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Preface

T h e  D epartm en t o f  G eneral L inguistics at the U niversity  o f  H elsinki arranges this 
tenth  Scandinavian  C on feren ce o f  C om p u ta tion a l L in gu istics or “ 10;e N ordiska 
D ata lin gv istik d agarn a” , in sh ort N O D A L ID A -9 5 .

T h e  event is d irected  to  the scholars, students and professiona ls in various fields 
o f  com p u ta tion a l linguists as well as to  all o th er interested parties. M ost o f  the 
participan ts w hich  have preregistered are fro m  the N ord ic  countries.

Papers were invited  from  all areas o f  c om p u ta tion a l lingu istics , in clu d in g  bu t 
n ot restricted to : m orp h o log ica l, syn tactic , sem an tic  and tex tu a l analysis an d  gen 
eration , speech  processing , m ach in e tran slation  and  processin g  o f  m on o lin g u a l or 
m ultilingual text corp ora .

T h e  con ference is c o m m itte d  to  m eet tw o goals:

• T o  be a foru m  for presenting h igh quality  scien tific papers. Such papers were 
refereed and selected by a p rogram  co m m itte e  and referees.

• T o  be an o cca sion  for com p u ta tion a l linguists in the N ord ic  C ou n tries m eet 
and get to know  each other, as well as in form  each oth er a b o u t their interests, 
p ro jects  and status o f  their research. Sh ort papers or p osters are in ten ded  to  
accom p lish  th is task.

A  p rogram  com m ittee  was established  consistin g  o f  p rof. L auri C arlson , d oc . 
G unnel K ällgren , d irector Bente M æ gård , p rof. T o r b jø r n  N ord gård , p ro f. A n n a  
Sågvall Hein, and P h .D . A tro  V ou tila in en , and K im m o  K osk en n iem i as the chair
m an. In ad d ition  to  the m em bers o f  the p rogram  com m ittee , P h D  M aria  V ilk u n a  
and P h D  Lars B orin  acted  as ad d ition a l referees.

A ltogeth er 32 subm ission s were received by  the p rogram  com m ittee . A b o u t  18 
papers were considered  as p otentia l lon g  papers, others be in g  ex p lic it ly  su b m itted  
as posters or short papers. A ll can d idates for lon g  papers w ere review ed by  at least 
to  referees independently . F inally , six papers were a ccep ted  to  b e  p rin ted  in th is 
volum e and presented in the con ference as lon g  p len u m  papers. T h e  lon g  papers 
are arranged in the a lp h abetica l order o f  the authors.

Short papers and abstracts o f  posters w ill be  cop ied  and d istr ibu ted  sep arately  
to  the participan ts o f  the con ference.

T h is  conference v/as arranged a lm ost exclu sively  using e lectron ic  m a il and  the 
Internet. N o h ard cop y  “ call for  papers” or the like were ever m a iled . M ost o f  the 
refereeing also proceeded  electron ica lly , and m ost o f  the cam era  ready papers were 
transm itted v ia  the net. W e consider the p ossib ility  o f  p la cin g  the m a teria l in a 
su itable F T P  site for easy access by the com m u n ity .

May, 1995 Kimmo Koskenniemi
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Abstract
E xperim en ts were carried ou t com p a rin g  the Sw edish  T elem an  and the 
English Susanne corp ora  using an H M M -ba sed  and a  n ovel red u ction istic  
statistica l p art-o f-sp eech  tagger. T h e y  in d icate  th at ta gg in g  the T elem an  
corpus is the m ore  d ifficu lt task, and th at the p erform a n ce  o f  the tw o 
different taggers is com p a ra b le .

1 Introduction
T h e  experim ents reported  in the current article  continue a line o f  research in the 
field o f  pa rt-o f-sp eech  tagg in g  using se lf-organ izin g  m od e ls  th at w as presented at 
the previous (9 th ) S can dinavian  C on feren ce on  C o m p u ta t io n a l L ingu istics. T h en , 
the w ell-established H M M -ba sed  X erox  tagger, see [C u ttin g  1994], w as c o m p a 
red w ith  som e less know n  taggers, n am ely  a n eural-netw ork  tagger described  in 
[E ineborg  k. G am b ack  1994], and a Bayesian  tagger presented in  [Sam uelsson  1994]. 
T h e  X erox  tagger perform s lex ica l generalizations by  clustering  w ords based  on  their 
d istribu tiona l pattern s, w hile the la tter tw o u tilize  the m o rp h o lo g ica l in fo rm a tion  
present in Sw edish by generalizing over w ord suffixes.

T h is  tim e, another H M M -ba sed  ap proach  is com p a red  w ith  a novel re d u ctio 
n istic statistica l tagger inspired by the successfu l C on stra in t G ra m m a r system , 
[K arlsson et  al  1995].

T h e  perform ed  experim en ts d o  n ot on ly  serve to  evaluate the tw o taggers, but 
also shed som e new ligh t on  the T elem an  corpu s as an eva lu ation  d om a in  for  part- 
o f-speech  taggers com p ared  to  oth er, E nglish , corp ora .

T h e  paper is organized  as fo llow s ; S ection  2 discusses the T elem an  corp u s and 
the tagsets used. Section  3 describes the H M M -ba sed  tagger and  S ection  4 the 
redu ction istic  statistica l one. T h e  v ita l issue o f  h an d lin g  sparse d a ta  is addressed 
in Section  5 and the experim en tal results are presented in S ection  6 .

2 The Teleman Corpus
T h e  T elem an  corpus [T elem an 1974] is a corpu s o f  con tem p ora ry  Sw edish , represen
ting a m ixture  o f  different tex t genres like in form ation  brochures on  m ilita ry  service 
and m ed ica l care, novels, etc . It com prises 85 ,408 w ords (tokens; here, w ords is a 
co llective  d en ota tion  o f  prop er w ords, num bers, and p u n ctu a tion ). T h ere  are 14,191 
different w ords (ty p es ); the m ost frequent on e is w hich  o ccu rs  4 ,662  tim es; the 
m ost frequent prop er w ord is “ o c h ”  ( a n d ) ,  w hich  occu rs  2 ,217  tim es. 8 ,458  o f  the 
w ords occu r ex actly  on ce, w hich is 60%  o f  the types b u t on ly  10%  o f  the tokens.



T a b le  1: C om p arison  o f  T elem an  and
Teleman Susanne

size 85,408 words 156,644 words
word types 14,191 words 14,732 words
most freq. word 4662 x “.” 9641X “the”
one occurrence 8,458 words 6,820 words
unknown words 10% expected 4% expected
tagset 258 tags 424 tags^

max. tags/word 15 (for “för” ) 14 (for “os” )
reduced tagset 19 tags 62 tags
max. tags/word 7 { “för” , “ i” ) 0 ( a , no )

Tags in the Susanne corpus with indices are counted as separate tags.

For the experim en ts, we used tw o different tagsets. F irst, we used the origina l 
tagset, consistin g  o f  258 tags. Each o f  the 14,191 w ord  types can have betw een one 
and 15 o f  the 258 tags (th e h igh ly  am bigu ou s w ord  “ f ö r ”  { f o r ,  s t e r n ,  lead, too ,  . . . )  
has the m a x im u m  num ber o f  ta gs). W e then used a reduced tagset, con sistin g  o f  
19 tags, w hich  represent com m on  syn tactic  categories and  p u n ctu ation . T h is  tagset 
is iden tica l to  th at used in the p u b lica tion s  m en tion ed  above . Each o f  the w ord 
typ es then has betw een  on e and 7 tags ( “/ o r ” and “ i ” have the m a x im u m  num ber 
o f  tags).

2.1 Com parison with an English Corpus
Since 10%  o f  the w ords in the T elem an  corpu s occu r  on ly  on ce , we ex p ect from  the 
G o o d -T u r in g  form u la  [G o o d  1953] th at 10%  o f  the w ords in new  text be  unknow n, 
w hich  is a very h igh  percentage. O th er p u b lica tion s  ty p ica lly  rep ort 5% . Since 
m ost o f  the w ork in th is area is on  E nglish co rp ora , we com p a red  the T elem an  
corp u s w ith  an English  corpu s, n am ely  the Susanne corpu s [Sam pson  1995], w hich 
is a re -an n ota ted  part o f  the B row n C orp u s [Francis &  K ucera  1982], com prising  
different tex t genres. T h e  relevant fa cts  are su m m arized  and com p a red  in T ab le  1. 
T h e  m a jo r  d ifference (ap art from  corp u s size and tagsets used) is the percentage o f  
w ords th at occu r  ex actly  on ce : 10%  for  T elem an  vs. 4 %  for Susanne. A ccord in g  to 
the G o o d -T u r in g  form u la , this percentage is identica l to  the ex p ected  percentage o f  
u nknow n w ords. A ctu a l counts by d iv id in g  the co rp ora  in to  tra in ing  and test parts 
y ie ld  around  14%  and 7% , respective. T h is  in d icates that unseen Sw edish  text will 
have su bstantia lly  m ore  unknow n w ords than unseen E nglish , w hich  is m ost likely 
due to  the h igher degree o f  m orp h o log ica l variation  in Sw edish.

A  further d ifficu lty  w ith  the Sw edish  corpu s is the h igher degree o f  am bigu ity . In 
the T elem an  corpu s, each w ord in the running tex t has in average 2.38 tags for  the 
sm all tagset, and 3.69 for the large tagset. T h ese  num bers are 2 .07 and 2.61 for  the 
Susanne corpu s, despite the fa ct that the tagsets for the Susanne corpu s are larger 
than  those for  the T elem an  corpu s. T h u s, there is m uch  m ore  w ork for  the tagger to 
d o  in the T elem an  corpus. S om e m ore  num bers: in the running text, 5 4 .5 % /6 4 .2 %  
o f  the w ords in the T elem an  corp u s are am bigu ou s, an d  on ly  4 4 .3 % /4 8 .9 %  in the 
Susanne corp u s (sm a ll/la r g e  tagset, resp.; see T a b le  2 for  further details).

3 The H M M  Approach
A  H idden  M arkov  M od e l (H M M ) consists o f  a set o f  states, a set o f  ou tp u t sy m b o ls  
and  a set o f  transitions. For each state  and each sy m b o l, the p roba b ility  th at this 
sy m b o l is em itted  by  that state is g iven . A lso , a p rob a b ility  is associa ted  w ith



T ab le  2: D istribu tion  o f  num ber o f  ca tegories per w ord  in  running tex t for  the 
T elem an  and Susanne corpu s, sm all and large tagsets.

Teleman Susanne
small large small large

1 45.5% 35.8% 55.7% 51.1%
2 16.2% 12.2% 17.4% 19.2%
3 17.7% 14.1% 4.8% 4.2%
4 6.4% 10.0% 11.1% 4.5%
5 9.0% 5.3% 8.4% 9.2%
6 1.7% 6.2% 2.6% 2.2%
7 3.5% 4.3% - 2.2%
8 - 1.1% - 4.8%
9 - 2.9% - -

10 - 2.7% - 2.0%
11 - 1.6% - -

12 - 2.9% - -
13 - - - -

14 - - - 0.6%
15 - 0.9% - -
>  1 54.5% 64.2% 44.3% 48.9%

T ab le  3: T elem an  corp u s parts

to ta l w ords unknow n words^
part A 67,402 —
part B 9,262 1,421 (1 5 .3 % )
part C 8,774 1,198 (1 3 .7 % )
E 85,408

Unknown words are words that occur only in the test set, but not in the training set.

T a b le  4: Susanne corpu s parts

to ta l w ords unknow n  w ords
peirt A 127,385 —
part B 9,752 714 (7 .4 % )
part C 9,684 563 (5 .8 % )
E 146,821"*

^The remaining 9,823 words of the Susanne corpus were not used in the experiments.



each  tran sition  betw een  states (see [R abin er 1989] for  a g o o d  in trod u ction ). T h e  
tran sition  p roba b ility , and thus the p rob a b ility  o f  the fo llow in g  state, depends only 
on  the p revious state  for  first order H M M s, or on  k  p revious states for H M M s o f  A:th 
order. H M M  ap proach es to  pa rt-o f-sp eech  tagg in g  m ake the w ell-know n  assum ption  
th at the current category  or pa rt-o f-sp eech  o f  a w ord  depends on ly  on  the previous 
(n  — 1) categories (M arkov  a ssu m p tion ), thus they assum e that natural language 
is a M arkov process o f  order (n  — 1), w hich  o f  course is n ot true, bu t a successful 
ap p rox im a tion , n  =  3 is chosen  in m ost o f  the cases, resulting in a trigram  m od el 
(i.e ., alw ays w ork ing  w ith  a w in dow  o f  size 3 ), since it y ie lds the best com p rom ise  
betw een  size o f  c o rp o ra  needed for  tra in ing  and tagg in g  accuracy. Furtherm ore, the 
current w ord  (sy m b o l)  depends on ly  on  the current category  (sta te ). T h us, instead 
o f  ca lcu la tin g  and  m a x im iz in g  P { T i  . .  .Tk  \W\ . . .  VFjt), w ith  T{ tags and W i  w ords, 
w hich  is im p oss ib le  in all p ractica l cases, on e ca lcu lates and m axim izes

f[P(Ti |7]-„+i...7;-i)P(lFi |7)) (1)

to  find the best sequence o f  tags for  a g iven  sequence o f  w ords.
T h e  param eters o f  an H M M  can be  estim ated  d irectly  from  a pretagged  corpus 

v ia  m a x im u m -lik e lih ood  estim a tion  (M L E ). B u t M L E  sets a lo t  o f  the transition  
p rob a b ilit ie s  to  zero, and i f  on e o f  the m u ltip lied  p roba b ilities  in ( 1) is zero, the 
p ro d u c t  b ecom es  zero, leaving n o m eans to  d istinguish  betw een  different p rod u cts  
th at con ta in  a zero p roba b ility . T h is  results in p o o r  estim ates for  the p robab ilities  
o f  new sequences o f  w ords. T h is  p rob lem  is addressed in S ection  5.

A n oth er  way o f  estim atin g  the param eters o f  an H M M  is to  use an untagged 
corpu s, a  lex icon  w ith  parts-o f-speech  lists for the w ords and the B a u m -W elch  a lgo
r ith m  [B aum  1972]. T h is  ap proach  has the advantage o f  avoid ing  the ted ious work 
o f  m anu ally  an n ota tin g  a corpu s, b u t it requires a sop h isticated  choice  o f  in itial 
biases, and generally, the p erform an ce  is w orse than that ach ieved  w ith  annotated  
corp ora .

W h en  using an H M M  for tagg in g, the system  gets a string o f  w ords and has 
to  find  the m ost p rob a b le  sequence o f  tags th at cou ld  have p rod u ced  the string o f  
w ords. T h is  is don e  w ith  a  d y n a m ic  p rogram m in g  m eth od , the V ite rb i a lgorith m  
[V iterb i 1967]. T h e  a lgor ith m  finds the m ost p rob a b le  sequence o f  states in tim e 
linear in the length  o f  the in pu t string.

4 The Reductionistic Statistical Approach
A lth ou g h  n ot yet fu lly  realized, the basic  p h ilosop h y  beh in d  the red u ction istic  sta
tistica l ap proach  is to  g ive it the sam e expressive pow er as the C on stra in t G ram m ar 
system .

4.1 Constraint Grammar
T h e  C on stra in t G ra m m a r system  perform s rem arkably  well; [V outilainen  &; H eikkila 
1994] rep ort 99 .7%  recall, or  0 .3 %  error rate, w hich is ten tim es sm aller than that 
o f  the best sta tistica l taggers. T h ese  im pressive results are achieved by :

1 . U tilizing  a  num ber o f  different in form a tion  sources, and n ot on ly  the stereoty 
ped  lex ica l sta tistics  and n -gram  tag  statistics  th at have becom e  the de fa cto  
stan dard  in statistica l pa rt-o f-sp eech  tagg in g.

2. N ot fu lly  resolv ing  all am bigu ities w hen this w ou ld  jeop a rd ize  the recall.



P rop erty  2 m eans that the system  trades precision  for  reca ll, w hich  m akes it ideal 
as a preprocessor for natural language system s p erfo rm in g  deeper analysis.

T h e  C onstra in t G ra m m a r system  w orks as fo llow s : F irst, the in p u t strin g  is 
assigned all possib le  tags from  the lex icon , or rather, from  the m o rp h o lo g ica l ana
lyzer. T h en , tags are rem oved  iteratively  by  repeated ly  a p p ly in g  a set o f  rules, 
or  constraints, to  the tagged  string. W h en  n o  m ore  tags are rem ov ed  by th e  last 
iteration , the process term inates, and m o rp h o lo g ica l d isa m b ig u a tion  is con clu d ed . 
T h en  a set o f  sy n tactic  tags are assigned to  the tagged  in p u t string  and  a  sim ilar 
process is perform ed  for sy n tactic  d isam bigu a tion . T h is  m e th o d  is o ften  referred to  
as r e d u c i i o n i s i i c  tagging .

T h e  rules are s o r t -o f  form u la ted  as fin ite state a u to m a ta  [T ap anainen , person a l 
com m u n ica tion ], w hich a llow s very fast processing .

Each rule applies to  a current w ord w ith  a set o f  can d id a te  tags. T h e  stru ctu re  
o f  a rule is typ ica lly :

“ In the fo llow in g  con text, d iscard  the fo llow in g  ta gs .”

“ In the fo llow in g  con text, c o m m it to  the fo llow in g  ta g .”

W e will call d iscard ing  or com m ittin g  to  tags the ru le  a c t io n .  A  typ ica l ru le  c o n t e x t  
is:

“T h ere  is a w ord to  the left th at is u n a m bigu ou sly  tagged  w ith  the 
fo llow in g  tag , and there are n o  in terven ing w ords tagged  w ith  such and 
such ta gs .”

4.2 The New Approach
T h e  structure o f  the C on stra in t G ra m m a r rules readily  a llow s their con texts  to  be 
view ed as the con d ition in gs  o f  con d ition a l proba b ilities , and the action s  have an 
ob v iou s in terpretation  as the corresp on d in g  p robab ilities .

Each con text ty p e  can be seen as a  separate  in fo rm a tion  source, and  we will 
com bin e  in form ation  sources S i , . . .  ,S n  by  m u ltip ly in g  the sca led  p roba b ilities :

P { T \ S i , . . . , S „ )

P { T ) n
i = l

P j T  I S i )  

P { T )

T h is  form u la  can be established  by  Bayesian  inversion , then p erfo rm in g  the inde
pendence assum ptions, and renew ed B ayesian inversion:

P{T\Si , . . . ,S„ )  =
P{T) -P{Sl , . . . ,Sr.\T)

P { S i , . . . , S n )

^ p ( S i )

_  ^ P{T) .P{Si\T)  _
-  p ( T ) - P ( 5 . )  -

= i= l

In standard  statistica l p a rt-o f-sp eech  tagg in g  there are on ly  tw o in form a tion  
sources —  the lex ica l p roba b ilities  and the tags assigned to  n eigh bou rin g  w ords.



