing has too many aspects for us to gain an overall perspective. A 

simple glance will easily show that this area has been emiched by 

researchers not only from the field of linguistics but also philosophy, 

psychology, and technology. The1·efore we need to set some strong 
hypothetical principles to navigate our way tru:ough this interclisciplin:ny 

research area. 

It is well known that to observe some natural phenomena, we have to 
approach the phenomena from some viewpoint. However, this viewpoint 

con.strains the whole scale of understanding of the phenomena. Some 
features of that vieWI)Oint may distort the true nature of the tru:get object. 

This is a dilemma between a researcher and thefr object. Therefore, when we 
select a viewpoint we should keep it in mind that while we will leru:n 
something new, we may simultaneously be disregarding or distorting other 

fecttures. However, we have to hope that the accumulation of results frotn a 
variety of research viewpoints will allow us to gain wider knowledge and new 

frontiers. 

In this thesis, the main research vehicle is logic p1·ogranuning. Logic has a 
long lristo1·y from ancient Greece, and plenty of research results have been 

accumulated in Western history. Togethel' with Christi.anity, logic can be 
regarded as one of the most important pillars of western cultu:re. 

Unfortunately, up to the age of modern civilization, logic tended to be 
regarded as a device for deception, used by eloq_uent people. However, after 

the 19th century, there emerged a vast amount of prominent research results 
from logic. For example, model'n mathematics has its base in logic, and 

logical contradiction sometimes played a very important role in promoting 

the acquisition of new knowledge. Therefore, logic as a research compass or a 
pl'obe is not a protruding nail in the research main stl'eam, but a fail'ly 

normal vehicle. 

Logic programming has its base in logic, more specifically Hol'n clause logic. 

Therefore, if we utilize logic programming, it will become slightly easier for 

us to constrain our reseaI"ch activities to the scope of logic. Moreover logic 
programming has the benefit that logic programming languages have a 



promising future in regard to parallel processing. The:refore, l'esearch 

activities on logic programming afford us a strong compass and will 

hopefully allow us to break through a technological frontier and realize 
parallel computing. 

The works presented in this thesis have their base in my work at ICO'T' 
(Institute for New Generation Computer Technology), and at Matsushita 
Electiic lndust:rial Co. , Ltd. 

Armed with logic programming, I decided to tackle natural language 
analysis at ICOT. At that time, it seemed very hard for me to develop all the 

tools needed fo1· natural language analysis. For thaL reason, I proposed a new 
project named "Language Tool Box", and I asked my colleagues in ICOT to 

join this project. Fortunately, I received much support for this project from 
researchers. and I worked as a resear·cher who was responsible for Japanese 

sentence analysis and as a research leader of this pToject. 

The first thing I tried was to make new fundamental tools for natural 
language analysis. At beginning of the research, I decided to develop a 
dictionary, morphological analyze1·. and a parser using Jogic programming 

language. This is not because I had some theoretical reason to support such 
development but because they seemed inevitable to the 1·esearcb. l would like 

to avoid resea1·cb activities witbo'tlt roots deeply stuck in actual natu1·al 
language. 'l'be main aim of my resea1d1 was to attain a new algo1ithm which 

could be implemented both in sequential and par·allel logic p1·ogramming 
language. As a research plan to launch these three tools, I decided to 

investigate a morphological analyzer beca\lse this pait is strongly related to 
the dictionary part and parser. Consequently, my l'esearch activities were 

focused on the morphological analyzer first at ICOT. 

In this thesis, a morphological analyzer will be presented first. 

Together with development of the fundamental tools, I was trying to resolve 

diversified resear·ch directio11s by way of logic. There was a tremendous 

amount of distinguished research results based on many academic policies. 

First of all, my l'esea1·ch colleague and I in ICOT decided to focus on 

discoui·se processing that might give us a new view of natural language 

processing. Next, we started to study a variety of issues of uatuTal language 

analysis using logical devices. One of the most important issues for us was 
disambiguation , which had posed a complicated riddle for researchers in the 
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field of sentence analysis. I tried to grasp previous available knowledge 
about Japanese sentence analysis by new tools based on logic. At that time, 
the unification grammar formalism emerged on the West Coast of the United 
States, and many researchers paid keen interest toward this new framework. 
There was no reason to neglect t,his new framework for me, but. I personally 
prefer the t1·aditional framework based on "kakari-uke" as dependency 
relation. This research direction came from my intuition which did not allow 
me to hypothetically consider the existence of grammatical categories like 
verb plll'ase or noun phrase or h1ghei: grammatical categories. 
Therefore, I decided to concentrate my study on dependency rrlations. First 
of all, I tried to represent dependency relations in t.he framework of logic 
progi·amming. During this approach, I encountered a constraint 
progi·amming pru:adigm which allowed the treatment of dependency 
relations m a new way by which the solution of ambiguities could be 
post-poned until a later time when we could get more appropriate 
information. At that tune. no one knew how to express the crucial relations of 
dependency analysis 10 the form of logic. After some effort, I found a way to 
express dependency relations exactly in the form of logical formula. As a 
result. I could express crucial issues of sentence analysis m logic. and it 
became easier for us to grasp what. are the central matter~ which make 
discourse processing difficult. 

In the second chapter, I will outline the research on Japanese sentence 
analysis. 

AU t,he results of these research activities were collected into an 
experimental system named "DUALS'' which stands for ''Discourse 
Understandrng Aimed at Logic based Systems''. In an attempt lo apply new 
technologies toward ilssues of natural language processing, we found many 
actual problems and got a view toward the next step One of the results of 
DUALS was realization of the importance of making new machinery wluch 
handles in a unified way the several kinds of information which are usually 
scattered into tiny pa1'ts of the system. Another result was the need to 
expand the logical framework. These matters will be discussed in the third 
chapter of DUALS. 

After the completion of DUALS-III, I came back to Matsushita and took on 
the development of a project to develop machine translation systems as a 
project leade1· and a reseai:cber responsible for Japanese sentence analysis. 



As a gene1·al research principle I believe resear·ch ideas can be genuine 

resear·ch results when they are applied to the actual product. 

With the ongoing research activities at ICOT mentioned above, my 

colleagues at Matsushita and I tried to apply some of the results of research 

at ICOT to the machine translation system. First of all, we tried to grasp 

issues which make machine translation hard to carry out. These efforts were 

unified to develop a machine translation system with a dialogue interface 

which assists the machine by employing human knowledge. We rearranged 

and checked what are the most intricate parts for the machine to handle 

properly. We applied ou.r new ideas to the list of these issues one by one. First 

of all, we applied the morphological analyzer to our machine translation 

system and succeeded in achieving a high performance in analysis. 

To summarize the story of this thesis, a morphological analyzei-named "LAX" 

will be introduced first. Then. a new way to handle sentence ambiguities will 

be shown and discussed. After the representation of two frameworks, 

DUALS will be represented with the focus on sentence analysis. Before the 

concluding rema1·ks, the machine translation system will be presented and 

discussed. 
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1. Morphological Analyzer LAX 

1.1. Introduction 
In this section, a method of Japanese morphological analysis which runs on a 
sequential and parallel logic programming language such as Prolog, ESP 

[Chikayama]. or KLl[Ueda] [Sugimura 87c)[Sugimura 87d], and sequential 
pxocedural language such as C will be presented[Sugimura 88b][Tanaka]. In 

the technique presented here, a morphological dictionary is transformed into 
an executable program with a compacted data structure in. Prolog, ESP or C. 

The basic algorithm which is illustrated here has its base in the CYI{ 

algol'ithm(Aho]. In order to realize high pe1formance, it also utilizes the 
packed data str ucture [Tomita] which enables the elimination of duplicate 

handling of the same data structure in the analyzing process. 

In the installation in the logic programming language, the dictionary is 

installed in the form of TRIE data structure [Kamiwaki] in which 
moi-phemes can be quickly looked up using a fast index search mechanism 

which is provided in a logic progi·amming language like Prolog. On the other 
hand, in the installation in the procedural language, the dictionary is 

installed using character index and a TRIE retrieval mechanism which 
enables us to obtain compact size and high retrieval speed. 
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1.2. Fundamental Algorithm 
A parallel algorithm obviously should also be effective m sequential 
execution from the point of view of space and time complexity, because, even 

though we could utilize parallel machines, their effects would be 

proportional to the number of machines at most. Therefore, I will present the 
basic algorithm coropaii.ng it with the well known sequential algo1i.thm 

'CYK' in which the algorithm can be explained in a sequential and 

declarative way. 

At first, the fundamental algo1i.thm will be shown by using examples 

aiming at an oveTali undeTstanding of the algorithm. 

Let us give an input Stl'ing to be analyzed as [ <, 6, i ,--C, i ;?] (ku, ru, 

ma, de, ma. tu). The first. procedure is to look up the morphological dictionaTy 

in order to discover the morphemes which can cover the sub-st1i.ngs of the 
input. string. ln the example, each character of the input morpheme is 

numbered from the first up to the number which is the length of the input 
string. If morphemes are found which correspond to the sub-strings, they ai·e 

registered in the analysis table usually called "CYK table" in the :fu·st row as 
shov.rn in Table 1. For notational convenience, morphemes found will be 

written in the form of an index number with string and grammatical 

category like "index(morpheroe, Grammatical Category)". 

In the example, from the head of the input string, a set of four morphemes 
{a( 1l(,N), b(ti,Vs). c(·*,Vs), d(~J,Vs)} which cover the sub-st.ring are found. A 

noun 'I1I'(].rnnuna) <ca1'> covexs from position 1 to 3, therefore it is registered 

in the first row of the third column. A verb stem '~'(kun1) <to wrap> covers 

from position 1 to 2, therefore it is registered in the :fu·st Tow of the second 

column. Verb stems ·eff!J'(ku) <to hollow out>and ' ·*'(ku) <to come> cover from 

posit.ion 1 to 1. therefore tbey aTe registered in the first 1·ow of the first 

column. 
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Table 1: An Example of A CYK Table 

6 

5 

4 

3 a(l lI,N) 

2 b('&,V) 1( i--c'.P) k(f'?.N) n(t~.N) 

1 c.:(*.Vs) c(ifiE, Vs) g(P.~,N) j(Hl ,Vs) m(l~l.N) p(fjt, N) 

d(1jlJ P) f(o. P) h(~, Vs) l("t".P) off.Jr-. V$) q(f1.Ys) 

r( -::>, Vi,;) 

< ~ £ -r:· £ -'.) 

1 2 3 4 5 6 

After mo1:pheme dictionary consultation, an acceptable sequence of Japanese 

morphemes will be derived on the CYK table. The acceptable sequence of 

Japanese morphemes is defined using a connection matrix[Aizawa] as shown 

in following example. In the connection matrix, Cartesian products of 

morphemes are examined as to whethe1· a pair of morphemes can be 

concatenated to make a sequence of morphemes in Japanese wo1·ds. In the 

example, a group of morphological words which can be tbe left, hand side of 

some morpheme is listed up in the fu·st column, and a gro1.1p of mo1'Phological 
words which can be the right band side of some morpheme is listed up in the 

first row. For example, for the purpose of checking whether c()!<:,Vs) and f(~, 

P) can be concatenated or not, look up the matrix position in a column which 

has c(*,Vs) as its first xow, and a row which has f( ~, P) as its first, column. If 

there stands a bit which is in the example represented as "O", a sequence of 

two words c(*,Vs) and f(Q, P) could be an acceptable Japanese stl.ing. 
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Table 2 : An Example of Connection Matrix 

c(*.Vs) f(Zi. P) i( 1 ·t: P) l('"f. P) f;f- ti~ -? end 

d(~J.P) 

b(f!L V) 

a(Ili.N) 

!$tan 0 0 0 

c(~.Vs) 0 

cl~J.P) 0 

b(~.V) 

a(I!l.N) 0 0 

f(o. P) 0 0 

i '"f 

1#- 0 

/> 0 

t} 0 

Summing up the algoiithm, after mo·qiheme dictionary con sultation and 
the connection matrix, analyzing procedures are carried ou t as follows. As a 

notational convenience, words at column A, row B will be Wl'itten in the 
abbreviation form Word(A,B). 

l)Look up words in the dictionary and record the words to the CYK table. In 
the example shown in Table 1, words in the first column ar e recor ded in th e 

table. 

2)Set variable L to 1. 

3)Set variable L2 to 1. 

4)Ch eck wh ether there is a pair of wor ds word1(l,L) and worck(l +L,1 2) 

which can be concatenated under the constraints of the connection matrix. 

If there is a paix of words, record concatena ted word to th e well formed 
sub-string table as wordncw(l, L+L2). 

If there is no pair of wol'ds, go to next . 
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5)Increment L2. If l+L+L2 is greater than the input length g·o to next, 
otherwise Go to 4). 

6)Increment L. If l+L is greater than the input length, go to next, otherwise 
go to 3). 

?)end of the algorithm 

After applying the algorithm above to the example, we will obtain the CYK 

table shown as follows. As a notation, (A;B) means A or B, and (A,B,C) means 
a sequence of wordsA,B,C. 

Table 3 : An Example of CYK Table 

6 w((v.r),Vs) 

x(((t:u).n).N) 

5 v(((i;:u). 

o).Vi:;) 

4 t((s,i),P) 

u((a.l).P) 

3 a(!l[.N) 

2 b(~.V) i(i "t:'.P) k(7''? ,N) n(ft,N) 

s(((c:d),i), P) 

1 c(*,Vs) ('l(i.ifE,\'s) g(llll.N) j(l:il ,Vs) m(tm.N) p(i~!:.N") 

d(~J.P) f( .ib, P) h(~.Vs) 1(--c.".P) o<f~.Vs) q(f~.V$) 

r(?,\ls) 

< {> i -r: i '? 

l 2 3 4 5 6 

1.3. Rules and Dictionary 
In this section, all the algo1-ithms are defined in a more formal 

approach[Suginiura 89a]. In the previous section, morphological analysis 



was introduced by a declarative method in which a sequence of words which 

was given before the analysis is checked as to whether it is acceptable or not 
using tewriting ruJes. In this process, acceptance is validated with rewiiting 

rules. Therefore, this declarative algorithm could have various kinds of 

implementation. In this section, the fundamental algorithm will be 

developed using "concatenati9n'' and "Non Deterministic Finite State 
Automaton (NDFSA)". Although in the implementation, this algorithm is 

realized as a transducer [Nagao 83), this model enables us to catch the 

crucial point of this algorithm especially for implementation. 

1.3.1. Rules for Concatenation 

This section explains the nu.es for concatenation. In our app1·oach, 

morphological analysis is performed by- applying rules which restl'ict the 
proper concatenation of adjacent mo1·phemes. Befo1·e going ful'ther, we will 
define tbe notation foxmally. 

We de.fine a Japanese string (stxingu:[nJ) as a finite sequence, u:[n] -+ A. 

where n is a uatUl'al number denoting the length of u, and A is a set of 

Japanese characters. Thus, ifu:[n] - Ais a string· andn>O, for every i5:n, 

u(i) is some element of A.[Gallier] 

A Japanese string as an entry of a lexical dictionaiy usually has lexical 
ambiguities; thus we define a function, 'get_entries', which obtains lexical 

ent1ies corresponcling to an input string. As shown in Formula 1.-1, each 

morpheme is a triple, (string.,:[n], A. B). whe1·e A and B ai·e the left- and 

right-hand features which restrict th.e woxds to be concatenated. We will also 

use 81.F to refer to the set of left-hand-side feattu·es of morphemes. The 

symbol f--.!!._ clenotes the left-hand-side feature of rnorphemeu . Similarly, SnF 

is the set of right-hand-side features of morphemes. and ~ denotes the 

rigb t-hand-side feature of morphemeu . 
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Formula 1.·1 

get_ entries(stringulnl) def string,.-. [ n] ➔ {morpheme .. 1: [11 ] .. . morphemeuk: [11]} c S,mnes 

where S,11m.- def {(string,,:[nl,A.B)IA E Su I\ BE S1-1r} 

We will use expressions of the foxm 1110,pheme .. :[11] to denote elements of 

the set S,,u,,,·.,. It is sometimes convenient to refer to f-!!-----. and ~ by the 

functional expressions left(morplzeme,,:[n]) and rig!tr(morplteme.,: [ 111). 

Restrictions on acceptable concatenations are expressed by the predicate 

C,ut,·. The definition is that two morphemes. morpheme,,:[111] and morphe111e,:[111J 

can be concatenated if the right context of 111orphe111e11:[m] is related to the left 

context of mo,plzeme,:[m] as shown in Figure l. 

stringu:lm] 

morpheme,,i: [m] 

morphemeu":lm] 

~} I~ 
-!!!4 + 1~ 

u 
string,: [m + n j 

srring,:[nJ 

~ morpheme ... : [111 + 11] ~ 
. . { string11(i) (f I 5 i :S: m 

strmg .. (1) = 
stri11g,{i-m) (l m+I.Si:S:111+11 

where Crute(~.~)= T 

Figure 1: Concatenation of morphemes 

In the traditional method, C,,,,, is defined as a proposition shown in Fo1·rolua 
1.-2. 

The functions leftfand rig_-htfare realized as functions shown in Formula 
1.-2. Here, leftf an d nghtfwill. return a natural number. In [Yoshimura 83] 
the number is at most 400. 

In this traditional method, the definition of Se&,nmwrt is slightly b ard for 

grammar wi·iters to handle, since the same number occuxring in sets B LF, 
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and BRF will have different interpretations. An element in Setconnect does not 

have anything that makes it easy to handle. However, in the LAX system, we 

define the functions nghtfand left!, and pl'edicate Ci-uJe as follows. 

Formula 1.·2 

Crule(morpheme .. :[m],morpheme,-:[n ]) = T 

~ Lt:fif(morphemeu:[m]) n righif(morphemev:[rr]);e<f> 

righ{f (morphenzeu: [m]) c St'"""' 

leftf (morphemev: [n DC Steorurt• 

Sre.1tun• in Formula 1.-2 is the set of moxphological featm·es which 

l'epresents the relationships between morphemes. In other words, CruJe holds 

exactly when rightf(morphemeu:[n]) and Jeftf(morpheme.,:/.11!) have only one 

common element, as shown in Formula 1.-2. 

In the case that the rules al'e taking the form of the above definition, the 

process of finding correct concatenation in LAX can be formalized as a non­
deterministic finite state automaton as follows. 

Formula 1.·3 

Formula 1.-4 

Formula 1.-5 

M de.{ (K ,L,8,Qo,F) 

K def {XIX= ({righif},stringm~[n])} 

where {rtflitf} c SJe.m,re 

t def {X IX = string1:[n]} 

s 



Formula 1.-6 

8((q.string;:[m]),string,: [n ]) def LJ(righif ( M),stringi:[ M + N]) 
= M 

Formula 1.-7 

where M E get_entries(stri11g, :[11]) /\ Cnr1,(qJeftf (M)) 

8(q ,e) clef (q, stringo: [O]) 

8(q.ax) def LJo(p,x) 
= JIGO(t/ ,tt) 

where q e K,CJ E a ,x E er• 

o(S,x) def LJo(q,x) 
= { q .mp111 _ wm~ )" t 

where S cK,x e o- •,q e F 

The NFSA "111' is defined in Formula 1.-3. Kis the set of states of M , and 

11 is the set of alphabets for Jvf. o is the transiti on funetion. Qois the initial 

state, and Eis the final state. 

K is the set of right restrictions as defined in Formula 1.-4. 

a is the set of Japanese strings that are in entries of the LAX lexical 

dictionary. The string look-up process in the lexical dictionary js realized as a 
TRIE structure, and takes a finite interval of less than 0.5 msecin the worst 

case. Therefore, we start our discussion assuming that Japanese strings in 
the dictionary have already been found. 

The definition of the transition function, o, is slightly complicated. If the 

Japanese string string.:[n] has mol'e than one ~ , then o (q.a)is defined 

as shown in Formula 1.-6 and Formula 1.-7. 

The definition of 6 in Formula 1.-7 is the same as the usual definition for an 

NFSA. 

In LAX, plural transition tables ('I'rTbl) can be used as shown in Figure 2. 

Therefore, the elements of S leature are defined as follows. 
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tl,f 

!»er11w,· = {XIX = Name_ qf _ Tr1bl( State)} 
\M1ere State is the ruure of a state in Trtbl 

The multiple transition table is very convenient for representing l'ules of 
derivation and rules of inflection in a separate fonn. See [Morioka] and 

[Sano 88] for details. 

Figure 2 shows the analysis of the Japanese word bunsetsu " frfi&'J ,'6 /.i:'" 

[ ITAMERUNA] (do not hurt:Jif.id) J..>. = to hurt, 7j: = do not). In Uris figure, 

the input category Lim of the word stem fll'i (word stem of the verb " hmt") is 

accepted in the initial state S,JJ. Then, the next state is S11i or Sc1i. The next 

input character is i >. left/(¥>) is accepted in the state S di and the next state 

becomes Sctk or F. that is the final state. The next chru:acter is accepted in the 
state S dk and the next state becomes Sn or F Sn is the state in the inflection 

Table. The last input "lj:" is accepted in the inflection table and the word " 

~1-fi lb ~ f.i: " is accepted. 
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lnp uts . (i) ~ tJ 
me ru na 

J I \ 1// 
'"'' /,,, 

'"" 
,,,, 

Initial SdO &Vs., 

S11<VF Sn F 

Inflection Table 
SnVF 

Derivation Table 

Figure 2 : An Analysis of a word by a multiple transition table 

1.3.2. Expansion of NFSA 

The LAX system also pl'Ovides a "handle" which allows the lexicon-writer to 
build arbitrru:y data-structures in parallel with the analysis. 

