
C o n d i L i o n e d  U n i f i c a L i o u  f o r  N a t u r a l  l , a n ~ u a g e  P r o c e s s i n p ,  

A]]STV~ACT 

This paper  prescnLs what wc c.all a condiLiol 'md uni f icat ion,  a 
r'm'w meLhod of unificatiol'~ for processing na tu ra l  languages. 
The k e y  idea  is to a n n o t a t e  Lhe p a t t e r n s  wiLh a cerLcdn sor t  
of c o n d i t i o n s ,  so  tha t  they  c a r r y  a b u n d a n t  inforrnat ion.  ']'his 
met .bed t . ransmits  inforrnaLion frorn one  pattern to a n o t h e r  
m o r e  efl'icienLly Lhan p r o e c d u r c  aLLachmenLs, in which 
i n f o r m a t i o n  c o r t L a i n c d  in t he  p r o c e d u r e  is e m b c d d c d  in t h e  
prog ran l  r a t h e r  Lhan dirccl . /y aLLachcd Lo paLL(ms Coupled 
w i l t  t e c h n i q u e s  in f o r r n a l  l ingu i s t i c s>  i ] ] o r c o v c r ,  c o n d i t i o r l e d  
uni f i ca t ion  s e r v e s  most.  t y p e s  o1" o p c r a t i o n s  for natlu'ai 
]ar/guage processil'q~,. 

KSiti f /asida 

] ' ] ]ecLroLechl l ica[  1,abe ' A.ory 
Ul] lczorlo I } 4, 7~aktlra MtlFa, Niibari-Gurl, 

Ibarak i ,  [tOb Japan 

([3) pt l t_t l lS psrl nrnb(prcsonL,  P, N) : 
notAlrd ~'-tng(P, N) 

l~ut_Lns, psn nl:nl)(T, l", N) : not_pres(T) 

noL_3rd  s n g ( l s t . ,  ,N). n o t  p r e s ( p a s t )  
not_~rd~'- ;ng(;~nd,  N )  not p r e s ( p a s t 4 ~ a ' r t l c l p ] e  ) 
r lotA/rd,  sr~g(,'Wd, p l u r a l )  not  pres(basc).  

1. I n t r o d u c t i o n  
A c u r r c r ' d ,  m a j o r  t.rcrY.t of na tu ru l  l a~ /guage  p r o c e s s i n g  is 

ehara.cter ized by  Lhc o v e r a l l  use o[ u n i f i c a t i o n  (Sttiebc~r 
(198'l), Kay (1985), Proudir:~ and Pol lard (1,985), Perc i ra  
(198b) ,  S h i c b c r  ( 1 9 8 5 ) ,  e t c )  r e f l ecL ing  l h e  r e c e n t  d e v e l o p  
m e r i t s  in n o n L r a . n s f o r m a L J o n a l  l i n g u i s t i c  [ o r m a l i s r n s ,  s u c h  as  
Lex i ca l  F u n c U o n a l  G r a m m a r  ( } l r c s n a n  (198E)) ,  G e n e r a l i z c d  
P h r a s e  St.r ' tJcl .ur(  ( ] r a r n r n a r  (GPS(])  ( G a z d a r ,  Klein, P u l h l m  
a n d  S a g  (I 985) ) ,  i I c a d  G r a m m a r  (Po l}a rd  (19f1,1)), a n d  t I c a d -  
l ) r iven  P h r a s e  S t r u c t u r e  G r a m m a r  ( l IPS(; )  ( P c ] l a r d  
(1985a . ,b ) ) .  T h e s e  f o r m a l i s n l s  d i s p e n s e  wiLt ,qlobal o p c r a -  
Lioits s u e h  a s  t . ransfornlaLion, alld i n s t e a d  c x p ! o i t  h~cal 
o p e r a t i o n s  e a c h  C'Ollf'lrled wttJ/i[l a local  t r e e  Such  local 
o p e r a t i o n s  ar'c forunulatcd in Lcrms of uni~caLion 

] I o w e v c r ,  Lhe o r d i n a r y  u n i f i c a t i o n  as  in P r o l o g  is 
insuf f ic ient ,  seeu rrorn bo th  sc ient i f ic  (here,  alias liriguJsl,ic) 
a n d  c n g i n ( . ' e r i n g  poilfl'.¢ of v icw '['he F, robh- ' tr l  is t h a t  p , t  
tc]~[]s Lo bc  tl[li(ie({ wiL]l e a c h  o t h e r  lack t h e  c a p e . c i t y  ro t  c a r -  
r y i n g  i r f fo r rnaLion  