P (T a g  I L ex icon  an d  n -gram s) =

P (T a g  I L ex icon ) • P (T a g  | N -gram s)

T h e  con text will in general n ot be fu lly  d isam bigu a ted . R ath er than  em p loy in g  
d y n a m ic  p rogra m m in g  over the la ttice  o f  rem ain in g  can d id a te  tags, the new ap
p roach  uses the w eighted  average over the rem ain in g  can d id a te  tags to  estim ate  the 
p roba b ilities :

P ( T | U L i C . )  =
n

=  ^ P { T \ C i ) - P i C i \ U ^ ^ , C i )
1=1

It is assum ed th at { C i  : t =  1 , . .  . , n }  con stitu tes a  p a rtition  o f  the con text C ,  i.e., 
th at C  — and that C iC \ C j  =  0 fo r  i j .  In particu lar, trig ram  probab ilities
are com b in ed  as fo llow s:

P ( T \ C )  =

=  P i T \ T , , T r ) P ( { T , , T r ) \ C )
(T ,,T ,)e c

H ere T  d en otes a  can d id a te  tag  o f  the current w ord , Tj denotes a  can d id a te  tag  o f  
the im m ed ia te  left n e igh bou r, and Tr  den otes a can d id a te  ta g  o f  the im m ed ia te  right 
n e igh bou r. C  is the set o f  ordered  pairs (T j, T r) draw n from  the set o f  can d id a te  tags 
o f  the im m ed ia te  n eigh bou rs. P { T  \ T ; ,T r )  is the sy m m etr ic  tr ig ram  p robab ility .

T h e  tagger is red u ction istic  since it repeatedly  rem oves low -p rob a b ility  can d idate  
tags. T h e  p rob a b ilit ie s  are then reca lcu la ted , and the process term inates w hen the 
p rob a b ilit ie s  have stab ilized  and n o m ore  tags can b e  rem oved  w ith ou t jeop a rd iz in g  
the reca ll; can d id a te  tags are on ly  rem oved  i f  their p roba b ilities  are below  som e 
thresh old  value.

We thus have;

5 Sparse Data
H an dling  sparse d a ta  consists o f  tw o different tasks:

1. E stim atin g  the p rob a b ilities  o f  events that d o  n ot occu r  in the train ing data.

2. Im p rov in g  the estim ates o f  con d ition a l p rob a b ilities  w here the num ber o f  o b 
servations under this con d ition in g  is sm all.

C o p in g  w ith  unknow n w ords, i.e ., w ords n ot encountered  in the train ing set, is 
an arch etyp ica l ex am p le  o f  the form er task. E stim atin g  p rob a b ility  d istribu tions 
con d ition a l on  sm all con texts is an ex am p le  o f  the latter task. W e  will exam ine 
several ap proach es to  these tasks.

For the H M M , it is necessary to  avoid  zero proba b ilities . T h e  m ost stra igh t
forw ard  stra tegy  is em p loy in g  the ex p ected -lik e lih ood  estim ate  (E L E ), w hich  sim p ly  
ad ds 0.5 to  each  frequency  cou n t and then con stru cts a m a x im u m -lik e lih ood  esti
m a te  (M L E ), (see e.g. [G ale &  C hurch  1990]). T h e  M L E  o f  the p rob a b ility  is the 
relative  frequ ency  r . A n oth er  p ossib ility  is the G o o d -T u r in g  m eth od  [G o o d  1953], 
w here each frequ ency  /  is rep laced  by / *  =  ( /  -f- \ ) N j ^ i / N f , where N j  denotes 
th e frequ ency  o f  frequency  / .  A ltern atively , on e can  use linear in terp ola tion  o f  the 
p rob a b ilit ie s  ob ta in ed  by  M L E , P { c  \ a , b )  =  A ir (c )  +  A2t ( c | b)  - f  A3t ( c ] a, 6).



[Brow n et al 1992] let the A values depen den t on  the co n tex t , w hich  im p rov es  the 
tagg in g  accuracy. T h is  is related to  the idea  o f  successive ab stra ction  presented in 
S ection  5 .1 . T o  achieve im p rov ed  estim ates o f  lex ica l p rob a b ilities , w ords can be 
clustered together, see [C u ttin g  e t  al  1992].

T h ere  are several w ays to  handle  u nknow n  w ords. T h ese  in clude;

1. M aking  every tag  a  p ossib le  tag  for  th at w ord  w ith  equal p ro b a b ility  and 
find ing  the m ost p rob a b le  ta g  so le ly  based  on  con tex t p roba b ilities . T h e  results 
can be sligh tly  im p roved  by  try in g  on ly  op en -class tags for  u nkn ow n  w ords.

2. A s  an extension  to  case 1, ch oos in g  different bu t again  con stan t p rob a b ilities  
for each p ossib le  tag. T h is  con stitu tes an a  priori d is tr ibu tion  for  u nkn ow n  
w ords, reflecting for ex am p le  th at m ost o f  the unknow n  w ords are nouns. 
T h e  p roba b ilities  cou ld  b e  ob ta in ed  fro m  a  separate  tra in in g  p art, or  fro m  the 
d istribu tion  o f  w ords th at occu r  on ly  on ce  in the tra in in g  corp u s. T h ese  w ords 
reflect the d istr ibu tion  o f  unknow n  w ords a ccord in g  to  the fo rm u la  presented 
in [G o o d  1953].

3. E x p lo itin g  w ord -form  in form a tion  as p rop osed  in [Sam uelsson  1994]. Here, 
the p rob a b ility  d istr ibu tions are determ ined  from  the last n characters o f  the 
w ord, and the rem ain ing  num ber o f  sy llables. T h is  m eth od  has been  proven  
successfu l for  Sw edish text.

4. U tilizing  o rth ograp h ica l cues such as cap ita liza tion .

5.1 Successive Abstraction
A ssum e that we w ant to  estim ate  the p rob a b ility  P { E  j C )  o f  the event E  g iven  
a  con text C  from  the num ber o f  tim es N e  it o ccu rs  in N  =  jC j tria ls, bu t that 
this d a ta  is sparse. A ssu m e further th at there is ab u n d a n t d a ta  in a  m ore  general 
con text C  Z) C  th at we w ant to  use to  get a better  estim ate  o f  P [ E  j C ) .

I f  there is an ob v iou s linear order C  =  C m  C  C m - i  C  • • • C  C i =  C ' o f  the 
various generalizations C k  o f  C ,  we can bu ild  the estim ates o f  P { E  j C * )  on  the 
relative frequency r { E  j C k )  o f  event E  in con text C k  and the p rev iou s estim a tes o f  
P ( E  I C k - i ) .  W e ca ll this m eth od  l in e a r  s u c c e s s i v e  a b s t r a c t io n .  A  s im p le  ex a m p le  
is estim atin g  the p rob a b ility  P { T  j l „ , . . I n - j )  o f  a  ta g  T  g iven  I n - j ,  ■ ■ . , l n ,  the 
last J -I-1 letters o f  the w ord. In th is case, the estim ate  w ill b e  based  on  the relative  
frequencies r ( T  j r ( T  j . .  . , r ( T  j l „ ) , r ( T ) .

P reviou s experim en ts [Sam uelsson 1994] in d ica te  th at the fo llow in g  is a  su itab le  
form ula ;

P ( E  I C )  =
^ / N r { E  I C )  +  P { E  I C )  

^ / N + l
(2)

T h is  form u la  s im p ly  up-w eights the relative frequency  r  by a fa c to r  y / N ,  the square 
roo t o f  the size o f  con text C , w hich is the active  ingredien t o f  the stan d ard  d ev ia tion  
o f  r .

I f  there is on ly  a  partial order o f  the various gen eralizations , the sch em e is 
still v iable. For exam p le , consider generalizing  sy m m etr ic  tr ig ra m  statistics , i.e ., 
statistics o f  the fo rm  P { T  j T i ,T r ) .  Here, b o th  T| and Tr  are on e-step  g enera lizations 
o f  the con text T i ,T r ,  and b o th  have in turn  the co m m o n  genera lization  f i .  W e  
m o d ify  E quation  2 accord in g ly ;

P (T \ T ,,T r )  =

y/\T,,Tr\r(T\T,,Tr) +  P{T\T,) +  P{T\Tr)

y / ^ l W \ + 2



and

P ( T \ T , )  =  

P ( T  I TO =

y i r i  r (T  I T ,) +  T (T )

v /i^ + 1
y i ^ r ( r | T r )  +  P (T )

y i ^ + 1

W e call th is p a r t ia l  s u c c e s s iv e  a b s t r a c t io n .

6 Experiments
For the experim en ts, both  co rp o ra  were d iv id ed  in to  three sets, on e large set and 
tw o sm all sets. W e used three different d iv isions in to  tra in ing  and testing sets. F irst, 
all three sets were used for  b o th  tra in ing  and testing. In the secon d  and th ird  case, 
tra in in g  and test sets were d is jo in t, the large set and  on e o f  the sm all sets were used 
for  tra in ing , the rem ain in g  sm all set was used for testing. A s a  baseline to  in d icate  
w hat is ga in ed  by  tak in g the con text in to  accou n t, we p erform ed  an ad d ition a l set 
o f  exp erim en ts th at used lex ica l p roba b ilities  on ly, and ignored  the con text.

6.1 H M M  Approach
T h e  exp erim en ts o f  th is section  w ere p erform ed  w ith  a trigram  tagger as described 
in S ection  3. Z ero frequencies were avoided  by  using ex p ected -lik e lih ood  estim ation . 
U nknow n w ords were handled  by a  m ixtu re  o f  m eth od s  2 and  3 listed  in Section  5: If 
the suffix o f  4 characters (3 characters for the Susanne corp u s) o f  the unknow n w ords 
was fou n d  in the lex icon , the tag  d is tr ibu tion  for  th at suffix was used. O therw ise 
w e used the d is tr ibu tion  o f  tags for  w ords th at occu rred  on ly  on ce  in the training 
corpus.

A s o p p o se d  to  trigram  tagg in g , lex ica l tagg in g  ignores con text p roba b ilities  and 
is based so le ly  on  lex ica l p roba b ilities . E ach  w ord is assigned its m ost frequent tag 
fro m  the tra in in g  corpus. U nknow n w ords were assigned the m ost frequent ta g  o f  
w ords th at occu rred  ex a ctly  on ce  in the tra in ing  corpu s. T h e  m ost frequent tags 
for single occu rren ce  w ords are for  the T elem an  corpu s NIMSS (in defin ite  n oun -noun  
c o m p o u n d ) and noun (large and sm all tagset, resp .), for  the Susanne corpus NN2 
(p lu ra l c o m m o n  n ou n ) and NN (c o m m o n  noun ; again  large and sm all tagset resp .).

T a g g in g  speed weis generally  betw een  1000 and 2000 w ords per secon d  on  a 
SparcS erver 1000; m ost o f  th is variation  was due to  variations in the num ber o f  
u n kn ow n  w ords.

T h e  results for  the T elem an  corpu s are show n in T ab le  5 and the results for the 
Susanne corpu s in T a b le  6 .

W h a t im m ed ia te ly  a ttracts a tten tion  is the rem arkably  low  p erform an ce  o f  the 
tr igra m  a p p roa ch  for  the T elem an  corpu s. A lrea d y  the baseline ob ta in ed  by  lexical 
ta gg in g  is be low  80 %  for  new  tex t, usual results are around  90 % . N orm al results can 
b e  ob ta in e d  on ly  for kn ow n  w ords or w hen  using the sm all tagset, the latter be in g  
in fa c t a very s im p le  task, since the a lgor ith m  has to  choose  fro m  on ly  19 tags. For 
the large tagset, trigram  tagg in g  ach ieves on ly  83%  accuracy. T h is  low  figure is due 
to  the unusually  h igh  num ber o f  unkn ow n  w ords and  the larger degree o f  am bigu ity  
com p a red  to  English  co rp ora , as is discussed in S ection  2. Using a large Sw edish 
lex icon  or m o rp h o lo g ica l analyzer sh ou ld  im p rov e  the results significantly.

A n oth er  in teresting result is th at accu racy  increases w hen the size o f  the tagset 
increases for  the Ccises where kn ow n  text is tagged  and con text p roba b ilities  are 
taken in to  a ccou n t. T h is  m eans th at the ad d ition a l in form ation  a b ou t the con text in 
the larger tagset is very help fu l for  d isa m b ig u a tion , bu t on ly  w hen d isam bigu a tin g



Table 5: Results of the HMM experiments with the Teleman corpus

T rain in g  T esting tota l correct know n  correct u nkn ow n  correct

S L ex ica l T agg ing  
T  A , B , C  A , B , C  
1 1 A , B  C  
* 9 A , C  B

9 5 .13%  9 5 .13%  —  
8 9 .27%  9 4 .18%  5 8 .35%  
9 0 .42%  9 4 .20%  6 9 .60%

^  T  T rigram  T agg ing  
6 g A , B, C  A , B, C 
1 ® A , B C 
t A , C  B

9 6 .22%  9 6 .22%  —  
9 2 .88%  9 4 .51%  8 2 .55%  
9 2 .81%  9 4 .62%  8 2 .83%

L L exica l T agg in g  
r 2 A , B, C  A , B, C  
6 5 A , B C 
;  ® A , C  B

9 0 .65%  9 0 .65%  —  
7 8 .84%  8 9 .07%  14 .44%  
7 8 .05%  8 8 .20%  22 .03%

a 1 T rigram  T agg ing  
f  g A , B, C  A , B, C  
e ® A , B C 
‘  A , C  B

9 8 .35%  9 8 .35%  —  
8 3 .78%  8 9 .99%  44 .6 6 %  
8 1 .01%  8 9 .40%  3 4 .69%

T ab le  6 ; R esults o f  the H M M  experim en ts w ith  the Susanne corpu s

T ra in in g  Testing to ta l correct know n  correct u nkn ow n  correct

S L ex ica l T ag g in g  
T  A , B, C  A , B, C 
1 6 A , B C 
‘ 2 A , C  B

9 5 .28%  9 5 .28%  —  
9 1 .48%  9 4 .80%  4 9 .72%  
9 1 .20%  9 4 .44%  3 8 .37%

a a T rigram  T agg in g  
g g A , B, C  A , B , C  
e " A , B C 
1 A , C  B

9 8 .65%  9 8 .65%  —  
95 .76%  9 6 .95%  8 0 .81%  
95 .18%  9 6 .58%  7 2 .29%

L L exica l T agg ing  
?  4 A , B , C  A , B, C 
g 2 A , B C  
;  1  A , C  B

9 3 .98%  9 3 .98%  —  
8 6 .98%  9 3 .04%  10 .78%  
8 8 .16%  9 2 .59%  15 .81%

a a T rigram  T agging  
6 g A , B, C  A , B, C 
e ® A , B C  
‘  A , C  B

9 9 .80%  9 9 .80%  —  
9 2 .61%  9 5 .66%  5 4 .20%  
9 3 .07%  9 5 .46%  5 3 .83%



kn ow n  tex t. T h is  cou ld  arise fro m  the fa c t th at a large n um ber ( >  5 0 % ) o f  the 
tr igram s th at occu r  in the tra in in g  tex t o c cu r  ex a ctly  on ce . A n d  m ost o f  the possib le 
tr igram s d o  n ot occu r  at all (generally  m ore  than  90 % , dep en d in g  on  the size o f  
the ta gset). N ow , the trigram  ap proach  has a d istin ct bias to  those trigram s that 
occu rred  on ce  over those that never occu rred . T h ese  h appen  to  b e  the right ones 
fo r  k n ow n  text bu t n ot necessarily for  new  tex t, thus the pos itiv e  effect o f  a larger 
tagset vanishes for fresh text.

T h e  results for the Susanne corp u s are sim ilar to  those rep orted  in other p u b li
ca tion s  for  (o th er ) English  corp ora .

6.2 Reductionistic Approach
T h e  red u ction istic  sta tistica l tagger described  in S ection  4 was tested on  the sam e 
d a ta  as the H M M  tagger. T h e  in fo rm a tion  sources em p loyed  in  the experim en ts 
w ere lex ica l sta tistics  and con textu a l in fo rm a tion , w hich  consisted  o f  sy m m etric  
trig ram  statistics . U nknow n w ords w ere h and led  by  creating  a decision  tree o f  the 
fou r  last letters from  w ords w ith  three or less occu rren ces. Each n od e  in the tree 
was associa ted  w ith  a  p rob a b ility  d istr ibu tion  (over  the tagset) ex tracted  from  these 
w ords, and  the p rob a b ilities  were sm ooth en ed  th rough  linear successive ab straction , 
see S ection  5.1.

T h ere  were tw o cu t -o ff  values for con texts: F irstly, any con text w ith  less than 10 
observ ation s  was d iscarded . S econ d ly , any con text w here the p rob a b ility  d istr ibu ti
on s d id  n ot differ su bstantia lly  fro m  the u n con d ition a l on e was a lso d iscard ed . O nly  
the rem ain in g  ones were used for  d isam bigu a tion . D ue to  the com p u ta tion a l m od el 
em p loy ed , o m itte d  con texts are equ ivalent to  back in g  o f f  to  w hatever the current 
p ro b a b ility  d is tr ibu tion  is. T h e  d istr ibu tion s con d ition a l on  con texts  are how ever 
su scep tib le  to  the p rob lem  o f  sparse da ta . T h is  was handled  using partial successive 
ab stra ction  as described  in S ection  5.1.

T h e  results are show n in T ab les 7 and 8 . T h ey  clearly  in d icate  that:

• T h e  em p loyed  treatm ent o f  u nknow n w ords is qu ite effective.

• U sing con textu a l in form a tion , i.e ., trigram s, im proves ta gg in g  accuracy.

• T h e  p erform a n ce  is on  pair w ith  the H M M  tagger and com p a ra b le  to  state- 
o f-th e -a rt sta tistica l p a rt-o f-sp eech  taggers.

• T elem an  is a con sid erab ly  tou gh er nut to  crack than Susanne.

T h e  results using  the Susanne corp u s are s im ilar to  those rep orted  for  the L ancaster- 
O slo -B ergen  (L O B ) corp u s in [de M arcken 1990], w here a statistica l n -best-p a th  
a p p roa ch  was em p loyed  to  trade p recision  for  recall.

T h e  ta gg in g  speed was typ ica lly  a cou p le  o f  hundred w ords per secon d  on  a 
SparcS erver 1000, bu t varied w ith  the size o f  the tagset and  the am ou n t o f  rem aining 
am bigu ity .