The arbitral'y data stl'uctul'es can be attached by assigning the function 
shown in Formula 1.-8 to each element of Sr,m1111•. This function enables us to 

attach some data structures to +- and - . using them, we can wi-ite 

programs to construct morpl10logical semantic information, which "v-ill be 
described in the following section. 

Formula 1.-8 

info(X) ➔ {somedataslructures} 
where X= leflj(lnorpheme,:f 11.]) v x~righ(f(11101pheme,:[11J) 

morpheme,: /11.J E S,n11,u 
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1.3.3. Format of the Dictionary 

The syntax of the dictionary in the LAX system is as outlined below. Each 
entry has the following structures. 

Formula 1.-9 

begin(Category of morpheme) 

surf :: TrTbla([sb1, ... ]) 

&& [TrTbh,([Sti,1, ... ]), ... ] 

$$ [[in(lnp11t), Common_ Procedures], 

TrTblb(StbJ, 

[procedoreb1,, send( 0 )], 

[proced□Jeb12, call_sax( Oz)]) ... 

end(Category of morpheme) 

Morphemes with the same category are defined in Fo1·mula 1.-9. The 

category name of morphemes is written in the first line and the last line, 

In the second line, the surface character of a morpheme is wlitten first."::" is 
a delimiter. Then, Jeftf(MoipheJ11e) is written. leftf(Mmpheme) can be 

regru:ded as input to the NFSA. If the cunent state is n'ghtf(Morphemeu) = 
{ili"JJ[;tt]iJFc~-l1.i'~'i'-~(w01·d stem for verb "me"), '7 i(~5.!it~ftv(word stem for verb 

"ma") } and the input is leftf(Mo1phemev) = {!li'hi~i)RLttZ-=~l&':>}, then stringv 

·will be accepted according to the definition of Formula 1.-2. 

[n the third line, 11ghtf(Mo1pheme)is defined. 

F1·om the fom·th up to seventh lines, we can write programs which 
correspond to the next state transitions. 

In the fourth line, common p1·og:rams can also be w11.tten. PTograms 

written in this pa1't are activated when the morpheme is accepted. in(I) is a 

function to obtain information from the preceding morpheme. h1(I) is the 
realization of the complex function info(leftf(11101·pheme)) as shown in 

Formula l.·8. 
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Formula 1.-10 

in(/) def I = i11Jo(teftf(Mmpheme)) 

From the fifth line to seventb line, programs which correspond (,o the next 
transition states can be written. The predicate cnll_sax 1s used lo call the 
syntactic analyser SAX. The predicate send is used to attach some 
information to the left-hand-side featlll:e of the 1norpheme. sf1nd is 
info(dgli tf(morpheme)). 

Formula 1.-11 

011t(O) def O = i,!fo(rightf( Morpheme)) 
= 

When Cru1,,(-,-) is true, mformation on the .right-hand-side and left-hand­
side features is unified. 

1.4. The Elementary Implementation 
The elementary algorithm can be executed by multi-processes which are 
layered in the well formed sub-string table as shown in Figure 3. 

ta 



I F~Sil- . 
1 F6 r p67 - -

Figure 3: Multi Processes in a well formed sub-string table 

In Figure 3, the input string is •1, 't.:. ~-'> }j:'[i-ta-me-ru-na](do not fry). In this 

figure, a string of Kana is used as input to the LA.'{ for expository reasons. 

The charactrrs are numbered from l(~ ') to 6(the punctuation mark' '). 

p;1 represents a search process. Fl to F6 represent the row numbers of the 

tabl<". 

In the L.AX dictionary, a process pRC looks up morphemes corresponding to 

the string which starts from tbe character at R and ends at C-1. For example. 

process p2:3 looks up morphemes which have t.:. as the surface. Search 

proce~ses p J 2 to p67 can be executed simultaneously. 

Each process is connected through streams (data paths) which the 

searched morphemes are passed thl.'Ough. Output5 from the processes al 

column C are merged to be the input to procN,ses at row C. For example, 

outputs from pl4. p24. and p34 are merged to be the inputs to p45. and p46; 

p 1-L p24. and p34 look up morphemes conesponding to the string which ends 

at Ii;. and p45 and p46 look up morphemes coxresponding Lo the string 

which starts from ~. Therefore, connecting these processes by a stream, we 

can concatenate morphemes. 

An outhne of the elementary algorithm is as follows. 

1. Activation of processes 

(a)Activate (N(N+l)/2)+1 processes corresponding to an input string 
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which has N Japanese chal'acters and a Japanese pun.ct-uationmal'k. 
(N(N+l)/2) processes correspond to N Japanese characters. Activated 

processes are linked with streams which a.re indicated by arrows in 
:figure Figul'e 3 

(b)the initial state of the NFSA is put in lhe stream into Lhe 
processes at row 1. 

(c)Data from p(N+ l)(N+2) is the result of the analysis. 

2. An activated process PNK then executes the follo·wing algo1'ithm 

(a) Wait for input Nlin. 

(b) If the input data indicates the tail of the stream such that nil, 
output nil and stop. Otherwise, go to the next. step. 

(c)Look up morphemes Mrf which conespond to the string starting 

from N and ending at K-1. If Ml'f exists. go to the next step. 
Otherwise stop. 

(d) Call Crnte to check whether Min and Mrf can be concatenated or 
not. 

If they can be concatenated, concatenate Mrf and Min. then output 
the concatenated morpheme. Go to 2(a). 

This method makes it possible to perform parallel lexical analysis, although 
there are still some problems in practical use, as follows. 

I. Although ((N+ 1) X N/2)+ 1 processes will be activated in la, few of these 

processes will he abJe to look up moxphemes M1:f at 2(c). Therefore. the 
efficiency of analysis will drop because of this useless activation. 

2. The elementaxy algorithm cannot handle unknown lexical entries. 

:J. The elementary algorithm produces each 1·esult sepaxately so that the 
worst complexity will be as follows. 
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Formula 1.-12 

r. 1 (11 - I)! 0 = ~ (1 /TI X ----
k.J ( I ·)1·1 ,~o n - - 1 ., . 

=a(l+a)" 1 

where a is the worsl ambiguity of the mopheme and 

n is the character length of the input sentence 

Therefol'e there should be a packing algorithm. As described in section 5, this 
reduces the complexity to o(n 3

) as follows. 

Formula 1.-1 3 
n-1 

0 = Li X (11-i) xa 2 

= 
6 

where a is the worst ambiguity of the morpheme and 

n i, the character length of the input sentence 

C, .C, , .. .. C, , C,+1, C,.2 •• .. . Cr. . ' 
A practical algorithm which activates minimal processes, can handle the 
unknown lexical entries, and h as complexity o(n 3

) will be described in the 

next section. 

1.5. Effective Implementation 
In this section, the practical algorithm will be represented. First efficient 
activation of the processes js represented. Second, the data flow with packing 
is described. 
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1.5.1. Making Processes Activation Demand­
Driven 

This subsection describes an efficient way to minimize avoidable activation 
of processes. At the beginning of the analysis, a "diet" process is activated for 
each input character as shown in Figu1·e 4. 

r 

~ t.: d) -Q f,J. 
i t:a me y,o 

1 2 3 4 5 liB 
F~ 

p14 I 

- -
F3 diet p35 

-, 

F4 diet 
-

F5 diet 

F6
1
diet 

Figure 4 : An Example of a "diet" processes corresponding to input characters 

N+l "dict" will be activated when an input string has Ncharacters and a 
punctuation mark. (In Figu1·e 4, six "diet" processes were activated.) "diet'' 
looks up morphemes which cor:respond to the string from the point at which 
''diet" was located. (For notation. we use function positp(dict) to indicate this 
point.) For example, the "diet'" process at Fl in Figure 4 looks up morphemes 
corresponding to strings which start from 1.t 1 [i] in the first column. If there 
are mo1-phemes conesponding to 1,,f.: [i-ta] in the dictionary. tbe "diet" at Fl 
will activate sub-process Pl3. Similarly, if 1,' t.:. i> [i-ta-mc] is in the 
dictionary, the "diet'' at Fl will activate sub-process P l 4. If there is no 
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morpheme corresponding to \r \t.::&".)~ [i-ta-me-ru], no process is activated. 

For convenience, the notation ref111orpl1(dict) or refmo1-ph(PXY) will be used 

in this paper to represent a set of mo1·pb.emes conesponding to the sub-string 

to which ·'diet" 01· PX'Y are attached. A "diet" process and its sub-process can 

be obtained as programs by compiling the lexical dictionary of the LAX. For 
example, let us consider the tiny lexical dictionary shown in Table 4. This 

can be represented as a TRIE structure as shown in Figure 4, and then 
compiled into a "diet" program, as shown in Figure 6. To simplify the 

representation, Figure 6 shows only the look-up processes. 

Table 4: An Example of a Lexical Oictioanry 

Surface Category 

l, '[i] Word stem of the noun YI (stomach) 

\r \ t:. [ita] Word stem of the adjective 1~1 (sore) 

\r' t..:. [ita] Wol'd stem of the verb f;j (to hurt) 

l. \ t:. rl> [itame 1 Woxd stem of the verb ~J; (to fry) 

\r' t..: .Y>[itame] Word stem of the noun rli [:I (wood grain) 

\r 't::. < [itaku] Word stem of the nominal verb 
~~E (tl'ust, to entrust) 
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["',word-stem-of-noun(~), 

[ t.:., word-stem -of-adjecti ve(1ffi), 

word-stem-of-verb(f~), 

[&?, word-stem-of-verb(:l"J;~). 

word-stem-of-noun(~ 11 )], 
[ < , word-stem-of-noun-verb(~~f:)] 

Figure 5 : TRIE Structure for a Lexical Oictioanry 

dict(v',R,I) :- R = [HI RR], 
I= ([wo1·d-stem-of-noun(~)] I Ir}. 
1, '(H,RR,fr). 

v\(t..:,R,I) :- R =[HI RR], 
I= ([word-stem-of-adjectiveGWi)], 
[word-stem-of-verb(11)] I Ir], 

v' t.::(H,R,Ir). 
1,,c_,_,O). 
v\t.::(~.R.I) :- I = [[word-stem-of-ve1·b(:l"J;i))], 

[ word-stem-of-a-noun(1.&: B )]] . 
v' t.::( < ,R,I) :- I= [[word-stem-of-noun-verb(~~{)]]. 

1,,, t.::c_,_,O). 

Figure 6 : An Implementation of a Dictionary on Prolog 

In Figure 6, the first argument of "diet" is the character to which ''diet" 
couesponds. The second argument is the next sequence of input cha1·acters. 
The last argument returns the 1·esult of the search. 

Let us see what happens when we enter tbe sequence [v', tl,il1'>, {:, ]. 

The "diet" corresponding to tbe first character "1.,'" will accept this 

sequence. Therefore, "diet" will obtain the word-stem-of-noun( fl). Next, 

"diet" calls lt\(Ui,&?,7.> ],RR,Ir), and this call does not bring any more results, 

so that no redundant processes which search sub-strings such as [" \ tl] or 

[v ',ti,tlO] or [v 1 ,ti,&?,{) ] will be activated. 
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With regard to the efficiency of the sea1·ch, the program in Figw:e G is fast 

because logic programmmg languages like Prolog search for clauses using 

first argument hashing. The TRIE structure enables us to utilize this 

hashing mechanism easily, making the ''diet" process perform its search 

rapjdly. 

As stated above, compilation of the lexical dictionary enables us to 

minimize the number of activated processes, and to look up morphemes 

quickly. 

1.5.2. Data and Its Flow in the Practical Algorithm 

This section describes the data flow between ''diet" and its sub-processes, 

thereupon presents a data packing mechanism which makes the complexity 

of lhe practical algorithm 0(11~). 

Data flow 
The "diet" processes desc1ibed in section 1.5.2. ai·e connected with each 

other through data streams as shown in Figure 7. 
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F1 

6 

~ 

F6 diet 

Figure 7 : "Diet" Processes connected by Data Streams 

The data stream structure is displayed in Figure 8. This structure 
illustrates the trace of m01·phological analysis, and can be regarded as an 

application of the layered stream technique. 

Unlik.e SAX, which analyses inputs acco1·ding to CFG with the layered 
stream technique, LAX does not place any identifier between the rules. 

<data stream> 
<array of data> 
<array of data> 
<data> 

<position> 
<i--features> 
<re> 
<results> 

<array of results> 
<array of results> 

E 

l<anay of data>] 
<data>,<array of data> 
<data>, 
!<position>, 
<r-featlnes>, 
<results>] 
N(l~N~length of input) 
[<re>, ... , <re>] 
Sreniurt1 

[<surface of a morpheme>, 
<morphological category>, 
<array of results>] 
D 
<results>, 
<array of results> 

Figure 8 : Definition of The Data Stream Structure 
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In Figure 8, <r-features> corresponds to nghtf(mo1phe111e). <anay of 

results> enables the packing of resultant data, described in the next section. 
In the practical algorithm, a different type of data will flow into a "diet", 

which should distinguish the data to be processed in it. For example, in 

FiguTe 7, the results from Pl4 will be passed through the "diet'' in lines Fl, 

F2, and F3 before .flowing into the "diet" in F4, in which the results should be 

processed. 11herefore, in the practical algorithm, each item of data has a tail 

position number representing the process by which it should be processed. 
(We use the function position(datiunm) to mark this position.) Corresponding 

to position(datat1n1.11), each "diet" is tagged with the position number 

positio11(dictp1'0Cos;) when it is activated. For example, in Fig·ure 7, the "diet" in 

line Fl is tagged with 1 and the "diet" at line F3 is tagged with 3 at the 
beginning of the analysis. 

Let us trace through the example computation in detail. First, the token 
[l, [end(top)).DJ is given to the "diet" in line Fl. This can be regarded as 
initializing the NFSA. 

The "diet" at Fl will output the token [2, 11ghtf(ff/), [~, word-stem-of­

noun,O]] after calling Crull' to check whether top and the word-stem-of­
noun(1~j) can be concatenated. 

The "diet" in Fl activates Pl3, and Pl3 activates P14 in succession. Then, 
the data stl'eam coming out from the "diet" in Fl into the "diet" in F2 is now 
as sh own in Figul'e 9. 
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[ 

[2,[lightf{~}], 

(3, [nghtf{1lfi}], 

[3,[nghtf{1l}J, 

[ 4, [1:igh tf{}J; ¥>}], 

[ 4, [rightf{,tb[ g}], 

[\!i'. word-stem-of-noun,O]J, 

[~~i. word-stem-of-adjective, 0)]. 
[n~,word-stern-of-verb,O]], 

[:t'J;36, word-stem-of-verb, □]], 

[,t~ i;i ,word-stern-of-noun,O]] 

Figure 9: An Example Data Stream 

Concatenation with Data Packing 
On receiving the inputs, as shown in Figure 9, the "diet'' in F2 picks up 

data of whose position(datt:ld.itn) is 2, and outputs data whose 
po.sition(datadnu,)is greater than 2 to the "diet" in line F3. The "diet" in F2 will 

check whether the data picked up can be concatenated with a morpheme 
corresponding to character strings starting from point 2. If there is no such 

morpheme, the "diet" in F2 will output [] and stop. Otherwise, lhe "diet" i.n 
F2 will work like the "diet" in F3. 

The "diet" in F3 inputs data as follows. 

[ 

[3 ,[rigbtf{mi}] , [1ifi ,word-stem-of-adjective, □]], 

[3 ,[iig:ht.t{1i }], [11i, word-stem-of-verb, □]], 

[4, [ngl1tf{rJ; ill')}], [1$¥> ,WOl'd-stem-of-verb, Dll ' 

[4,[nghtf{-t1i f1}], [11.k: Q .wo1·d-stem-of-noun,O]] 

] 

Let us suppose that, using the '·diet" in F3, a morpheme rl) is found as 

follows. 



Formula 1.-1 4 

[ 

] 

leftf(infiecL( i.) )) n rightf ( word_stem_ of_adjctive(11Ji)) # 'P 
leftf(inflect( ~> )) n rightf( word_stem_of_ verb(1~.i)) * <P 

Then, the output from the "diet" in F3 will be as follows. 

[4,[rightf{(i>)} .[¥>,inflect, 

[ [fm,word-stem-of-adjective , □] , 

[f~j, word-stem-of-verb, □]]]], 

[4,rightf{:KY &')}, ['./;'.!, i>, word-stem-of-verb , □]], 

[4,¥rightf{if&TI )} ,[,l'Ji I~ ,word-stem-of-noun, □]] 

Figure 10 : Packed Data 

The result shown in Figure 10 is very impo1·tant. In LAX, combinatorial 

ambiguities which occur in concatenation are not propagated to any other 
concatenation. If there ru:e ambiguities, they are packed as shown in Figure 

10. Therefo1·e the complexity becomes 0(11 ' ). Details of complexity will be 

discussed in section 1.5.3 .. 

Summary of the Effective Algorithm 
This section summarizes the practical algorithm. 

l. Activation of "diet" processes 

(a) Activate N+l "<lict'' processes corresponding to each input strings 

which has N Japanese chru·acters and a Japanese punctuation 

mark. Each "diet" should have a position(dictpi:a,.•e.-;:;). N "diet" 

processes cones_pond to N Japanese characters. Activated 
processes are linked ',vi.th strea1ns in the way indicated by the 
arrows in Figure 7. 



(b) nghtf(top), indicating the initial state of the NFSA, is put in the 
stream to the processes at row 1. 

(c) Data from the "diet" at N+ 1 is the result of analysis. 

2. Algorithm for the "diet" processes 

The "diet" processes activated in lines 1 continue as follows. A "diet'' has 
many sul>-processes, which are connected with each other t.lu-ough 
communication stl'eams, as shown in figu.i·e Figu1·e 11. Each sub-1Jl'ocess can 
be chal'aetel'ized by its input and process and its output to its connected 
processes. From this line, the function input(Data) rep1·esents the data input 
of each process, and the function output{Data,Process:,i represents the data 

output to the P1·ocess whose number is N Numbers in Figure 11 correspond 
to the following item numbers. 

(a) Do input(Data) 

If Data is the tail of a data stream, do output(tai.l, Process21>) and stop. 
Otherwise, do output(Data, P1·ocess2b). Go to 2a. 

(b) The .filstrprocess. 
Do input(Data). 

If Data is the tail of a data stream, do output(tail,Process2c), 

output(tail,Pi-ocess!M), output(tail,Process2c), and stop. 

If position(Datad11U1) is equal to position(Dictr111w) 

do output(Data,P1·ocess2c), and output(Data,Pi·ocess2d), 

If position(Datadau,) is greatel" than position(Dictdmn), 

do output(Data,Process2e}, Go to 2b. 

(c) The filcon process. 
Input(Data). 

Check whether Cru!,;,(Data, refmo1ph(dict)) is true or not. 
If it is true, concatenate Data and refmo1ph{dict) to make new 

morphemes and output(new moiphemes, Processdici:µro:5). Go to 2c. 

(cl) The PXY sub-process 
i. Do input(Data). 

If Data is the tail of a data stream, output{tail,P1·ocess2(dJii) and stop. 
Otherwise, do output(Data,P1·ocess2rd1ii), recursively call PXY and do 
output{tai],Processdict:pro:-1). Go to 2(d)i. 



ii. Do input(Data). 

If Data ii.s the tail of a data stream. do output(tail,Process2rdlii) and 

stop. 
Check whether C,u1e(Data.i-efmorph(sub_p1•0)) is true or not. 

If it is true, concatenate Data and 1·efi1101-ph(sub_pro) to make new 
morphemes and do output(new morphemes, ProcesSdic1·p,o.,;) 

Go to 2(d)ii. 

(e) Do input(Data). 
If Data is the tail of a data stream, and it is the first input data, 
process the unknown word. else do output(Data, PTocess,1umextdict) and 

stop. 
Otherwise, do output(Data, ProcesStht'nox1die1). 

Input 

filstr 

filcon , filconn 

sub _process , sub _processm 

unknown 
words 

Figure i1 : Process Layout for Lexical Analysis 

1.5.3. Complexity 

This section discusses the complexity of the elementary and pra-ctical 
algorithms, in sequential and parallel execution. 



Complexity in Sequential Execution 
First, the elementary algorithm has the following complexity. In the 

following e>q)I"essions n is the number of input characters, and Tis the total 

amount of time required to obtain all solutions, so that complexity is that of T 
related to n. We assume that any input sub-string corresponds to a 

morphemes. All adjacent morphemes can be concatenated. d is the time 

r equired for dictionary search. c is the time requixed to check and 

concatenate a pair of morphemes. I is the numbe1· of delimiting positions as 

shown in the chart under the e:i.--pressions. a'.,.' x ,, - ,C. is the time 1·equired to 
check and concatenate all the pail·s of morphemes when there are i 
delimiters in cbaractel' strings. 