In Lhis p a p c r  we [ ) rcscnl  a new mcLhod of unif icaLion 
w h i c h  we (call c o n d i t i o n e d  u n i f i c a t i o n .  The  e s s e n c e  of t h e  
m e t h o d  is t.o deal  wit.h paLLcrns a imoLated  by s e i n e  sor t  of 
condit, ioils. These eondiLioi<ls are  so cortsl, raincd /-Is Lo 'oe 

c f f i c i c n t l y  o p e r a t e d  on,  a n d  y e t  to be a b l e  to  c a r r y  r i c h  
enough i n f o r m a L i o n  t.o caDLure  l i n g u i s t i c  g c n e r a l i z a t i o n s .  

2. T h e  P r o b l e m  
Ord inary  pa t te rns  as it/ Pr(;h)g Is.el< cxprcss ivc  p o w e r ,  

t)esatlSC var[ablcs theFcirl arc Sil)i[)ly il](iClCl"tlliltdt(7 alld 
Iht is car'ry a lmost  no i r f f q r rna l i on  ' l 'hercforc, stie}l p a l L ( m s  
aud un i f i ca t ion  among thcm arc msuf f ie i0n t  for' cap tu r l ng  
t] le {~,i<'al/l rYlat ic al <!,>erm r'al ixat ior~ and t im process:n~> 
e f f i c i ( n c y .  ] , I t  us  look a.t s o m e  c:<amph.~s b e l o w  A ~,,l'anl 
matical catc£>ory is assumed Lo be it llst of features A 
feature consisLs of a feature nalnc a n d  a w~hic, and 
rcprcscnLcd as a t.cmn like tt~rn.e (vat,z(). 

' [ 'hc ] cx i ca l  entry of E n g l i s h  v c r b  p'u,t, for  i n s t a n c e ,  c a n  
not. be  d e s c r i b e d  as  a I ' r o l o c  p a t L c r n ,  b i l l  n e e d s  s o m e  arlllO- 
La t ion  ( i . c . ,p~z t  Im.s~)s?t.~zmS(T, P, N)) a s  in ( 1 )  

(1) k:xicor l(puL, I tensc('I '), p(msorl(]')> numbe r (N ) I )  : 
put_Lns_ psn nrnb(T, P, N )  

}let(?, fcaLLIICS o l incr  Lhan ten, se., perso?t, and ?lattnher arc 
omitLed, arm p red ica te  p~ztmtm.spsTt~z?n.b is dcfinc.d c,s in 
(2 )  

F o r  a biL morc  COIT/I)I i :aLcd i n s t a n c e ,  c o n m d c r  t h e  re la -  
t i o n s h i p  b e t w e e n  a synLacLic  g a p  a n d  iLs fil ler.  In GPSG, 
IIPSC, c t e . ,  t iffs r e l a t i o n s h i p  is; c a p t u r e d  in t e r m s  of the 
SI,ASI[ f ea / . u rc ,  w h i c h  reprcscnts  g a p s  in t he  c a t e g o r y  of ] 
U~.i~tk is c raz  U, for cxamplc ,  thc  SI,ASII fea tu re  is spcci f lcd 
as  [NI j] l le r ' e  SI,ASI{ is a s s u m e d  to  t a k e  as  i t s  w d u e  a l i s t  of 
c a t c g o r n c s .  SLaLcd be low is a s impl i l3cd  p r i n c i p l e  a b o u t  t h e  
d i s t i ' i b u t i o n  of t h i s  f e a t q r c  in I .yptca] c a s c s  

(3) lu a loca l  tr'ec, Lhc r l lo t l ;c r  c a t c g o r / s  S],ASI] 
tea.Lure is obl.aJncd by c o n e a t c r ~ a t i r ,  g f rom h.fi[. Lo 
rip, ht the S I,ASII fcat ,wcs of hey de.,.ightcrs 

In order  to describe: this pr inc ip le ,  s('nnetlt ing :uorc than a 
n lerc  pat t.crn ts l cqu i r (x ]  again: 

(i) IocalJr'cc.(lslc, sh(X)], Ismsh(¥)l, Islash(Z)])- 
append(Y, Z, X) 

l 'eaturcs othcr thanSI ,AS} l  arc om i t t ed  herc.  