7 Conclusions
T h e  exp erim en ts w ith  the H M M  ap p roa ch  show  th at it is m uch  harder to  process the 
Sw edish  than the E nglish  corpus. A lth ou g h  the tw o co rp o ra  are n ot fu lly  com p a ra b le  
becau se o f  the differences in size and tagsets used, they  reveal a strong tendency. 
T h e  d ifficu lty  in processin g  is m ostly  due to  the rather large num ber o f  unknow n  
w ords in  the Sw edish  corpu s and the h igher degree o f  am bigu ity  despite having 
sm aller tagsets. T h ese  effects m a in ly  arise fro m  the h igher m orp h o log ica l variation



Table 7: Results of the reductionistic experiments with the Teleman corpus

T rain in g  T estin g  | T h resh old : 0 .00 0 .05 0 .075 0 .10 0 .15 0 .20 0 .30 0.50

Sm all T agset

R eca ll (% ) 
T a g s /w o rd

100.00
2.38

T rigram  and lex ica l statistics 
99 .02 98 .66  98 .35 97 .78  97 .37  

1.15 1.12 1.10 1.07 1.05
96.65

1.03
95.55

1.00
A ,B ,C  A ,B ,C

R eca ll (% ) 
T a g s /w o rd

100.00
2.38

L exica l sta tistics  on ly  
98 .96  98 .53  98 .29  97 .69  97 .28 

1.25 1.17 1.14 1.09 1.07
96.36

1.03
95.10

1.00

R ecall (% ) 
T a g s /w o rd

98.98
2.54

T rigram  and lex ica l statistics 
97 .72 97 .25 96.81 96 .20  95 .53 

1.21 1.17 1.14 1.10 1.07
94.67

1.04
93.34

1.00
A ,B  C

R eca ll (% ) 
T a g s /w o rd

98.98
2.54

L exica l sta tistics  on ly  
97.61 97 .14  96 .87  96 .15  95 .63 

1.34 1.25 1.21 1.14 1.11
94.26

1.04
92.55

1.00

R eca ll (% ) 
T a g s /w o rd

98.99
2.51

T rigram  and lex ica l statistics 
97 .80 97 .44  96 .94  96 .34  95 .84  

1.23 1.18 1.15 1.11 1.08
98.81

1.04
93.50

1.00
A ,C  B

R eca ll (% ) 
T a g s /w o rd

98.99
2.51

L exica l sta tistics  on ly  
97 .67 97 .33  97 .07  96 .45  95 .84  

1.34 1.26 1.21 1.14 1.10
94.34

1.04
92.52

1.00
Large T agset

R ecall (% ) 
T a g s /w o rd

100.00
3.69

T rigram  and lex ica l statistics 
98 .36 97 .92 97 .54  97 .03  96.41 

1.23 1.18 1.15 1.11 1.08
95.31

1.04
93.75

1.00
A ,B ,C  A .B .C

R ecall (% ) 
T a g s /w o rd

100.00
3.69

L exica l sta tistics  on ly  
98 .30  97 .63 97 .20  96 .67  95 .57 

1.43 1.31 1.26 1.22 1.16
93.65

1.08
90.59

1.00

R ecall (% ) 
T a g s /w o rd

97.46
4.16

T rigram  and lex ica l statistics 
94 .93 93 .94 93 .35  92 .35  91 .15 

1.47 1.37 1.31 1.24 1.18
88.53

1.08
85.56

1.00
A ,B  C

R ecall (% ) 
T a g s /w o rd

97.46
4.16

L exica l sta tistics  on ly  
95 .23 94 .24  93 .69 92 .93 91.51 

1.69 1.53 1.44 1.34 1.26
87.92

1.11
83.62

1.00

R ecall (% ) 
T a g s /w o rd

96.64
4.18

T rigram  and lex ica l sta tistics  
94 .04 93 .00  92 .09 90 .92 89 .46 

1.48 1.38 1.32 1.24 1.18
86.94

1.08
83.58

1.00
A ,C  B

R ecall (% ) 
T a g s /w o rd

96.64
4.18

L exica l sta tistics  on ly  
94.51 93 .27  92 .50 91 .02 89 .68 

1.71 1.54 1.44 1.34 1.24
85.86

1.10
81.69

1.00

2 21307



Table 8: Results of the reductionistic experiments with the Susanne corpus

T ra in in g  T estin g  I T h resh o ld : 0.00 0.05 0.075 0 .10 0.15 0 .20 0.30 0.50

S m all T agset

A ,B ,C  A ,B iC

T rigram  and lexical statistics
R eca ll (% )  100.00 99 .46  99 .35 99 .23  99 .03 98 .82 98 .43 97.75 
T a g s /w o r d  2.07 1.08 1.07 1.06 1.04 1.03 1.02 1.00

L exica l sta tistics  on ly
R eca ll (% )  100.00 99 .33  99 .20 98 .94  98 .67 98 .10 97 .43 95.28 
T a g s /w o r d  2 .07 1.18 1.16 1.14 1.11 1.08 1.05 1.00

A .B  C

T rigram  and lex ica l statistics
R eca ll (% )  99 .22  98 .43 98 .28 98.11 97 .78 97 .43 96.91 95.99 
T a g s /w o rd  2.23 1.14 1.11 1.09 1.07 1.05 1.02 1.00

L exica l sta tistics  on ly
R eca ll (% )  99 .22 98 .27 98 .03 97 .78 97 .45  96 .80  96 .15 93.42 
T a g s /w o rd  2.23 1.25 1.23 1.19 1.15 1.11 1.08 1.00

A ,C  B

T rigram  and lex ica l statistics
R eca ll (% )  99 .22  98 .46 98 .22  97 .99 97 .58  97 .15 96 .49 95.54 
T a g s /w o rd  2 .17 1.13 1.10 1.09 1.06 1.05 1.02 1.00

L exica l sta tistics  on ly
R ecall (% )  99 .22  98.21 97 .88 97.61 97 .35 96 .47 95 .46 92.87 
T a g s /w o rd  2.17 1.24 1.21 1.17 1.15 1.10 1.06 1.00

Large T agset

A ,B ,C  A ,B ,C

T rigram  and lex ica l statistics
R eca ll (% )  100.00 99 .25 99 .12 98 .96  98 .74 98 .44  98 .04 96.87 
T a g s /w o rd  2.61 1.10 1.08 1.07 1.06 1.04 1.03 1.00

L exica l statistics on ly
R eca ll (% )  100.00 99 .05  98 .88 98 .59 98 .20  97 .58  96 .72 93.98 
T a g s /w o rd  2.61 1.23 1.20 1.17 1.14 1.10 1.07 1.00

A ,B  C

T rigram  and lex ica l statistics
R eca ll (% )  98.31 96 .94  96 .52  96 .19 95 .68 95 .02  94.21 92.70 
T a g s /w o rd  3.01 1.22 1.18 1.15 1.11 1.08 1.04 1.00

L exica l sta tistics  on ly
R eca ll (% )  98.31 96.91 96 .49  95 .94  95 .50 94 .40  93 .42 90.26 
T a g s /w o rd  3.01 1.41 1.35 1.28 1.20 1.14 1.08 1.00

A ,C  B

T rigram  and lex ica l statistics
R eca ll (% )  98 .49 97 .03 96 .72 96.41 95 .88  95 .16 94 .29 92.71 
T a g s /w o rd  2.83 1.21 1.18 1.15 1.11 1.08 1.04 1.00

L exica l sta tistics  on ly
R eca ll (% )  98 .49  96 .95 96 .55 96 .05  95 .57 94 .44  93 .26 90.31 
T a g s /w o rd  2.83 1.36 1.31 1.25 1.19 1.13 1.08 1.00



o f  Swedish w hich calls for ad d ition a l strategies to  b e  ap p lied . T h ese  cou ld  b e  the 
use o f  a  large corpu s-in depen den t lex icon  and a separate m o rp h o lo g ica l analysis.

It is reassuring to  see that the red u ction istic  tagger p er form s as w ell as the 
H M M  tagger, in d ica tin g  th at the new  fram ew ork  is as p ow erfu l as the con v en tio 
nal on e when using strictly  con vention a l in fo rm a tion  sources. T h e  new  fram ew ork  
also enables using the sam e sort o f  in fo rm a tion  as the h igh ly  successfu l C on stra in t 
G ra m m a r ap proach , and the h op e  is th at the a d d ition  o f  fu rther in fo rm a tion  sources 
can advance sta te -o f-th e -a rt p erform an ce  o f  sta tistica l taggers.

V iew ed as an extension  o f  the C on stra in t G ra m m a r ap p roa ch , the new  schem e 
allow s m aking decisions on  the basis o f  n ot fu lly  d isam bigu a ted  p ortion s  o f  the 
input string. T h e  absolute  value o f  the p rob a b ility  o f  each  ta g  can be used as a 
qu antita tive  mecisure o f  w hen to  rem ove a p a rticu lar can d id a te  ta g  and  w hen  to  
leave in the am bigu ity . T h is  provides a  to o l to  con tro l the tra d eo ff betw een  recall 
(a ccu ra cy ) and precision  (rem ain in g  a m b ig u ity ).
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Indexed Languages and Unification 
Grammars*

Tore Burheim^

A bstract
Indexed languages are interesting in computational linguistics because they 

are the least class of languages in the Chomsky hierarchy that has not been 
shown not to be adequate to describe the string set of natural language sent
ences. We here define a class of unification grammars that exactly describe 
the class of indexed languages.

1 Introduction
T h e  occu rren ce o f  purely  syn tactica l cross-serial depen den cies in S w iss-G erm an  
show s that con text-free  gram m ars can n ot describe the string  sets o f  natu ral lan
guage [Shi85]. T h e  least class in the C h om sk y  hierarchy th at can d escribe  u n lim ited  
cross-serial depen dencies is in dexed  g ram m ars [A h o 68]. G azd a r discuss in [G a z88] 
the ap p licab ility  o f  in dexed  gram m ars to  natural languages, and  show  how  th ey  can 
be used to  describe different sy n tactic  structures. W e  are here g o in g  to  stu d y  h ow  we 
can describe the class o f  indexed  languages w ith  a u n ifica tion  g ra m m a r form alism . 
A fter defin ing indexed  gram m ars and a sim p le  u n ifica tion  g ra m m a r fram ew ork  we 
show  how  we can define an equ ivalent u n ifica tion  g ra m m a r for  any g iven  indexed  
gram m ar. T w o  gram m ars are equ ivalent if  they generate the sam e language. W ith  
this backgrou n d  we define a class o f  u n ifica tion  gram m ars and show  th at th is class 
describes the clciss o f  indexed languages.

2 Indexed grammars
Indexed  gram m ars is a  gram m ar form alism  w ith  generative  cap a city  betw een  con 
text-free  gram m ars and con text-sen sitive  g ram m ars. C on tex t-free  gram m ars can 
n ot describe cross-serial dependencies du e to  the p u m p in g  lem m a , w hile in d exed  
gram m ars can. H ow ever, the class o f  languages generated  by in d exed  gram m ars, 
- th e  indexed  languages, is a  prop er subset o f  con text-sen sitive  languages [A h o 68].

Indexed gram m ars can be seen as a con text-free  gra m m a r w here we ad d  a string 
- o r  stack , o f  indices to  the non term inal n odes in the phrase stru ctu re trees, or 
derivation  trees as we will call th em . S om e p rod u ction  rules ad d  an in d ex  to  the 
beg in n ing  o f  the string , w hile the use o f  oth er p ro d u ctio n  rules is d epen den t on 
the first index in the string. W h en  such a p ro d u ctio n  rule is ap p lied  the in dex  
o f  w hich it is dependent, is rem oved , and the rest o f  the in d ex -str in g  is kept by 
the daughter(s ). In th is way we m a y  d istribu te  in fo rm a tion  fro m  on e p art o f  the 
derivation  tree to  another. T h e  orig in a l defin ition  o f  in dexed  g ra m m a rs was given

*This work has been supported by grant 100437/410 from Norwegian Research Council. 
^University of Bergen, Department of Informatics, N-5020 Bergen, Norway and University of 

the Saarland, Computational Linguistic, Postfach 1150, D-66041 Saarbriicken, Germany. Email: 
Tore.BurheimQii.uib.no



by A h o  [A h o 68]. W e  are here using the defin ition  used by  H op cro ft  and U llm an 
[HU79] w ith  som e  m in or n ota tion a l variations:

D e f i n i t i o n  1 A n  INDEXED GRAMMAR G  is  a 5 - t u p le ;  G  =  { N ,  T ,  I ,  P ,  S )  w h e re  

N  is a f in i t e  s e t  o f  s ym bo ls ,  ca lled  n onterm inals,

T  is  a f in i t e  s e t  o f  s ym bo ls ,  ca lled  term inals,

1 is  a f in i t e  s e t  o f  s ym bo ls ,  called  indices,

P  is  a f in i t e  s e t  o f  o r d ered  pa irs ,  ea ch  on  o n e  o f  the f o r m s  { A , B f ) ,  { A f , a )  o r  
{ A ,  a )  w h e r e  A  an d  B  are n o n t e r m i n a l  s y m b o l s  in N ,  a  is  a f in i t e  s t n n g  in  
( A u T ) * ,  an d  f  is  an i n d e x  in  I .  A n  e l e m e n t  in P  is  ca lled  a p rod u ction  rule 
an d  is  w r i t t e n  A  —► B f ,  A f  —<• a  o r  A  —+ a .

S  is  a s y m b o l  in  N , an d  is  ca lled  th e  start sy m b o l.

an d  s u c h  that  N , T  and I  are  p a ir w is e  d is jo in t .
A n  in d e x e d  g r a m m a r  G  =  { N ,  T ,  I ,  P ,  S )  is on  REDUCED FORM i f  ea ch  p r o d u c t io n  

in  P  is  o n  o n e  o f  the  f o r m s

a) A - ^ B f

b) A f - ^ B

c) A ^  B C

d) A - ^ t

w h e r e  A ,  B , C  are in  N , f  is  in  I ,  an d  t is in  ( T U  { e } ) .

A h o  show ed in his or ig ina l pap er [A h o 68] that fo r  every in dexed  gram m ar there 
exists an in dexed  g ra m m a r on  reduced  fo rm  w hich  generates the sam e language.

T o  define constituen t structures and derivation  trees we are g o in g  to  use tree 
d om ain s: Let A/+ be  the set o f  all integers greater than zero. A  tre e  d o m a in  D  is 
a  set £) C  o f  num ber strings so th at i f  x  £  D  then all prefixes o f  x  are also in 
D ,  and for  all i £  and x  £  i f  x i  £  D  then  x j  £  D  fo r  all j ,  1 < j  <  i- 
T h e  ou t  degree  d ( x )  o f  an elem ent x  in  a tree d om a in  D  is the card inality  o f  the set 
{ i  \ x i  £  D , i  £  A / + ] .  T h e  set o f  term inals o f  D  is t e r m [ D )  =  { i  | i  £  D , d ( x )  =  0 } .  
T h e  elem ents o f  a tree d om ain  are to ta lly  ordered  lex icograp h ica lly  as fo llow s: x  ;< y  
i f  X is a prefix  o f  y ,  or  there exist strings z , z ' , z "  £  Aff .  and i , j  £  A f+  w ith i <  j ,  
such th at X =  z i z '  and y  =  z j z ” . W e a lso define th at x  y  i f  x  < y  and x  /  j / . '

A  tree d om a in  D  can  be view ed as a tree graph  in the fo llow in g  w ay: T h e  
elem ents o f  D  are the n odes in the tree, e  is the r o o t , and for  every x  £  D  the 
elem ent x i  £  Z) is x ’s ch ild  num ber i. A  tree d om ain  m ay  be  in fin ite, bu t we shall 
restrict a tten tion  to  fin ite tree dom ain s. A  fin ite tree d om ain  can  also describe the 
to p o lo g y  o f  a derivation  tree. T h is  representation  provides a n am e for  every n od e  
in the d erivation  tree d irectly  from  the defin ition  o f  a tree d om ain . O ur defin ition  
o f  derivation  trees for  in dexed  g ram m ars w ith  the use o f  tree d om ain s is based on 
H ayashi [Hay73]:

D e f i n i t i o n  2  A  DERIVATION TREE based on  an in d e x e d  g r a m m a r G  =  { N ,  T ,  I ,  P ,  S )  
IS a p a ir  { D , C z )  o f  a f in i t e  tre e  d o m a in  D  and a f u n c t i o n  C j  : D  —* ( A / * U T u { e } )  
w h e r e

i) C x i e )  =  S

^See Gallier [Gal86] for more about tree domains.



*0 C j { x )  £  N I *  f o r  e v e r y  n od e  x  in D  w ith  d ( x )  >  0. M o r e o v e r  i f  C j { x )  =  A'y  
f o r  A  S. N  and  7  €  /*  an d  C j { x i )  =  Bi&i w ith  B {  £  ( A ^ U T u { e } )  an d  6 i £  /*  
f o r  e v e r y  i : 1 <  i th en  e i t h e r

a) A  B \ f  is  a p r o d u c t i o n  ru le  in  P  s u ch  that d ( x )  = ! , / £ / ,  and  

Si -  f l ,  o r

b) A f  —► B\ . . . 5d(®) ® p r o d u c t i o n  ru le  in P  su ch  that  f  £  I  w h e re  
7  =  f y ' ,  an d  Oi =  7 ' i f  B i  £  N  and 6i — e i f  B i  £  { T  L) { e } ) ,  o r

c) A  B i  . . . S d (r) is  a p r o d u c t i o n  ru le  in P  s u c h  that  6i =  y  i f  B i  £  N  
and 6i =  e  i f  B i  £  ( T  U { e } ) .

Hi) C j { x )  £  ( T  U { e } )  f o r  e v e r y  n od e  in  D  w ith  d ( x )  =  0,

T h e  SYMBOL FUNCTION; C j* '" ' : D  —* ( N  U T ) ,  and th e  in d e x  s t r in g  f u n c 
t i o n ; Cj'^^ : D  —► /* ,  are t o ta l  f u n c t i o n s  on  D  su ch  that i f  C j { x )  — A y  w h e re  
A  £  { N  U T  L) { e } )  an d  y  £  I*  th en  C j ^ " ' ( x )  =  A  an d  C j ^ ^ ( x )  =  7  f o r  all  x  £  D .

TAe TERMINAL STRING o f  a d e r iv a t io n  tre e  { D , C j )  is  the  s t r in g  C i { x i ) . . . C j { x n )  
w h e r e  { x i , x „ }  =  t e r m { D )  and  x,- X  X i+ i f o r  all i, \ <  i <  n  — 1.

W e  also d efine  the  LICENSE f u n c t io n ; l i c e n s e  : ( D  — t e r m { D ) )  P ,  s u c h  that  
i f  A  a  is a p r o d u c t i o n  ru le  a c co rd in g  to  i i )  a ) ,  b)  o r  c )  f o r  a n o d e  x  in D ,  th en  
l i c e n s e ( x )  =  A  —> a .

In form ally  this is a trad ition a l derivation  tree. I f  we have a n od e  w ith  label A y  
where ^  is a n onterm inal sy m b o l and 7  is a  string  o f  indices, and we use a  p rod u ction  
rule A  —» B / ,  then the n o d e ’s on ly  child gets the label B f y .  I f  we instead  use a 
p rod u ction  rule A  —► B C  on  the sam e n od e  it gets tw o children  labeled  B y  and 
C y  respectively , or  i f  we use a p rod u ction  rule A  t w here < is a term ina l sy m b o l, 
then we rem ove all the indices and the n o d e ’s on ly  ch ild  gets the label t.  I f  we have 
a n od e  labeled  w ith  A f y ,  w here /  is a in d ex  and we use a p ro d u ctio n  rule A f  —► B  
then the n o d e ’s on ly  ch ild  gets the label B y .  W e  also see th at the term ina l string  
is a string  in T * since C u { x )  £  ( T  U { e } )  fo r  all x  £  t e r m { D ) .