Morpheme look-up is realized with the TRIE stl:ucture, and the seai·cb time 

fol' a m01·pheme of m chal'acters takes d x rn where dis the time i-equil'cd to 
txace the TRIE structure. Thus, the total look-up time fOT sub-sti-ing contains 

jinput characte1·s, dI,;~1i(11- l+ 1). Thus we have 

Formula 1.-15 
,i- 1 II 

T = cI,(a•+I x" - ,c,) + "2:, dJ(n - j + 1) 
r-==O i-e.J 

(I )11 1 d11(n+l)(11+2) 
cxa +a + 

= 6 
where a. n 2: I. c,d > 0 

and thus, 
rm,r,,hfttrrl 1 

......----"---

C,, C 2 • · • ·, C,, 

O(T) = o(a 11
) 

ntr1rpll{'IIII' .,_ 

.------.:-.. 
1 c ,,+i ··· ·,cb , 

2 i 

m11q1Jt,•mt•1 •I 
,-----A-, 

c,,, .. ,, ... ,c,. 

There should be a limitation on the morpheme length so that the maximum 

charactex length of morpheme can be set to 1. If l is greater than n, the 

comple:>..ity becomes o(a"). Othe:rwise, it becomes as follows. It is impossible 

to get one expression for Formula 1.-16 because it is impossible to obtain any 
expressions foi- polynomials whose maximum degree is "11". 
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Formula 1.-16 

T=cAn 

where 
I 

A,.. = 2., Ak-1 (k > /) 

Ak = ca"- (k ~ /) 

where c> O,k > l 

Then the complexity of the practical algorithm is as follows: 

Formula 1.-17 
n- 1 n 

T = c 2., (i x(11 - l)x a2 )+ L,dj(n- j + 1) 
1• 1 J• L 

a 2 x (n 1 
- n) n(n + 1 )(11 + 2) =-------+d-----6 6 

0 = 0(11') 
where a is the worst ambiguity of the morpheme and 

n is Lhe character leng\h of the input senlence 

" 
c1 ,c,. ... .. c1,c,." ... . ,c,, ________, '------..--' 

I 1!-l 

If the maximum length of the morpl1-eme is 1~ the complexity is given by: 
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Formula 1.-1 8 
" I 

T = c L,01 +i'ZJ(11 - J + 1) 
I /'=I 

= c xa 2 x n+d(l + t) x l x~ xn+ K 
2 

I I 

where K = - dI, / + L 
j:1 1=1 

0 = O(n) 

The conclusion to be drawn is clearly that Packing is critical to the 
algorithm. 

Complexity in Parallel Execution 
We define the ti.me complexity of a parallel execution in terms of the time 

interval from the beginning of the parallel execution until its end. In parallel 
execution, dictionary search prncesses can run simultaneously, so that search 

time is proportional to the maximum length of morphemes. However, the 
concatenation processes cannot nm simultaneously, since a process suspends 

itself until its preceding process outputs data to it. Thei-efore, in parallel 
execution, time complexity will be proportional to input length. 

1.6. Heuristics for Disambiguation 
In order to implement the algorithm for machine translation systems, 

heuristics to select the most appropriate result were implemented 

[Nakajima]. This algorithm enables us to select the best path in sequential 

time. In this section, the effective heuristics will mainly be presented. 

Lets consider the following example. 
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Top L' t:::. Ii) ~ f.J. 
1 ta me ru na 

t.J_-

Figure 12 : An Example of Results of Lexical Analysis 

In Figure 12, the1·e are four outputs correspoudiug to the input "v' t.:. ¢> ~ tj ( i 

ta me 1·u na). In such a case, two principles fox prioritization can be applied 

as follows. As a notational couvention, S_M(A) means an output which has a 

number of "'A'' morphemes in which word stems, and their derivational 

woi-ds are included, S_W(B) means an output which has a number of "B" 

words in it, and P(S) is a function to get a p1iority numbe1· for the output S. 

(Hl) P(S_W(A)) > P(S_W(B)) ¢?A< B. 

(H2) P(S_M(A)) > P(S_M(B)) ¢? A< B. 

At first. the heuristic Hl is applied to pri.01itize the outputs. Then, 

hei.uistic H2 will be applied to them. 

In order to apply these two heuristics to the solutions, the number of 

words needed to make the solution is calculated during the analysis process 

as shown in Lhe following example. l11 the example, we utilize a special 

notation t.o note t.be tentative result of analysis as follows. 

Entry= N[C, L, S_W, S_M] 

N : Iden tiller of each entry of analysis. 

C : MoTpheme 

L : a list of morphemes which are connected to a mo11>heme C on the left 
hand side. 

S_W: Number of words which appear on left hand side of the morpheme C. 

S_M : Number of morphemes which appear on the left hand side of the 

morpheme C. 
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The Table 5 represents an analysis of the example shown in Figul'e 12. 

Table 5 : An Example of Resultant Data Structure of Lexical Analysis 

oosition Char 
0 or tool 
1 \, \ 1[~, [O], 1, 1],2[1i'fi, [O], 1, 1] , 3[11'b, [O] , 1. l] , 

4[*!iEI, [OJ , 1, ll, 5['rY&?, [OJ , 1, 1] 
2 t:.. 6[iW/i), [1], 2, 2] , 
3 ¥) 7[¥), [2, 3], 1, 2], 
4 6 8[ 6, [7] , 1, 3], .9[6, [5], 1, 2], 10(~, [6] , 2, 3] 
5 ~ 11[~, [9], 1, 3] 
6 12[. ,[11).2 ,4] 

In the analysis, moi-phemes which start from position 1 are registered to 

the table. They are the morphemes 1, 2. 3, 4, 5. 

Then, morphemes which begin from position 2 are looked up and checked 

fo:r whethe1· they can be concatenated with morphemes which end at position 

1. Fortunately there is one morpheme "l[ f¥J, [O] , 1, l]" which can be 

concatenated with a morpheme 6[ia'J¥J , [l] , 2, 2] , therefore the identifier of 

"1[~, [O], 1, l]" , 1, is registexed to the morpheme "6" as the left hand side 

morpheme which can be concatenated to morpheme "6". In this case, the 
number of words is incremented from 1 to 2, and also the ntilllber of 

morphem,es is also incremented. 

Next, morphemes beginning from position 3 are looked up and checked 

fo1· whether there are some morphemes to be concatenated. In this case, there 
are two morphemes "2" and "3" which can be concatenated to the morpheme 

"7" which begins from po.sition 3. Therefore, a new entl'y 7[&?, [2 , 3], 1, 2] is 

registered. Also the numbel' of morphemes is incremented from 1 to 2. 

Afterwal'ds, moi-phemes from position 4 are looked up from the dictional'y 

and checked for whether they can be concatenated with morphemes which 

are already registe1·ed to the well-formed sub-string table. Thexe are th1·ee 
morphemes 8, 9, and 10 which can be concatenated ,vith the morphemes 

registered. The number of morphemes and woxds is calculated. 

Then, morpheme 11, which begins at position 5 is looked up . In this case, 

the1·e are three m01·phemes which can be concatenated with the morpheme 

11, but mol'pheme 9 has the least number of constituent words, therefore 
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morpheme 11 is concatenated only wit,h morpheme 11. Then we can get a 
sequence of morphemes which follows the heuristics Hl and H2. 

It is impo1-tant to note that this process can be carried out in a fixed 
amount of time in each position. Therefore, time complexity is proportional to 
the length of the input. 

1.7. Implementation on Logic Programming 
Language 
As to the implementation on sequential and parallel languages, crucial 
issues are the 1·ealization of basic algorithms using characteristics of both 
languages. 

1.7.1. Implementation on Prolog 
Prolog facilitates a hash indexing mechanism which makes a hash table 

from each predicate name and the fu·st a1·gument name of the predicate. 
Therefore, I concluded that an effective implementation of the dictionary in 
Prolog to be as shown in Figure 6. An example of the implementation will be 
shown in appendix A. In the example. the p1·ocess layout shown in Figure 11 
is effectively used to realize the algoxithm. This implementation could be 
used also in a parallel logic programming language. In a parallel logic 
programming language like KLl, the cut symbol becomes a committing 
operator. 

One thing to add to the implementation issues is the connection checking 
which is realized by the Prolog predicate "check'' in appendix A. This 
implementation aims at being easily understandable therefore I utilized an 
easy name ·'check". However, in the actual implementation of the connection 
matrix, we change the defimtion of the predicate check as follows. 

:- check(A,B) 
check(morph_namel, X) :- !, morph namel(},.'). 
check(morph_name2. X) :- !. morph_name2(Xl. 



check(morph_nameNJQ :- !, morph_nameN(X). 
morph_name l(morph_ a). 

morph_namel(mo1·ph_z). 
morph_name2(morpb _k). 

As I explained before, a predicat.e and its first ai·gument. are utilized to make 
a hash table to retrieve the predicate quickly. Therefore. this mechanism is 
used to retrieve the connective relation as shown in the example above. In 
the example, when the predicate "check" was called, a fhst argument name is 
used to consult the connection relation table which has the first al'gument 
name as a left-hand side morpheme. Then, next to the dii·ecL call of the 
predicate check(left, right), connectivity is checked with the predicate whose 
name is the first argument of the predicate "check" and whose argument is 
the second argument of the predicate ''check" like morph_left(morph_right). 
Such kind of multiple step retrieval £o1· a matrix contents is a special device 
in logic programming language. 

1. 7 .2. Implementation on PSI 
Experimentally, we made a~'{ system on PSI machine. 
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LAX Translator .... LAX Dictionary 

i 
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Dictionary Lax engine 
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Figure 13 : LAX System on PSI Machine 

Figure 13 shows the configuration of the LAX system[Kubo 88]. The 

dictionary translator transforms the master dictionary into the LAX 
dictionru:y. Using the LAX translator, the L~'{ dictionru.·y is transformed into 

an intermediate data file. The analysis program is generated by the LAX 
generator from this intermediate data file. From the user's point of view, this 

intermediate dat,a file is identical to the LAX dictiona1-y. 

To maintain the LAX dictionary, the LAX inspecto1· provides many pieces of 
useful information. It has two modes: the analysis mode and the inspection 

mode. In the analysis mode, you can check the results of analysis. looking at 
the time and t.he number of ambiguities for each input sentence. If the 

analysis fails, you can also see which morpheme cannot be connected with its 
adjoining morpheme. In the inspection mode, you can also see which 

morpheme cannot be connected with its adjoining morpheme. In the 
inspect.ion mode, you can examine the contents of the dictionary of the 

morphe1nes that. belong to each adjoining point of input sentences. 

We can easily modify the definitions of morphemes and add new entries by 
using the LAX dictionary editor. To modify a definition of a morpheme, we 

only have to rewrite the left-hand or right-hand features or semantic rule in 



the edit window after locating the definition. To add new definitions, we may 
pick up another definition, copy it, and rewrite it. 

In the case of the implementation on the PSI machine, we have 2000 

morphemes for the purpose of the development of the discourse 
understanding system which will be introduced later in this thesis. 

The LAX system has strong relation to the implementation of the system 
onto the workstation or personal computers. We pay meticulous attention to 

distinguish the description of the knowledge about morphological analysis 

from the implementation issues, and this attitude is important and effective 
when we try to implement the algorithm on the actual system. 

1.8. Implementation on C 
The algorithm presented in the previous sections have been implemented 

on workstations and personal computers. The implementation language is C. 

Particular issues in the implementation will be presented in the following 
section. 

1.8.1. Implementation on a Workstation 

In the implementation of the algorithm on the workstation, one of the most 
substantial issues is the irnplementation of the dictionary because there is no 

automatic hash ind.ex mechanism which is provided by Prolog or ESP which 
uses the predicate name and its first argument for t.11e 1·etrieval of predicates. 

The requirement to the dictionary retrieval is to look up a set of words which 

can match given sub-strings as shown in the exa,mple as follows. In the 

example, the given string is "-:::> -3 7J' Iv::_ '? [tsu-u-ka-n-ko-u]", and the 

xetrieval process of the dictionary should find a set, of words which can match 

sub-st1ings which starts from a head of the given string such as ''-? [tsu]" , ''-? 

'7 [tsu-u]", "-:J -j 1.l ' ( tsu-u-ka]" , "-:::> -3 i.P A., [tsu-u-ka-11]", "-:J 1 iJ, /.,_,:: [ tsu-u-ka-

11-ko]", and "-:J "? 1J' A., :.. -:, [tsu-u-ka -n-ko-u]". In the case of the example . .five 

words are found. 
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r:l~ ~r-v 8~ 
~tu ~u ~ ka~n l'.:.Jko L.:.Ju 

[!] 
I tion me . 

path 

1 
tu 'ka 

Figure 14 : An Example of Retrieval of sub-strings from a Dictionary 

In order to realize the requirement, we designed a dictionary look-up 
procedtue which utilizes "fu·st key character index" and TRIE table on the 

main memol'y. This mechanism is shown in Figure 15. 

Look up Character Index 

siz.e looaHoa I 

1st Character Index 

Morphological 
TRIE Look Up Analysis • ► 

emery 

per Block 

Figure 15 : The Retrieval System using Cache for TRIE Structures 

This reb:ieval mechanism is carried out as follows. 

I) Get a starting point in the inpiai characters to retrieve the dictionary. 
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2) Fetch a cha1·acter code which is at the starting point in the inpui 
cha1·acters. 

3) Check whether a TRIE table which bas the character of the starting 

point is at a cache memory. If there is already the TRIE table on the 
cache memory, go to 7), else go to next. 

4) Calculate an address in the fi.1·st characte1· index from the character 
code which is at the starting point in the input characters. 

5) Fetch the size of TRIE table and a location from the first chru·acter 
index. 

6) Load the TRIE table from the hard disk into the main memory. 

7) Ca1Ty out TRIE table look up and store the result to the CYK table. 

Without this implementation of the dictionary retrieval, more than half the 
time of the translation process was occupied by the m01·pbological analysis, 
mainly by the dictionary retrieval. 

Although the caching mechanism is very simple, it dramatically improve the 
retrieval speed. In our experience, only 10 pages for caching memory reduces 
the morphological analysis speed by 20 percent on average. 

Another matter conce1·ning the implementation on the workstation is 

retrieval of the connection matrix. In the implementation of the algorithm in 
Prolog, such kind of connection matrix can be implemented easily because 
the ordered pairs of column and row numbers can be written in the p1·edicate 
and its argument style as follows. 

Lefthand_side_morpheme(Righthand_side_morpheme). 

Though we can utilize such kind of powerful function in Prolog, in a 
procedural language like C, tbere should be a compiler which makes a 
connection matiix to realize fast ret1i.eval. 

1.8.2. Implementation on a PC 

In order to in1plement the algorithm on personal computers, no special 
attention needs to be paid concerning development because the latest 
personal computers are equipped with many effective development tools. 
Almost all the code written in C can be compiled on the PC. 



Therefore, main issues in the implementation on a PC were low level 
issues such as block size to transfer t.he TRIE page into the main memory. 
Before we could use an effective operating system which carries out complete 
resource management on memo1-y, we did not t1·y to implement the algorithm 

on the PC, because block size was limited to 64Kbytes, and this size is too 
small for the TRIE page. 

Aftel' getting an effective operating system, we can easily implement the 
aJgorithm on WS to the PC. Basically there is no diffel'ence between the 
source code fol' WS and PC. Only performance in analysis speed differs. 

1.9. Evaluation 

1.9.1. Quantitative and Qualitative Evaluation 

Although we need consistent evaluating crite11.a for the analysis speed 

between the implementation 011 Pl'olog/ESP, and C on a workstation and C on 
a personal computer, because thel'e is a tune diffeTence among the 

developments, the evaluation methods were not consistent and differed, but 
gradually impxoved. Therefore, there could be some defects in the 

quantitative and qualitative evaluation because we could not utilize the 
same test set. However I believe these measurements will have some sense 

for the evaluation of the system pe1formance. The test sentences shown in 
Appe11dix B were used to evaluate the first version of the LAX system on PSI 
machine. It is impossible to list up a whole test set of algorithms on a 
workstation and a pel'sonal computer. The test set on a woTkstation mainly 
utilized a set of sentences made in-h ouse. The test set on a personal 
computer mainly ut.ilized sentences withdrawn from home pages of the 
Intel'net. 

'Together with this collection of test sentences, we made an evaluation tool. 

The evaluation tool was made to evaluate the result and feed back the resul t 
to the research el' in charge of quality of the system. 

For the purpose of evaluating precision and recall, we made a set of target 
results. These results were read by the evaluation tool, and compared with 

the result of analysis. This evaluating facility is designed as follows. 
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Con nection Data 
Def inition 70000 Entries 

Figure 16 : The Evaluation System of the Morphological Analyzer 

In Figure 16, test sentences of about 100,000 entries were collected from 

Internet home pages. This sentence resource is roughly analyzed by the 
morphological analyzer and checked, Lo make a target result, by the desjgnei· 

of the morphological analyzer. The result of the morphological analyzer is 
compared automatically with the target result and incorrect 1·esults a1·e 
reported to the designer. 

One of the most important points of this system is the Connection 
Definition part drawn at the bottom left of the figul'e. In this definition, the 

user inputs the ordered pair to display a connection relation between 
morphemes. There is no need to produce and maintain a connection matl'ix. 

The matrix compiler reads a sequence of the ordered pairs. and compiles 

them into a connection matrh. Using this evaluation tool, we could improve 
the quality of OUl' morphological analyzer to achieve high precision as shown 
in Table 6. 
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Table 6: Comparison of Three implementations of LAX Algorithm 

!~SP on PSl Con WS(Sun-3) Con PC-AT 
MM·320MB MM· :-12MB Pentium 120Mz 

.tv1fM: 80MB 
Analysis lirnc oPr char 0.73msec IO mser 12 msec 
Evaluation SentenC<'S gosenten<:es. 10,000 seot,enccs 100,000 sentences 

1370 c,;hars 322.000 chars 
Denvational ancl lnCTectional :JOO moq)hemes 600 1300 
morohemes, case markers 
Word stems, nouns :\00 on I ries 40.000 70,000 
Prccir;ion 90 95 9\'.).84 

The main reason why the algorithm on PSI is faster than the algorithm on 
the workstation is the fact that on PSI, every dictionary is located in the 

main memory, but implementation on the workstation and the PC locates 

their dictionary on the har d disk. 

As to qualitative evaluation, I will list up a set of example wor ds which the 

system can not analyze properly in the follov.ing table. 

No. Patterns ~xampl,os 

I SnmP surfac<> and reading but i:i:v'lnai j (Adjective or posl posilional marker) 

with different. POS -c"l<ll'! (Verl> st.em or post positional marker) 

·b --::i (\'ed) stern ofN:? or Verb slem of~J.>) 

c ~ (Vc1·b "j!J.¥- ~ .. as ,;olvc or noun U!l;f'' as Lime) 

:l Samo SU rfat1(' and different D~,.., t..:(Vorl> strrn to read "Kaua"') or fl~,:, t..:(Verl> 
rNtding with tliffcrt'nt POR i;tcm lo read "Masatta"), 

F>! f) (Verb ~L<>m 10 read "Ori") or~~ I') (Verb stem to 

read "Fu ri") 

3 noun + noun m- noun 1¼=+1:N (Time/ Rain) or tcyf:T:j (::;bower) 

,1 noun + noun with diff<>n:mt -11$c•"!J(allnight)+;}((fi.rc)+~ or -l~(a night)+'-1=1:J<. 
segmrniation (middle fire)+'$: 

5 M 1x('d pat Lem tr ~ W L (niiked)+ (.: lj: -::, t.:. (carry) Ol' tr~ ,':I:\ L.. 
(nakNI) + (.: (pogt positional marker) + t.t: ".) t.:. 

(bN·omc) 
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There are many patterns which can be classified to the patterns listed above 

in the first row. It is easy for us to eliminate one of morphemes which causes 
ambiguities, but this treatment will not give us a fundamental solution. 

As to the second pattern listed above , it is hard to disambiguate the resuJts 

without information about the dependency structure. This type will be solved 
using case agreement relations. 

The third pattern has very few examples. I do not currently have any 
solution toward this kind of ambiguity. Some information related to 

discourse may give a solution. 

With the fourth pattern, it is also very hard to solve the ambiguities. 

As to the fifth pattern as a mixed pattern, some simple heuristics could give 

us a solution I think. 

In any case, the word patterns listed above should be studied in future 
research on incorporating the technology which binds the morphological 

analyzer with the sentence analyzer. 

1.9.2. Discussion 

Fortunately, my work on LAX achieved good feasibility: The grammar 

framework was enriched and published from ICOT as freeware. 

As for futul'e _research, I think the mol'phological analyze!' should be mel'ged 
with a parsing system which decides the relation between words. From this 

point of view, LAX has the promising function of being able to be connected 
easily to some parser. A promising wol'k is the SAX parsing system which can 

:input the packed data structure, which is a fol'm of output of LAX, naturally. 

In fact. in DUALS, the LAX system was directly connected to SAX and 
played an impo1tant role in sentence analysis. 

One of the hardest remaining problems is how to get information which is 

usually treated in sentence analysis into the morphological analysis. This 

kind of problem typically appears in honorific sentences as follows 

[Sugimura 86a] [Mizutani 1983). 

Let us consider the sentence "Taro sama ga Hanako sama ni o megumi ni 

natta (Taro met Hanako)". In this example, there are interpretations as 
shown in the fornrnla as follows. In the formula, "A> B" means Ais socially 

or mentally highe1· than B. 
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Taro sama ⇒ speaker < '['aro 
lfanako sa.ma ⇒ flpN1kr r < l lanako 
megumi ⇒ Taro > I lanako 
nana ⇒ speaker > hearer 

In such a case, usage of post positional markers displays the discoutse 

situation such as social relations among speaker, hearer, and agents who 
appears in the sentence. These features tend to be treated as trivial matters 

in traditional natural language systems, but if we seriously take these 
features into account, we should make a morphological analyzer in which we 

can easily write not only the morphological rules, but also syntactic and 

semantic rules, and discourse rules as shown in the example above 

[Sugimura 86b]. These issues are partially studied after Fifth Generation 
Compute1· Symposium 88 (FGCS 88 for short) by developing a morphological 

analyzer which t1·eats syntactic and semantic information together[Kubo 89]. 