The so cal led p rocedure  a l t a c h m c n t s  is the most  coln- 
rnon way or conllflclncntJnp, the ])oor clcscriplivc capacM.y or 
o r d i n a r y  p a t t e r n s  ["or i n s t a n c e ,  y o u  m a y  r e g a r d  Lhc b o d i e s  
of ] h ) r n  e l a u s ( s  (1) a n d  (4) as  at  l a ,_hed  p r o c e d u r e s  

The  dr ' awbac l<  of p r o c e d u r e  a t L a c h r ~ l c n l  is ut t he  f a c t  
t.hnt t h e  ou ly  way  of u s i n g  Lhc p r o c c c l u r c s  Is to e x e c u t e  
thorn I"or t.his reason, proecdur, }s  arc I rmrc ly  embedded lu 
p r o g r a m s ,  r c A h c r  t h a n  a t . l a t h (x ]  to  t h o s e  p a L t e r r l s  w h i c h  
t h (sc  i t rotu 'ams operate o n  The irtforrnaLion which 
[)ro((durcs cantain car/rx~t {U.'nera]]y be I~.',rricd aFOlllld 
a( r o s s  s c v c ; a /  p a r t  ial s[r t lC[  tlI( s c i ] ch  Of w h i c h  it p F o o c c ] a r c  
d i r cc l l y  opera tes  on,  bccausc> oncc a procc( lu rc  is cxc 
cnt.td, t he  i n f o r m s . l i o n  w h k h  it c.ontainc:d is p a l q i a l l y  l os t  
For  i n s t a n c e ,  w h e n  I cx i ca l  e n t r y  (1) is cxploiLecl, 
p~ztJ.n.s pstt.n;/m,6(?', I), /\i) is cxecut.cd and 7' and /~ arc 
il~stanliatcd Lo be preset~.t and Ist, icsp(cLivc[y 'l'h'ds Ic[L 
bchh~d is the informaLion abotlL the other ways Lo instan- 

LiaLc those wwiablcs. 

Actual  p rocedure  attaclu'ncrd.s musL be arr-ar<e, ed so 
that infornlat on shouhl not be it)st whel t  p r o c e d u r e s  arc 
cxccu tcd  Freeze of Prolog (Co lmcraucr  (1982)), for 
i n s t a n c / ,  is a m c a n s  of t i n s  arr~ingerncnt. ]]y exc( t l l . i [ ]g  
f r e e z e ( V ,  "~), a t o m i c  f o r m u l a  ~ is f r o z e n ;  i.c , the exccuLlon 
o f ' ~  is > -u spcnded  u n t i l  w~r iab le  X is i n s t a n t t a t . c d  ] f ' ¢  c o n -  
t a m s  .'(, t h c l ' c f o r c ,  } lop( fu l ly  uot. so r n u c h  lrtforrnat.iol~ is test. 
w h c c  ¢ is c x e c u L e d  

N c v c . r t h c l e s s ,  f r e e z e  is p r o b l e m a t i c  in two r c s p t ( t s  
Virsk, i r J o r n ] a t i o n  car t  st i l l  be  los t  w h e n  t h e  f r o z e n  pro-- 
ccdtll'CS LIFe cxccnted. Seeond, too nltlCh illforrllatiol3 cat] 
be accumu la t cd  whilc several  p rocedures  arc f rozen Sup 
p o s e ,  for i t l s t . ance ,  thaL f r e e z e  IX,  t~tet~ber(.Y, [a, 6 })) a n d  
fr<,t~.~<~. ( r ,  ,~.',~,.~.,'(}'. I~'.~ I)) have bccn execut, cd '['herr, X 
and Y can be ulf i f ]cd with each other  witt~ouL a w a k e n i n g  
ciLbcr p rocedure .  In tha t  (asc, Lho i i f forn/at, ion that X may 
bc t) is redundan t  bc twccn Lhc I.wo proccdures ,  and Litc 
other part or irlfornmLion those Droecdtlres contain is Ill(Of]" 
sistc i tL What one migh t  hope here is [o Jrlst i tnt iatc )( (and 
Y) to be b If we had cxec t i t cd  f r e e z e ( Y ,  m e m b e r ( Y ,  I t ,  
cL ) i r i s t c a d  of f r e e z e  (Y, r n . e r n b e r ( Y ,  Ib ,  c I), c o m p u t a t i o n a l  
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r e s o u r c e s  w o u l d  be  w a s t e d  as  t h e  p r i c e  f o r  a w r o n g  p r o c e s s -  
in t .  