D e f in i t i o n  3  A  s t r in g  w  is  GRAMMATICAL with  r e s p e c t  to  an in d e x e d  g r a m m a r  G  
i f  and  on ly  i f  th ere  e x i s t s  a d e r iv a t io n  t r e e  based on  G  w ith  w  as the t e r m i n a l  s tr in g .  
T h e  lan gua ge  g e n e r a t e d  by G ,  L ( G )  is th e  s e t  o f  a ll  g r a m m a t i c a l  s t r in g s  w ith  r e s p e c t  
to G .

E x e tm p le  1 Let G  =  { N , T , I , P , S )  b e  an in dexed  g ra m m a r w here T  =  { a , 6, c }  is 
the set o f  term inal sy m b ols , N  =  { S ,  S ' , A ,  B ,  G )  is the set o f  n onterm ina l sy m b o ls , 
1 =  { f , g }  is the set o f  indices and P  is the least set con ta in in g  the fo llow in g  
p rod u ction  rules:

‘ '  a
■ b
■ c

Figure 1 show s the derivation  tree for  the string  “a a b b c c ”  based  on  th is gra m m a r. 
T h e  language L { G )  generated by this g ram m ar is { a " 6" c "  | n >  1} .

W e close this presentation  o f  indexed  gram m ars by sh ow in g  a  s im p le  tech nica l 
observation  that we will use in later proofs .

D e f in i t i o n  4  A n  in d e x e d  g r a m m a r  G  =  ( N , T , 1 , P , S )  h as  a m a r k e d  INDEX-END 
i f  a nd  on ly  i f  it has  o n e  and o n ly  o n e  p r o d u c t i o n  ru le  w h e r e  th e  s ta r t  s y m b o l  o c c u r s  
and th is  ru le  is  on  the f o r m  S  —► j4$ w h e r e  A  £  N  an d  the  in d e x  $ d oes  n o t  o c c u r  
in an y  o t h e r  p r o d u c t i o n  rule .

S ^ S ' f A g  —► a A A f
S '  ^  S 'g B g  —  b B B f
S '  -  A B C C g  —  c C C f
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F igure 1: D e r i v a t i o n  tre e  f o r  the s t r in g  “a a b h cc ”  based  on  the  g r a m m a r  in E x a m p le  
1

I f an in dexed  gra m m a r has a m arked  in d ex -en d  then in  any derivation  tree every 
n onterm ina l n od e  excep t the roo t gets a  $ at the end o f  the in d ex  list. S ince no 
rule requires th at there is an em p ty  in d ex  list, and neither $ nor the start sy m b ol 
o ccu rs  in any oth er p rod u ction  rule, it is stra ight forw a rd  to  con stru ct an equivalent 
g ra m m a r w ith  a m arked  in d ex -en d  for  any in dexed  gram m ar.

L e m m a  1 F o r  e v e r y  in d e x e d  g r a m m a r  G  th e r e  e x i s t s  an in d e x e d  g r a m m a r  with  a 
m a r k e d  i n d e x - e n d  G% s u ch  that L { G )  =  L ( G $ ) .

P r o o f :  Let G  =  { N , T ,  / ,  P ,  S )  be an in dexed  g ra m m a r, and assum e that So a^nd $ 
d o  n ot o c cu r  in G .  G$ is defined fro m  G  by  ad d in g  the p rod u ction  rule So ^  S$ 
such th at So becom es the new start sy m b o l and  is ad ded  to  the set o f  nonterm inal 
sy m b o ls , and $ is ad ded  to  the set o f  indices. F orm ally , i f  G  =  { N , T ,  / ,  P , S ) and 
S o , $ ^  ( N U T U / ) ,  then G ,  =  (iV U { S o } ,  T , /  U { $ } ,  P  U { (S o ,  S $ ) } ,  S o). T h en  G ,  
has a m arked  in d ex -en d , an d  we have to  show  th at for any string  w ,  w  £  L { G )  if 
an d  on ly  i f  tn G L (G % ).

( = > )  Let { D ,  C j )  b e  any d erivation  tree based  on  G  and assum e th at w  is its 
term ina l string . F rom  this we con stru ct a d erivation  tree { D ' , C j }  based on  G$ 
as fo llow s : F irst let D ' =  { l x  | x  G D }  U { e } .  T h en  let G j ( c )  =  So and let 
C 2 ( l x )  =  C i ( x ) $  for all x  £  { D  — t e r m [ D ) ) .  Let also G j ( l x )  =  C i ( x )  for all 
X G t e r T n ( D ) .  T h e  derivation  tree { D ' , C j )  has then the sam e term inal string  as 
{ D , C j ) .  S ince n o rule requires th at there is an em p ty  in d ex  list, and $ does not 
occu r  in any p rod u ction  rule in G , a p rod u ction  rule th at is licensing a n od e  x  in 
( D , C j ) ,  w ill license the n od e  l x  in { D ' , C j ) .  T h e  rule So —► S$ licenses the root. 
T h en  { D ' , C j )  is a valid  derivation  tree accord in g  to  D efin ition  2.

( < = )  Let (D ',  C j )  be any derivation  tree based  on  G$ and assum e that w  is its 
term inal string . S ince So —► S $  m ust license the ro o t  and $ d oes n ot occu r  in any 
o th er p ro d u c tio n  rule the in dex  sy m b o l $ o ccu rs  at the end o f  the in d ex  list at every 
n on term in a l n od e  excep t the ro o t  in { D ' ,  C j ) -  F rom  this derivation  tree we construct 
a derivation  tree { D , C j )  based on  G  as fo llow s : F irst let D  =  { x  | l x  G D ' } .  
T h en  for  all x  £  { D  — t e r m { D ) )  let C j ( x )  =  /? w here C j ( l x )  =  /?$, Let also 
C i ( x )  =  C j ( l x )  for  all x  G t e r m { D ) .  T h e  d erivation  tree { D , C j )  has then  the 
sam e term inal string  as ( D ' , C j ) .  S ince every p rod u ction  rule in G$ ex cep t So —► S$ 
also is a  p ro d u ctio n  rule in G , the rule So —► 5 $  on ly  can license the ro o t , and $ 
does n o t o c cu r  in any oth er p ro d u ctio n  rule, a p ro d u ctio n  rule that licenses a n od e  
l x  in (D ',  Cj ) will license the n od e  x  in  (D , C j ) .  T h en  (D , C j )  is a valid  derivation  
tree a ccord in g  to  D efin ition  2. □

N otice  in the p r o o f  that i f  G  is on  reduced  fo rm  then G * is also on  reduced 
fo rm . T h en  for  any in dexed  g ra m m a r on  reduced  fo rm  there also exists an indexed  
g ra m m a r on  redu ced  fo rm  w ith  a m arked  in dex-end .



3 Unification grammars
W e are here g o in g  to  g ive a descrip tion  o f  a very sim p le  u n ifica tion  g ra m m a r fo r 
m alism . T h e  form alism  itse lf is n ot p a rticu larly  in teresting , and it is on ly  m ea n t as 
a fram ew ork  for the rest o f  th is paper. T h e  fo rm a lism  is ju s t  a n ota tion a l variant o f  
the basic form alism  used by C o lb a n  in his w ork on  restriction s on  u n ifica tion  g ra m 
m ars [C0I9 I]. It shou ld  be easy to  reform u la te  th is in  m ost o f  the know n  form alism s 
available. W e g ive an in form al d escrip tion  o f  feature structures in the way they are 
used here before  we define the gram m ar form alism .

A  f e a t u r e  s t r u c t u r e  over a set o f  a ttr ibu te  sy m b o ls  A  and value sy m b o ls  V  is 
a fou r-tu p le  { Q , 8 , a , m o )  w here Q  is a  fin ite set o f  n od es, 5 : Q X i 4 —i - Q i s a  
partial fu n ction , ca lled  the transition  fu n ction , a  ; Q  —► K is a partia l fu n ction  
called  the a tom ic  value fu n ction , and m u  : D  —► Q  is a  fu n ction , ca lled  the n am e 
m ap p in g . W e w ill m ostly  o m it  the n a m e-d om a in  fro m  the n o ta tio n , so  m  w ill a lone 
denote  the n am e m a p p in g . W e  exten d  the tran sition  fu n ction  to  b e  a fu n ction  from  
pairs o f  n odes and s tr in g s  o f  a ttr ibu te  sy m b o ls : For every  g G Q  let 6 { q , e )  =  q. 
I f  6 {q i , i j j )  -  and (5(g2 .a )  =  93 then  let 6 ( q i , i p a )  =  93 fo r  every 91, 92,93 €  <3, 
1/) G j4* and a G A .

A  feature structure is d escriha ble  i f  there for  every n od e  is a  path  fro m  a n am ed  
n od e  to  the n ode . T h is  m eans that for every 9 G Q  there is an i  G and a  i/j G A* 
such that S ( m ( x ) ,  \p) =  q. A  feature stru ctu re is a t o m i c  i f  every n od e  w ith  an a to m ic  
value has no ou t-edges. T h is  m eans th at for every n od e  q G Q ,  6 {q ,  a )  is n o t defined 
for any a G A  if  a (g )  is defined. A  feature stru ctu re is a c y c l i c  i f  it d oes n ot con ta in  
attribu te  cycles. T h is  m eans th at for every n od e  q G Q ,  6 {q , i p )  =  g i f  and on ly  if  
xji =■ e .  A  feature structure is w e l l  d efined  i f  it is descrihable , a to m ic  and  acy clic . 
W h en  n oth ing  else is said  we require th at feature structures are well defined in the 
rest o f  this paper.

W e are g o in g  to  use equ ation s to  describe feature structures, in a way where 
feature structure satisfies equations. A  feature stru ctu re sa t is f i e s  the equ ation

IlV -l =  X2t/-2

if  and on ly  if  5 ( m ( x i ), i)\) — 6(m (x 2), ^ 2) ,  and the equ ation

= V

( 1)

(2)

i f  and on ly  i f  a (5 (m (a :i ) ,  V>i)) =  v,  w here x i ,X 2 G D ,  i / 'i ,V ’2 €  A* and  v G V .  
W e on ly  allow  equ ation s on  those tw o form s. T h is  m eans th at there is n o typ in g , 
quantifica tion , im p lica tion , n ega tion , or ex p lic it  d is ju n ction  as we m a y  fin d  in  oth er 
unifica tion  g r a m m e s  and feature log ics.

I f  £  is a set o f  equ ation s o f  the ab ove  fo rm  and M  is a well defined  feature 
structure such that M  satisfies every equ ation  in E  then  we say th at M  s a t is f i e s  E  
and we write

M \ = E  (3 )

A  set o f  equations E  is c o n s i s t e n t  i f  there exists a well defined feature structure 
that satisfies E .

T h e  n ota tion  o f  the gram m ar form a lism  is borrow ed  from  L exica l F u nction a l 
G ram m ar [K B 82].

D e f in i t i o n  5  A  s im p l e  u n if ic a t io n  g r a m m a r  G  o v e r  a s e t  o f  a t t r ib u te  s y m b o l s  
A  and  value s y m b o ls  V  is  a 5 - tu p le  { N , T ,  P ,  L ,  S )  w h e r e

N  is a f in i t e  s e t  o f  s ym bo ls ,  called  n o n te r m in a ls ,

T  is a f in i t e  s e t  o f  s ym bo ls ,  ca lled  te r m in a ls .



P  is  a f in i t e  s e t  o f  p r o d u c t i o n  r u le s

A o  —>■ A i

E l

A „

E „
(4)

w h e r e  n >  1, A o ,  ■■■,An G N ,  an d  f o r  all  i ,  I <  i  <  n ,  E i  is  a f in i t e  s e t  with  
e q u a t i o n s  on  th e  f o r m s

m v >  =  m v > ' 

m v > "  =

where € A ’ , xl>'' € A~̂  and v 6 V 

L  IS a finite set of lexicon rules

A ->■ t 
E

(5)

(6)

(7)

w h e r e  A  E N , t E ( T  U {e :} ) ,  an d  E  is  a f in i t e  s e t  o f  eq u a t io n s  on  the  f o r m

m v > "  =  ^ ( 8)

w h e r e  ip" E A~^ and v E V .

S  is  a s y m b o l  in  N , ca lled  s ta r t  sym bol .

A s an ex a m p le  (9 ) is a p rod u ction  rule.

B  C  C

T = i  i= i< i 3 a 4
T C =  T 02 «3  = i  “ 1 T 03 =  V2

(9)

D e f t n i t i o n  6  A  CONSTITUENT s t r u c t u r e  ( c - s t r u c t u r e )  based on  a s im p le  u nifi 

c a t io n  g r a m m a r  G  =  { N ,  T ,  P ,  L ,  S )  is  a tr ip le  ( D ,  C u ,  E u )  w h e re

D  IS a finite tree domain,

C u  ■ D  —* {N \ J T U  { e} )  IS a function,

E u  : { D  — { e } )  —♦ r  is a f u n c t i o n  w h e r e  F is th e  s e t  o f  a ll  eq u a tion  s e t s  in P  
an d  L ,

s u c h  th a t  C u { x )  E { T  U { e } )  f o r  all  x  G t e r m { D ) ,  C u { s )  =  S ,  an d  f o r  all  x  E 
{ D  — t e r m { D ) ) ,  i f  d { x )  =  n  th en

C u { x ) C u i x l )

E u { x l )

C u ( x n )
E u { x n )

(10)

IS a p r o d u c t i o n  o r  l e x i c o n  ru le  in G .

T h e  TERMINAL STRING o f  a c o n s t i t u e n t  s t r u c t u r e  is  th e  s t r in g  C u { x i ) . . . C u { xti) 
w h e r e  { i j ,  . . . , X n ]  =  t e r m { D )  an d  Xi -< X j+ i f o r  all  i ,  1 <  i <  n.

T o  get equ ation s th at can be  satisfied  by  a  feature structure we m ust instantia te  
the up  and d ow n  arrow s in the equ ation s from  the rule set. W e su bstitu te  them  
w ith  n od es  fro m  the c-stru ctu re  such th at the n od es b e co m e  the d om ain  o f  the nam e 
m a p p in g . For th is pu rp ose  we define the '-fu n ct io n  such that E h { x i )  — E u { x i ) [ x /  | 
, x i /  J,]. W e  see th at the value o f  the fu n ction  E'^ is a set o f  equations that feature 
stru ctu res m a y  satisfy.

^Tll denotes here a t  or a 1



D e f in i t i o n  7  T h e  c - s t r u c i u r e  ( D ,  K ,  E )  GENERATES the  f e a t u r e  s t r u c t u r e  M  i f  and  
on ly  i f

M  1=  y  E i { x )  ( 11)
X^D

A  c-structure m ay  generate different feature structures. T h e  tree d om a in  w ill 
fo rm  a n am e set for  feature structures th at th is union  generates. A  strin g  is g ra m 
m a tica l i f  th is union  is consistent.

D e f in i t i o n  8  A  s t r in g  w  is  GRAMMATICAL w ith  r e s p e c t  to  a s im p le  u n i f i c a t io n  
g r a m m a r  G  i f  an d  on ly  i f  th e r e  e x i s t s  a c - s t r u c t u r e  based  o n  G  w ith  w  as the  t e r m i n a l  
s tr in g  and w h ich  g e n e r a t e s  a w e l l  d e fined  f e a t u r e  s t r u c t u r e .  T h e  la n g u a g e  g e n e r a t e d  
by G ,  L ( G )  is  the  s e t  o f  a ll  g r a m m a t i c a l  s t r in g s  w ith  r e s p e c t  to  G .

4 Prom Indexed Grammars to Unification Gram
mars

W e are here g o in g  to  define a  s im ple  u n ifica tion  gra m m a r th at is equ ivalent to  
a given  indexed  gram m ar. T h e  m ain  idea  is th a t we use feature stru ctu res to  
represent the in dex  string  m ore or less like a  (n ested ) stack . T h e  use o f  feature 
structures to  represent stacks fo r  in dexed  g ra m m a rs is a lso used by  G azd a r and 
M ellish  [G M 89] a lth ough  they d o  n ot g o  in to  m u ch  details. Here we define a  fu n ction  
th at transform s any indexed  gra m m a r on  reduced  fo rm  w ith  a  m arked  in d ex -en d  
to  a sim ple  u n ifica tion  gram m ar, such th at the new g ra m m a r generates the sam e 
language.

D e f in i t i o n  9  L e t  G $  =  ( N , T , I , P , S )  be an in d e x e d  g r a m m a r  o n  red u ce d  f o r m  
with  a m a r k e d  in d e x -e n d .  W e  th e n  d e f in e  the  s im p le  u n i f i c a t io n  g r a m m a r  U { G i )  as  
{ N , T , P ' , L ' , S )  w h e re  P '  an d  V  are th e  least s e t s  w h e r e

a) F o r  each  ru le  on  the  f o r m  A  
f o r m

B f  in P ,  P '  h as  a p r o d u c t i o n  ru le  on  the

B
[  n e x t  
I  idx  =  f

( 12)

b) F o r  each  ru le  on  the f o r m  A f  
f o r m

B  in  P ,  P '  has  a p r o d u c t i o n  ru le  on  the

B
t n e x t  = 1  
t  id x  =  /

(1 3 )

c) F o r  each  ru le  on  the f o r m  A  —► B C  in  P ,  P '  has a p r o d u c t i o n  ru le  on  the  
f o r m

A  ^  B  C  

T = i  T = i
(14)



d) F o r  each  ru le  on  the  f o r m  A  —> a  in  P , L '  h as  a l e x ic o n  ru le  o n  the f o r m

(15)

I f  p  is  a p r o d u c t i o n  ru le  in  G$ th en  U { p )  is th e  p r o d u c t i o n  o r  l e x i c o n  ru le  in  
U ( G $ )  d e f in ed  by a ) ,  b )  c )  o r  d).

N otice  th at there is a o n e -to -o n e  relation  betw een  the p rod u ction  rules in G j ,  
and  p ro d u c tio n /le x ico n -ru le s  in U (G % ) .  W e w ill later define a class o f  unification  
gram m ars w hich  can be defined by p rod u ction  and lex icon  rules on  the form s used 
here. B u t first we will show  that G$ an d  U {G % )  are equ ivalent.

L e m m a  2  F o r  e v e r y  in d e x e d  g r a m m a r  G $  on  red uced  f o r m  w ith  a m a r k e d  in d ex  
en d ,  L { G $ )  =  L (W (G ,) ) .

P r o o f :  W e  have to  show  that for  any string  w ,  w  G L { G $ )  i f  and on ly  i f  w  €
L (W (G ,) ) .

(= > ■ ) For every  w  G L (G % )  there exists a d erivation  tree { D , C j )  fo r  w  based 
on  G $. W e  have to  show  th at based on  U { G $ )  there ex ist c-stru ctu re w ith  w  as 
the term in a l string  w hich  generates a well defined feature structure. W e define the 
c-stru ctu re ( D , G u , E u )  on  the sam e tree d om a in  D .