As a direction toward the fut,ue research of morphological analysis. it is 

better to distinguish implementation matters and knowledge description 
matters. In LAJ{, although the algorithm is the same in the implementation 

on PSI. a workstation, and personal computers, implementations are 

different from each other. 'l'his distinction may serve as a good example 
towaTd the actual matter of the development of natural language systems. 
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2. Japanese Dependency 
Analysis 

2.1 . Introduction 
Traditionally, dependency analysis such as kakari_uke [Yoshida 72) and 

phrase structure analysis [Sells] tend to be discussed in di:ffe1·ent principles. 
so that analytical tools for dependency analysis u.sually have their base in 

modification deciding tables [Yoshida 72], and tools for phrase structure 
analysis had their base in parsers which accepL type-2 syntax in the form of 
context free rules. [Kaplan & Bresnan]. Theoretically, the generation ability 
of dependency grammar is greater than that of context free grammru:s, and 
there might be a way to discuss both approaches on the same framework, but 
as a matter of fact, there was little work which strove to make a bridge 
between the two distinct approaches. 

On the other hand, research activities related to sentence analysis tend to 
focus on disambiguation mainly using many kinds of heuristics. Such efforts 
chiefly tried to pr:i.011.tize the res1.llts of the analysis and select one of the most 
plausible results [Fujisak:i 89). There was little effort to make machinery 
which enables us to lirn:it the representatives step by step. 

In this section, I will firstly illustrate a method which enables us to 
gradually reduce the number of results of sentence analysis using 
mathematical tools such as propositional logic problem solver [Sugimura 
87a) [Sugimura 88a]. This kind of solver is becoming popular together mth 
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the research activities on constraint pi:ogramming [Dincbas] [Sakai], an d 

Prolog II [Colmerauer]. 

Next. to constl'aint analysis, a bridging method which enables us to write 

dependency relations in very simple declarative rules, and a process to can:y 

out dependency analysis using a rule based parsing system will be pl'esented 

[Sugimura 89£]. This is a result of our study on dependency grammar and my 
main contributfon toward Japanese sentence analysis, in which I found that 

a class of dependency grammar can be written using the fo1·m of rewriting 

rules in context sensitive gi·ammar (CSG for short). 

2.2. Tools for Japanese Sentence Analysis 
Before entering into the representation of Japanese sentence analysis, 

tools for such analysis v.ill be presented. First is a solver for propositional 

constraints, and second is a parser for CFG and its extension to CSG. 

2.2.1. Solver for Propositional Logic 

Solver Using Lazy Evaluation in CIL 
CIL. which is a language to describe sentence meanings and was 

developed at ICOT, facilitates a lazy evaluation mechanism and partially 
specified terms as-its extension to Prolog [Mukai 88] [Sugimura 87b]. 

CIL = Prolog 

+ Partially specified term 
+ Lazy evaluation 

The paitially specified term is a data structure which can be 1·egarded as 

a frame and rep1·esented as in the following example. 

( 1) term({a/X:(X? = Z),b/Y:(Y?=Z)}). 

(2) prompt> term(Z), Z!a = abc. Z!b = abc. 
Yes. 

1.1 



Definition (1) is the specification of the data type and can be used in 
query (2). "atx:' means '"Xis the value of a slot ··a"". "?"' displays the freeze 
mech anism attached to logical variable X. Therefore, X = Y in (1) will not be 
evaluated until both X and Y are bound to some values. If this condition is 
not satisfied, unification X=Y in (2) will fail when X and Y obtain their 

values. Query (2) utilizes the PST and uni.fies ·'abc" to each slot value. This 
freeze mechanism plays a crucial role in implementing the propositional 
solver in CIL which enables us to write logical constraints as the forms of CIL 
p1·edicates as follows. 

Prompt> constr(and(A,B), false), A= true. 

A= true. 
B =false. 

Yes. 

Prompt> constr(and(A,B), false). 

A=Unbound. 
B =Unbound. 
Yes. 

Implementation of "and" is as follows using the freeze mechanism. In the 
example, the predicate "bound" is a prolog predicate which becomes true 
when its argument is bound to ground atomic values. 

constr(and(A,B), AB):-
freeze(A, (bound(B); freeze(B, (A=true,B=true, AB=tl'ue;AB=false)))). 
freeze(B, (bound(A); freeze(A,_ (A=true,B=true, AB=tTue;AB=false)))). 

A truth condition table realized in CIL is as follows. 

I\ T F u V T F u -, 

T T F u T T T T T F 

F F F F F T F u F T 

u u F u u T u u u u 



⇒ is defined as -iAVB in CIL. 

The weak negation - can be utilized using CIL, and truth table is defined 

as follows. 

~ 

T F 

F T 

u T 

It is very important to note that in CIL, term rewriting is not canied out, 
therefo1·e constraints like the following example can not be solved in CIL. 

prompt> const1·(and(A,B),AB), constr(and(A,C),AC), 
constr(oT(AB,AC), true). 

A= Unbound, B = Unbound, C = Unbound, 
AB= Unbound, AC =Unbound. 

In order to solve the constl:aints above, we should cany out term rew1iting to 

get some canonical form for the p1•opositional logic. In the above example, if 
we carry out no1·malizatio11, we can easily rewrite constraints as follows. 

(A/\B)V(A/\C) = A/\(BVC) = T 

⇒ A=T 

It is well known that complexity for the propositional logic solver is NP 
complete, therefo:re we should meticulously utilize the full scale propositional 
logic solver. To utilize a full-fledged propositional solver, research on 
G1·aebner base propositional constraint solver will be one of the most efficient 
representatives[Sakai]. 



2.2.2. Logic Based Parser SAX 

Basic Algorithm 
SAX, which was originally developed by Matsumoto at ICOT, is a 

translator which inputs CFG or Definite Clause Grammar (DCG for short) 

[Pereira & Warren] rules and outputs Prolog clauses which can carry out 
parsing in a bottom-up breadth-first way [Matsumoto 86) [Matsumoto 87] 

[Matsumoto 88]. The word SAX also means this parsing program. SAX can 
output parallel programs which run on a parallel inference machine named 
PIM[Susak.i]. We call SAX fo1· parallel machines PAX. 

Basically SAX can completely parse an input using context free rules. 
This is also able to parse DCG, though there are some limitations on writing 

g1·ammru.· in DCG for SAX. Because SAX carries out parsing in a bottom-up 
breadth-first way, information which should be percolated from the top of 

parsed tree can not be passed through from top to bottom. After getting all 

the parsed trees, each interpretation can be unified with top-down 
information. but such kind of algorithm is not efficient. 

Secondly, SAX utilizes a packed shared forest to represent partially 
parsed trees, so that the structm:e copy problem 1·educes the efficiency of 

pai-sing. There may be many heuristics which enable us to avoid this 
problem, but fundamentally, logical variables need to have some special 
treatment in the copy process. 

In spite of these two limitations on grammar writing u1 DCG for SAX, 

SAX can carry out parsing at very high speed, because SAX pre-compiles its 
search space [Tanaka 79] and reduces pick up time for rule application of 
inactive edge [Sugimura 86c]. 

SAX ti-ansfo1·ms CFG rules into a Prolog progi·am in the form of DCG. An 

example of the translation is given in Append.L-x C. As a facility to write a 

grammar and its semantics, SAX facilitates CIL as its semantic description 
language[Sugimur a 86dJ. 
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SAX Extension to Type O Rules 
While the DCG rule has only one symbol (type 2 grammar), SAX was 

extended to type O grammar, in that more than one symbol can be contained 

in t:he head. This extension is necessary for the description of dependency 

grammar, which will be explained later. 

Genel'ally, since syntactic analysis produces more than one 

interpretation, it is necessary to choose the best one. SAX p1·ovides the 
function for the preference calculation; it allows preference rule in 

{pref_rule}. In addition, the SAX system suppo1'ts two types of extl'a 
conditions, one is executed in the paTsing pl'ocess, written as {extra}. the 

same as DCG's extra condition, and the other is executed after successful 
te1·mination of pal'sing, w1itten in &{delayed_extra}. 

head1, heach, ... , headm 
➔ body, {extra1}::{pref_rule1}, 

body n, {extrao}:: {pref_rulen} 
& {delayed_extra}, 

&& {pref_rule}. 

(SI 

(S2 

(S3 

(S4 

(S5 

In the type O grammar, there is a 1isk that the rules will make an eternal 

loop, and currently in SAX, the user should verify whether there is 
possibility of an etexual loop or not. 

2.3. Basic Principles of Dependency 

Analysis 
As the basic p1inciples for dependency analysis, I set two constraints. The 

first one is that no two moduying relations should cross each other as shown 
in FiguTe 17. I will refer this p1inciple as UCI. 



Illegal~ I 

d t 
Utsukushii Ken ga Naomiwo aisuru 

Figure 17 : An Example of Illegal Modifying Relations 

The other p1·inciple is that all phi-ases except ihe last one should modify 

at least one phrase to the right of themselves. This p1'inciple will be called 
UC2. 

2.4. Dependency Analysis Using 

Propositional Logic 
To Tealize dependency analysis, the modification deciding table will be 

utilized[Sugimura 87e] as shown in Figure 18. 
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~ ~ ~ 
taro ga hanako ni houkoku-suru koto wo yakusoku-suru 

1 2 3 4 5 

I , 0 0 0 1 

2 1 0 0 

3 1 0 

4 I 

5 
~ 

Figure 18 : An Example of a Modification Deciding Table 

2.4.1. Basic Algorithm 

In order to realize the UCl, constraints on the number of 

11 C~ = 11V(11 - 4)!x4! in which n is a number of phrases will he set first. For 

example. in the Figure 18, constraints will be set as follows. 
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taro ga hanako ni houkoku-suru k.o-1~Lw.o ~akusoku-sury 
1 2 3 4 5 

I 1 uo u, U2 U3 

2 U4 us U6 

3 U7 U8 

4 U9 

5 -
(U1 /\ (U5VU6))V(U2/\(U6VU8}) V (U5/\(U1 VU8))V 

(U6/\(U1 VU2)) V (U8/\(U2VU5))::F 

Figure 19 : Constraints on a Modification Deciding Table 

After setting the constraints, dependency analysis can be carried out. 

2.4.2. Implementation 

As the matter of fact, the number of constraints will be increased as 
shown in the following Table 7. 

Table 7 : Number of Constraints corresponding to Length of Input Words 

No of nbrases 2 4 G 8 10 12 l'1 16 18 :w 
No of 0 I 15 70 210 4D-"i 1001 1820 :3060 ,J8'1 ij 
Consl'rnints 
No or ohras(•S i2 24 2G 28 ;30 ;i2 34 :3G :18 -10 
No of 7315 10626 l 195iJ io,,15 i7,1()5 35H60 J6:37G 58905 7:38 1/'i 913~)0 
Com;l rain is 

The number of constraints increase less than 1r'· . Therefore, it is not 

beyond computational ability to set such kind of constraints before analysis. 
Actually, in CIL, or ESP which facilitates a lazy evaluation mechanism, we 

set the constraints for the sentences which have less than 40 phrases befol'e 
the analysis. 1 

1 Ac~ually I a::1k<>µ the rest-a rche rs who wt>re in churgf' or freev.c- me<chanism of PSI some tochnic,11 
ronsons blocked them to 1mplemcn1 the compil(,ld bmd-hook wh1r.h 1s l'rcwt.f• mechanism of PST 
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2.4.3. Analysis by Syntactic and Semantic 
Constraints 

After applying the constraints UC!, and UC2, the other syntactic and 

semantic constraints are applied. Although there are many kinds of syntactic 
and semantic constraints in Japanese, crucial constraints will be shown 

here. 

In the example shown in Figure 19, the following are examples of 

syntactic constraints. 

Syn Cl) A phrase whose last word is post-position "ga", "wo" or "ni" which are 

case markers, modifies only a predicative phrase. 

SynC2) An adnominal phrase modifies only a nominal phrase. For example, 

the adnomiual phrase "houkoku-suru" modifies only nominal phrase 
"koto wo". 

After checking the syntactic constraints, the modification deciding table in 
Figure 19 looks like that in Figu1·e 20. 

taro ga hanako ni houkoku-suru ls,oto wo yakusoku-sui:-u 
- 1-- 2 3 4 5 

I 1 0 Ul 0 U3 

2 U4 0 U6 

3 1 0 

4 1 

5 
-

(U1 AU6)=F 

Figure 20 : Resultant Constraints on a Modification Deciding Table 

The semantic constraints on dependency relations conespond to a 

consistency check of semantic features in ordinary natw·al language 
processing systems. The following is an example of a semantic constraint. 
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SemCl A non-animate nominative phrase cannot modify an emotional 
predicative phrase. 

X 
konpyuhta ga 
Computer NOM 

nageku 
grieves 

Figure 21 : An Example of Semantic Constrain ts 

Semantic analysis is carried out together with syntactic analysis. If the 
syntactic rules of modifying relations allow modifying 1·elations between 
phrases to become 1, logical vatiables in the dependency deciding table 
r emain unbound and the relatiouship between the semantic descriptions of 
phrases is checked. This check is based on SemCl. For example, in Figure 22 

the semantic checking mechanism is used to reduce ambiguity in U6. In this 
case, modifying relations cannot be reduced because the semantic feaLures in 
the phrases ''Hanako ni" and "yakusoku-suru" can be unified. 
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Hanako ni { sort/parameter 
name/hanako, 
property/( emotional/{human{ girl/X}}} ., 
syntax/{surface/nil}) 

yakusoku_suru { sort/soa 
relation/yakusoku_ suru, (promise) 
agent/X#[property /{emotional/{human/ J}}, 
obj ect/Y#{ sort/ soa}, 
partner /Z •.L.O<J_=o=e=rt...,._.,,.:....i.=1.J..1.!<C=-""-"'....u...eeu..t..C=_..... 

svntaxfsurface/nil] 

Figure 22 : An Example of Semantic Check on Modifying Relation 

To check semantics, the properties of each phrase are unified. In this 

example, because ambiguities in the modifying relation cannot be reduced, 

the 1·esult of analysis is passed to contextual analysis in wruch constraints on 
the modification deciding table are pl'opagated witb partial interpretation 

like that in Figure 23. 



Taro ga 

Hanako ni 

houkoku-suru 

koto wo 

yakusoku-suru 

{ sort/parameter, 
name/taro, 
property/{ emotional/{human{boy / X}}] 
syntax/{surface/ gal} 

[ sort/ parameter, 
name/hanako, 
property /{emotional/{human/[~rl/X}}I, 
syntax/{surface/ ni}} 

{ sort/soa, 
relation/houkoku _ su ru,( report) 

- - - l 

I 
I 

agent/ A#{property /{emotional/{human/ J}, 
syntax/{surface/ gal) 

I • :u sem(A 1), 
object/B#(s;rt/ soa], -----------i---+-----, 
partner /C#{property / {emotional/{human/ J}. 

syntax/I surface/ ni}} 
:u_sem(Cl:!,U4)} 

( sort/ soa, 
syntax/I surf ace/ wo)} 

"- - - - - - - - _J 
I 

{ sort/ soa. 
relation/ ya ku soku _ su ru ,(promise) 
agent/D#{property / {emotional/lhuman/ J}, 

syntax/ {surface/ gal} 
:u sem(DI.U3). 

I 
I 
I 
I 
I 

object/ [s;rt/soa}.,. __ _ -----+---; 
partner / F#{property/ {emotional/{human/ J], 

syntax/[surface/ ni} 
:u sem( ,U6)} 

I 
I 
I 

...J 

Figure 23 : An Example of Ambiguous Semantic Relations 

The predicate "u_sem" is defined as follows. 

u_sem(A,B,Sign):- freeze(A,(vru:(F),F=l ,(A=B,Sign=l;true))). 

freeze(Sign,(var(F),F=l ,(Sign= =l , A=-B;true))). 

Ambiguities in Figuxe 23 correspond to the following five dependency 
structures as shown in Figure 24. 
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• I , I t 
taro ga hanako ni houkoku-suru koto wo vakusoku- suru 

promise(taro, hanako, report(agent, hanako, something)) 

~----::::::::::::::::::.:::.::::_-_-_-_ -_ -_ -_ -_ -_ -_ -_ -_-_-_ -_:--_ -_ -_ -_ -_ -_ -_.::;~ 

+ I + 
taro ga hanako ni houkoku- suru koto wo yakusoku- suru 

promise(taro, hanako, report(agentl , agent2, something)) 

' . taro ga hanako ni houkoku-suru koto wo yakusoku-suru 
promise(taro, agent, report(taro, hanako, something)) 

I t + 
taro ga hanako ni houkoku- suru koto wo yakusoku-suru 

promise(taro, agent1 , report(agent2, hanako, something)) 

taro ga hanako ni houkoku-suru koto wo yakusoku-suru 
promise(agentl , agent2, report(taro, hanako, something)) 

Figure 24 : Examples of Ambiguities in Syntactic Analysis 

In ordinary natul'al language processing systems, such as machine 

translation systems, disambiguation of dependency structm·es is performed 

by applying many heuristics within one sentence analysi5 to determine only 
one interpretatiou. This often generates wrong ir1tel'pretations. 

Disambiguation should be done using contextual information in contextual 

analysis, and syntax and semantic analysis modules should pass feasible 

ambiguity structures to contextual analysis. In the next section, a basic 

method to b11.dge sentence disambiguation and context information will be 

studied. 

2.4.4. Contextual Analysis of a Sentence by Logical 
Constraints 

Before entering into contextual analysis, the terminology for ambiguity and 

vagueness must be defined. Japanese sentences in most cases have ellipsis in 

which a pbTase indicating the agent or object can be omitted when it is clear 
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what is agent 01· what is object. For example, the following sentence is a 
complete .Japanese sentence. 

Hanako ni yakusoku-shita. (Someone promised Hanako something) 

In this case, the agent and object are vague. Vague means that something is 

not described and it is hard to list up the rep1·esentatives. On the other hand, 

when we have some list of representatives for lack of information, it is 
ambiguous. 

Even :if all ambiguiii.es in the dependency structures are solved, some 
vagueness may Temain in semantics. Fol' example, in FiguTe 24, there are 
five ambiguities and each interpretation has vagueness which is represented 

by using the word "something", or "agent". 

Disambiguation of Dependency Structure 
As we saw in the Figure 20, ambiguity in an example sentence 

conesponds to a logical formula Ul /\ U6=F, which means that the 

dependency relation represented in U 1 and U6 will not be satisfied 

simultaneously. Each dependency relation corresponds to semantic 

interpretation as follows. 
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/\ 
I\ 

taro_(@ hanako ni houkoku-suru .koto wo yakusoku-suru 
1 ' 2 3 4 5 

I 1 0 Ul 0 U3 

2 U4 0 U6 

3 1 0 

4 1 

5 
-

(Ul ;\IU6)i::F 

'1 V 
report(taro, _ , _ ) /\promise( _ , hanako, _ ) = F 

Figure 25: An Example of Syntactic Constraints between Two Interpretations 

Therefore, in order to disambiguate the sentence in the example, the 

main task to be canied out in the context analysis is to decide whether "Taro" 
can be an agent of the predicate report, or "Hanako" can be a recipient of the 
predicate "promise". In such a case, if we can get inference from the context 

that ''Taro" cannot be an agent of report, we can easily decide the syntactic 
structtu·e of an example sentence. Although we have such a possibility to 

disambiguate sentence interpretations, it is still hard to disambiguate the 

sentence because there is usually little information which strongly denies 

some interpretation. Interpretations of a sentence usually caiTy partial 
information which is supported by much contextual information. and such a 

mechanism gives a sentence efficiency. 

To solve the problem which is caused by partiality of a sentence 
interp1·etation, there are many kind of methods which will be discussed in a 

later section. 
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2.5. Dependency Analysis Using Type 0 
Rules 

2.5.1. Basic Algorithm 

This section introduces a set of logic grammar rules, with which we can 
get dependency structures from an input sentence. Dependency structures 

ru:e constructed from constituents of a sentence, and modi(ying relations 
between them. In the pTevious section, dependency relations can be defined 

in a declarative way, but dependency relations remain t,o be represented in a 

modifying table with which we can think of the relations in procedural 
manners. With the rules presented here, we can write also the dependency 
constraints in declarative rules. 

I will show that modifying relations in dependency structures can be written 
as a set of simple rewriting rules including type-0 and type-1 rules. As a 

matter of fact, termination of the 1·ewriting process with the proposed rules is 
guaranteed. 

It is well known that there is a syntactic and semantic frliosyncratic gap 
between Japanese and English. Japanese has dependency structure in which 
one phrase modifies other phrases. On the other hand English bas phrase 
sh·ucture. 

The idiosyncratic gap between dependency structures and phrase structures 

reflects not only syntactic idiosyncrasy but also semantic idiosyncrasy. 

As fo1· rewriting rules, we cannot write context free rules for dependency 

sh·uctures in which one phrase modi.fies more than two phrases. Machine 
translation systems usually utilize procedures in order to get dependency 

structures of agglutinative languages such as Japanese or Korean. 