A f t e r  all, i t  is up to a p r o g r a m m e r  to Lake a d e l i b e r a t e  
c a r e  so  that i n f o r m a t i o n  s h o u l d  t)e e f f i c i e n t l y  t r a n s m i t t e d  
across p a t t e r n s  This causes s e w r a l  prob lems  in te rwoven  
with  o n e  a n o t h e r .  F i r s t ,  s i n c e  t h o s e  p r o g r a m s  r e f l e c t  t h e  
i n t e n d e d  o r d e r  of e x e c u t i o n ,  t h e y  fad  to  s t r a i g h t f o r w a r d l y  
c a p t u r e  t h e  n n i f o r r n i t J e s  c a p t u r e d  b y  r u l e s  o r  p r i n c i p l e s  
s u c h  a s  (3). A c c o r d i n g l y ,  p r o g r a m n n n g  t a k e s  r n u c h  labor ' .  
M o r e o v e r ,  t h e  r e s u l t i n g  p r o g r a m s  w o r k  e f f i c i e n t l y  on ly  a l o n g  
t.he i n i t i a l l y  inLer~ded o r d e r .  

3o C o n d i t i o n e d  U n i f i c a t i o n  

3 . 1 .  C o n d i t i o n e d  P a t t e r n s  

T h e s e  p r o b l e m s  will be. s e t t l e d  if we ear l  a t t a c h  i n f o r m a -  
t i on  to  p a t t e r n s ,  i n s t e a d  of a t t a c h i n g  p r o c e d u r e s  to p r o -  
g r a m s  l [ e r e  wc c o n s i d e r  t h a t  s u c h  i n f o r m a t i o n  is c a r r i e d  
by  s o m e  c o n d i t i o n s  on  v a r i a b l e s  V a r i a b l e s  a r e  t h e n  
r e g a r d e d  a s  c a r r y i n g  s o m e  i n f o r m a t i o n  r a t h e r  t h a n  r e m a i n : -  
ing s i m p l y  i n d c t e r m i n a t c  

I-}y a c o n d i t i o n e d  p a l . t e r n  let. us  r e f e r  to  a p a i r  o [ a  p a t  
t e r n  a n d  a c o n d i t i o n  on  the  w~r i ab l e s  c o n t a i n e d  in t h a t  pat.- 
t e r n .  l~'or s i m p l i c i t y ,  a s s u m e  LhaL t h e  c o n d i t i o n  of a c o n d i -  
t i o n e d  p a t t e r n  c o n s i s t s  of a t o m i c  f o r m u l a s  of P r o / o g  w h o s e  
a r g u m e n t  p o s i t i o n s  a r e  filled w i th  v a r i a b l e s  a p p e a r i n g  m t i le  
pa t tx . ' rn ,  a n d  t h a t  t h e  p r e ( h c a t e s  h e a d i n g  t h o s e  a t o m i c  for  
m u l a s  a r e  defh~ed in l . e r m s  of H o r n  c l a u s e s .  F o r  i n s t a n c e ,  
we w o u l d  h k c  to  r e g a r d  t h e  w h o l e  t b i n g  in ( [ )  o r  (4) as  a con-  
d J t i o n c d  pat te rn .  

• 3 . 2 .  M o d u l a r  C o n d i t i o n s  

The c o n d i t i o n s  in c o n d i t i o n e d  p a t t e r n s  m u s t  n o t  be  exe -  
c u t e d ,  o r  t he  c o n t a i n e d  i n f o r m a t i o n  w o u l d  be  p a r t i a l l y  l o s t  
Tile c o n d i t i o n s  h a v e  to b e  s o m e h o w  j o i n e d  w h e n  c o n d i t i o n e d  
p a t t e r n s  a r e  un i f i ed ,  so  t .hat  t h e  i n f o r m a t i o n  t h e y  c o n t a i n  
s h o u l d  b e  t r a n s m i t t e d  p r o p e r l y  in t i le s e n s e  t h a t  t h e  r e s u l t -  
ing c o n d i t . i o n  is e q u i v a l e n t  [o  t h e  Logical c o n j u n c t i o n  of tam 
i n p u t  r e n d i t i o n s  a n d  c o n t a i n s  nc iCrmr  r c d n n d a n t  n o r  i n e o n  
s i s t e n t  i n f o r m a t i o n .  We ca l l  s u e t  a u n i f i c a t i o n  a c o n d i t i o n e d  
u n i f i c a t i o n  