For every  n on term in a l n ode  a: in Z) we have a unique p rod u ction  rule I t c e n s e ( x )  
in the in d exed  gra m m a r, and  for  each p rod u ction  rule in the in dexed  gram m ar 
we have a unique corresp on d in g  p rod u ction  or lex icon  rule U { l t c e n s e { x ) )  in U {G % )  
a ccord in g  to  D efin ition  9. I f

U { l i c e n s e { x ) )  =  j4 o

E n

(16 )

then let G u { x i )  =  A i  an d  E u ( x i )  =  E i  for  all 1 <  i <  n , and let G u { x : )  =  A q . 
T h en  we have a valid  c-stru ctu re and  since G u { x )  — G j ^ " ' { x )  fo r  all x  G D ,  i t  also 
has w  as term in a l string . N ow  we on ly  have to  show  th at all the equ ation s in the 
c-stru ctu re  are satisfied by  a well defined feature structure.

For any fin ite string  j  over an a lp h a bet I  we m ay  define a  feature stru ctu re where 
the n od e  set is the un ion  o f  all suffixes o f  7  and all sy m b o ls  o ccu rr in g  in 7 . Here we 
m ake a  d is tin ction  betw een  the sin g leton  string  o f  a sy m b o l, and the sy m b o l itself, 
such th at they are regarded  as tw o d istin ct n odes. For all n o n -em p ty  string  nodes, 
let the id x  a ttr ibu te  p o in t to  the first sy m b o l o f  the string  and  let the n e x t  a ttr ibu te  
p o in t to  the rest o f  the string  w hen  we rem ove the first sy m b o l, ie. 6 { f Y , idx)  =  /  
an d  6 { f y ' ,  n e x t )  =  7 ' fo r  every n on -em p ty  suffix  f y '  o f  7  w here f  G I .  Let a lso the 
a to m ic  value o f  each  sy m b o l-n o d e  b e  the sy m b o l itself, ie. c t ( / )  =  / .  E lse, let no 
m ore  a ttr ibu tes  or a to m ic  values be defined, and in p a rticu lar let 5 (e , n e x t ) ,  6 { e ,  idx)  
and a (e )  be  undefined . W e ex ten d  the defin ition  d irectly  to  any fin ite set o f  strings 
over an a lp h a bet. W ith  any n a m e-m a p p in g  to  the string  n odes defined fro m  this 
fin ite set, th is is a well defined feature structure since each n on em p ty  string  has a 
unique first sy m b o l, and a uniqu e su ffix  w ith  length  on e less than the string  itself.

Let M  b e  the feature stru ctu re defined as described  on  the set o f  all in d ex  strings 
th at occu r  in the derivation  tree { D , C i ) ,  w ith  the m a p p in g  o f  each nonterm inal 
n od e  in the tree d om a in  to  the in d ex -str in g  o f  th at n od e ; m { x )  =  G j^ ® (i). T h is  is 
a  well defined  feature structure. W e now  have to  show  th at all the equ ation s in the 
c -stru ctu re  are satisfied  by the feature stru cture M .  W e have three different cases 
to  consider:



A ssum e for a n od e  x  th at C i ( x )  =  A 7  w here 7  is an in d ex -str in g  an d  th at 
I t c e n s e ( x )  =  A  —> B f .  T h en  C i ( i l )  =  B f j ,  m ( x )  =  7  and m ( x l )  — f y .  From  
U ( l t c e n s e { x ) )  we have that E i { x  1) =  { x l  n e x t  =  X ,  x l  id x  =  / } ,  w hich  is satisfied  
by the feature structure M  since 6 ( f y ,  n e x t )  =  7 , and  Q { S { f y ,  id x ) )  =  / .

A ssum e for  a n od e  x  that C j ( x )  =  A f y  w here f y  is an n on em p ty  in d ex 
string  and that h c e n s e ( x )  =  A f  —> B .  T h en  C i ( x l )  =  B y ,  m (x )  =  f y  and 
m ( x l )  =  7 . From  U { l i c e n s e { x ) )  we have th at £ '^ ( x l )  =  { x  n e x t  =  x l ,  x  i d x  =  / } ,  
w hich is satisfied by the in d ex -str in g  feature stru ctu re M  since  6 { f y ,  n e x t )  — 7 , and 
a { 6 { f y ,  id x ) )  -  f .

A ssu m e for  a  n od e  x  that C j { x )  =  A y  w here 7  is an in d ex -str in g  and  that 
l i c e n s e { x )  =  A  —» B C .  T h en  C i ( x l )  — B y ,  C i ( x 2 )  — C y  and  m (x )  =  m ( x l )  =  
m (x 2 )  =  7 . F rom  U { l i c e n s e { x ) )  we have th at E U x  1) =  { x  =  x l }  and  E ^ { x 2 )
{ X =  x 2 ] ,  w hich is satistied by  the in d ex -str in g  feature stru ctu re  M .

W e d o  n ot have to  consider the n od es w hich  license p ro d u c tio n  rules w ith  ter
m ina l sy m b ols  since all the term inal n od es have em p ty  equ ation  sets. T h en  all 
the equations in the c-stru ctu re are satisfied  by  the feature stru ctu re  M  and  then 
w  e  L { U { G $ ) ) .

( .^ = )  W e will here use the fu n ction  idx - ls t  : Q  V *  defined on  any well 
defined acy clic  feature structure as fo llow s : id x - ls t {q )  — oi {q )  i f  a [ q )  is defined. 
I f  6 {q ,  idx)  and 6 {q ,  n e x t )  are b o th  defined then id x - ls t (q )  is the con ca ten a tion  o f  
i d x - l s t { 6 { q , i d x ) )  fo llow ed  by  id x - ls t {6 {q ,  n e x t ) ) .  Else id x - ls t {q )  — e .  W e  restrict our 
atten tion  to  its prefix  w ith  $ as last sy m b o l: Let idx-lst^  : Q  —► K* b e  the fu n ction  
such that: idx-ls t%{q)  is the sm allest prefix  o f  id x - ls t (q )  w ith  $ as the last sy m b o l. 
I f  id x - ls t {q )  does n ot contain  any $ then id x -Is t$ {q )  =  e.

For every w  €  L { U { G $ ) )  there exists a  c-stru ctu re { D , C u , E u )  fo r  w  based  on  
U { G $ )  w hich generates a  well defined feature structure. W e  define the d erivation  
tree { D , C j )  for w  based on  G j  on  the sam e tree d om a in  D .  Let C j ^ { x )  =  C u { x )  
for all n odes in D  and C ' - ^ ( x )  — i d x - l s t f { m { x ) )  fo r  all n on term in a l n od es  in D  
excep t for  the ro o t  e for  w hich  we define C j^ ^ { e )  to  b e  the em p ty  string . T h is  
derivation  tree has w  as term inal string , an d  we ju s t  have to  show  th at th is is a 
valid derivation  tree a ccord in g  to  D efin ition  2.

S ince G j  has a  m arked in d ex -en d , the on ly  p ro d u ctio n  rule w here the start 
sy m b o l occu rs  is 5  —► A $ , for  an A  G N .  T h is  g ives the fo llow in g  corresp on d in g  
p rod u ction  rule in U {G % ) :

A
J, n e x t  = }  
}  id x  -  $

(17 )

w hich is the on ly  p rod u ction  rule in U { G i )  w here the start sy m b o l occu rs . T h en  
C i ( e )  =  S  w hich  is the start sy m b o l o f  G $. Here we a lso have th at id x - /s < j(m (l) )  =  
$ and C t /(1 ) =  A  so th at G i ( l )  =  A $  and 5  —► A $  licenses the ro o t  n od e . For all 
the other nonterm inal n odes in the tree d om ain  w e have fou r  cases to  consider: 

A ssum e for a n on term ina l n od e  x  excep t for  the ro o t  n od e  th at C u { x )  =  A  and 
i d x - l s t $ { m { x ) )  =  7 . T h en  C j { x )  — A y .  A ssu m e also th at there exists a p rod u ction  
rule in U (G % )  from  D efin ition  9 a), such th at G w (x l )  =  B ,  £ ^ ^ (x l) { x l  n e x t  =  
X ,  x l t d x  =  / }  and x l  has n o sister n odes. S ince $ on ly  occu rs  in the on e p ro d u ctio n  
rule w ith the start sy m b o l, f  ^  T h en  i d x - l s t $ ( m ( x l ) )  — f y  and C i ( x l )  =  B f y .  
From  the reverse o f  D efin ition  9 0) , there exists a  p ro d u ctio n  rule A  —> B f  in G j ,  
w hich licenses x .

A ssum e for a n onterm in a l n od e  x  excep t for  the ro o t  n od e  th at G w (x ) =  A  
and i d x - l s t f ( m { x ) )  =  f y .  T h en  C j ( x )  =  A f y .  A ssu m e a lso th at there exists a 
p rod u ction  rule in U { G $ )  from  D efin ition  9 b), such th at C u { x l )  =  B ,  E ! , i x l )  =  
{ x  n e x t  =  x l ,  x i d x  =  / }  and x l  has n o  sister n odes. S ince $ on ly  o c cu r  in  the



on e  p ro d u ctio n  rule w ith  the start sy m b o l, /  ^  $. T h en  i d x - l s t f ( m { x l ) )  =  7  and 
C i ( x l )  =  B~f. B y  the reverse o f  D efin ition  9 b), there exist a p rod u ction  rule 
A f  B  in G $ ,  w hich  licenses x .

A ssu m e for  a  n onterm in a l n od e  x  ex cep t for  the ro o t  n od e  th at C m ( i ) =  A  
an d i d x - l s t $ { m { x ) )  — 7 . T h en  C j { x )  — A-y. A ssu m e also th at there exist a pro
d u ction  rule in W (G $) fro m  D efin ition  9 c), such th at d { x )  =  2, C u ( x l )  =  B ,  
C u { x 2 )  =  C ,  B [ f ( x l )  — { x  =  x l }  and E ^ ( x 2 )  =  { x  =  x 2 } .  T h en  id i - /s < j (m (x l ) )  =  
:d i - /s t j (m (x 2 ) )  =  7 , C i ( x l )  =  B j  and C j { x 2 )  — C j  B y  the reverse o f  D efin ition  9
c ), there ex ist a p rod u ction  rule A  —» B C  in G j ,  w hich  licenses x .

A ssu m e for  a n on term ina l n od e  i  ex cep t for the ro o t  n od e  that G u ( i )  =  A  and 
id x -/s< $ (m (x )) =  7 . T h en  G j ( x )  =  A 7 . A ssu m e a lso th at there exists a lex icon  rule 
in U { G $ )  fro m  D efin ition  9 d), such th at d (x )  =  1, G u { x l )  =  t and  £ '^ ( x l )  =  0. 
T h en  C j ( x l )  =  t .  B y the reverse o f  D efin ition  9 d), there exist a  p rod u ction  rule 
A  —► t in G$ w hich  licenses x .

W e then have a valid  derivation  tree w ith  the sam e term inal string as the c- 
stru ctu re  and  then w  g  L {G % ) .  □

E x a m p le  2  Let G  =  { N ,  T ,  I ,  P ,  S )  b e  an in dexed  gra m m a r w here T  =  { d }  is the 
set o f  term inal sy m b o ls , N  =  { 5 ,  A ,  B ,  C ,  G ', Z?} is the set o f  n on term ina l sym bols, 
I  =  { $ , / ,  5 }  is the set o f  in d ices and P  is the least set con ta in in g  the fo llow in g  
p ro d u c tio n  rules:

5  —  A $ B - ^ C C
A - ^  B f C g  —  C C  C C
B ^ B g C f  ^  D D - * d

T h is  g ra m m a r is on  reduced  fo rm  w ith  a  m arked in d ex -end . T h e  sim p le  unifica tion  
g ra m m a r i / ( G )  as g iven  in  D efin ition  9 is then  the 5 -tu p le  { N , T ,  P ' , L ' , S )  where 
P '  is the least set con ta in in g  the fo llow in g  p rod u ction  rules:

A

J. n e x t  = t  
[  id x  =  $

B C

T = i
G

T = i

B
J, n e x t  = t  
], id x  =  /

C C
t n e x t  =  J, 
t idx  =  g

C C  C

T = i  T = i

B B
I  n e x t  = 1  
i  id x  =  g

C D
f  n e x t  =J. 
t  idx  =  f

and L '  con ta in s on e single lex icon  rule:

D

F igure 2 show s the derivation  tree for  the string  “ ddd d ”  based on  the in dexed  
gra m m a r G  togeth er w ith  the c-stru ctu re and the feature structure for  the sam e 
string  string  based on  the sim p le  u n ifica tion  g ra m m a r W (G ). T h is  show s th at the 
string  “ d dd d ”  is bo th  in L ( G )  and in L ( U { G ) ) .  T h e  language generated by  G  and 
W (G ) is I ^
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F igure 2: d e r iv a t io n  tre e  ( a )  f o r  i k e  s i r i n g  “d d d d ”  based o n  i k e  g r a m m a r  G  in  
E x a m p le  2, t o g e t h e r  w ith  the  c - s t r u c t u r e  ( b )  an d  f e a t u r e  s t r u c t u r e  ( c )  f o r  th e  s a m e  
s i r in g  based on  the  g r a m m a r  U { G ) .

5 A  Unification Grammar Formalism for Indexed 
Languages

W e are here g o in g  to  define a version  o f  the sim p le  u n ifica tion  gra m m a r th at des
cribes the class o f  indexed languages. Just to  b e  precise, a  c la ss  o f  la n g u a g es ,  C r  
over a coun tab le  set F o f  sy m b o ls  is a set o f  languages, such th at each  language 
L 6  Cr is a subset o f  E* where E  is a fin ite subset o f  F. T h e  class C r ( G F )  o f  
languages that a gra m m a r form a lism  G F  describes is the set o f  all languages L ' 
over F such that there exists a g ra m m a r G  in G F  w here L (G )  =  L ' . T h e  class o f  
indexed languages is then the set o f  languages such th at there for  each  language 
exist a indexed gram m ar th at generates the language. W e assum e th at F is the set 
o f  all term inal sy m b ols  th at we use and drop  F as su bscrip t.

D e f in i t i o n  10 A  Unification grammar for Indexed languages, UQI is a 
s im p le  u n i f i ca t ion  g r a m m a r  w h e re

a) each  eq u a tion  s e t  in  the p r o d u c t i o n  r u le s  is  on  o n e  o f  th e  th ree  f o r m s

• £ = { T = i } ,
• =  { i  n e x t  = t ,  i  idx  =  / } ,

• =  { t  n e x t  = ] . ,  t idx  =  / }

w h e re  f  is  a n y  va lu e  sym bo l ,  an d  n e x t  an d  id x  are  th e  s a m e  tw o  a t t r ib u te  
s y m b o ls  f o r  all e q u a tion s  in all  p r o d u c t i o n  r u le s  in  U Q X ,



L e m m a  3 T h e  c la ss  o f  la n g u a g es  C { U Q T )  c o n ta in s  the  c lass  o f  in d ex ed  languages.

P r o o f :  A h o  [A h o68] show ed that for every indexed  language there exists an indexed 
g ra m m a r on  reduced  fo rm  w hich  generates the language. F rom  L em m a  1 and its 
p r o o f  we have th at for every indexed  gram m ar G  on  reduced  fo rm  there exists an 
in d exed  g ra m m a r on  reduced  fo rm  w ith  a m arked  in d ex -en d  G $, such th at L { G )  =  
L { G $ ) .  T h e  sim p le  u n ifica tion  gram m ar W (G $) defined fro m  the in dexed  gram m ar 
on  reduced  fo rm  w ith  a m arked  in d ex -en d  in D efin ition  9 is an U Q X  g ram m ar. From  
L e m m a  2 we have th at L { G $ )  — L { U { G % ) ) .  T h en  every in d exed  language can be 
generated  by  an U Q 2  gra m m a r. □

W e shall now  show  th at every U Q J  g ra m m a r generates an in dexed  language, 
b u t to  d o  th is we need som e  tech nica l results. F irst it is easy to  see th at every U Q l  
gra m m a r can b e  form u la ted  w ith  rules on ly  on  the form s used in D efin ition  9 a)-d ) .  
W e define the reduced  fo rm  for  this.

D e f i n i t i o n  11  A  U Q I  g r a m m a r  is  on  REDUCED FORM i f  an d  on ly  i f  e v e r y  p r o d u c 
t io n  ru le  is  on  o n e  o f  the th ree  f o l l o w in g  f o r m s :

6) each lexicon rule has en empty equation set.

B
I  n e x t  
i  idx  =  /

B
t  n e x t  =J, 
t  idx  =  /

B  G

T = i  T = i  (18)

L e m m a  4  F o r  e v e r y  U Q I  g r a m m a r  th ere  is  an  eq u iv a len t  g r a m m a r  on  reduced  
f o r m .

P r o o f :  U sing the techniques from  the standard  p r o o f  for n orm al fo rm  for  context- 
free gram m ars, it is stra ight forw ard  to  replace each p rod u ction  rule in the original 
g ra m m a r n ot on  reduced fo rm  w ith  a set o f  new  lex icon  rules and p rod u ction  rules 
on  reduced  fo rm . T h is  can be  don e  such th at on e instance o f  an origina l rule 
corresp on d s to  the net effect o f  com b in in g  on e ore m ore  o f  the new  rules. T h is  is 
p ossib le  since we allow  the em p ty  string  in  lex icon  rules. □

T o  m ake th is form a lism  m ore  d irectly  com p a ra b le  to  in d exed  g ram m ars w ith  a 
m arked  in d ex -en d  we use w hat we w ill call a  s in k -m a p p e d  r o o t

D e f i n i t i o n  1 2  A  U Q I  g r a m m a r  { N , T ,  P ,  L ,  S )  h as  a s in k - m a p p e d  ROOT i f  and  
o n ly  i f  it has o n e  an d  o n ly  o n e  p r o d u c t i o n  ru le  w h e r e  th e  s ta r t  s y m b o l  o c c u r s  and  
th is  ru le  is  on  th e  f o r m

A
I n e x t  =1 
I  idx  =  $

(19 )

w h e r e  A  £  N  an d  the  va lu e  s y m b o l  $ d oes  n o t  o c c u r  in a n y  o t h e r  p r o d u c t i o n  rule .

T h e  value sy m b o l $ w ill fo rm  som e k ind o f  a b lock a d e  in the feature structure 
since it d oes n ot occu r  in any oth er p rod u ction  rule, hence n o oth er n od e  in the 
c -stru ctu re  w ill be m a p p ed  to  the sam e n od e  in the feature structure as the ro o t  o f  
the c-structure.

W h a t we are d o in g  here is to  p u t a m ark at the b o t to m  o f  the stack  o f  indices, 
in the way the nested stack  is represented as a feature structure. W e also want 
to  m a p  the ro o t  o f  the c-stru ctu re to  the “sink” o f  the feature structure when we 
fo llow  the n e x t  a ttribu te .

L e m m a  5  F o r  e v e r y  U Q I  g r a m m a r  G  th ere  e x i s t s  a U Q I  g r a m m a r  w ith  a s ink -  
m a p p e d  r o o t  G '  s u ch  that L { G )  =  L { G ' ) .



P r o o f :  F irst we show  how  we fro m  any U Q l  g ra m m a r G  m a y  define a ,U Q 2  gram m cir 
w ith  a  s in k -m ap p ed  ro o t  G ' . A fte r  th is we show  th at fo r  any string  w ,  w  £  L { G )  if 
and on ly  i f  u; G L { G ' ) .