As the main feattne of our system, we can analyze the modifying relations in 

dependency structures in declarative rules with graphs which correspond to 
semantic structures. 

For disambiguation of the result of sentence analysis. I propose a const,1·aint 
appl.'oach. In our approach, logical constraints hetween results of parsing can 

be propagated into context analysis. 
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First, we will summarize dependency grammars. Then, sin1Ple rules for 

dependency structure will be introduced. 

2.5.2. Grammar Rules for Dependency Structure 

Now a tiny set of dependency grammar is introduced. 

The following rules correspond to the UCl, and UC2. We will use the synibol 

"word" to note Japanese word with case marker. 

word,, arc, wo1·fu ➔ 

word,, arc, word2 ➔ 

woi-d_arc_array ➔ 
word_a1·c_array ➔ 

sentence ➔ 

word1, worck (Rrl 

word1,(a1·c;[ ]) , word_ru:c_array, wor<h. (Rr2 

wor d, arc. (Rr3 
word,al'C, word_ai·c_anay. (Rr4 

word_arc_array, word_tail. (Rr5 

Rr l is fundamental to display the modifying relation between adjacent 
pb.l'ases as follows. After deciding the modifying relation between adjacent 

words► the object string to rewrite became "phrase ai-c phrase". 
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arc 

wordl , word2, word3. word4 
- -.} 

word1 , word.2 , word3. word4 

Rr2) is a rule which realizes the modifying relation between two phrases 

which are apa1't from each other as follows. This rule also enables us to 

realize URl in which no two mod:ifyin_g relations can cross each othel'. Aftel' 
applying this rev.r1iting rule, the st1ing to rewl'ite becomes simplified to a 
modifying relation. 

word_arc_array 

arc aro 

¥ 
won:11 , word2, word3, word4 

Figure 26 : An Example of Dependency Structure realized by Rewriting Rules. 

Rr3) and Rr4) r·epresent a sequence of modifying relations and also eliminate 

a word which has no relation to other phrase. 

Rr5) defines a sen teuce which is a sequence of modifying l'elations. 

Rewriting rules from Rr 1) through Rr5) realize a set of rules to recognize 

a sequence of words as a modifying relation, and termination of rew1iting 
can be guaranteed because there is no critical pair which generates cyclic 

rewriting. Every sequence of phrases are Teduced to ph_axc_array, and this 
ph_arc_anay will not generate longer strings compared to ph_arc_array. 

2.5.3. Implementation 

Fundamentally, a set of rules introduced in Rrl) through Rr5) is enough 

to accept a sequence of phrases as modifying relations, but in Japanese 

phrases, th ere are some phenomena which makes sentence analysis difficult. 
One of the most famous is coordination of phrases. 

In order· to realize effective implementation, we should study about 

coordination in the style of modifying r ewriting Tules. 
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word, arc, word ➔ word, word. (Rrl 

word, arc, word ➔ word, word_arc_array, word. (Rr21 

word, arc, ph ➔ word, arc, word_arc_array word. (Rr22 

word_arc_array ➔ word, bar. (Rr3 

word_arc_array ➔ word, ba1·, w01·d_arc_array. (Rr4 

sentence ➔ word_arc_al'l'ay, word_tail. (Rr5 
begin. gapH ➔ [begin], g_word. (Rr6 
begin, pword ➔ [begin]. g_ word. (Rr7 
word, pword ➔ gapH, g_ word. (Rr8 
word. gapH ➔ gapH, g_ wo1·d. (Rr9 
pword, pword ➔ pwo1·d, g_ word. (RrlO 
pword, gapH ➔ pword, g_word. (R1·1l 
word, bar ➔ gapH, bar. (Rrl2 

pword ➔ pword, arc, (word_arc_anay;[ ]), word. (Rrl3 
pword ➔ pword, (word_axc_array;[ ]), word. (Rr14 
word ➔ pword. (Rr15 

1n the rules above, every pre-terminal name is "g_ word". First of all, 
g_words are subject to rewriting rules, from Rr6) thxough Rrl5) , and words 

which may have a coordinating word will have a non-terminal symbol name 
"pword". "pwm.•d'' will be make a special combination with its counterpart, 

and become a word which is a subject to a modifying relation. These 
procedures are carried out as shown in the following example. 
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sentence 

worr_d ________ w __ :-+r_:~------:-,~ •-r WO~ 

i 
I ;- I J ary 

word 
: 

pword 

w_a_ary wbnd a C woh:r I 
arc word wo d arcwordt 

I i 

1 

word gapH 

word 
I 

pword 

word 

word 

gapH 

pword g H 

pword pword 

word pword 

b•µ~ 
bet n g_wr d g_wi°rd 

begin taro ga hanako to 

g_word 

Jirb 
g_word 

I 
michiko ni 

g_jord 

houkoRu-suru 

Figure 27 : An Example of Dependency Analysis 

g word t - I -
ya kusoku-suru 

2.6. Constraint Analysis of Logic Grammars 
AI:, mentioned in the previous sections, dependency relations can be related 

to contextual information. At first when we started the reseal'ch to re­

consider the traditional framew01:k in logic programming, we eventually 

encountered a method to relate the traditional method of dependency 

analysis with context. Next, we found a method to write constraints on 
dependency i-elations in the form of rewriting rules. 



Finally, I reached the point of defining fol'mally what we have been doing in 

t.he constraint approach toward discourse analysis. 

In this section, I will develop in depth my theory which successfully pursues 

the fundamental relations between discourse analysis and sentence 

analysis[Sugimura 88c] [Sugimura 89g]. In the presentation, I will utilize 

DCG grammar as a formal device which could be enlarged to the framework 

of formal dependency analysis which was presented in section 2.4 .. 

2.6.1. Logic Grammar 

In a logic grammar like DCG, analysis can be considel'ed the process to 

pl'ove the predicate "sentence" with given inference rules called a grammar 
and an input sentence. Partial trees which are obtained in the process of the 

analysis can be considered as a theorem which is derived from the input 

sentence and the grammar rules. 

First, the inference rules as gramma1· rules can be defined as follows. 

h(Sh, A, An) -- bl(S1, A, Al) /\ ... /\bn(Sn, An-1, An.) /\ (1) 

rel(Sh, (Sl, ... , Sn)) (2) 

bj(Sj, A, B) - c(A,B) /\ B =A+ 1. (3) 

Formula (1) and (2) are the inference rules given as a grammar. Logical 

variables Sh, Sj(l~ j~n) make logical predicates h and bj(l::;; j::;;n) true. 

Logical vai.i.ables A, Aj(l~ j~n) indicate a specific sub-string of the input 

sentence to make prndicate h. and bj true, where each word of the input 
sentence is numbered from the left hand side word. For example, h(Sh, A, 

An) indicates that a sub-st.ring from the word numbered A through An can be 

interpreted as "h". 

The predicate at (2) holds when there holds some relation among 

va11.ables from S 1 to Sn. 

Predicate bj(Sj, A, B) at (3) is a predicate given as a dictionary entry 

which holds when there is a word ''c" at the position A. 

G-1 
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2.6.2. Multiple Interpretations and Context 

Let us consider sentence analysis to pi-ove the predicate "sentence(Sem, 1, 

L+ l)" from the given inference rules, dictionary rules and an input sentence. 

Generally. mo1·e than one "sentence" can be proved conesponding to one 
input sentence. In order to hand.le multiple interpretations, a new predicate 

which is underlined is introduced to the previous grammal' as follows. 

Sentence(Sem, A, An) /\ Sem E I 

- b l(S 1, A, Al) /\ ... /\ bn(Su, An-1, An) /\ 

rel(Sem, (S 1. ... , Sn)) 

"I" is a set with semantic infol'mation which makes predicate "Sentence" 
true. 

Next, semantic infol'matiou will expanded to handle discourse 

information as, even in a sentence, discourse varies [SUGIMURA 86). 

The1·efore, semantic information will be pau·ed with discourse parameters 

one by one. Fol' instance, if discourse varies according to the surface 
structure, a grammaI' rule corresponding to the discourse is presented as 
follows. 

h((DSb,Sh) , A,&) 

- b1((DSa,S1),A,Al) /\ b2((DSb, S2),A1 ,A2) /\ 

rel((DSb,Sh), ((DS~,S1), (DSi,, 82))) 

In the example above, the discourse situation was changed from DS. to 

DSb , between predicate b1 and b2, and last, the discourse situation become 

DSb. 

In the dictionary rule, in the discourse, there is a word c, and from the 

situation, the meaning of "c" can be derived, therefo1·e w01·ds in the dictionary 

can be defined as follows. 

h((DS, Sj), A, B) /\ 1·el(( DS, Sj), (DU, c)) /\ DU I= c 

+- c(A,B) /\ B =A+ 1 

c is dependent on the discourse situation so that DU I= c holds. 
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2.6.3. Constraints on Discourse 

Sentence analysis which was carried out in the rules above gives rise to 

the following constraint. 

AxiomDl: 

=I DS I= S whei·e (DS, S) E I 

This constraint shows that a sentence should have at least one 
interpretation in its discourse. This constl'aint can be applied to the case 

when a set I has two elements as shown in the example below. 

(DS I= S1) V (DS I= S2) 

Next to the Axiom Dl, I will show an important axiom which also plays an 

important role in the discourse. 

AxiomD2 

(DS I= Sh) - (DS, I= SJ) /\ ... /\ (DSn I= Sn) 

where i-el(Sh, ((DS1.S1), ... ,(DSn,Sn))) 

The axiom D2 declares that if there holds an interpretation in some 

discom:se situation DS which is constructed from its parts, the parts also 
hold in each discourse situation. 

2.6.4. Sentence Analysis 

First of all, sentence analysis should be done without duplicating the 
sub-tree, because we would like to avoid making trivial ambiguities of the 

sentence interpretation which are caused by the duplicated predicates. 
Therefore, a set ST with paitial trees (theorems) as its elements i$ defined as 
follows. 

ST= {Sti I Sti is a sub-tree with index i} 

where Vi Vj(Sti = Stj - i = j) 

This condition is realized with pal'se1· SAX, or BUP [Matsumoto]. or 
LangLab [Konno]. 
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2.6.5. Constraint Analysis in Discourse 

Under the constraints shown in the previous discussion, I will present a 
method to analyze an English sentence basically by phrase structure 
grammar, and a Japanese sentence basically by dependency g:rammal'. 

The crucial point of this section is that we have finally reached the point, 

to say that we can analyze a sentence completely logically in discourse. 
The1·efore, this section can be considered as the pinnacle of this disse1'tation. 

2.6.6. Phrase Structure Analysis in Discourse 

Let us conside:r the sentence "You saw John on that'', which has four 
inte1-pretations as follows. In the example, I utilize the semantic 
representation form of Situation Semantics in which an attribute and its 
value are e>.-p1·essed in the form ''attl'ibute/value". Curly braces express a set 
of these pairs which can be regarded as frame or partial infol'mation. 

{rnlation/sco, tense/past, agent/you, objectl{paramct.cr/John}, locaL1on/Lh,lL} 
{relation/see, tense/past, agent/you, obJect/{paramcter/John, location/LhaL}} 
{relation/saw, Len:::e/present, agent/you, objecL/{parumeler/.John}, locaL1ou/thaL} 
{relation/saw, trn~o/prcsen!,, agenl,/you, objecl/{par~mcler/John, locaLion/thaL}} 

In the sentence analysis, we get the results as follows. 
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np 
(DSl=S2) 

I 
pron 

(DSl=Sl) 

sentence 
(DSl=S13) 

sentence 
(DSl=S15) 

~ ~ ~ 
(DSl:::S12) (DS!=S2) (DSl=S14} 

I 
V 

{DS =S3) 
~p I J ~p 

(DSl=Sl 1) pron (DSl=S4) {DSl=S11 ) 
~I---'''---~, (DSl=Sl ) I I I 

np pips np pps 
(DSl=S6) (DS=S10) (DS!=S6} (DSl=S10) 

I I I I 
noun ( pip ) noun WI 

(DSl::SS) OS =S9 (DSl=S5) (DS =S9) 
I ~~I-~ 

p~ep n
1
p prep n~ 

(Dsl=S7) (DSl=SS) (DSl=S7) (DSl=SS} 

You saw John L thL You saw John L thL 
(DUl=YouXDUl=saw}(DUl=John) (DUl=on}(DUl==that) (DUl=You)(DUl=-saw)(DUl=John) (DUl=on)(DUl=that} 

~p 
(DSj=S2) 

I 
pron 

(DSl=St) 

sentence 
{DSl=S17) 

sentence 
(DSJ=S19} 

~ ~ ~ 
(DSl=S16) {DSl=S2) (DSl=S1 8) 

I c6li~1) .---'I--.------, 
I I pbs I I p~s 

(DS!=S3) (0~~6) (DSl=S1 O) (DS v=S3) (D5'~S6) (DSl=SlO) 
I I I I 

noun W noun pp 
(DSl=S5) (DSl=S9) (DS!=SS) (DS!=S9) 

I ___.!_~ 
p~ep ~P p~ep nip 

{DSl=S7) (DS!=S8) (Dsj=S7) (DS!=S8) 

I I I I 
You saw John on that You saw John on that 

(DUl=You) (DUl=saw )(DU!=John} {DUl=on)(DUl=that}(DUl=Y ou} (DUl ==saw ){DUl=John) (DUl=on)(DUl=that) 

Figure 28: An Example of Ambiguities of Sentence Analysis 

In these sub-trees, we can get logical consequences under the axiom Dl, 

and D2 as follows. 

From Axiom D l: 

(DS I= S13)V(DS I= S15)V(DS I= SI7)V(DS I= S19)=T 

From Axiom D2 

(DS I= S13) -

(DS l=S2) -

(DS I= S12) -

(DS I= S2) /\ (DS I= S12) 

(DS I= SI) 

(DS I= S3) /\ (DS I = S ll) 
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(DS I= S11) -► (DS l=S6) /\ (DS l=S10) 

(DS I= S6) - (DS i=S5) 

CDS I= S10) -. (DS l=S9) 

(DS I= S9) - (DS I= S7) /\ (DS I= S8) 

(DS I= S15) -- CDS I= S2) /\ (DS I= S14) 

(DS I= S14) - (DS I= S4) /\ CDS I= S11) 

CDS l=S17) - (DS I= S2) /\ (DS I= S16) 

(DS i=S16) - (DS I= S3) /\ CDS I= S6) /\ (DS I= 810) 

(DS l=S19) - (DS I= S2) /\ CDS I= S18) 

(DS I= S18) -► (DS I= S4) A (DS I= S6) /\ (DS I= S10) 

From the utterance: 

(DS I= 81)- (DU I =You) 

(DS l=S3)- (DU l=saw) 

(DS I = S4) - (DU I= saw) 

(DS I= S5)-.. (DU I= John) 

(DS l=S7)- (DU l=on) 

(DS I= S8) - (DU I = that) 

DU l=You DU !=saw DUl=Jon DU l=on DUI= that 

On these logical relations, we can carry out va1ious kind of formal 
analysis of the sentence in discourse using some kinds of propositional logic 
problem solveTs. 

Problem Analysis with Passive Solver with Freeze 
One of the easiest ways to solve the logical conditions is to utilize the 

propositional logic solver with freeze or lazy evaluation which was 
introduced in section 2.2.2 .. 

In the method to utilize the solver with freeze mechanism, no term is 

rewritten to canonical form, so that we cannot get any logical consequences 
from the theol'ems above. 

However, if we can get some additional predicate which holds, we can 

reduce the ambiguity of the sentence interpretations. For instance, in the 
case that (DS I= S3) which means "saw is to see in past tense", is negated, 
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ambiguities will be reduced from 4 to 2. This problem-solving step was 
carried out as follows. 

(DS I =i=S3) /\ ((DS I =S 12)-(DS I =S3) /\ (DS I =S 11)) 

/\((DS I =S13)-(DS I =S2)/\(DS I =812)) 

/\((DS I =S16)-(DS I =S3)/\(DS I =S6)/\(DS I =S10)) 

/\((DS I =Sl 7)-(DS I =S2)/\(DS I =S16)) 

then, (DS I =1=S12)/\(DS I =f:,S13)/\(DS I =f:,S16)/\(DS I =f:,817) (LCl 

After getting the logical consequences in (LCl, if we get a new predicate 

(DS I * S 11) that means "John was not on that'\ logical consequences can be 

derived as follows. 

(DS I =I= S11) 

then, (DS I =f:,S15) 

/\((DS I =S14)-(DS I =S4)/\(DS I =Sll)) 

/\((DS I =S15)-(DS I =S2)/\(DS I =S14)) 

then, (DS I =1=S13)/\(DS I =1=S15)/\(DS I =l=Sl 7) 

Lhen (DS l =S19) 

As shown in the example above, we can get a solution in a logical way. 

The disadvantage of this method is the inability to derive some predicate 
which holds as a logical consequences. In the next session , some active 
approach toward the problem solver will be discussed. 

2.6. 7. Dependency Structure Analysis in Discourse 

Let us consider the example in Figure 24. In the example, modifying· 
relations which a re displayed with thick lines ru:e co111mon among all the 
interpretations. These common modifying relations conespond to the 
interpretations as follows 

promise(X,Y, report(Z,A,B)) 
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r----~-------... ---------... ~-7 
taro ga hanako ni houkoku- surnto lo vluso!u- suru 

promise(taro, hanako, report(agent, hanako, something)) 

• I t• taro ga hanako ni houkoku-suru koto wo y usoku- suru 
promise(taro, hanako, report(agentl , agent2, something)) 

taro ga hanako ni ~oukoku- suru tto lo viusoku- suru 
promise(taro, agent, report(taro, hanako, something)) 

+ r---. I j 
taro ga hanako ni houkoku- su;u iroto wo y usoku-suru 

promise(taro, agent1 , report(agent2, hanako, something)) 

taro ga hanako ni houkoku- suc--loto ~o vtkusoku-suru 
promise(agentl, agent2, report(taro, hanako, something)) 

Figure 29 : An Example of Valid Interpretations in Ambiguous Sentence Analysis 

Although there are many Val'iants in the interpretations, Lh e common 
interpretations become true as the logical consequence of Dl, and D2. 

2.7. Related Methods 

2.7.1. Dependency Analysis Using Modification 
Deciding Network 

Concerning dependency analysis for a machine translation system, we tried 

to develop another kind of analysis engine using "n eural network 

technology'' [Ishikawa 92]. We call our method ''Modification Deciding 
Network" (MDN for short). The lVIDN has available a number of heuristic 

rules which give it clues as to the most likely meaning relations between the 

words of a sentence. For example, let us consider the sentence below. 
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They filmed the child playing with the camera. 

In the sentence above, the meaning that is most like]y to be understood by a 
human is that the camera is being used to film the child. because of the 

strong link in meaning between the action of filming and the instrument 

used in that action; the camera. Thus, MDN captures the above example 
sentence as follows: 

Kono kamerade asondeiru kodomowo satsueishita. 

1) The child who was playing with this camera was filmed. 

Kono kamerade asondeiru kodomowo satsueisbita. 
2) The child who was playing was :fi.Lned with this camera. 

In this example, the passive is used to make clea1· the differnnt 

interpretations of the ambiguity. In the second sentence, there is a 

punct.uation character which the MDN uses to resolve the ambiguity and so 

p1·oduce the correct interpretation. The uses of the punctuation character are 
not syntactically determined like the comma in English and its use depends 

more on meaning relations. The effect on meaning that the use of 
punctuation characters has is contained as one of the heuristic rules which 

the MDN uses. Thus. while the first sentence has two interpretations, the 
second has only one. 

2.8. Comparison, Evaluation and 
Discussion 
In ol'der to examine the idea in which we postpone the sentence 
di$ru.nbiguation pTocess to t:be appropriate time which there v.rjj.l be sufficient 

information to resolve those ambiguiLies we applied the newly emerging 

par adigm of constraint logic programming into Japanese sentence analysis 

based on dependency relations. At the beginning of our approach to the 
sentence analysis, we thought that constraint logic programming was only a 
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useful device to handle a set of ambiguous meanings. Tlns is because we took 

the constraint programming paradigm to handle the extension as follows. 

Time 1 

4 ambiguities 

Time 2 

Reduced to 
2 ambiguities 

Time 3 

Determine the 
meaning 

Figure 30: An Example of Procedural Disambiguation 

In Figure 30, there are foul' ambiguities (a,b,c and d) for the sentence 

interp1·etation at time 1. After a while at time 2, we got a new constraint 
which eliminates the inte1-pretation a and d. And finally at time 3, we got, 
another constraint which is displayed by a circle, and determined the 

meaning to be "b". This is a first idea to utilize the constraint. logic 
programming paradigm. 

Although the example seems to enable us to reduce the ambiguities of a 

sentence step by step. thc1·e should be a discussion that such kind of process 
is bound to a procedural model and limits the ability of this sophisticated 

mathematical device. Basically, the constraint logic programming paradigm 
hates to be stuck to the p1·ocedural model. It is suitable for constraint 

programming to utilize the declarative model. 

On the other hand, there ai·e alternatives to consider the sentence analysis 

as a procedtue to get an extension of intexpretations of a sentence, or as a 

procedure to get the intention of interpretations 0£ a sentence. The approach 

based on int.ention is effective when we handle the vagueness in the analysis 
because we can not count up all the constituents of the interpxetation. 