A s i m p l e  w a y  to r e d u c e  r e d u n d a n c y  a n d  i n c o n s i s t e n c y  
in a ( ' .ondiLion is to  l e t  e a c h  p a r t  of e a c h  p o s s i b l e  v a l u e  of 
e a c h  v a r i a b l e  be  sL lb jcc t  to  at, m o s t  o n e  c o n s t r a i n t .  ],eL u s  
f o r m u l a t e  t h i s  be low.  We s a y  t h a t  a c o n d i t i o n  is 
s u p e r f i c i a l l y  m o d u l a r ,  w h e n  n o  v a r i a b l e  a p p e a r s  t w i c e  in 
t h a t  r e n d i t i o n  F o r  i n s t a n c e ,  (Sa) is  a s u p e r f i c i a l l y  m o d u l a r  
c o n d i t i o n ,  w h e r e a s  (Sb ,c )  a r e  not. ( C o n d i t i o n s  a r e  s o m e .  
t i m e s  wr ' i t ter r  a s  l i s t s  of a t o m i c  f o r r n u l a s  ) 

(',9 a [a(X, Y), b(Z), a(U, v)] 
b. l a(X, Y), b(Y)]  
e [a (X ,Y ,X ) ]  

l , ' u r t h e r  we s a y  t h a t  a c o n d i t i o n  ~I' is m o d u l a r ,  w h e n  all  t h e  
r e l e v a n t  r e n d i t i o n s  a r e  s u p e r f i c i a l l y  m o d u l a r ,  l I e r e ,  the 
r e l e v a n t ,  c o n d i t i o n s  a r e  {I} a n d  t h e  b o d i e s  of H o r n  c l a u s e s  
r e a c h e d  b y  d e s c e n d i n g  a l o n g  the  d e f i n i t i o n s  of t h e  p r e d i -  
ca t . e s  a p p e a r i n g  in  ¢. A p r e d i c a t e  is s a id  to  b e  m o d u l a r  
w h e n  i t s  d e f i n i t i o n  c o n t a i n s  on ly  t h o s e  I i o r n  c l a u s e s  w h o s e  
b o d i e s  a r e  m o d u l a r  c o n d i t i o n s .  A p r e d i c a t e  is p o t e n t i a l l y  
m o d u l a r  w h e n  i t  is e q u i v a l e n t  to  s o m e  m o d u l a r  p r e d i c a t e  

A m o d u l a r  c o n d i t i o n  d o e s  not. i m p o s e  two  c o n s t r a i n t s  
o n  a n y  o n e  par t .  of a n y  v a r i a b l e ,  a n d  t h c r c f o r e  c o n t a i n s  n e >  
k h e r  r e d u n d a n c y  n o r  i n e o n s i s t e n c y ,  l t e r e a R e r  we c o n s i d e r  
t h a t  t h e  c o n d i t i o n  m (. 'very c o n d i t i o n e d  p a t t e r n  s h o u l d  be  
m o d u l a r .  

a . a .  l ' J x p r e s s i v e  P o w e r  

C o n d i t i o n e d  p a t t e r n s  c a n  c a r r y  r i c h  e n o u g h  i n f o r m a -  
t ion  fo r  c a p t u r i n g  t h e  l i n g u i s t i c  g e n e r a l i t y .  Obv ious ly ,  at 
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•'st., they can descr ibe any f in i te set of f in i te pa t te rns .  ];'or 
i n s t a n c e ,  ( I )  is r e g a r d e d  a s  a c o n d i t i o n e d  p a t t e r n  wi th  
m o d u l a r  cond i t i on  [pztt_g'ms_pstt~q,r~zb (T, P, N)] .  Moreover ,  
a l so  s o m e  r e c u r s i v c  p r e d i c a t e s  a r e  m o d u l a r ,  a s  is d e m o n -  
s t ra ted  below. 

(6) a appcnd( [ ] ,  Y, Y): 
append( [U  I X], Y, [U I Z]) : -  append(X, Y, Z). 

b sub l is t ( [ ] ,  Y). 
sub]ist([U I<I, [U I Y]) : -  sublist(X, Y). 
sub lJs t (X,  [U I Y ] ) : - s u b l i s t ( X ,  Y). 

Thus, (4) is a l so  a c o n d i t i o n e d  p a t t e r n .  