Let any U G 2  gra m m a r G  =  { N ,  T ,  P ,  L ,  S )  be  g iven , and assum e th at S o ,  S '  and 
Se are neither term inal n or n on term ina l sy m b o ls  in G ,  and  th at $ is a value sy m b o l 
n ot used in G .  T h e  gra m m a r G '  is defined by ad d in g  the fo llow in g  p ro d u ctio n  and 
lex icon  rules to  the rules we have in G :

i) Let the fo llow in g  be tw o p rod u ction  rules:

So  - S'
I  n e x t  = 1  
[  id x  =  $

(20)

S' S  Sc

T = i  T = i

(21)

ii) For each f  £  V  used in any p rod u ction  rule in G ,  let the fo llo w in g  be  a 
p rod u ction  rule:

S' S '
I  n e x t  = t  
i  idx  =  f

(22)

Hi) Let the fo llow in g  b e  a  lex icon  rule:

5 . (2 3 )

C om p le te  G ' by ad d in g  So,  S '  and Sc to  the n onterm ina l sy m b o ls , and let So  be  
the start sy m b o l o f  G ' . W e see th at G '  is a  U G 2  g ra m m a r w ith  a  s in k - m a p p e d  
ROOT. N otice  also th at i f  G  is on  reduced  fo rm  so  is the new  gram m ar.^

N ow  we have to  show  that for any string  w ,  w  £  L { G )  i f  and  on ly  i f  uj G L ( G ' ) .
( = > )  W e show  th is d irection  in tw o steps: F irst we define som eth in g  th at we 

call a  c a n o n ic a l  feature structure for  c-stru ctu res based on  U Q 2  g ra m m a rs . T h is  is 
done such that i f  the c-stru ctu re generates a well defined feature stru ctu re  a t all, 
then it is also generating  the can on ica l feature structure. A fter  th is defin ition  we 
show  how  we from  a c-stru ctu re based on  G ,  togeth er w ith  its can on ica l feature 
structure can construct a c-stru ctu re togeth er w ith  a feature stru ctu re based  on  the 
gram m ar G ' . T h is  is don e  such th at the tw o c-stru ctures have the sam e term inal 
string  and i f  the term inal string  is in L { G )  so  is it in L { G ' )  also.

Let ( D ,  K ,  E )  b e  any c-stru ctu re based on  a  U Q 2  g ra m m a r G  such th at it ge
nerates a feature structure. T h e  c a n o n ic a l  f e a t u r e  s t r u c t u r e  { Q , 6 , a , m )  fo r  the 
c-stru cture is defined as fo llow s : Let first Q +  b e  the set o f  all sequences o f  n odes 
from  the c-structure w ith  at m ost 2n  -|- 1 n od es in  each  sequence, w here n  is the 
height o f  the c-structure. T h en  let the n am e m a p p in g  fu n ction  m  b e  defined on  
Q +  by top -d ow n  in d u ction  on  the n odes in the c-stru ctu re: F irst let the m a p p in g  
o f  the ro o t  n ode , m (e )  b e  the sequence o f  n -|- 1 e ’ s, < e , e ,  . . . , e > ,  w here again  n is

^The use of Sc in rule (21) together with rule (23) where it will label the mother of a node with 
the empty string is only done because we want to stay in the domain of grammars on reduced 
form when G is on reduced form. This definition could be simplified if we did not want this.
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the height o f  the c-stru ctu re. N ow  assum e th at m { x )  is defined for a n od e  x  in the 
c -stru ctu re . T h en  for each daughter x i  o f  x , let

m { x i )  =  m (x )  if
m { x i )  — p o p { m { x ) )  i f  
m (x i )  =  a d d [x i ,  m (x ) )  i f

T = i e  E ' { x i )  
t  n e x t  = i €  E ' ( x i )  
[  n e x t  = t €  E ' { x i )

(24 )

w here p o p  o f  any n on em p ty  sequence is the sequence w e get by  rem ov in g  the 
first e lem ent, p o p ( < x i ,  X 2, ■■■, x t > )  — < X 2, ■■■, x t > ,  and  a d d  o f  a  single elem ent and a 
sequence is the sequence we get by  ad d in g  the single elem ent to  the beg in n ing  o f  the 
sequence, a d d (x ,  < x i , x t > )  —< x , x i , . . . , x k > .  S ince the ro o t  n od e  is m a p p ed  to 
the sequence o f  n +  1 e ’s, p o p  and a d d  m ay  n ot g o  o u t o f  their d om a in  and therefore 
is m  well defined.

E xten d  now  the set Q +  such th at all the value sy m b o l used in the c-structure also 
are e lem ents in  Q + .  T h en  let the partia l fu n ction  : Q +  x  { n e x t ,  id x }  —► be
defined such th at 6+ (g ,  n e x t )  =  p o p (q )  for  all n on em p ty  sequences q S Q + , and let 
6+ {q ,  n e x t )  b e  undefined w hen q is the em p ty  sequence. M oreover let 5 + (9 , id x ) — f  
for  the value sy m b o l /  i f  and on ly  i f  there exists a  n od e  x  in  the c-structure such 
th at either j  id x  =  /  €  E { x ) ,  or  f  id x  =  /  €  E { x i )  fo r  a daughter x i  o f  x . T h is  is the 
on ly  p la ce  w here in con sistency  m ay occu r  an d  we w ill la ter see th at it w ill n ot occu r 
i f  the c-stru ctu re  generates any feature stru ctu re at all. W e ex ten d  the defin ition  
o f  the 5+ to  pairs o f  n odes and strings o f  the a ttr ibu te  sy m b o ls  as described  in the 
defin ition  o f  feature structures in the beg in n in g  o f  section  3.

N ow , let us shrink the defin itions o f  Q +  and 6+ such th at we get a well defined 
feature structure. F irst let Q  C  b e  the set o f  all n od es th at is reachable from  
a n am ed  n od e , form ally  Q  =  [q  \ 3 x  G D ,ip  S  { n e x t , t d x } *  : S + ( m ( x ) , i p )  — 9} .  
T h en , we restrict S to  the new  d om ain : 5 =  5+ f l  (Q  x  { n e x t ,  id x }  x  Q ) .  F inally, 
let a [ f )  =  f  fo r  all value sy m b o l used in  the c-stru ctu re. W e  now  have a feature 
stru ctu re  and  it is describab le  and a cy clic  d irectly  fro m  the defin ition  o f  Q  and 6. 
It is also a to m ic  since 6 is n ot defined on  any feature sy m b o l n od e , and a  is on ly  
defined on  feature sy m b o l n odes. M oreover, it satisfies all the equ ation s fro m  the 
c-stru ctu re  after w e have in stan tia ted  the up and dow n  arrows. W e  w ill now  show  
th at i f  the c -stru ctu re  generates any well defined feature structure so  w ill it generate 
the well defined can on ica l on e also.

Let M '  =  { Q ' , S ' , a ' , m ' )  be  any well defined feature stru ctu re w hich the c- 
stru ctu re  generates, and assum e th at we have the can on ica l feature structure as 
d escribed . F rom  the fa c t th at the c-stru ctu re  generates a  feature structure, and from  
the defin ition  o f  the can on ica l feature stru ctu re we have th at i f  m (x )  =  m (y )  for 
any tw o n od es x  and y  in the c -stru ctu re  then  m '( x )  =  r n '{y ) .  N ow  we m ay define a 
fu n ction  h : Q  —* Q '  fro m  the n od es in the can on ica l feature stru ctu re to  the n odes in 
M ' ,  such  th at m '( x )  =  / i (m (x ) )  fo r  all n od es x  in the c-structure. A ssu m e then that 
we d o n ’t have a  well defined can on ica l feature stru ctu re becau se o f  in consistency  
in it d efin ition . T h is  m eans th at there ex ist tw o in stan tia ted  equ ation s, x  id x  =  f  
and y  id x  =  f  from  the c-stru ctu re  w here m (x )  m (y ) bu t /  ^  / ' .  H ow ever, 
then  m '( x )  =  r n '{y ) ,  and in con sistency  m ust also occu r  w ith  respect to  M ' and the 
c-stru ctu re  can  n ot generate any well defined feature structure. T h en  the can on ica l 
feature stru ctu re m ust be consistent defined, and since it is also describab le , acyclic  
and  a to m ic  it is well defined. S ince it also satisfies all the equations in the c-structure 
it is generated  by  the c-structure.

N ow  we have a  well defined can on ica l feature stru ctu re for each c-stru ctu re based 
on  any U Q 2  g ra m m a r i f  the c-stru ctu re  generates a feature structure. N otice  that 
6{ < e > , i d x )  is n o t defined for  the can on ica l feature structure. T h is  due to  the 
m a p p in g  o f  the ro o t  in  the c -stru ctu re  to  the sequence o f  n -|- 1 e ’s, w here n  is the 
h eigh t o f  the c -stru ctu re. W ith  th is height it is on ly  possib le  to  p o p  o f  n — 1 e ’s



accord in g  to  defin ition  o f  the n am e m a p p in g  (2 4 ), and  since 6(g , id x ) is on ly  defined 
for q i f  there exist a  n od e  x  such th at m ( i )  =  q, 6{ < e > ,  td x)  can n ot be  defined.

A ssum e now  th at w  G L [ G )  for  a gra m m a r G .  T h en  we have a c-stru ctu re 
for w  based  on  G  w hich  generates a well defined feature stru ctu re. T h en  it is 
also generating  a  can on ica l feature structu re M  — { Q , 8, a , m )  as d escribed  above . 
For th is feature structure we exten d  the defin ition  o f  6 and  a  as fo llow s : F irst let 
6{ < e > , i d x )  =  $ and let a ($ )  =  $. For all sequences q o f  e ’s such  th at 8{ q , i d x )  
is n ot defined, let 8( q , i d x )  =  f  fo r  any value sy m b o l /  w hich  o ccu rs  in the c- 
structure. W h en  we construct the new  c-stru ctu re  based  on  G '  the o ld  n od es  keep 
their m a p p in g  values.

W e construct a new  c-stru ctu re for  w  b 2tsed on  G '  by  the fo llow in g  steps: F irst 
add a  new  n od e  on  the top  o f  the c-stru ctu re  by  a p p ly in g  the p ro d u ctio n  rule
(2 1 )  . T h is  g ive us also a new  sister n od e  for the o ld  ro o t  n ode . M ap  the tw o new 
n odes to  the sam e n ode  in the ex ten ded  can on ica l feature stru ctu re as the o ld  roo t 
node. T h is  secures that the equ ation s in the p ro d u ctio n  rule (2 1 ) is satisfied  by 
the extended  feature structure. T h e  new  sister n od e  labeled  w ith  Sc m ay o n ly  be 
a m oth er o f  a term inal n od e  labeled  w ith  the em p ty  string  such th at the term inal 
string  is still w . N ow  ad d  n n od es ab ove  the present ro o t  n od e  by  a p p ly in g  the 
generic p rod u ction  rule ( 22) n — 1 tim es and p ro d u ctio n  rule ( 20) on  the to p m o st  
node. T h is  top  n od e  w ill be  the ro o t  n od e  in the new  c-stru ctu re  and  it is now  
labeled  w ith  the start sy m b o l in G '.  W h en  ap p ly in g  the generic  p ro d u c tio n  rule
(2 2 )  , let /  =  a ( 6( m ( x l ) ,  j(fx)) fo r  each new  n od e  x  w here it is ap p lied . T h e  new 
n odes are each m a p p ed  to  the sequence o f  k  e ’s, w here k  is the n o d e ’s d istance  from  
the new roo t node. In th is way the new  ro o t  n od e  is m a p p ed  to  the em p ty  sequence, 
the daughter o f  the ro o t  n od e  is m a p p ed  to  < e > ,  and so on . S ince 8( < e > ,  id x) =  $ 
the equations in p rod u ction  rule (2 0 ) is satisfied  by the feature stru ctu re. M oreover 
since /  =  a ( 6( m ( x l ) ,  td x ))  for  each n od e  x  w here the p rod u ction  rule ( 22 ) is ap p lied  
and 8(q , n e x t)  =  p o p {q ) ,  all the equ ation s is satisfied  by  the feature stru ctu re. W e 
then have a c-stru ctu re based on  G '  w ith  w  as term inal string , and  th is c-stru ctu re  
generates a well defined feature structure. T h en  w  G L { G ' ) .

{ < = )  A ssum e th at w  G f ' ( G ')  fo r  a gra m m a r G .  T h en  there is a  c-stru ctu re w ith  
category  So in the root, and a sequence o f  derivations dow n  to  a n od e  w ith  category  
S , where each in term ediate n od e  heis ca tegory  S '.  T h is  has been  con stru cted  by 
first using p rod u ction  rule ( 20) and then a sequence o f  zero or m ore  a p p lica tion s  
o f  p rod u ction  rule (2 2 ) before  p rod u ction  rule ( 21) g ives the n od e  w ith  ca teg ory  S . 
Every n od e  ab ove  the first n od e  w ith  category  S  has on ly  on e ch ild , ex cep t the first 
w hich has an ad d ition a l daughter, labeled  w ith  S c- T h is  daughter is the m oth er 
o f  a single term inal n ode  labeled  w ith  the em p ty  string . T h en  we can  rem ove 
all nodes ab ove  the n ode  labeled  S  and still have the sam e term ina l string  w  in 
the c-structure. T h e  new  c-structu re w ill have a ro o t -n o d e  w ith  ca teg ory  S ,  and 
on ly  p rod u ction  rules from  the gra m m a r G  are used. S ince the orig ina l c-stru ctu re  
generates a feature structure, so d oes the new  one. T h en  w  G L { G ) .  □

N ow  we have the necessary technical results to  show  th at every language in 
C {U Q 1 )  is an in dexed  language. W e d o  th is in tw o steps.

L e m m a  6 F o r  a n y  U Q l  g r a m m a r  G  on  red u ced  f o r m  w ith  a s in k -m a p p e d  roo t, 
th ere  e x is ts  an in d ex ed  g r a m m a r  G j  su ch  t h a t U ( G x )  =  G .

P r o o f :  A ssum e that G  =  { N , T , P , L , S )  is a .U Q I  gra m m a r on  reduced  fo rm  w ith  
a sink -m apped  ro o t. T h en  let G j  =  { N ,T ,  V , P ' , S )  be  an in d exed  g ra m m a r w here 
/ '  is all the value sy m b ols  o ccu rrin g  in G , and P '  is con stru cted  fro m  P  and  L  by 
reversing D efin ition  9 a )-d ) . T h is  can bee don e  since G  is on  reduced  fo rm  and there 
exist a one to  one relation  betw een  the p rod u ction  rules in the in d exed  gra m m a r and 
the p rod u ction  and lex icon  rules in the u n ifica tion  g ra m m a r defined there. S ince G



has a s in k -m a p p ed  ro o t  the start sy m b o l w ill o ccu r  in  on e and  o n ly  on e p rod u ction  
rule togeth er w ith  a  u nique value sy m b o l. T h en  G j  has a  m arked  in dex-end  and 

=  G . □

L e m m a  7 E v e r y  la n g u a g e  in  C {U Q X ) is  an in d ex ed  la n gu a ge.

P r o o f :  F rom  L em m a  4 and L em m a  5 w e have fo r  any language in C {U Q 2 )  th at there 
ex ist a,l4Q X  g ra m m a r G  on  reduced  fo rm  w ith  a  s in k -m a p p ed  ro o t  th a t generates the 
language. f> o m  L em m a  6 we have an in dexed  g ra m m a r G j  such that U { G j )  =  G . 
B y L em m a  2 we have th at L ( G j )  =  L { G ) .  T h en  we have an in dexed  gra m m a r for 
all languages in C {U Q X ).  □

F rom  L em m a  3 and L em m a  7 we then have the fo llow in g  result:

T h e o r e m  1 ; T h e c la ss  C {U Q X ) is th e c la ss  o f  in d ex ed  la n g u a g es .
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Abstract

T h e  paper describes the Sw edish language com p on en ts  used in the S p o 
ken Language T ran sla tor (S L T ) system . S L T  is a m u lt i-co m p o n e n t sys
tem  for  translation  o f  spoken  English in to  spoken  Sw edish . T h e  language 
processing  parts o f  the system  are the English  C ore  L an guage E ngine 
(C L E ) and its Sw edish cou n terpart, the S -C L E . T h e  S -C L E  is a general 
pu rpose natural language processin g  system s for  Sw edish  w hich  in  the 
S L T  p ro je c t  was tuned tow ards the register o f  the air travel in fo rm a 
tion  (A T IS ) d om ain . T h e  pecu liarities and the coverage o f  the resu lting  
Sw edish gram m ar are the m a in  top ics  o f  the pap er, even  th ou gh  the 
overall S L T  system  also is briefly  described .

1 Introduction

T h e  Swedish C ore  L anguage E ngine (or  S -C L E  for sh ort) (G a m b a ck  and R ayn er, 
1992) is a general pu rpose natural language processin g  system  for  Sw edish  dev e lop ed  
by the Sw edish Institu te o f  C om p u ter  Science fro m  its E nglish  cou n terp art, the SR I 
C ore Language E ngine (C L E ) (A lsh aw i, 1992). T h e  key id ea  beh in d  the system  is 
ind icated  by the w ord “ core” : the S -C L E  was in ten ded  to  b e  used as a bu ild in g  
b lock  in a broad  range o f  ap p lica tion s  and has already been  tested  as part o f  a 
database query system  (G a m b a ck  and L ju n g, 1993) and as a tex t-to -sp eech  fron t- 
end (G a m b a ck  and E in eborg , 1995). T h e  tw o cop ies o f  the C L E  have a lso been  
used together to  form  a m ach ine translation  system  for a car-h ire d om ain  (A lsh aw i 
et al., 1991).

In the Spoken  Language T ran sla tor, d escribed  in the n ext section , the English  
C L E  perform ed  as a back-end  to  a  speech  recogn ition  system , the S -C L E  as a  fron t- 
end to  a speech  synthesis system , and the tw o C L E s togeth er fo rm ed  a  (te x t )  trans
la tion  system  in the air travel in form a tion  d om ain . In the course o f  the p r o je c t , the 
previous Sw edish system  was com p lete ly  redesigned and the g en era l-p u rp ose  g ra m 
m ar expan ded , bu t a lso tuned to  cover the pecu liarities o f  the register (su b lan gu age) 
o f  a particu lar d om ain .



T h e  present paper starts o u t by d escrib ing  the overall S L T  system  architecture in 
S ection  2 and  briefly  in trod u ces the different com p on en ts  o f  the system . Section  3 is 
the m a in  fo cu s  o f  the pap er, describ in g  the different m od u les o f  the present Swedish 
language processin g  com p on en t in detail by  g iv in g  exam ples o f  the rules used for 
the treatm en t o f  som e specific p h enom ena .

S ection  4 details the coverage issues and how  the Sw edish  coverage was im proved  
du rin g  the first year o f  the p ro je c t. T h e  final section  o f  the paper look s in to  the 
fu tu re, describes the on g o in g  w ork on  m ak in g  the system  com p lete ly  b id irection a l, 
and  su m s up the p rev iou s discussion .