3. Japanese Sentence Analysis 
in Experimental Discourse 

Understanding System DUALS­
III 

3.1. Introduction 
At ICOT, the research aim was focused on discourse understanding [Yokoi 

86]. To tackle this difficult theme, I and my colleagues at ICOT had to create 
a vast amount of experimental devices which would support our research 
activities at first. 

The first matter in the discussion on om· research (fu·ection was how to 
develop dictionaries. The c.tiscussion finally concluded in the creation of a 
new laborato1·y EDR. 

The next matter to discuss was the research principle. At that time, there 

were many wol'ks Telated to unification grammar fo1·malism such as LFG 

[Kaplan & Bresnan], GPSG [Gazdar] . HPSG [Polla1·d], and so on. Research 
wol'king groups were launched t.o study these frameworks at ICOT. At the 

same time, we encountered a new theory on discourse, which is the theory of 
situation semantics [Barwise]. 

Situation semantics gave us a fairly good principle not because it was simply 

new, but because it seemed to give us a theoi-etical foundation to manipulate 
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the complicated phenomena of discourse. We at ICOT devoted ourselves to 

tackling a new framework to represent the many relations between discourse 
and sentence. On the other hand, we were engaged to develop suitable tools 

to handle discourse in logic programming [Sugimura 89d]. These two 

activities are unified and displayed thr ough the Discou1·se Understanding 
Aimed at Logic based System (DUALS for short) [Sugimui-a 89b][Sugimura 

89c]. 

In this section, I will present Language Tool Box (LTB for short) which is a 

set of fundamental tools to handle discoui-se information [Sugimura 88e]. 

Secondly, I will present each tool [Sugimura 88e]. My majoi- contribution to 

LTB was to design each tool as the leader of LTB project. 

3.2. Language Tool Box LTB 

3.2.1. Introduction 

A natural language understanding system must meet many kinds of 

demands. 

As the inteiface system between computer systems and their users, 

natural language systems tend to be expected to be able to understand not 
only what use1·s say buL also what they intend. A natural language system is 

expected to make the interface more comfortable. 

A natural language system for res.earchers of linguistics or computer 
linguistics should be very flexible. It should enable researchers to input their 

ideas freely. such as grammars and lexical entries, so that it can be used to 
ve1ny their research ideas. There should also be some debugging or tracing 

tools to check how a grammar or a lex-icon works. 

A natural language system for softwa1·e system development should have 

modulaiity, high pe1-formance. and compatibility v..i.th other application 

softwru:e such as an expert system. Maintenance tools should be prepared in 

the natural language system. In this regal'd. I think it is important to 
develop glueing tools which support us in consb:ucting a system from 

functional modules like a morphological analyzer, or a parser. 
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The Language Tool Box (LTB for short)fSugimura 89d] has been 
developed to meet these demands. 

Features of the LTB include the following. 

• It is intended to provide up-to-date logic based tools fo1· natural 
language understanding research. 

• It accommodates many types of software environments such as 
debuggers and editors. 

• All the tools are written in ESP so that they have high modularity and 
compatibility with each other. 

We believed that a variety of natural language systems could be 
developed based on LTB. 

3.2.2. Structure of LTB 

As shown in Figul'e 31, the LTB was constructed from the following 
component tools. Some of them have already been introduced. 

Configuration of the L TB 

Figure 31 : Configuration of the LTB 

Shell: The LTB shell [Takizuka 88bl facilitated the interaction v.rith tools 
with the LTB. The shell itself could also be executed in a parallel logic 
programming language. 

Database: The collection of Japanese lexicon, Japanese morphological 
grammars and syntactic grammars [Sano 88][Takizuka 88a]. 

CIL: The basic programming language of the LTB. Every tool in the LTB had 

access to CIL and its software environment. Details have ah-eacly been 
introduced :in the section 2.2. l. 
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LAX: This tool has aheady been introduced jn section 1 

SAX: This tool has already been introduced in section 2.2.2. 

GEN: The Japanese sentence generatol', whose input is a frame structuTe 
wxHten in CIL, outputs Japanese smface sentences. It is beyond the scope 
of this thesis to describe the gene1·ation part. 

3.2.3. LTB Shell 

The LTB shell has the following featui·es. 

• It managed all the communications in t.he LTB. It controlled all the 
information flow among the user and application tools in the LTB. 

• It accommodated the notify function which informed the shE>Jl of data 
communication among processes, so that the shell could measure the 
execution interval of a process in the LTB. 

• It controlled all the processes in the LTB. 

• H provided .a standaTd window. The window had a multi-lingual menu 
so that users could use LTB tools in either English 01· Japanese. 

•It provided help instructions. 

On parallel machines like PIM, the shell will enable each pi-ocess to move 
siniultaneously. Communications among the pal'allel processes in the LTB 
al'e pe1formed as shown in Figu1·e 32. 
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(1) 

0-0-o-D 
(2) x_ 
c56 do 

Figure 32: Data Flow Model for LTB Shell 

L1 Figure 32. graph(l) shows the data fl.ow Lb.rough a pipe-line in wruch 

there is no need for the data sender Lo specify the data receiver. G1·aph (2) 

enables communication between hierarchical processes in which tbe data 

sender should specify Lhe dfrection, right or left. Graph (3) enables network 
communication between pl'Ocesses in which the daLa sender should specify 

the name of the receiver. We think that these three ways of communication 
are enough to install natural language processing systems. 

3.3. Configuration of DUALS-III 
DUALS-III consists of 1TB which performs lower-level pl'ocessing. Based 

on the LTB tools. DUALS is constructed from modules for high-level 
processing, such as the problem solver, as shown in Figure 33. Each module 

of DUALS is controlled and supplied with channels to communicate with 

other modules. by a process called a LTB Shell. These channels are 

1·epresented by a thin arrow in Figure 33. Actually we utilized 
communication paths which were presented as (1) in Figure 32. 
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DUALS reads a sentence which is inputed at the left top window of . and the 

following processes ,u:e performed on the input sentence, through the 

channel. 

• morphological analysis (LAX); 

• syntactic analysis (SAX); 

• problem solving (if a question was read); 

• sentence generation planning; 

• surface sentence generation. 

The tune and inter·mediate results for each type of processing are shown in 
the left center window shown in Figure 34. 

Leaming 

Problem 
solver 

Constrair,ts 
on action 

Discourse 
constraints 

_Dl),iLS _ 
LTB 

Syntact ic 
& semantic 
constraints 

Lexical 
constraints 

Lexica 
structure 
s nthesis 

Figure 33: Configuration of DUALS and LTB 
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Figure 34 : Human Interface of DUALS Il l 

Trace oi each processes in DUALS is displayed at the bottom window, which is 

supplied by the LTB tracing facilities. 

3.4. Linguistic Knowledge Base 

3.4.1. Overview of the Language Knowledge Base 

The dictionary [Tanaka] fol' DUALS-III contains: 

• knowledge refeued to by some aspects in both analysis and 
generation(maste1· dictionary and thesaurus); 

• seman tic kn owledge referred by problem solver. 

The dictionary forms a tiny e>..l)erimental linguistic knowledge base 

together with Japanese gramma1· made for LTB. 
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The master dictionary comprises sema1.1tic structures representing the 

meaning and semantic construction rules to connect a wo1·d to another word 

as in the following example. 

{ 
id_number/verb000080, 

part_of_speech/verb, 

inflectional_typ el regular, 

surface/'ATAERU', 

pronunciation/"ataeru", 

semtantics_index/[ve1·b000080A] 

}. 

The semantic structures and rules have been developed through some 
verification.al experiments. This knowledge is used in morphological 
analysis. syntactic analysis, and surface sentence geue1·ation, compiled 

beforehand. 

The knowledge used in problem solving may be extracted from input 

sentences. or may be given in advance. The latter is an independent 

comp on en L of the linguistic know I.edge base. 

Infonnation contained both in the master dictionary and prepared for 

problem solving is described in a unified way, to maintain the standardized 

notation and consistent knowledge of the system. 

3.4.2. Master Dictionary 

The LTB master dictionary consists of: 

• an enh·y file; 

• a word meaning file. 

The entry file is a collection of entry reco1·ds which correspond to word 

surfaces. and the word meaning file is a collection of word meaning records 

for each meaning of a wo1·d. Generally, one word entry record may con·espond 

to more than one word meaning record. 
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3.4.3. Future Research for the Linguistic 
Knowledge Base: 

In the development of DUALS-III, our approach was 

• fu·st. to establish moq)holo~cal and syntactic processing as softwaxe 

modules; 

• then, on the basis of the software, to implement contextual processing 
step by step. 

However, fo1· the low-level processing to provide high-level processing ·with 

enough information, the following reconsideration was required in our 
language data base. 

First. although our master dictionary was expected to be used in hoth the 

analysis and the generation parts, and has the minimum in.fo1·mation such 
as lexical categories and voice information for both. there are some 

discrepancies between the analysis and the generation parts because of I.he 
increasing power of discourse p1·ocessing of DUALS. 

We needed to in1prove the master dictionary so that it would reflect I.he 

syntactic and semantic information independently acquired in anaJysis and 
generation modules. Up to the end of ICOT, the linguistic database had been 
focused on morphological information, while syntactic features like voice, 

aspect, and tense were left for the future studies. Ac1ually lhe language 
database was developed after DUALS-Ill project, and supplied as free 

softwai·e. but there remains many issues around these matters as tense. 

modality etc.[Tanaka Y.] 

Secondly, we also wanted to try to acquire knowledge thl·ough learning to 
enrich the knowledge. Maintaining reservation of consistency of the 

knowledge base will be the crucial problem. These issues were left for future 

studies. 
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3.5. Semantic Description 

3.5.1. Overview of CIL in DUALSCIL 

In sentence analysis, we need to repxesent some semantic info1·mation 

together with syntactic information. On this point, CIL plays an important 

role. 

In DUALS, CIL perfo1·ms: 

• Description of Linguistic information; 

• Seman tic processing; 

• System description; 

In describing linguistic information, the pru:tially specified term (PST for 
short), which is used by every module except the problem solver, is known to 

be very useful. In semantic processing, CIL provides many functions to 
operate PSTs. in system desc11.ption, CIL provides a part of programming 
environment for managing of PST language information. 

3.5.2. Partially Specified Terms and Their 
Operation 

APST is a record-like stJ:ucture able to represent a network structure, which 

was introduced in Prolog, to make descriptions of analysis and semantic 
processing declarative and easy. It can be extended infinitely as long as 

structural consistency is maintained. In CTL, a PST is written as a set of 
pairs of attribute and value as follows. 

{ name/DUALS, vei-sion/3, addi·ess/ICOT} 

CIL provides a variety of predicates for the attribute an d value. In the 

semantic analysis process, the meaning of each word is combined with the 

others, forming a larger semantic structure. For this pm·pose, uuifi.cation is a 
basic function and is provided by CIL as follows. 

I Exe(;ut ion of lJntfinuion l 
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D:PUT> X {name/DUALS, \·ersion/3} 

Y = {demo/{conference/FGCS88, placeflbkyo}}, 
X=Y 

(result of unification) 

Ol'TPUT> X = {name/DUALS. version/3 
clemo/{conforpnce/FGCS88. place/l'okyo}}. 

Y = {name/DUALS. version/3, demo/{conference/FGCS88. placelI'okyo}} 
yes 

The predicate that obtains the content:-; of PST incrementally i!i given a~ 
follows. 

[ExC'cution of PST p1·edicate] 

INPUT> getRole({name/DUALS, version/3}, A. B). 
Ol'TPUT> A = name, B = DlJALS: 

A= V()l'Sl011. B = 3 

yes 

Some syntax notatious arc gwC'n for thC' PST-operating predicate. winch are 
used very often as follows. 

[Z 1s a value of attributC' Yin PST X:rol<'(X.Y.Z)) 
INPUT> {name/DUALS, version/Z}!version = :3. 
Ol'TPUT> Z = 3 

yes 

These functions are utilized to construct the nH'ani:ng of a srntence. 
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3.5.3. Future Research for the Semantic 
Description Language 

As has been stated, PST provides useful rep1·esentation a11d many 
predicates for operating it. FlUthermore, the PTT domain (which is a model 

of PST) is compact and satisfaction complete relative to partial equality 

theory. Based on this, the completeness and soundness of the CIL SLD 
derivation has been proven. In other words, it has been theoretically proven 
that CIL is an extension of Prolog. 

At the end of the middle term of [COT, we were investigating a type 

theory and type system, which would enable us to define PST representation 
and operation in a unified way, fol' an integrated framework for the three 

processes performed by CIL. At last, such kind of theoretical work was left 
for future study. But. some type systems were provided as tools in CIL. We 

intended to eJrteud CIL aiming at a constraint language, and actually CIL 

was expanded at the end of !COT to create Quixote [Yasukawa] and the othe1· 
languages 01·iginated at !COT. 

3.6. Morphological and Semantic Analysis 

3.6.1. Overview of the Morphological Analyzing 
System (LAX) 

The morphological analyzing program translates a Japanese sentence, 
which consists of kanji (Chinese characters) and kana (Japanese phonetic 
characters) which are not separated by blanks, into a sequence of words 

while looking up a mol'phological dictionary quickly. This dictionary is 
converted from the master dictionaTy in advance. 

1'he mol'phological analyzer, which can be 1·egal'ded as having its base on 

the layered stream technique. which is suitable for both sequential and 

parallel processing, is l'ealized by the LAX system. The system pxovides the 
debugging environment for a morphological analyzer and the converter of 
the dictionary. which is 1·eceutly rega1·ded as more and more important for 

natural language pl'ocessing. These facilities are actually developed in the 
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course of L'l'B activities and at the final stage of ICOT. provided as share­
wa1·e. 

3.6.2. Description Format of the Morphological and 
Semantic Knowledge 

As shown in section 1.3.1.. each morpheme has a surface st1fug and 

information called right- and left- hand feat,ure. The left-hand feature 

indicates the category which classifies morphemes. The right-hand features 

of a morpheme stand for the set of categories that can follow it 

Two neighboring morphemes can be concatenated if and only if Lhe left­

hand feattu-e of the following morphemes is exactly in the right-hand feature 

of the preceding morpheme. The details are already given in section 1.3. L. 

3.6.3. Special Features of Morphological and 
Semantic Know ledge 

The m01·phological gramma1· as morphological and semantic knowledge, 
which can be regarded as a regular grammar. is based on Morioka's 

grammar[Morioka]. Figure 35. shows a sample result of morphological and 

semantic analysis. In this example, the configuration and the meaning for 

several derivational words such as adjective f1WJ\.. 1J ("taka-1", high). noun f ,t':; 
~ J ("taka-sa", height), transitive verb r ,~i W> ~ J ("taka-me-ru", 1·aise), 

intransitive verb f,.8j i ~ J ("taka-ma-ru", rise or increase) are constructed 

from the word stem li"WiJ ("taka"), which has a common surface string and 

meaning to these words. 
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O::lrel/high, 
agent/X, 
degree/Y, 
compared_wi t.h/2) 

O=[degree/Y, 
sitlJation/ [rel/high. 

Something()() is in a state of high. 
Y and Z are \,Jnknown 

agent/X. 
degree/Y, 
compared_wit:h/ ZJ 

Degree of high of something(X). 
Y and Z are unknown. 

General n.il e to make adjective 
meaning from adjective word stem 
meaning 
O=I .r Core moaning 

I = !rel/high, .. 
General rule to make transitive 
verb meaning from adjective wore 
stem meaning 

agentlX. 
degree/Y . 
compared_with/Z) 

Something{)() is high. 
Y, and Z are unknown. 

General rule t:o make no.un 
meaning rorn adjective word 
st.om meaning 

"' O=[degr110/l!degree, 
situation/I] ,+ 

+ General rule to make intransitive 
verb meaning from adj eotive word 
stem meaning 

O={rel/make, '-------- O=lrel / make, 
agent/A, 
obj cct/l'agent; 
sib.Jat:ion/Jl 

0 = [rel/make, 
agent/A, 
object/X. 
situation/ {re/h1gh, 

l 

agentlX. 
degree/Y, 
compared_with/Z) 

Something(A) makes something(X) be in 
a state of high 

0 = [rel/ make, 

agent/I !agent, 
situation/I) 

agent/X, 
object/A. 
s,tuation/lre/hrgh, 

I 

agent/A. 
degree/ Y, 
compared_ wit:h/Z) 

Something(A) is made be in a state of 
high by something(X) 

Figure 35: An Example result of morphological and semantic analysis of 

DUALS-Ill 

In this method, where the meaning of the word stem f ,*iJ ("taka") is 

written, the semantics for each derivational word can be constructed by 

applying the derivational rules shown in Fig1..ll'e 35. This method therefore 

provides efficient. development of the semantic construction rules. It also 

makes the ouiline of the 1·ules used by a problem solver clear because there is 

no need to write rules for a problem solver t.hat indicates "If something rises 
then it is in a high st.ate:'. 

As the centtal meanings of the derivati.onal words are written in only one 

mol'pheme, this method reduces the redundancy that is ·witnessed in 

traditional methods. io which each derivational word has its own meaning. 

Using this method, the morphological analyza· analyzes an input 

sentence and output several interpretations that al'e to be reduced to the best 

one by applying heuristics called the "maximum phrase method'' to those 

interpretations. When ambiguities exist in spite of the heuristics, the 
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structure corresponding to ambiguities such as those shown in Figuxe 35 is 
sent to the syntactic and semantic analyzer SAX without data conversion. 

Traditionally, a conversion mechanism is needed to propagate the 
ambiguous result of the morphological analysis to the syntactic analyzer. 

However, in DUl\.LS-ill1 the morphological analyzer is connected with the 

syntactic analyzer naturally because both of them are based on the same 
mechanism, called the layered st.Team mechanism. 

3.6.4. Future Research on Morphological Analysis 

The morphological analysis program was practical enough even though 

the result of analysis was ambiguous. It could analyze most sentences t,hat 

consist of about 30 characters in less than 0.1 seconds. However, the 
disambiguation mechanism was not very powerf·ul or :flexible, so a powerful 

and flexible mechanism needed to be developed. The grammar rules that 
morphological knowledge was written with should also be extended from Lhe 

type 3 grammar to the type2 grammar so as to make the grammar rules 
flexible. 

Classification of 01011.>hemes in terms of grammar rules or the description 
of morphological dictionary was so small that we planned to increase the 
entries oft.be dictionary up to 60,000 morphemes and refine the grammai·. At 

last, the grammar rules were published as open software ofICOT2• 

Although the semantic construction mechanism used in DUALS-ID had 
been effective to a certain extent, it was not yet powerful enough for 

processing morphemes that have many meanings. We needed to research 

how to refine this mechanism so that it allowed us to construct semantics 
flexibly. 

2 Thr ,;,• soft wares c~•n IJp gol from th e• Inte rnet hom<-> pag(• loc-a tC' d 01 
"http //www i('Ol .or .jp/lCOT/ffS/IFS-alist/lfs-catalogue.htmJ' 
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3. 7. Syntactic and Semantic Analysis 

3.7.1. Syntactic Analysis System (SAX) 

The syntactic analysis program receives the output of morphological 

analysis (which is a sequence of words) as input, then determines the 

dependency-relation among the words, consti·ucting a semantic structure. 

This program is developed using the SAX system, and works based on the 
layered stream algorithm like LAX. 

3. 7 .2. Description of Syntactic and Semantic 
Knowledge 

The grammar of SAX is described in extended DCG. DOG is suitable for 

representing the tree structures as shown in Figure 36. A DCG rule bas a 

head written on the left-hand side of the rule, and a body, written on the 
right hand side. The head has one grammatical symbol, while the body is a 
sequence of grammatical symbols which constitute the head. 

sentence 
! 

sentence -> np, vp. np vp 
np --> pron. I np --> det, noun. I I pron --> [I]. verb n vp --> V, np, pron 
det - > [a]. 
noun -> [pen]. det noun 

I I 
[I) [have] [a] [pen] 

Figure 36 : An Example of DCG rules and its Parsed Tree 

3. 7 .3. Special Features of Syntactic and Semantic 
Analysis 

In the development of DUALS-III, we employed dependency grrumnar as I 
mentioned before. In DUALS-III, experi.J.nental grammar rules are as follows. 

word(AJ:gsl),modify _mark,word(Args2) --> 
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word(Argsl),(moclify _mark;[]), word_modify _sequence;), 
word(Args2), {mod:ify(Args l ,Args2)}. 

'rhis rule is a crucial part of the dependency relation and basically all the 
relations could be written in this form. After utilizing the rules above, we 

finally got a ~P.t of rnles which was ah-eady introduced in chapte1: 2. 

3. 7 .4. Handling Ambiguity 

The syntactic and semantic analysis parts determine the dependencies of the 
input word sequence given by the morphological analysis part, using the 

predicate ''modify". When more than one parse is produced, using prefe1·ence 

calculation function, the best one is selected [Fukumoto]. This calculation 
mainly utilizes the distance between a modifying word and modified word. If 
there is no difference among pai·ses in preference, focusing on the relation of 

ambiguous meanings, ref-erring to discoul'se information, and using the 
constraint logic programming method, the solution is reduced. For example, 

if it is known from discourse infol'mation tbat 1E f-("Hanako'·, a girl's name) 

was promised something by somebody, the upper two solutions in Figure 24 

will be selected. The problem solver, storing these constraints incrementally, 

can resolve ambiguity. In the existing method, ambiguities have been 
resolved in pru:sing with heuristics. Wit,h constraint propagation, the 
analysis part does not need to linrit ini,erpretation unnaturally, as is 

usual[Hasida 88J[Hasida 89]. 