] l o w e v e r ,  s o m e  r e c u r s i v e  p r e d i c a t e s  a r e  n o t  p o t e n t i a l l y  
m o d u l a r .  T h e y  i n c l u d e  r e v e r s e  ( t h e  b i n a r y  p r e d i e a t e  w h i c h  
is s a t i s f i e d  i~r i t s  two a r g u m e n t s  a r e  t h e  r e v e r s a l s  of e a c h  
o i l i e r ,  a s  in r e v e r s e ( [ t o t ,  b ] ,  c ,  all, [ d ,  c , [ c t  b ] ] ) ) ,  .perm 
(Lbe b i n a r y  p r e d i c a t e  s a t i s f i e d  iff i t s  a r g u m e n t s  a r c  p e r m u -  
tat, i ons  of e a c h  o t h e r ,  a s  i n p e r m ( [ i ,  2, 3], [2, 1, 3])) ,  subset  
( t h e  b i n a r y  p r e d i c a t e  w h i c h  o b t a i n s  iff t h e  f i r s t  a r g u m e n t  is 
a s u b s e t  of t h e  s e c o n d ,  a s  in s~zbset([d! b] ,  t o ,  b,  c ,  all)) ,  
e t c .  

N e w . ' r t h e l e s s ,  t.his c a u s e s  no  p r o b l e m  r e g a r d i n g  n a t u r a l  
l a n g u a g e  p r o e e s s i n g ,  b e c a u s e  p o t e n t i a l l y  i n f in i t e  p a t t e r n s  
c o r n e  u p  o n l y  out of f e a t u r e s  s u c h  as  SLASt[,  w h i c h  d o  n o t  
r e q u i r e  t h o s e  n o n  r u o d u l a r  p r e d i c a t e s .  

3 . 4 .  T h e  U n i f i e r  

S h o w n  b e l o w  is a ' t r a c e  of t h e  c o n d i t i o n e d  u n i f i c a t i o n  
b e t w e e n  c o n d i t i o n e d  p a t t e r ' u s  (7) a n d  (8) ( h e r e  we u s e  t h e  
s a m e  n o t a t i o n  fo r  e o n d i t . i o n e d  p a t t e r n s  as  fo r  I I o r n  c l a u s e s ) ,  
w h e r e  t h e  p r e d i c a t e s  t h e r e i n  h a v e  b e e n  d e f i e d  a s  in  (9). 
(The d e f i n i t i o n s  of c 0  a n d  e 3  a r e  n o t  e x p l o i t e d . )  F i r s t ,  we 
u n i f y  iX, )2 Z ,  g/] a n d  [A, 7], C, D] wi th  o n e  a n o t h e r  a n d  get.  
X -  A, Y : /3, Z = C, a n d  W = D ]n t h e  e n v i r o n m e n t  u n d e r  
lifts u n i f i c a t i o n ,  the two c o n d i t i o n s  a r e  concatenated, result- 
ing in [ c 0 ( X ) ,  e I(Y,  Z), e2(Z,  W)]. The  m a j o r  t a s k  of t h i s  
c o n d i t i o n e d  u n i f i c a t i o n  is to  o b t a i n  a m o d u l a r  c o n d i t i o n  
e q u i v a l e n t  to  th i s  r m n - r n o d u l a r  c o n d i t i o r l  This  is t ire j ob  of 
func l . i on  ~tod~zlayi, ze. Mod~zla.~tze r a i l s  f u n c t i o n  ~;~ttegrctte, 
w h i c h  r ' eLt l rns  a n  a t o m i c  f o r m u l a  e q u i w r l e n t  Lo t h e  g i v e s  
c o n d i t i o n .  The Lcrmina t io r~  of a ?rtodulct,'ize o r  a n i r ~ f e g r a t e  
is i n d i c a t e d  b y  ~ p r e c e d i n g  t h e  r e L u r n - w a l u c ,  w i th  t h e  
s a m e  a m o u n t  of i n d e n t a t i o n  a s  t h e  o u t s e t  of t h i s  f u n c t i o n -  
r a i l  w a s  i n d i c a t e d  w i t b  When  a n  {~ztegro, te c a l l s  a ~zodula~'- 
i z e ,  t h e  a l p h a b e t i c  i d e n t i f i e r  of t h e  e x p l o i t e d  I l o r n  c l a u s e  is 
i n d i c a t e d  to  t h e  h. 'ft h a n d  s ide ,  a n d  t h e  t e m p o r a l  u n i f i c a t i o n  
to t h e  r i g h t - h a n d  s ide .  A t o m i c  f o r m u l a s  m a d e  in integrate 
is w r i t t e n  fo l lowing  4. E a c h  l I o r n  c l a u s e  e n t e r e d  i n t o  t h e  
d e f i n i t i o n  is s h o w n  fo l lowing  % a n d  g i v e n  a n  a l p h a b e t i c  
i d e n t i f i e r  i n d i c a t e d t o  t h e  r i g h t - h a n d  s ide .  