2 The SLT system

T h e  Sp oken  L anguage T ran sla tor (S L T ) is a system  p ro to ty p e  w hich  can translate 
queries fro m  sp oken  English  to  sp oken  Sw edish  in the d om ain  o f  air travel p lan 
n ing (A T IS ). T h e  system  was d evelop ed  as a jo in t  effort by  the Sw edish Institute 
o f  C om p u ter  Science, S R I Internation al (M en lo  Park, US and C a m b rid ge , U K ), 
and T e lia  R esearch  A B  (H an in ge, Sw eden ). M ost o f  the first-year p ro to ty p e  was 
con stru cted  fro m  p reviously  ex istin g  pieces o f  softw are, w hich  were ad ap ted  for use 
in the speech  translation  task w ith  as few  changes as possib le. T h e  overall archi
tecture o f  the current version o f  S L T  system  is d escribed  shortly  in this section , for 
a co m p le te  descrip tion  see (R a yn er et al., 1993) or (A gniis et at., 1994).

F igure 1: T op -lev e l arch itecture o f  the Sp oken  L anguage T ran sla tor

T h e  m a in  com p on en ts  o f  the S L T  system  are con n ected  togeth er in  a p ip elin ed  
sequence as show n  in F igure 1. T h e  in pu t signal is processed  by S R I M en lo  P a rk ’s 
D E C IP H E R (T M ) (M u rve it e t  at., 1991), a speaker-independent con tinu ou s speech  
recog n ition  system  based  on  H idden  M arkov  M od e l tech nology . It p rod u ces  a set 
o f  speech  h ypotheses w hich  is passed to  the E nglish -language p rocessor, the SR I 
C a m b rid g e  C ore  L an guage E ngine (A lsh aw i, 1992).



T h e  C L E  gra m m a r associates each speech  h ypoth esis  w ith  a set o f  p ossib le  
qu asi-log ica l form s, Q L F s (A lsh aw i and van E ijck , 1989), ty p ica lly  p rod u c in g  5 
to  50 Q L F s per h ypothesis. In order to  allow  fast processin g  o f  a large n um ber 
o f  h ypotheses, a sca led -d ow n  version o f  the g ra m m a r in d u ced  w ith  the m a ch in e
learning technique “ E x p la n a tion -B a sed  Learn ing”  (S am u elsson  and  R ayn er, 1991) 
is first invoked an d  parsed w ith  an L R -parser (S am u elsson , 1994). O n ly  i f  th is 
restricted -coverage gram m ar fails is the gen era l-p urpose  gra m m a r tried  on  the (by  
the speech  recogn izer) m ost preferred h ypothesis.

A  preference com p on en t is then  used to  g ive each Q L F  a n um erica l score  re
flectin g  its lin gu istic  p lau sib ility  (A lsh aw i and C arter, 1994). W h e n  the preference 
com p on en t has m a d e  its choice, the h igh est-scoring  log ica l fo rm  is passed to  the 
transfer com p on en t, w hich  uses a set o f  s im p le  n on -d eterm in istic  recursive p a ttern 
m a tch in g  rules to  rew rite it in to  a  set o f  p ossib le  corresp on d in g  Sw edish  represen
ta tion s (A lsh aw i e t  al., 1991; G am b äck  and  B retan , 1994).

T h e  preference com p on en t is now  invoked  again , to  select the m ost p lausib le  
transferred log ica l form . T h e  result is fed  to  a secon d  cop y  o f  the C L E , w hich  uses 
a Sw edish -language gra m m a r and  lex icon  d evelop ed  at SIC S  (G a m b ä ck  and  R ayn er, 
1992) to  convert the form  in to  a Sw edish string  and an associa ted  sy n tax  tree. F i
nally, the string  and tree are passed to  the T e lia  P rop h on  speech  synthesizer, w hich  
utilizes p o ly p h on e  synthesis to  p rod u ce  the sp oken  Sw edish  u tteran ce (B ä ck ström  
e i al., 1989).

T h e  S L T  sy stem ’s current p erform an ce  figures m easured on  prev iou s ly  unseen 
d a ta  (th e  1001-utterance D ecem ber 1993 A T IS  corp u s) are: 78 .8%  o f  all u tterances 
are such that the top -scor in g  speech  h yp oth esis  is an a ccep ta b le  one. I f  the speech  
h ypothesis is correct, then an accep ta b le  tran slation  is p rod u ced  in 68 .3%  o f  the 
cases and the overall perform an ce  o f  the system  is 5 3 .8% . L im itin g  the test corpu s 
to sentences o f  10 w ords or less (688 u tteran ces), these figures m ov e  up to  83 .9%  
for speech  recogn ition  and 74 .2 %  for  language p rocessin g , w ith  a 6 2 .2 %  overall 
perform ance.

For a b ou t 10%  o f  the correctly  recogn ized  u tterances, an u n a ccep ta b le  transla
tion  is p rod u ced . N early all o f  these are in correct due to  their con ta in in g  errors in 
gram m ar or naturalness o f  expression , w ith  errors due to  d ivergence in m ea n in g  b e 
tween the source and target sentences accou n tin g  for  less than  1%  o f  all translations. 
S L T  p erform an ce  is discussed at length  in  (R a yn er  e t  a l ,  1994).

3 Swedish Language Processing

A s n oted  above, the S -C L E  is a general pu rpose natural language processin g  system  
for Sw edish. T h e  m ain  o b je c t  o f  the system  is to  m ap  certain  n atu ral language 
expressions in to  ap p rop ria te  p red icates in qu asi-log ica l fo rm . T h e  system  is based  
com p lete ly  on  u n ifica tion  and has a fa irly  large b id irection a l ph rase-structu re ty p e  
gram m ar (i.e ., the gram m ar can  be used b o th  for  analysis and g en era tion ) covering  
m ost o f  the co m m o n  Sw edish construction s. T h ere  is a g o o d  treatm en t o f  in flection a l 
m orp h o log y , covering  all m ain  in flection al classes o f  noun s, verbs and ad jectives.

T h e  S -C L E  has been  d evelop ed  from  the orig ina l English  C L E  by rep lacing  
E n glish -specific m od u les (g ra m m a r, m orp h o log y , lex icon  and lex icon  acqu is ition ) 
w ith corresp on d in g  Sw edish -langu age versions, ex p lo it in g  the large overlap  betw een  
the structures o f  the tw o languages. M ost o f  the Sw edish g ra m m a r is thus com p le te ly  
equ ivalent to  the English on e; this section  w ill concentra te  on  the parts th at differ



for  in teresting  reasons. (S o , even th ou gh  the gram m ars indeed  differ in several ways 
n ot described  here, m ost o f  the differences are for rather uninteresting reasons m ore 
reflecting  different tastes on  the side o f  the gram m arian s than real g ram m atica l 
differences and w ill thus b e  left o u t from  the d iscussion  here.)

A  prev iou s version  o f  the Sw edish  gra m m a r and how  it was developed  was de
scr ib ed  in  (G a m b a ck  an d  R ayn er, 1992). T h ere  w e also w ent in to  som e detail on  the 
(a t  least for  a tran slation  task) m ost v ita l differences betw een  English  and Sw edish, 
b o th  a t the m o rp h o lo g y  and  sy n tax  levels. T h e  present paper w ill thus refrain from  
reca p itu la tin g  th at discussion  and on ly  g ive an overv iew  o f  the m ost im p ortan t 
p h en om en a  and their present treatm en t in the system .

F irst, how ever, we sh ou ld  n ote  th at the sim p le  m e th o d o lo g y  ou tlin ed  for devel
op in g  a system  for a new language has also been  show n to  be  successfu l for other 
languages. A  fu ll-sca le  version o f  the C L E  for  French has recently  been  developed  
by  IS S C O , G eneva. It has a coverage at rou gh ly  the sam e level as the Swedish 
on e (R a y n er  and  B ou illon , 1995) and is also used as a part o f  a  spoken  language 
tran slation  system  (E n g lish -to -F ren ch ), w hich  w as dem onstrated  at the C e B IT  fair 
in H annover, M arch  1995.

S m all-sca le  versions o f  the C L E  are also under d evelop m en t by the University 
o f  C a m b rid g e : for  G erm an  (P ark in son , 1992), m a in ly  for  testing  the gram m ar for 
m a lism  on  a  language w ith  a different w ord  order; fo r  P olish  (S tys , 1995), testing 
the m o rp h o lo g y  com p on en t on  the in tricacies having to  d o  w ith  case, gender and 
n u m ber varia tion  on  nouns, as well as the n ou n  phrase part o f  the gra m m a r on  som e 
o f  the p rob lem s associa ted  w ith  a “ free”  w ord order; and for K orean.

T h e  rest o f  th is section  w ill in  turn  g o  th rough  the different processin g  steps 
used w hen fo rm in g  a Q L F  in the S -C L E  and describe the rule sets used in each o f  
th em : first the m o rp h o lo g ica l processin g  w here the rulebase is d iv id ed  in to  m or- 
p h o p h o n o lo g ica l “ sp ellin g”  rules and m orp h osy n ta ctic  “ p ro d u c tio n ” rules. T h en  
the g ra m m a tica l processin g  w hich  in turn is d iv id ed  in to  tw o steps, sy n tactic  pars
ing  and sem an tic  analysis. T h e  rules o f  the g ra m m a r prop er are thus d iv id ed  in to 
tw o different rule sets, on e w ith  the sy n tax  and another w ith  the (co m p o s it io n a l) 
sem an tics. T h e  m ain  processin g  chain is eis show n in F igure 2.

NL sentence

_ i ________________________________________________

u . . .  . . • C  sp elling  rules )
m orp h o log ica l analysis ^

(  p rod u ction  rules )

sy n tactic  parsing

I
sem an tic  analysis

syn tax  rules )

sem an tic  rules )

~ r
Q L F

F igure 2: T h e  analysis steps o f  the S -C L E



3.1 Morphology

G iven  that Sw edish  is an in flectional language, the treatm en t o f  the in flection a l 
m orp h o log y  by sim p le  a fB x-stripp ing  used in the orig ina l E nglish  C L E  was far fro m  
sufficient. A  “ la zy ” version o f  the tw o-level m o rp h o lo g y  (K osk en n iem i, 1983) was 
thus im p lem en ted  (C arter, 1995). T h is  version  is “ la zy ” in th at it d oes n o t a ccou n t 
for general changes o f  the stem s o f  w ords.

A  ty p ica l sp elling  rule is the fo llow in g  w hich  show s th at w hen  the affix  e r  is 
added  to  a stem  en d in g  w ith  an o  or an e fo llow ed  by  an 1 o r  an r ,  the stem  
vow el m ay  b e  d rop p ed  unless it is stressed (i.e ., fo rm ler  =  fo rm e l -|- er, m a n öv rer  
=  m an över -|- er, e tc .) :

s p e l l ( p lu r _ L R e r _ e L R ,
" I I " ,  = > , " | 2 l l + e r " ,
[ 2 / " o e " , l / " l r " ] ,
[ s t r e s s l a s t = n ] ) .

In all the rule form alism s o f  the C L E , the first argum ent (here, p lu r _ L R e r _ e L R ) 
is sim p ly  a  rule n am e m a in ly  used for d eb u ggin g . T h e  m ain  parts o f  the rule 
appear on  the different sides o f  the arrow  (= > ): these are the surface  and lex ica l 
form s, respectively . T h e  vertica l bars ( I ) in d ica te  w hich  letters m ay  b e  changed  
in the rule. I f  the arrow  is b id irection a l (< = > ), the rule m u st  a p p ly ; here it m ay  
op tion a lly  apply. T h e  final tw o lists p u t restriction s on  the “ variab les” 1 and 2 in 
the rule, and on  p ossib le  feature settings on  the stem .

In the current version o f  the Sw edish m o rp h o lo g y  (w h ich  is still under devel
op m e n t), 58 such sp ellin g  rules ap pear and are com p lem en ted  by an oth er set o f  4 
in terw ord rules used in the d erivation a l m orp h o log y , w hich  in  Sw edish  is a lso  qu ite 
com p lex ; how ever, since the current version  o f  the system  ca n n ot h an d le  derivationa l 
m orp h o log y  in general, we w ill n ot g o  in to  to o  m uch  deta il here, b u t con cen tra te  
on  the —  for the task at hand —  m ost im p orta n t p art o f  it, n am ely  the p ro d u c tio n  
o f  noun  com p ou n d s , w hich  are ex trem ely  co m m o n  in  the A T IS  d om a in .

W h ile  noun  co m p o u n d s  in English  are fo rm ed  sim p ly  as  g rou p s o f  w ord s, the 
Sw edish co m p ou n d s  are fo rm ed  by  actu a lly  c o m p o u n d in g  the w ords togeth er. In 
general, th is can b e  done in a  w ide variety o f  fash ions, bu t in present-day  Sw edish  
m ain ly  in tw o ways on ly : either by  ju s t  “g lu in g ” the w ords togeth er, or by  inserting  
an - s -  betw een the w ords in the c o m p o u n d , as described  in  fo r  ex a m p le  (K ie fer, 
1970). C om p o u n d s  can in general be  o f  a lm ost all w ord-classes, b u t the m ost 
co m m o n  ones are noun  com p ou n d s , in w hich  the last w ord  o f  the c o m p o u n d  is a 
noun ; the oth er w ords in the co m p o u n d  can be  o f  o th er classes (e .g ., a d jectiv es  or 
ad verbs), but are n orm ally  nouns, as well.

A s a ru le -o f-th u m b , noun  co m p o u n d s  are fo rm ed  first w ith ou t inserting  an in fix  
s ,  bu t i f  the co m p o u n d  consists o f  m ore  than tw o w ords, an s  w ill b e  inserted  for 
every secon d  w ord ad ded  to  the c o m p o u n d , so  for  ex am p le  the fo llo w in g  sequence 
w ould  g ive the w ords for “ fa ther” , “gra n d -fa th er” (fa th er ’s fa th er), “great gra n d 
father” , etc.:

f a r ,  f a r fa r ,  fa r fa r s fa r ,  f a r fa r s  fa r fa r ,  . . .

W h eth er a particu lar noun  w ill fo rm  c o m p o u n d s  by  inserting  an s  or  n o t depends 
on  the w ord in question  and is thus lex ica lized .



T o  im p lem en t the n ou n  co m p o u n d  fo rm a tion , a feature n n _ i n l i x  on  an N (nouns 
are lex ica lized  as N s) in d icates w hether or n ot it can b e  p o s t-m od ified  w ith  a co m 
p lex  N co m p o u n d . T h e  feature can currently  take the values s (fo r  an in fix  ’ - s - ’ ) 
or  n  (fo r  n o  in fix , in p ractice  ’ —  ’ , i.e ., ju s t  a h yp h en ) and is lex ica lized  on  the 
N, thus in d ica tin g  the fa ct th at som e lex icon  Ns take an s-in fix  w hen form in g  a 
c o m p o u n d , and som e d o  n ot.

T h e  fo llo w in g  m orp h o log ica l p ro d u ctio n  rule fo r  n ou n -n ou n  co m p ou n d s  (there 
are s im ilar rules for  oth er typ es o f  noun  co m p o u n d s ) show  togeth er w ith  the tw o 
rules fo r  in fixes ( ’ - s -  ’ or  ’ —  ’ ) h ow  the n n _ in f  i x  feature prop agates as 00+01=01 , 
01+ 10=0 0 , i.e ., an N th at takes n o  in fix  has n n _ i n l i x ( 0 , 0 ) as its lex icon  value and 
m eets the ’ —  ’ -in fix  w hich  has n n _ i n l i x ( 0 , 1 ) to  p rod u ce  an N w ith  n n ._ i n l i x ( 0 , 1 ) ,  
w hich  in  turn  can  p rod u ce  an N th at takes the n u ll-in fix  i f  it  m eets the ’ - s - ’ -in fix  
( n n _ i n f i x ( l , 0 ) ) ,  etc.

n b a r : [ n n _ i n l i x = ( l , 0 ) , s im p le = n , . . . ]
— >

n b 2cr : [ n n _ i n l i x = ( I ,H )  , . . . ]
+

’ IN F IX ’ : C im _ in f ix = (M ,0 ) ]
+

n b a x : [ s i m p l e = y , . . . ]

l e x ( ’ - s - ’ , [ ’ IN F IX ’ ; [ n n _ i n l i x = ( l , 0 ) ] ] ) . 
l e x ( ’ - - ’ , [ ’ IN F IX ’ : [ i m _ i n l i x = ( 0 , 1 ) ] ] ) .

T h e  settin g  o f  the feature s im p le  force  co m p le x  co m p o u n d s  to  fo rm  in  a  left
b ran ch in g  fash ion ; the r igh t-m ost daughter m a y  n o t itse lf b e  a  co m p o u n d  (m u st 
have s im p le = y ) .

P ro d u c tio n  rules like the on e ab ove  currently  n um ber 27 in the system , on ly  
4 o f  w hich  are used for form in g  com p ou n d s . T h ese  p rod u ction  rules are actually  
used by  the sy n ta ctic  m orp h o log ica l processin g  and  are m ore  or less paralleled  by 
33 sem an tic  m orp h o log ica l d erivation  rules.

3.2 SyntcLX

O n  the sy n ta ctic  side, the English  and Sw edish  gram m ars differ on  m any accounts. 
F irstly, several ex tra  rules appear in the Sw edish  system , m a in ly  to  capture different 
k in ds o f  m ovem en ts , in  p a rticu lar the fa c t th at Sw edish  allow s for top ica liza tion  o f  
ju s t  a b o u t any ty p e  o f  constituen t. Space considerations prevent a  fu ll accou n t o f  
these rules from  be in g  in cluded  in th is pap er; they  w ill be  rep orted  on  elsewhere 
(G a m b a ck , 1995). Here, we w ill thus on ly  con centra te  on  som e p ro to ty p ica l cases.

S econ d ly , a  n um ber o f  new  features had  to  be  ad ded  or the value ranges or rele
vant rules for  o ld  features had to  be  exten ded . M ost n o ta b ly  since the m ore  com p lex  
agreem ent stru ctu re o f  Sw edish  m eans th at the features in d icating  agreem ent and 
defin iteness m u st be  p rop ag ated  to  m any m ore  constituents.

A n  ex am p le  is the three-valued  defin iteness feature, w hich ranges over values 
for “ in defin ite” , “ defin ite”  and “ possessive” , the last on e being  used on  gen itive  
N Ps. T h ese  are treated  as form in g  co m p le x  determ iners, so that ‘ en m a n s  f r u '  
(a  m a n ’s w ife ), ‘ m a n n e n s  f r u '  (th e  m a n ’s w ife ), and ‘ K a l le s  f r u ’ (K a lle ’s w ife) are 
all in terpreted  as h av ing  the stru ctu re [N P [D E T  N] ] as exam plified  in F igure 3.