3. 7 .5. Future Research in Syntactic and Semantic 
Analysis 

The SAX system was extended to allow description of type O gTammar. 
However, the development facilities fo1· type O grammar were not 

satisfactory. Because type O grammar easily makes a critical pair which 

causes eternal rewriting, we should investigate a normal form which 

partially corresponds to type O grammar rules. These issues on developing 

tools for a set of grammar xules in type 0, were partially solved after FGCS 

88, through development of new tools fo1· type O g1:ammar rules [Fukumoto]. 
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and experimental grammar rules fo1· Japanese sentence analysis[Fukumoto 
89]3. 

3.8. Problem Solving 

3.8.1. Summary of Problem Solving 

The problem solver aims at total processing, inclucling anaphora processing, 
whicb identifies the object indicated by a p ronoun, and p1·oblem solving, 

using the dependency p1·opagation programming technique, devised in 
research on JPSG [Hasida 87]. 

A constraint is information about the structui·e which can be held by some 
object. We think of discourse processing as constraint processing of a 

discourse structure. Many constraints related to semantics and pl'agmatics 
about discourse a1·e described in a unified notation. No special progTams for 
resolving anaphora or solving problems are necessary. 

1 think that problem solving is an incubator for new technology of sentence 
analysis . I and my colleague had many discussion on this theme and tried to 

visualize the future of sentence analysis. Therefore, I think it is better to 
touch on this part. 

3.8.2. Description of Knowledge for Problem Solver 

This sect.ion explains the problem solver, using the honorific relation as an 
example. A.ssume that the following sentence was uttered in a certain 
situation[Sugimura 86a) 

Situation l :Speaker = Taro, Listener = Hanako 

Ut.terance : "Jiro sama ga Ko rare ta to Tomoko ga Itte i mashi ta. 

Tom.oko said Jil'o came/had come. 

Japanese has the constraint that the relation between speaker and listene1· 
should be 1·eflected by the form of the predicate of a sentence. 

3 ·\ t fina l Stf\gti of l C01', ! h;;, dependency gr ammnr 1s served as a f'ree :soft 11·arP The gra mmar can be 
got from I he lnw rne t loc-,l1ed a1 "lntp //www .1co1 .or Jp/1 C'OT/TFS/JFS -abst /0::15.html" 



So, from the above sentence, we know that 'Hanako' is 'Tru:ou's superior. 

This information is acquired through the following processes. 

Morphological analysis shows that the morpheme 'mashita' has the honorific 
relation. Next, receiving this result, t,he syntact.ic and semantic analysis 

module judges that the phrase 'imashita' is the predicate of the sentence. 

Furthel'more, Japanese has another constraint that the relation between 
speakel' and the person mentioned in a conversation is reflected in the 

expressions which indicate the person. 'l'herefore, the expression 'Tomoko' (a 
girl's name) uttered by 'Tarou' . which has no respect marker. shows that 

'Tomoko' is a social equal or inferio1· of 'Tarou'. This information can be 

acquired tlu:ough the p1·evious processing. '\Vhether the phrase 'Jirou-sama 
ga korru:eta' is direct speech or inclfrect speech affects the interpretation of 

the phrase with respect to the honorific relation. The syntactic analysis part 
judges that the phrase can be read in two different ways. sending the two 
interpretations to the problem solver. 

Assuming that it is direct speech, we know that 'Jil:ou' is 'Tomoko's superior, 
but do not know the relation between 'Tarou' and 'Ji:rou'. On the other hand, 

assumingind.iJ:ect speech, we know that 'Jfrou' is 'Tarou's superio1·, but do not 

know the relation between 'Tomoko' and 'Jiirou'. Therefore, the processing of 
the next sentence starts, leaving this ambiguity unsolved. 

Situation 1: Speaker= Taro, Listener = Hanako, 
Utterance "Jfro no yatsu Kita no desu ne". 

Jiro has come. hasn't he? 

F1·0111 this sentence and t.he previous one, we know both that. 'Jil'o' is 'Tai-o's 
inferiol' and that 'Ji.ro' is 'Tomoko's supe,:ior. 

As shown in the example, the discouxse situations with partial 
information are fundamental elements in discourse processing and we 

believe such elements can be applied to many other cases. 

Dependency propagation is, like this example, a mechanism which 

determines a certain structu1·e (in this case the honorific relation). using a 

constraint related to the structure. 

One of the most important areas of research in constraint processing is what 

sb:ucture should be used fo1· representing constraints. Recent]y, many 



inl,etesting results have been obtained, concermng Boolean algebra, for 
example. 

In many cases, one sentence has more than one possible interpretation, some 

of which may be consistent with an interpretation of another sentence, while 
some of them may not be. 

'lb obtain the true meaning of a sentence. we need to hand.le these 

interpretations correctly. as their relations are complex. Constraint 
propagaLion provides a good technique, and was essential for DUALS-III, 

which aimed at discourse understanding. For example, if a system happens 
to know some agent of the ve1·b should be person A 01· Bin a discourse. and in 

another timing a system knows the agent should be B or C, constTaint 
propagation easily concludes that the agent should be B. 

rrhere may be two or more constraints which should be handled at one time. 

If we assign weight to each of t.bem, and control the order in which the 
constraints are applied, it is easy to handle them. 

The DUALS problem solver p1·ovided such a function. 

3.8.3. Special Features of Knowledge for Problem 
Solver 

The DUALS-III problem solver describes discourse structures assuming 

that the meaning of a sentence is a constraint[Sugimura 88c]. In other 
wor ds, it determines discourse structul'e, storing the meaning of each 
sentence as a constraint on the djscoul'Se structu1·e[Hasida 88]. 

This discourse structure involves the utterance itself and a model of 
participants of the conversation. The problem solver treats utterances as a 

human act. and treats a speech act as a constraint on the discourse structure 

in the same way as syntactic 01· semantic constraints. An affirmative 
sentence produces the constraint that its meaning holds in t.he real situation 

(indicated as Situationl). which is a co1Jection of events. A question pl'oduces 

the constraint that, ibf' listener should answer the question. In other words, 
when the system is given a question, th e pr oblem solve1· handles the 

constraint. in which it, must answer the question, and therefore answers the 
question. 
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Let us provide an example. For tbe sentence "Human beings need nature 
to continue to live on lhe earth.", the stl'uctut·e shown m Figure ;37 i.s 
produced. 

situation 1 

speak(sentence, ho ld(Situation1, 
{rel/live , agt/h uman, location/ OJ)) 

t 
!rel/necessary, agt/human, 

, . . . . - . . .. . .. . .. . . 
{rel/live, 

purpose/X agt/human, 
object/nature) \ 

.. l??~t!o_n_/_e~~~) . 

situation2 situation3 

' ~ 
[rel/continue. {rel/live, 

) 

agt/hu~ - agt/human. - r 
action/ location/ earth I- - - -

1 consequence of 
general 

constraint 

Figure 37: An Example of Semantic Representation of DUALS-Ill 

Next, when the question "Where do human beings live ?"is given t.o the 
system, it seal'ches Situation 1, for the fact that human beings live. Using Lhe 

general constraint that in a situation where something X continues t.o do 
something Y presupposes a situation in which X is doing Y, the system 
produces the fact that human beings live on the earth in Situation 1, sending 
the structure (put in the upper part of the top box) to the sentence generation 
module. 

As sho,vn in this example, constraint propagation allows unified description 

even for such a complicated discourse p1·ocessing as constraintptocessing. In 
addition. situation theoTy is a powerful framework which theoretically 
includes these constraints. Therefore, using constraint propagation and 

situation theoty. the prospect of discourse processing is much better Lhan 

before, both theoi-etically and technically. 

95 



3.8.4. Future Research on Problem Solving 

As aheady stated, a constraint propagation program makes it possible to 

determine tbe structure of a discourse, storing the constraints in it 

incrementally. At the time of DUALS-III, these constraints were limited to 

Hol'n clauses as Prolog. After this project, this framework was expanded so 

that rules could be read in not only top down but also other ways, to make 
t.he system more -flexible. 

3.9. Evaluation and Discussion 
DUALS-II was demonstrated at the FGCS'88 conference, held in December 
1988, as one of the products of the intermediate state of ICOT. At that time, 
the reseai-ch into natural language processing u1 ICOT was likely to revolve 

around DUALS in the final stage. 

Thi·ough t.he research and development of DUALS-ID. it was confirmed 
thaL constraint programming and situation theo1·y efficiently elucidate 

complicated discourse understanding and acquire the required knowledge. 

From the point of analysis part of DUALS, we recognized that sentence 

analysis fundamentally should have strong relation to the discourse. and it is 
better for us to make spiral progress stepping on sentence analysis and 

discourse analysis. 

Although DUALS-IV was not made by researchers of ICOT at the last 
period of ICO'I' unfortunately, these issues have been mainly discussed by 

each 1·eseru:cher of DUALS p1·ojects[Hasida 89). Ideas emerged from DUALS 
project were crystallized as a fonn of some logic-based lan.guages like cu­
Prolog[Tsuda]. 

One of the most important issues in pxoblem solving is how to build up 

declarative languages with which we can, not only easily vaite some class of 

constraints, but also execute the programs in those languages faster. 
Experimental software was built and awaiting evaluation by many 

researchers4• From the many evaluations by various researchers, I think we 

will get new ideas toward language analysis. One of the most impo1tant 
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issues is how to merge morphological analysis, syntactic analysis, semantic 

analysis, pragmatic analysis. and discoU1·se analysis into one framework. 
There are some trials toward such kinds of tools, but I hope for moxe 

competition between knowledge description tools for natural language 
analysis. 





4. Japanese Sentence Analysis 
in Japanese English Machine 

Translation 

4.1. Introduction 
Recently, various kinds of machine translation systems for the 

commercial market have emerged. Although there still remains the 
ambitious hope in the market that machines will provide a complete answer, 
though there is no such complete system, translation systems have begun to 

be l'ecognized as a useful helper for human translators and general users. At 
least, a translation system knows so many words which no hunuu1 can 

remember that the system can be a useful partner fo1· any user. Therefore, a 
user friendly interface is crucial to the design of machine tl'anslation 
systems. 

In the field of machine translation systems, there are many variants for 

the realization of the systems LN agao 86]. 0 ne oft.he most idealistic methods 
of realization and implementation may be a pivot method in which every 

language is translated into an ideal intermediate language and from this 
language. every languag·e can be generated. On the other end, a bi-lingual 

canned text editing system[Sugimura 84] based on hyper-text and its user 

interface can be a good l'epresentative of machine translation especially i.n 

the field of conventional documents like formal letters, legal documents, 
formal speeches and so on. I do not intend to deny the :fuLure of this method, 
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but. it seems early to dil:ectly tackle it. Our approach is more near-sighted 
and focuses on the art of user interfaces[Sugimura 93]. 

OU1· machine translation system has three features as follows. 

• It facilitates several kind of user interfaces which enable the usel' 

to interrupt the process of translation and add their knowledge 
into the process of disambiguation. 

• A h·ansducer is included to carry out the translation 
process[Kawagoe 90). Dictionary look up is also fast as the result 

of the development of unique data retrieval system, and 
utilization of LAX system[Nakajima]. 

• A Modification Deciding Network is used to analyze the Japanese 
modifying relations, which enables us to merge several kinds of 

syntactic and semantic constraints into one framework[Ishikawa 
92]. 

In this section, user inte1faces which allow us to entei- our knowledge into 
the system for the pl'ocess of disambiguation will be represented in 
detail[Aoyama 90]. 

From the research stand point, linguistic phenomena which need the 
human user to help decide their interpretation are best being deeply studied 

with the aim of making a new algorithm which ultimately handles the 
phenomena without l1elp from the user. 

Therefore, a machine translation system ""+th conversational mode can be 
a fruitful system from the commercial view point and for reseru:ch. 

4.2. User Interfaces to get Human 
Knowledge 
Our machine translation system facilitates two dialogue modes to 

interchange knowledlge v.,j_th the user. The first one is a simple mode to help 

the system solve a p1·oblem for which it is difficult to decide the solution on 
its own. The second is a detailed mode in which the use1· can disambiguate 
all the intei·p1·etations of each process of machine translation. 
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In this sect.ion, the detailed mode which includes simple mode mteract ion 
will be shown and discussed v.rith the aim of determining the future direction 
of natural language processing 

4.2 .1. Morphological Analysis 
In morphological analysis, two kjnds of dialogue m·e implemented. One 1s the 
diaJogue about contents of the dictionary, and the other is Lo correct the 
interpretation of the morphological analysis as follows. 

Correct the interpretations of the morpholof,rical analysis. 

i. Registration of new words Lo the clictiona1y 

:1 Correction of the features of the dictionary. 

The first case is effective when the system encounters a p1·oblcm hke in 
the following example. 

Input Sentence:-fl7)fl!.fr:f4il/iHU~i;F.; i.:, L,t.:.. 

The l ' 1 Result: 1: 17) • II.~: · 111:i · iJ{ · /1~:-r.lt · ~ • 1'1,i · 1? · l · t.:. 
At that time. the rain makes the roof wet. 

The 2nd Result:-i- 17) • 11.hm · if · fit1l · 1:- · f;},1 · 0 · l · t.:. 
That rain in May makes tl1e roof wet. 

In such cases. the system asks user to correct the segmentation point using 
the dialoguE' interface shown in Figure 38, 

The second case resembles a case in a kana-kanj1 conversion sy,;;tem. 
Csers can register many kind of words using the interface facilitated by the 
system. These three kinds of registration can be carried oul by the U!'.C'r 

inte1face as follows. 
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Sub-Category 

(_ Part of Speech 

1 1 11!!lH:i'lll*:t:'*O)fiIE 

la: 

Delivational Form 

f:(]) 

~i*~m 
~{* 

Exit the Dialogue 

Help 

Handle the selected area Re-Analyze 
as a one word/morpheme 

Figure 38 : Human Interface for Morphological Analysis of the Machine 

Translation System 

In Figure 38, there are two buttons for re-analysis and enforced 
segmentation of the input cha1·acters into m01-pbemes. In order to utilize the 

interface for registration of a new word, the first thing the user should do is 
to hi-light the area which conesponds to the word, then press the button to 

register the word. In this case, the user can also register the part of speech. 
sttb-category. and derivational form of the word. 

Actually. while it is difficult for Lhe use1· to register a correct mol'pheme 
into the system, this interface plays an important role in conecting 

sequences of characters which the morphological analyzer cannot handle 
properly. 

Utilfr.ing the dialogue tool. we realized that there will remaiJ.1 the three 
issues above even though we can make a sophisticated morphological 

analyzer of quite high quality. We also have to design a mo1-phological 
a1).alyzel' which has strong relation to the sentence analyzer. 



4.2.2. Japanese Sentence Analysis 

In sentence analysis, there is much information which the system needs the 
user to conect as follows. 

1) Disambiguation of multiple meanings of a word. 

Ex) -¥- f~ l± 8H v' -C v' ~ ,., (Gogo ha Aite iru) 

1) It opens in the afternoon. 
2) I am free in the afternoon. 

Like the example above. there are many cases in which it is hard for 

the program to disambiguate the meanings of a woi-d. Another example 
and a dialogue wind.ow is shown in Figure 39 

2) Disambiguation of dependency structures. 

This case was discussed in chapter 2. 

3) Disambiguation of case m,ukers to be fulfilled. 

Ex) 1FJII l± ~cA,. --C:- 1, ,f.:o (Akutagawa wa Yonde ita) 

1) I have read a book written by Akutagawa. 
2) Mr.Akutagawa read (it). 

In the example above, a human's name Akutagawa can be 

interpreted as an agent, or an object. In the Figu1·e 40, another 
example to disambiguate the case and the interface window ai-e 

shown. 

,t) Disambiguation of the meaning of post positional markers or 

derivational mo1·phemes. 

Ex) 'k. 'E Ii~ < IJ) ~.~ ~ i ~-.z '?;ht:. .., (Sensei ha Ookuno Mondai wo 

Kangae rareta.) 

1) Our teacher could make many questions. 
2) Oui- teacher made many questions. (in polite form) 

In this case. the derivationa1 morpheme ''rare" can have two 
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interp1·etations. One is to display the ability of the agent. The other is 

to add honorific attitude of the speaker to the teacher. 

fi) Disambiguation of the scope of parallel phrases which usually have 

parallel case markers or parallel meanings. 

EX) Fl ~O)/~J;}tlilO)J§¥~1o (Nibon no Niwa to Eikoku no Teien) 

Japanese garden and B1itish garden. 
11 *0)~1;_ ;!J:[ljf 0)'9'.Jl9 (Nihon no Niwa to Jiin no Sha.shin) 

A photo of a Japanese gru:den and a temple. 

In the example above, although two sentences have the same suiface 

struct,ure which bas a sequence of a noun with post positional markel' 

"O)(no)", a noun with post positional marker " c (to)", a noun with post 

positional marker "O)(no)" and a noun, the inte1·pretations differ from 

each other because the scope of pru·allel phrases differs in each 

sentence. 



We can manipulate this information by entering a command into the 

system through the interfaces as shown in Figm·e 39. In the fi.gm·e, the user 
can fix the multiple meanings of the word. 

Title of the dialogue window 
telling "Selection of meaning of the word# 

word with 
amblguovs 

meaning 
<- -> 

lt!t~r~~<QJl::li~§&O)ff~tl:rftt 
L -CL 'a:9" ;~O) cpf.l,i:>il!1v--C:l-~l. ' · 

Help Exit 

To Respon 
To Solve 

7□r,E;~ ~ The word "Kotaeru" has plural meanings. 
-3,,QJW~·JW(t-Q Please check the correct meaning 

Focused word 
to fix Its 

interpretation 

Button lo select 
tt,e ambiguous 
word which localed 
at righthand side of 
lhe focused word. 

Figure 39 : Human Interface for Word Meaning Disambiguation 

Ambiguities in dependency structures, case makers, roles of the case makers, 
and scope of conjunctions are mutually related. Therefo1·e we made an 
inteiface shown in Figure 40 to determine them. Through the intel'face of the 

figure, we can not only collect a variety of ambiguities, but. also accumulate 
the example data which will offer a lot of fruitful insights into sentence 
analysis in future research. 
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Correction of dependency relation 

fl,(;t ,f:(J) 'T~.7..1-~ 

~;t~;::ctJ~1:E't:: 

$Ja 

This word is in tlhe 
subject case to the 
word underlined 

c::::J 

ffl,y7:L ,f::(/)1'.:, 

::ti§ '(:;;:'-------l--1-. This word is in the 
subject case to the 
word underlined 

Ambiguous dependency 
re lations are listed up 
here to be checked 

Figure 40 : Human Interface for Disambiguation of Modifying Relations 

4.3. Evaluation and Discussion 
At. first when we start. designing· the system, we are aiming at a realistic 
system which will totally realize high reliability in the translation process, in 

which t.he system will not ehrninflte ambiguities with low reliability, and will 
depend on the human user t.o decide alt,ernatives which can not be 

cbsambiguated wit,hout. contextual infoxmation. After we implemented the 
faciliLies t,o enter the knowledge of the user into the system, the system 

became more competent at sent,ence analysis. 

However. it is regretful to say thai such interactions tend to be regarded 

as special ones whir.h can h~ utilized only by specialists who know machine 

translation systems well. I p1·oposed a system which can be tuned at the 
user's site, but, it was very hard to get agreement from the use1·s to such kind 

of system.5 Actually. the user tends to hate such interaction with the machine 

6 1 hocl a ohunro lo ask the opinion of tht' usc•rs of m,lch1nt> 1nmslo t1011 ss:11oms 111 l\lacb1 no 
Tr.inslf1t ion ran• at Osa 'ka rn I Hfl3 as H ptinehst Tlwrc• was strong oppo~H ion 



translation system because the users tend to feel as if they are oxdered by the 
machine which has inferior ability to the user. Such kind of relationship 
between the user and the machine makes it more difficult to build up a 
dialogue system which enables the machine to get more knowledge from the 
human user. 

Therefore, I think we should not neglect. the facts that the user of the 
machine translation system will persistently requfre high quality translation 

machine. Fortunately, there are many sophisticated works 1·elated to 
sentence analysis, and using a dialogue system as a supporting tool Lo 
develop a machine translation system. we should apply many kinds of 
heuristics to the sentence analysis. 

As for the translation engine for analysis, my algorithm for 
morphological analysis is sufficient to cany out the task. As fo1· sentence 
analysis, there are many issues left, and as for the transfer process, I think 

there remains room to rearrange the conventional tree to tree transducer by 
way of logic p1·ogramming from the view point of a rewriting 
system[Suginrnra 90a]. 

107 





5. Conclusion 

5.1. Discussion and Future Work 
It is a great tii.bute to the logic p1·ogramming paradigm that I could 

continue my research with little deviation from the main issues. From this 
point of view, logic programming can be 1·egarded as having given me a 

strong policy to explore in the broad area of natural language processing. 

As for morphological analyzers, current technology looks to be saturated 

because issues left may need a knowledge of sentence analysis 01· discourse 
analysis. To realize such kinds of new framework, a new device which 
enables us to handle linguistic constraints more freely without conside1i.ng 

the modularity of the implementation has to be developed [Hasida 87J. 

As fo1· sentence analysis, I dru:e say that we could not attain all the issues 

in sentence analysis so that we had to continue laborious work to collect the 
actual material. My framework enables us to write linguistic constraints 
declaratively and simply. Therefore, we can separately discuss the purely 
linguistic issues and technological issues. 