(7) IX, Y, Z, W] :-- e0(X),  e l  (Y, Z). 
(8) [A, ]~, C, D] : -  e2(C,  D). 
(9) e*(0, ]). (a) 

e ~ (q, e )  (b) 
ca(l,  P) : -e:Xl ' ) .  (c) 
c~(e, 0). (d) 

m o d u l a r i z e ( [ e 0 ( X ) ,  c l (Y ,  Z), c2(Z,  W)]) 
i n t e g r a t e ( [ e 0 ( X )  ]) 

cO(X) 

i n t e g P a t e ( [ c l ( Y ,  Z), e2(Z,  W)]) 
c4(Y, Z, W) 

(a) m o d u l a r i z e ( [ e 2 ( 1 ,  W)]) Y = 0, Z = 1 
i n t e g r a t e ( t o 2 ( 1 '  W)]) 

* eS(W) 
(c) r n o d u l a r i z e ( [ e 3 ( P ) ] )  W = P 

i n t e g r a t e ( [ e 3 ( P ) ] )  
= ~  e 3 ( P )  

tea(p)] 
c~(p) : -  ca(P). (0 

=:> eS(W) 
-~ [c,~)(w)] 



1' o4(o, :, w) :. ~:',~(w). (j) 
(b) n:odular:'zc([c2(2, W)i) ¥ :- q, '/, :~ 

i:,t.o~ra~,'.(Im<3(a W)]) 
* cO(W) 

(d) n ladular izc( l  I) w =.: o 
=-~ [] 

c S ( 0 )  (k) 
= +  c6(W) 

> I cs(w)J 
" o,3(q, ~, w) : o6(w).  (I) 

=>  c4(Y, Z, W) 
- > [co(x) ,  <:4(< z ,  W) l 

We CaN ref ine Lhe progra]'n o[ "btt~.grcs, ta so that it should 
avoid ally predicaLe w}iose def in iL ion  coiuLains only one l l o r n  
c l a u s e .  F o r  i n s t a n c e ,  Lhe def in iLion  of c b  c o n s i s L s  on ly  o [ ( i )  
InsLead  of (j), Lhe reR) re ,  we m a y  }rove c d ( 0 ,  1, P )  : c 3 ( P )  
Also (1) c a n  b c  r e p l a c e d  by  c 4 ( 0 ,  2> 0), b a s e d  o n  ( k )  

We a r e  a b l e  Lo w o r k  o u t  r ' c c u r s i v c  c o n d i L i o n s  f r o m  F, lvor; 
recurs ivc coI:dit.iolls, lVor example,  considor  how X and Z 
a r c  un i f i od  under"  t, h a  conclit,iol: (10) ,  w h o r e  ~rte'n~be.r is 
d e f i n e d  as  in (1 1 )  

(10) [n ,e:nher(X,  Y), o0(z)]  
(11) n/c inber(A,  IA I IJl). (a) 

member (A,  IC I i~i) : - i  ....... her(A, i t )  (b) 
The Lracc of this ulfif]cat.k~n is showl~ b(']:'w, whc's'c prcdica.l~' 
c 1 is rccurs ivc ly  (]o/~ll/Cd b a s e d  on Lhc i'(,ctlrsiv(! dcfillJLioH of 
77"~ (¢ 77}, t )  I~, ? '  

m o d u l a r i z c ( l m c m b c r ( X ,  Y), cO(X)I) 
int.cgraLo(I member (X,  Y), cO(X)]) 

, el(X,  Y) 
(a)  m o d u l a r i z e ( [ c O ( A ) ] )  X = A, V -. [A Ill] 

int.e<~';ratc (I c O(A)I) 
= > oO(A) 

= ~  1 <:)(A)] 
1' c I(A, [A I ~<J) :-- c0(A)  

(1)) n : o d u l a r i z c ( l m c n , b c r ( A ,  11), c0 (A ) l )  X :: A, Y :: [ c ! i ; I  
Jnl.c<qral.e([ n l e r n b c r ( A ,  I~), cO(A)I) 
: ~  e l (A ,  1~) 

: :>  [ c l (A ,  33)1 
1'ci(A, I c l t < l ) :  c~(A, 13). 