As for the linguistic issues of sentence analysis. I think we have to handle 

voice, aspect, ruid tense [Teramura], as issues about which much study still 

needs to be carried out in regard to machine translation systems. We need to 

collect data on anaphoric expressions [Kameyama] which are very important 

in Japanese-English translation systems. There should be some model to 

handle intention which appea1·s in the inflectional morpheme. 

As to the technological issues which translates and executes the linguistic 
knowledge, mo1·e feasible tools will be beneficial for the reseal'chers of this 



area. These days, personal computers have almost the same ability as 

workstations, so that we should develop om' tools on PCs with popular 

languages. On the other hand, the age of parallel processing is emerging 
from the field of data base systems, and this trend will be a main stream in 

the decade. These factors will support a parallel language and its application 

in near future. 

'Th sununarize my work concerning logic based Japanese sentence 

analysis, I will make a list of my work as follows. BPginning from the 
research and development of morphological analyzer, I hoped I could 

contribute to the research to handle linguistic constraints all in logic. Having 
logic programming .as l'esearch background, I think we should tackle the 

research axeas which a1·e displayed in gray color in the list.6 

Actually there are many works which tackle many of the hard p1·oblems 
in the area displayed in gray color. I hope good competition between different 

kinds of approaches may open the door to the next decade of natural 
language reseaTch. 

Frnmt~wotk lo 
writ f> 
knowledge 

Tool to 
maniplllaLe the 
knowJt,d 'C 

Morphological 
Analn1is 
LAX Algorithm 

PSJ, W8. PC 

,\ccumula~ion of 70,000 words 
l~nowkdae 99.8-1% mwision 

Seni.ence Analysis Di:;course Analysis 

Natul'al 1anguage processing can be regaxded as a science comparable in 

size to space technology. In the old days, human beings could not grasp all 
the celestial systems and made a lot of myth and rough pa1tial them:y which 

could be applied only to some parts of the sky. Natural language may 

resemble the celestial system in that we cannot grasp the whole phenomena 
even though we utilize language all the tinie_ 

6 • \s am m charg;, of a pr0jN~I of machrne l rnnsfot1on systems for m1.1rkE't U$t', I nm act u11 I ly struggling 
lo lrnild a new framework usm~ lnrgc, b1-hngm:il lell.1 base but lh1s work 1s lwyond t In;. t hE>,:;1s anti 
,should be chs(•uss!'d 1n unot hc,i• p:·lper 
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The main factor which promotes modern sci.en t.ific reseai'cb on space was 
detailed work on the observation of stars. Tycho Brahe. a Danish astronomer 

gave a tremendous amount of background data to Keplar who founded a 

crucial theory about the solar system. Sometimes a partial observation of 

natural phenomena like a dropping apple could lead to a hig thP.ory which 

explains almost all the phenomena of the sky. 

Even about ten years ago, it was very hard for us to process actual 

natural language texts by computer. But now, we ate entering the new age of 
utilizing actual text on the compute!'. This fact will give us a chance to 

analyze the actual material, so that at last we can apply the effective 
methodology of modern science to natural language processing. 
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7. Appendix A 

Appendix A 

lex_P2([C I W], Result):-

diet(C, W, 0, [[0, end([wol'd, top_oCsentenee]), nil]], out), 

mawaru(W, 1, Out, Result), 

mawal'u(l], NO, IN. IN). 

mawa1·u([W I RJ, NO, IN, out):-

diet(W, R, NO, IN, 01), NOl is NO+ 1. 

mawai-u(R NOl, 01, Out). 

% diet Pal't 

diet(\.,', C_Words, ID_NO, Insti:, Ostr0) :­

IDNew is ID_NO + 1, 

filstr(Instr, ID_NO, Ostr0, Ostrl, StObj), 

filcon(StObj, 

[~fitrTJ, IDNew, ~(1* §.ilftt±'½), ~{~)J], Ostrl, Ostr2), 

(C_ Words = [CI Words], 

1.,,(C. Words, ID_NO. StObj, Ostr2, Oso:3). 

Ostr2 = Ostr3), 

sweep(Osti·0, Ostr3, [[ID New, 1, ~{fj,7'~-lf(v \) I StObj]]). 

dieL(36, C_Words, ID_NO, Instr, Ostr0) :­

IDNew is ID_NO + 1, 

filstr(Instr, ID_NO, Ostr0, Ostrl, StObj), 

filcon(StObj, 

[¥> n1f Ji. IDNew, &?(!If}J~~i)~&:.:tillr:), &">ft1J]. Osu:1, Ostr2), 

(C_ Words = [CI Words], 



.!b(C, Woxds, ID_NO, StObj, Ostr2, Osti-3), 

Ostr2 = Ostr3), 

sweep(Ostr0, Ostr3, [[IDNew, 1, .-Ktz:iikrill(~) I StObj]]). 

diet(~, C_Words, ID_NO, Instr, Ostr0) :­

IDNew is ID_NO + 1, 

filstr(lnstr, ID_NO, Ostr0, Ostrl, StObj), 

filcon(StObj, 

[~WiJi, IDNew, ~('7 ~~~~ftmfflft/J1i'f), ~tt1J], Ostrl, Ostr2), 

(C_ Words= [CI Words], 

~(C, Words, ID_NO, StObj, Ostr2, Ostr3), 

Ostr2 = Ostr3), 

sweep(Ostr0, Ostr3, [[IDN ew, 1, *~i~ffi·( ~) I StObj]]). 

dict(/j:, C_Words, ID_NO, Instr, Ostr0) :­

ID New js ID_NO + 1, 

filsti:(Instr, ID_NO, Ostr0, Ostrl, StObj), 
filcon(StObj, 

[l'j: IW )j, IDNew, ~(f.fWJiiPJ), ~fi1i], Ostrl, Ostr2), 

(C_Words =[CI Words], 

tj:(C, Words, ID_NO, StObj, Ostr2, Ostr3). 

Ostr2 = Ostx3), 

sweep(Ostr0, Ostr3, [[IDNew, 1, ;f~1i:i3I<tffl'(fj:) I StObj]]). 

% Process for character which is not in the dictionary 

dict.(C,RR, ID_NO. Iust1·, Ostr0) :-
IDNew is ID_NO + 1, 

filstr(Instr, ID_NO, Ostr0, Ostrl, StObj), 

sweep(Ostr0, Ostrl. [[IDNew, 1, *~1/ot~(C) I StObj]]). 

%Sub Processes 

l '(t.:., C_\Vords, ID_NO, StObj; Ostr0, Ostr3) :­
IDNew is ID_NO + 2. 

filcon(StObj, 

[~mHJJ7i. IDNew, :Ji'fj(J~~iffi~). frfi1~n], Osti-0, Ostrl), 

filcon(StObj, 

[1~~ij )J. IDNew, fl(ffi ri ~;f~). 1~1i)i], Ostrl, Ostr2), 

(C_ Words == [], 
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Ostr2 = Ostr3, 

C_ Words = [CI Words]. 

v' t.:(C, Words, ID_NO, StObj, Ostr2, Ostr3)). 

v '(_,_,_,_,X,11..'). 

v1 !.:.('fl>, C_Words, ID_NO, StObj, Ostl'0, Osil·2) :­

IDNew is ID_NO + 3, 

filcon(StObj, 

[:t'j;,t)'~trJJ, IDNew, ftJ;N'J, ·t'J;&?fijj], Ostr0. Ostrl) , 

filcon(StObj , 

[~:& El JriJ Ji, ID New, f&:l=l , t~n f~}j], Ostrl, Ostr2). 

v ~ t-.:(_,_,_,_,X,X). 

~ (__,_,_,_,X,X). 

;,s (_,_,_,_,X,X). 

~ (_,_,_,_,X,X). 

filstr([], _, X, X, []) :- !. 

filstr([[ID IR] I RR] , ID, Str0, Strl, [RI Rl]) :- !, 
filstr(RR, ID, Str0, Strl, Rl). 

filstr([[ID IR] I RR] ,lDN,[[ID IR] I Str0],Strl, Rl) :­
ID >IDN, !, 

filst1·(RR, IDN, Stx0, Strl , Rl). 

filst1·([[ID IR] I RR], IDN. StrO, Strl, Rl) :­
ID <IDN.!, 

filstr(RR. IDN, St1:0, Strl, RI). 

filcon([ ], _, X, X) :- !. 

filcon([(KS I W] I Data],(CMS, Id, HC, US], 

[[Id, US, HO, WI RO] I Strtail], Strtail) :­
check(IIB, CMS),!, 
filconl(Data, CMS, RO). 

filcon([_ I Data]. CMSHC, RO, Stt) :-!, 
filcon(Data, CMSHC, RO,Stt). 
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filcon 1([ ],_, [ D :- !. 

filcon l(f[KS I W] I DataJ,CMS,[W IR]):­
check(KS, CMS),!. 

filconl(Data, CMS,R). 

filconl(LIData], X, Y) :- !, 

filconl (Data, X, Y). 

sweep(X,Y,Z) :- X = Y, X = 1. 

sweep(X,Y,Z) :- nonvar(X),!. 

check(end([)tl'irj, XiIJ1J), 1'1 Nii Ji). 

check(end([Xi'!l'i, Jt51Ji]), ~ffif-i,iJY). 

check(end([3'l:1WJ. )(',It[]), 1~~1JJI). 

check(end([XM, XYJ'I]), ·l)iiY) 11,JJi). 

check(end([X:11ri, XY(t]), fbd I 11lf JJ). 

check(1nH~ Ji, cit) riu )J). 

check(itH~ )j, ~ (Jlf )i). 

check(¥.,ff JJ. Z, nri Ji). 

check(·kY~ fih, ~ Mii JJ). 

check(~f:t:J1. ~,WJJ). 



8. Appendix B 

Example Sentences to evaluate the speed of the analysis. 

(1) A fu9 iJ~. .:. 0) .111!.!JkO) .t --C-11:. ~ $1\:tt -c v' < t..:&? (.:Ii' c· ') L lib' Ii r.10) 
,if,c7;.f.:;ji,CTG t:ttttt.lit:t G t;tv\. 

(2) fl t..: -s il'~ H 1t---< Z> !lwJ b , 1± A, -z: 1,' Z> ~( t , lr ~ llrf b . t t ti c 1., 1 x. Ii', 
th. t:t fl 1,fi.;.Ip. iJ, c., ::P. ,.: A i't.t..:!W-C:'ch ~. 

(3) A rf-ij ( i , -f 0) tfE ti. t..: i.½J4~ t 1~ -? -C , Ii rt.~ ir G 1 ff, t..: !Jw.J i :i:51,i. t.: )Jll I L , l'I 
53'-t.: i:, 0) 1=: ffi i- ~ ;o, 1.: L -C v' ~ . 

(-1) AFrJJ(:: c --.J -C, t1r.J:::1±, ~Ji fJ itv 1 l~i!J;tO)Ji)rl,'.~O)t.:. 

(5) i t..:, AH~ (i. ~.lili i {t ~ t..:clt') t.:, LI I t lJJ t) HJ1 L -C ·-y: 11!1. ,: Lt..: ~) . xim 
t f\)!flJ t.: 1- J.> t::. rf) ~:: 1 ~,t"_ ~ ijj ~) rm V' -C J.fllf{i ~ 11! °? f,:_ f) [_, -CV I"' , 

(6) <V> ~ v I Ii, 'Mi~ t €.:. T t..:i) t:, JI I O)iftEh t-tt ~ 11·.clt')-c Y ~ i- kRJt Lt..: 

IJ . I ~;i:fili fi~; c: T 6 t..: &'J 1:, ibJ: i- .Iii!~) 1L -C •t"Jii.J.t!!. ,.: ~ x. t..: IJ L -C v I Zi . 

(7) ".:) 1 f) , AN-~ ri, 1,' 1:, 1.,, 1:, tj Hi:F-1:'· fl ~ t.: f:. i- ba .:z. -c 1, 1 ~ o) "t" ~ ~ . 

(8) .:. 0) .J: -J (.~, A ru9 Ii, (J ?'~ii{ ti:. J,i. tU -tit ~ iii/it. t L -C ;'.jilj n-I T Z, - }j, fl 
5:,'- t..: i:, ! .: ms f,-0) ll I,' J: '? (.: fi r.t 0) ~ 'd:' ~ .:z. -c ,tji!f L -c I,\ ~ . 

(~)) _:.O)Jt!!.JJJ-:t\ AFdJt.:(j-1';\ f=1r!.~O)~iEt~.m1 fr:½'-fljffi Lt.:. VJ, nr~t 
~~Lk~T~~~tntt•.:z.~~~t;t0)~~~ -

(10) Li)> L, -f :il t.: 1J' ~ t v' ✓) -C, AmJ i)<i}G\ v' 0) 1 i (: O r/.~O)~ 'i- it .:z., -t 
O)ff imt 'd:' f:-'11 t.::. IJ * 1$ c::. fl 5}t::. -1:y 0) ~ (.: L. -c L. ;:I: 0 -c lb 1,, \,) 0) t:. 7_:, ') 

1P. 

(11).:..:. ~ • .:lf.:z. -C ;;.,.~ittt(;l'.'tj ~ ~1,10)/.t, □ ~Wt:::!±, ~ i ~·t ~;fiff~ 
0) ~~mt::. 1:) iJ'f, -t ;h,-f'tl.O) J~:t]l I.: r.'6 t. -C 1£ ~ -C 1,' ~ c 1,, -J .:. t -C- &> ~ . 
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(12) -f L, -C, .: fl, G O)lj;Jfl,1 t.: 'S Ii, IT. v' t.: mtlt-9-;t {tv\ tlMH:M7Jj.~-? 
t..:r~ f* 'f 1~k-; tJ: iJ{ c,. ~ m L. -c \.,, ~ t \I, -j .: t -z.-- ib ~ . 

(13) ~ C: v' -j ¾t J:]l '.t- f91J t.: C: -? -C JJ- J: "? . 

(l '1) ~ t: Ii, It' 7:> v '7::, 7'j: J;b~i!J -/,rf{:]: A, 1:v, ~ . 

(15) !i~ t Ji~ b !R :fl, t-:> t ,J, ~ t.d~~l:.!IM 1b v'~ . 

(rn) Wl G tJ:, + .: t.: if:il ih {> Ir ; d:. ri!i L -r v, {> c ", --:> -c v, v, . 

C 1 7) 1i Cl) M ~i!J f i , !P)) ~i!J t.: -s t.: jt: 1i!J 7S:- ti~ L. -c v , {> . 

(l 8) .Ii !.HJ.: -S I i , ;,k ~ if[ 0) ii€ 7S:- ft~ t.: ~ , Zt: Cl) ¥If ~ , * C7) •~iJ... G /fl {> tih~ 7S:-
1Yl ? t.: t) L- -c 1:. f6 L. -c v ' ~ . 

(19) ,J,t;t.: i':,Cl)ib~ b o:iti, *O)~~~r:3f7S:-~/vt:-'Jv'li'tl'. 

(2 0) Y :t.l ~ ~ J ld ;t , * Cl) ~ .iy> ~ i' ff Iv 1: ftll'. t:. -t {> . 

<2 1) 1 t:.. m11qm fITl :t: v') r~-tf- t Ji!. -c 1fl • ~!I.Pi: 1t---z o -~ nt") '° L. ,\% tit, r ~11 
"? 17-1-Cl)J: -j 1J:t'Xl>v'o . 

(22) !:h 7S:-filf.t: L, -c v, {> -JJ .r. 11,, Ii, A. 1! K-fokh- t.: ~ n -c L, i -j . 

(2:3) -f Cl)-" I! b , 7 tJ Cl) .t -j tJ: * ~ tJ: -~ t.: Ii 7]'~ :bit v,. 

(2,1) !VJ~o/.1 t.: 1;; iJ!9€ Iv t-: '? . f& 1;; ~-If fl 'b -? -C J: t.: iW; t.::.-::> t.: I') To C , J: 0) t:p 

0) fl~.'l:.!!t iJ{f{VJ ~ ~ti &'J o . 
(25) tJ ~ t -/)'I< 17 "r 1) 7 (J) J:? it1~~~1i, ]WJ~~J~fwl!lm0)9€~7S:-Jm; 0-tt, 7} 

~{~L-CL-i-:i . 

c2G) 5Jf9~ 0) ~a *-r· ~ t.: ~i!J 1t, ~ -!Js·-c. ?iMt11 o:i rt,t t L -cf~ n~ ; 1J& v, If£ c., :n {> . 

(27)-t""? L-C, f~!~l±l&:f~l. Jbti!Jt.:-1:>(:, 1'l<YWrLv'~~ttl-ut1-o.:.t 
(.: ~ .Q 0) t.: . 

<28) .:. ~ L- -c rt -c <. z, t. uo:i 1:.~Y., 1;J:, II."' c~ ~--< t.:. v) it--< e:, ~'Lt.:. t) L. ~ -/J~ 

G, ~ ftf t L. -c Ii . "? i v 'Aii- /: ~{] 1? -ft"' i-1.~t~-? -c i..' ~.:. c ii~5tiJ, Z> . 

(29)11,/i 1? Ii, -f:' ;/'L-f·ti 't'-t~ C., M') 0)4:_ ~ Ji 7i- L, "( v \ ~ 0) "'f ,;J: 7'j ( , 1£ ~ /IT] i·1J\ 
I,,., i::> ( i'' B i: Yi!, ;z_ 7J: V 'ijt 0) J: "? it b 0) 1:--:::) 7J: i.J,' I? -fr-? -c "' .Q t t v, X. ~ . 

(30) t~ tP G. 1b l1r1J IJ,o:i JJ;(I~ -r·.: (J)f~ I') 1-tv, iJ{(i}Jl;h. , ~ff} p) ± t ~fi Iv -C v, t.: 
il~ irtltf· t:, eJJ G h ~ t , -~- i. , iJ{ 1 t '.t v , W, *-$ ii'~ -:. ~ .:. t ~ &) o . 
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9. Appendix C 

Source Grammar to translate into the SAX code in DCG. Numbers in Jtalic 

face am ''identifiers" which are inserted for the purpose of the explanation of 

the translation. 

sentence ➔ 

np ➔ 

up ➔ 

p1·on ➔ 

vp ➔ 

det ➔ 

noun ➔ 

:- public 

np(X.LC) --> 

np, idl vp. 

pron. 

det, id2 noun. 

[I] 

v, id3np. 

[a]. 

[pen]. 

sentence/4, np/4, vp/4, pron/4, det/4, noun/4, I/4, v/4, a/4, 

pen/4, fin/1. 

np_zzl(X.LC), np_zz2(X,LC). 

sentence(O,LC) --> !. 

sentence([Idl Tail],LC) --> sentence_h(Id,LC), ! , 
sen tence('J'ail,LC). 

sentence(L I T] ,LC) --> ! , sentence(T,LC). 

sen tence_h(begin(X,LC),LCC) --> 

[end(X,[LCC ILC])l,!. 

np_zzl(X,LC) --> 
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{tp_ck(X,sentence,New_X2)}, 

tp_out(New_X2,[idl(New_X2.LC) I Tl].Tl), !. 

np_zz2(0,LC) --> !. 

np_zz2([Id I Tail],LC) --> 

np_h(Id,LC),!. 

np_zz2(Tail,LC). 

np_zz2(LI Tl.LC)--> 

!,np_zz2(1~LC). 

np_b(id3(X,LC),LCC) --> 

vp(X,[vp.{true}.LCC I LC]),!. 

vp(D ,LC) --> !. 

vp([Id I Tail].LC) --> 

vp_h(Id,LC),!, 

vp(Tail,LC). 

vp(LIT],LC) --> !, 

vp(T,LC). 

vp_h(idl(X,LC),LCC) --> 

sentence(X.[sentence,{true},LCC I LC]).!. 

pron(X,LC) --> 

{tp_ck(X,np .New _X2)}, 

np(New _X2, [np, {true} ,LC]),!. 

det(X,LC) --> 

{tp_ck(X,np ,New _X2)}. 

tp_out(New_X2,[id2(New_X2,LC) 11'1],Tl),!. 

noun(O,LC) --> !. 

noun([Id I Tail].LC) --> 

noun_h(Id.LC),!, 

noun(Tail.LC). 

noun(LI T],LC) --> !, 

noun(T,LC). 



noun_h(icl2(X,LC),LCC) --> 

np(X,[np ,{true},LCC I LCl),! . 

l(X.LC) --> 

{tp_ck(X.pron,New_X2)}, 

p1·on(New _X2,[pron,{true} ,LCJ).L 

v(X,LC) --> 

{tp_ck(X,vp,New_X2)}, 

tp_out(New_X2,[id3(New_X2.LC) I Tl],Tl),!. 

a(X,LC) --> 

{tp_ck(X,det,New_X2)}, 

det(New _X2, [det, {true} ,LC]),!. 

pen(X,LC) --> 

{tp_ck(X,noun,New _X2)}, 

noun(New_X2,[uoun,{true},LC]),!. 

/**** Link **** / 

link(X,X). 

link(np ,X) :-np (X). 

link.(pron,X): -pron (X). 

link( det,X) :-det(X). 

link(v,X):-v(X). 

np(senteuce). 

pron(np). 

pron(sentence). 

det(np). 

det(sentence). 

v(vp). 

/**** Id_Table ****/ 

id_pair(idl.vp). 

id_pair(id2,noun). 



id-1) air(id3,np). 

id-1)air(begin,sentence). 