.... > c:(X, Y) 
: .~ [o:(x,  Y)I  

IL Js a job  of in, tegra, te, Lo h a n d l e  r e , c u r s i v e  d e , h i L t o n .  The 
lasL g?l, te.g?,ts, te. a b o v e  r e c o g n i z e s  Lhat. t h e  f i r s t  4m.tegrate, 
w h i c h  is Lry ing  Lo (]cNr/c c 1, was  c a l l e d  wit.h t h e  s a m e  a r g u -  
ITlCrlI.S e x c e p t ,  the v a r i a b l e  narnes, l l e n c c  t.he l a s t  "inttegrctte 
s i m p l y  r e L u l ' n s  c. I(A, H), b e c a u s e  t,hc conLent ,  or c l  is now 
br ing worked ouL tlrldoY Lhc J']rsl. ~?ttegro.te arid t h u s  it is 
r e d n n d a n L  fol '  t, he  lasL {~t fegrate  Lo [ u r L h c r  e x a m i n e  c 1. 

It is not. a ] w a y s  p o s s i b l e  fro' t h e  a b o v e  un i f i e r  t.~ un i fy  
paLL(2i"[/s tlrl(](~r roc. t lr 'sivo Col]d[Liol/S ["or J//sLalloL', J[ Cf/illIOL 
un i fy  X w i t h  )" u n d e r  [appe~td.(X, Y, Z)] ,  becal_tsc Lhe r e s u l t  
ing c o n d i L i o n  is noL p o t s n L i a ] ] y  r n o d u l a r ,  l l o w c v e r ,  s u c h  a 

situaLiol'l CtOCS FioL seoln t.o occur  Jn actual  [al:g:lagc proccss- 
ir:g. 

4.  C o n c l u s i o r i  

We have prc.'-~er, Led a n e w  nle/hod a[ umfieal ion,  wh,ch 
wc ca l l  o. coildiLior~c(] tltti(loaLioli, Whcl'e paLLorils to be  
uniPlc(] "'re annoLaked by a cer ta in  sort. of corldit.ions on lhe 
v a r i a b l e s  wif ich octroi" ill t h o s e  patt.crn.<;. T h e s o  c o n d i L i o n s  
a r e  so r ' e s t . r i c t e d  t.haL Lhey c o n l a i n  a s  lit.Lie r e d u n d a n c y  a<'; 
p o s s i b l e ,  a n d  d ' m s  a r c  a l w a y s  a s s u r e d  to be  s a t i s f i a b l e .  

This  method has Lhe fo/h)wtng welcome c h a r a c t e r i s t i c s  
l"h 's t ,  I.he ] ) a t t o r n s  to b c  un i f i ed  c a n  c a r r y  at)llllda]'lL infos'  
ma t . i on  r c p r c s c n L c d  by t.he c o n d i t i o n s  han:,~in!,; o n  t.hClll The 

e x p r e s s i v e  c a p a c i t y  of Lhe,<¢c condiLion,s  is sl:fl 'Jc{en[ for  cap-  
t .ur ing ]JH~U, IIihLJ(: ~sCHCl'a]i',,iOS ~ c c o r l d ,  s u c h  i r f fo rma t . i on  is 
c f rec l i vc l y  Ir 'ansrnitLed, by h~t.egrat.[n? the col~dil,ion.~ v;her, 
pat.'..crl:,<s o.ro unif'ied Unlike procedure aLLacl:ment.s, in thil~ 
COllne(: l ion,  Ll/c in fo rnGaLio i~-convey ing  <.'fficicl:cy of o u r  Colt 
dilioiued unif'icat.[on is no{ af l 'c ' (gcd by the d i r ec t . i on  of t.i~c 
daLa.flow Therefore,  O/ll" col'l(]{l ioned unifies.Lion is oo;rn- 
p l e l / l y  r(ver'sJbk< and ',hns is [n'on:ising its a Los] for  
dcscri l)h 'T> <~{l'all/lllilrs fOF b o l h  SCllL(Hb':C c o m p r e l / e n s i o l :  s l id  
prochl(d toll 

Owing t.o Lhese cllar'act(!risLics, Otll condi t ioned 
unif 'caLian l)r'avh|es a now prog, ra.unniiug 1.1aradigtn fo i  
I/illt/l'/tl lar/y,/lag(." [)l'OCCSSil/lJ>, rcph~.cing p r o c c d / 1 F c  aLt, o.ctl- 
I3:ont.s which haw3 tradlLional ly el2joyed i.]lc Llbiq/lity Lhat. 
t.hcy do noL desc rvc  
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