NP [def=poB S ,gen »n ]

D E T  [d e f= p o ss ]  N [d o f= p oss ,g en = n ]

NP [def*n , gen=y] f r u

DET [def=n] N [def=n,gen*y]

F igure 3: T h e  tree structure for  the noun  phrase ‘ en m a n s  f r u ’

T h is  is ob ta in ed  by using the fo llow in g  tw o rules (here qu ite  sim plified  w ith  m ost 
features rem oved ):

s y n ( d e t _ n p _ G e n i t iv e ,
[ d e t : [ d e f = p o s s ]  , 

n p : [ d e l = _ ,  g en = y ]
] ) .

s y n (n p _ d e t_ n b e a ’ ,
[ n p ;[d e l = D ,  gen=G ] , 

d e t : [ d e f = D ] , 
n b a r : [ d e l= D ,  g e n = G ],

] ) .

T h e  first rule specifica lly  fo rm s determ iners fro m  gen itive  N P s (w ith  the feature 
settin g  g en = y ) regardless o f  the N P ’s definiteness (d e l= _ ) ,  g iv in g  the new ly  fo rm ed  
determ iner a possessive definiteness. T h e  secon d  rule fo rm s N P s fro m  determ iners 
and nouns as lon g  as the definiteness values on  the daughters unify . T h is  rule m ay  
be used on  a w ide range o f  determ iner and n oun  types , in clu d in g  genitives.

3.3 Semantics

M ost o f  the differences betw een English and Sw edish sy n tax  is on ly  m irrored  at the 
(Q L F , i.e ., c o m p o s itio n a l) sem an tic  level w ith ou t any in teresting  ad d ition s . T h e  
m ost n otab le  ex cep tion  is the verb-phrases. A lrea d y  at the sy n tax -level, m ost w ord- 
order differences stem  from  the stron g ly  verb -secon d  nature o f  Sw edish : fo rm a tio n  o f  
b o th  Y N - and W H -qu estion s  is by  s im ple  inversion  o f  the su b je ct  and  verb , w ith ou t 
the in trod u ction  o f  an auxiliary. T h is  is illustrated  in the fo llow in g  exam ples:



H a n  sa g  M a ria . 
S ag h an  M a r ia ?  
V em  sd g  h a n ?

H e  sa w  M a ry .

D id  h e s e e  M a r y ?  
W h o  did h e s e e ?

T h is  d ifference o f  verb sy n tax  can actu ally  b e  fa ctored  away. H ow ever, we will 
n ot dw ell in to o  m uch  deta il on  the rather specia l u n ifica tion -ba sed  treatm ent o f  
verb -phrases used in the system  —  for  th at, the reader is referred to  (G a m b a ck , 
1993a; G a m b a ck , 1993b) —  b u t w ill n ote  th at the m a in  trick  used is te x ica liz a iio n : 
in fo rm a tion  regarding for  exam p le  verb su b ca tegor iza tion  schem es (i.e ., the n um ber 
and  ty p e  o f  verbal com p lem en ts , such as o b je c ts , particles, e tc .)  is rem oved  from  the 
gra m m a r and p u t in  the lex icon  instead . S yn tactica lly , th is enables us to  treat bo th  
E n glish  and Sw edish  verb -phrases o f  different k inds w ith  a rule like the fo llow in g :

syn(vp_v_coinp_Normal,

[vp: [tense_aspect=TA],

v:[aux=_, tense_aspect=TA, 
subcat=Complements]

I Complements

] ) .

w here the value o f  the subcat feature o f  the verb has to  unify  w ith  the rest o f  the 
verb -phrase. T h e  value o f  subcat is sp ecified  fo r  a  p a rticu lar verb in its lex ica l entry 
and  can  o f  course b e  em p ty  (fo r  in transitives, e tc .) . O ur current Sw edish  gram m ar 
treats 48 different m a in  verb com p lem en t pa ttern s plus copu las and auxiliaries. 
W ith o u t  c la im in g  th is to  be  the absolu te  num ber o f  Sw edish  verb typ es in any sense, 
it is easily  u nderstan dab le  th at w ith ou t the strategy  ou tlin ed  ab ove , we w ould  have 
been  forced  to  state  sp ecific  instances o f  the verb -phrase fo rm a tion  rule for a vast 
n u m ber o f  cases.

In the C L E , each sy n ta ctic  rule is paralleled  by  (a t least) on e sem an tic  rule. 
For all E nglish  verbs and  for  Sw edish  m ain  verbs, the verb-phrase rule ab ove  has 
a  s im p le  cou n terp art, b u t even  for  Sw edish  au xiliaries the treatm ent causes no 
p rob lem s, even th ou gh  an ex tra  case o f  the sem an tic  rule had to  b e  ad ded  in order 
to  pass tense and aspect in fo rm a tion  p roperly , g iven  that for  m ain  verbs, the tense 
in fo rm a tio n  o f  the verb-phrase is the sam e as the on e o f  the daughter verb and 
is s im p ly  unified up togeth er w ith  the oth er sem an tic  in fo rm a tion , w hile in the 
au x ilia ry  case, the sem an tic  in terpretation  o f  the m oth er verb -phrase still is the one 
o f  the daughter verb -phrase, bu t the tense is to  be  taken from  the auxiliary.

T h u s  we get the fo llow in g  tw o (in deed  very s im p lified !) sem an tic  rules:

sem(vp_v_coinp_Honnal, mainv,

[(V,vp; [ten3e_eaid_aspect=TA] ,

(V,v:[aux=n, tense_aspect=TA, 
subcat=Compleinents])

I Complements

] ) .

sem(vp_v_comp_Normal, aux,
[(V,vp:[tense_and_aspect=TA],

(Aux,v:[aux=y, tense_aspect=TA, 
subcat=(V,vp:[])]),

(V,vp:[])

] ) .



N ote  that each constituen t in the sem an tic  rules is a  pair w ith  the first p art h o ld 
ing the sem an tic  log ica l-fo rm  fragm en t and the secon d  part h o ld in g  the (b a s ica lly ) 
sy n tactic  in form ation .

3.4 Negation

A  sp ecific  case w here the English  and Sw edish gra m m a r differs s ign ifican tly  is in 
the treatm ent o f  negation . N egation  in Sw edish  is expressed w ith  the p a rtic le  ‘ i n i e ’ 
(n o t ) ,  w hich is p laced  after the m ain  verb in  a m ain  clause, b u t b efore  it in a 
su bord in ate  clause, thus:

H a n  sn a rk a d e  in te .
. .  .a tt h an  in te  sn a rk a d e .

H e  did  n o t  s n o r e .
. .  .th a t h e d id  n o t  s n o r e .

Sim ilar consideration s a lso ap p ly  to  a n u m ber o f  o th er  co m m o n  ad verb ia ls  (so - 
called  “m ob ile  ad verbs” ), in clu d in g  ‘ o f t a ’ (o fte n ), ‘ a l l t id ’ (a lw a ys) and ' t r o l i g e n ’ 
(p ro b a b ly ).

Even thou gh  negation  tends to  be  used to  a very sm all degree in the A T IS  
d om ain , a  serious natu ra l-lan gu age processin g  system  m ust o f  course treat it, h ow 
ever, it d oes cause som e p rob lem s b o th  for E nglish -Sw edish  transfer an d  fo r  the 
Q L F -form a lism  as such. T h e  design  ch oice  in the E nglish  C L E  w as to  treat n ega
tion  sem an tica lly  as an op era tor  on  the sentence stru ctu re w hich  at the sy n ta ctic  
level p re-m odifies a verb-phrase form in g  a  new  verb -phrase, the rule thus be ing  
sch em atica lly :

VP ->  n o t  VP

In Sw edish such a  treatm ent does n ot suffice; n egation  is still v iew ed as an 
op erator  at the sem an tic  level, bu t instead o f  m o d ify in g  verb-phrases, it is taken as 
m od ify in g  the verb itse lf in the syn tax . S ince w hether the m od ifica tion  is pre- or 
p ost- depends on  the ty p e  o f  clause, this has been  treated  by  ad d in g  a s u b o r d in a t e  
feature to  S, V P  and V .

T h ree rules for verbs are needed, the first treating  m ain  clause n ega tion , the 
second  treating  su bord in ate  clause n egation  and the th ird  treatin g  a  sp ecia l case o f  
m ain  clause n egation  w ith  a p ron ou n  as o b je c t :

1. m a n n en  [g illa d e  tn te ]  M a r ia / m ig  th e  m a n  did  n o t  lik e M a r y / m e

V : [s u b o r d in a t e = n ,  . . . ]
— >

v : [ . . . ]
+

n e g : [ ]

2. att m a n n en  [ in te  g illa d e ]  M a r ia / m ig  th a t th e m a n  d id  n o t  lik e  M a r y / m e

v:[subordinate=y, ...] 
—> 

neg: []
+

v:[vlorm=(\(att)), ...]



3. m a n n e n  [g il la d e  m ig  in te ] th e m a n  did  n o t  lik e  m e

v:[subordinate=n, subcat=Rest, . 
—>

v:[subcat=[Pro|Rest], . . .]
+

Pro
+

neg: []

A t the sem an tic  level, treatin g  n egation  as an op era tor  causes som e prob lem s. 
M ain ly  since all m o b ile  ad verbs ou gh t to  b e  treated  in the sam e way, b u t in trod u cin g  
Q L F -o p e ra to rs  for  all o f  th em  w ou ld  h ard ly  b e  feasible. T h u s n ega tion  is actually  
the o n ly  m o b ile  ad verb  treated  by  the present version  o f  the Sw edish gram m ar. 
T h is  p rob lem  and the fa c t that w hile m od ifica tion  o f  English verb phrcises occu rs 
externa l to  the V P , Sw edish  m od ifiers are internal can be  taken as an argum ent 
against h av ing  a V P  n od e  at all in Sw edish , or as basis for in trod u cin g  a V  n ode . 
T h e  a b ov e  treatm en t goes  a b it a lon g  the way o f  the secon d  alternative.

4 Swedish grammar coverage

W ith o u t  g o in g  in to  m ore  deta ils o f  the Sw edish  g ra m m a r, we shou ld  n ote  that its 
coverage  on  the A T IS  task was increased su bstantia lly  du ring the p ro je c t.

F igure 4: Transfer and generation  coverage incre2ise



Tests on  a representative 281 sentence corp u s show ed an increase in coverage 
o f  the transfer and  generation  com p on en ts  com b in ed  fro m  a  m ere 9 .6 %  in  m id - 
D ecem ber 1992 to  96%  in  m id -S ep tem b er  1993, as can be  seen in F igure 4.

A s cou ld  be ex p ected  the m ain  coverage increases were ob ta in ed  early  on  in  the 
p ro je c t. A fter  aw hile, the coverage stab ilized  arou nd  80 % ; to  fu rther increase the 
coverage, som e m a jo r  changes had  to  b e  undertaken, changes w hich  at first actu a lly  
lead to  a slight coverage d rop  (as show n by  th e figure for  m id -J u n e ).

N ote that the figures in  the graph  refer to  sentences th at o b ta in ed  a tran slation , 
a n y  translation . For a d iscussion  o f  the tran slation  quality , see (A g n a s  e i  a i ,  1994).

5 Future Work and Conclusions

In the paper, the Sw edish language processin g  com p on en t o f  the S L T  E n g lish -to - 
Swedish spoken  language tran slation  system  has been  described . T h e  m ain  em p hasis 
has been  on  the gra m m a r and  its coverage, bu t the oth er m od u les  o f  the language 
processing  part have a lso been  d escribed . T h e  overa ll S L T  system  p ro to ty p e  and its 
coverage after the first year o f  the p ro je c t  has on ly  been  briefly  d iscussed, w hile  the 
paper has focu sed  on  the different m od u les  o f  the Sw edish  processin g  com p o n e n t . 
T h ese have been  described  m ain ly  on  a p ro -exa m p le  ty p e  level, sh ow in g  the various 
rule form alism s at work.

A t the date o f  w ritin g, w ork has ju s t  begun  on  a secon d  phase o f  the S L T  p ro je c t . 
W e intend to  reverse the system , so  th at translation  o f  sp oken  Sw edish  in to  spoken  
English will b e  possib le . Even th ou gh  the m ain  part o f  the w ork needed for  th at 
will b e  on  p rod u cin g  a  Sw edish  speech  recogn ition  system , the language processin g  
com p on en ts  w ill be  ex ten ded  qu ite  a  lo t at the sam e tim e. P artly  becau se  the 
Sw edish part o f  the system  has n ot been  extensively  tried  fo r  lan gu a ge  processin g  
as op p osed  to  ju s t  generation  fo r  aw hile, p a rtly  because the new  version  o f  S L T  also 
w ill in clude ex ten ded  processin g  in a new  sp oken  language d a tab ase  query teisk, 
as well as a llow ing  for  som e translations in  a com p u ter  m ed ia ted  p erson -to -p erson  
d ia logue  setup.

In parallel, w ork w ill be  undertaken on  system a tica lly  testing  how  the gra m m a r 
coverage o f  the Sw edish  system  can be  tuned tow ards a new  d om a in  (B erg lu n d  and 
G am b ack , 1995) and w hether the system  is robu st en ough  to  be  used as th e basis 
for bu ild in g  a tree-bank o f  Sw edish analyses (S a n tam arta  e i  a i ,  1995). B oth  these 
tests w ill use the representative Sw edish “S to ck h o lm -U m e a  corp u s” (S U C ) (E jerh ed  
et a i ,  1992).
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Abstract
T h e  fram ew ork  o f  fin ite state  in tersection  gram m ars is d irected  tow ards 

p ractica l representation  and parsing  o f  running tex t. A  p rob lem  in pars

ing  has been  th at in tersection  w ith  successive rule a u tom a ta  can p rod u ce  

p roh ib it ive ly  large in term ediate  sentence a u tom a ta . See (K osk en n iem i, 

T ap an ain en  and V ou tila in en  1992) and (K osk en n iem i 1990) and (V ou ti- 

la inen  and  T ap an ain en  1993).

T h is  paper sketches a d a ta  structu re and parsing  m eth od  th at m ay 

help  to  co m p u te  the in tersection  o f  a sentence au tom a ton  w ith  all rule 

a u to m a ta  w hile keeping the size o f  in term ediate  sentence a u tom a ta  under 

con tro l.

1 Representation of sentence readings
Sentence readings are fin ite sequences o f  w ord form s, m orp h osy n ta ctic  labels and 

b ou n d a ry  labels (V ou tila in en  1994, V ou tila in en  and  T ap an ain en  1993). T h e  struc

ture o f  a sentence reading is such th at each w ord fo rm  reading contains the w ord 

fo rm , a base form , a  few  m orp h o log ica l labels and on e or tw o sy n tactic  labels, and 

w ord  fo rm  readings are separated  by  bou n d ary  labels . For ex am p le , the correct 

read in g  o f  the sentence ‘ A n d  tim e began  seriously  to  p a ss .’ in  figure 1 identifies 

‘ t im e ’ as a su b je ct  CSUBJ, and ‘ b e g a n ’ as a  m a in  verb in a m a in  clause 8NV MAIHC8 , 

an d  so  on . O th er readings m igh t m isiden tify  ‘ t im e ’ as a  verb or ‘ t o ’ as a p rep osition , 

or correctly  id en tify  ‘ t im e ’ as a noun  bu t m isiden tify  it syn tactica lly  as an o b je c t  

or an ap p os it ion . A n  in correct ch oice  for  a  w ord  bou n d a ry  label w ou ld  in d ica te  the 

presence o f  m ore  than  on e fin ite verb form .

T h ere  are five a lternative  w ord  bou n d ary  labels; QQ beg in s and ends a sentence, 

em b ed d ed  fin ite clauses are en closed  betw een  ®< and #>, a b ou n d ary  w here a finite 

clause ends and  a new  on e starts is labeled  w ith  ® /, and  ® is used for  others.

A  fin ite  set o f  readings is represented as an a cy clic  fin ite state au tom aton  

ca lled  a sentence a u tom a ton . W ord  form s in the sentence have all lex ica lly  possib le  

m o rp h o sy n ta ctic  readings as alternatives, and each w ord  b ou n d ary  is m a d e  fou r 

or som etim es five ways am bigu ou s. T h e  in itia l n um ber o f  readings in a  sentence 

a u tom a ton  is the p rod u ct o f  the lex ica l and w ord bou n d ary  am bigu ities in the 

sentence.
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F igure 1 A  sentence reading

T h e  gram m ar is represented as a n u m ber o f  fin ite  state  a u to m a ta  ca lled  rule 

au tom ata . Each rule au tom a ton  is con stru cted  to  a ccep t all readings th at are to  be  

gra m m a tica l and to  reject som e readings th at are to  b e  u n g ra m m a tica l. In oth er 

w ords, the gra m m a r is taken to  b e  the in tersection  o f  in d iv id u a l rules.

Sentence a u to m a ta  w ill b e  draw n w ith  the the start sta te  on  the le ft, the 

d irection  o f  edges from  left to  right, an d  the final state  as a d ou b le  circle  on  the 

right.

2 The problem
T h e  task is to  com p u te  the in tersection  5 n i i o n -  • n i 2 „ _ i  o f  a sentence a u to m a to n  S' 

w ith all rule a u tom a ta  iio i • • •, f i n - i -  T h e  m ain  p ractica l p ro b le m  is th at som etim es 

in tersection  w ith  successive rule a u to m a ta  p rod u ces  p roh ib itive ly  b ig  in term ediate  

sentence au tom ata . A n y  m eth od  th at com p u tes  the sam e final result can b e  used 

instead o f  the stra ightforw ard  in tersection ; this paper p rop oses on e  such m e th o d .

T h e  num ber o f  readings represented by  the sentence a u to m a to n  decreases 

m on oton ica lly  during the parsing process. T h e  num ber o f  states in the sentence 

a u tom a ton  tends to  increcise at first; the in itial au tom a ton  can b e  very co m p a ct  

precisely becau se it contains all a lternatives, and  a sm aller set m ay  b e  represented 

by a  b igger a u tom a ton .

T h e  rem oval o f  the dashed edges in figure 2 leaves tw o m in im al a u to m a ta  o f  

w hich the b igger represents the sm aller set o f  readings. T h is  show s h ow  rem ova l o f  

readings can require a d d ition  o f  states and edges.

T h e  tw o a u tom a ta  in figure 2 represent a set o f  fou r readings. T h e  upper 

au tom aton  is m in im al and the low er au tom a ton  is (a lm o st ) m a x im a l. C on sider 

now  a rule that rejects the sequence ( x , a , y , a , z )  and accep ts the oth er three. N o 

edge can be rem oved  fro m  the m in im al a u tom a ton  since every edge be lon g s to  on e 

o f  ( x , a , y , b , z )  and { x , b , y , a ,  z )  and ( x , b , y , b , z ) .  In the m a x im a l a u to m a to n , the 

dashed edges and the state betw een  th em  b e lon g  on ly  to  the re jected  sequen ce and 

can be rem oved .

T h e  final sentence au tom a ton  5  PI i io  0  ■ • • PI i in _ i  represents the set o f  correct 

readings for the sentence. I f  the g ra m m a r is accurate , this a u tom a ton  is again  qu ite 

sm all because it represents a  very sm all set o f  readings.
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F igure 2 A  m in im al au tom a ton  and a m a xim al a u tom a ton

3 New representation of sentence automata
T h is  section  in trod u ces a  new  representation  for  sentence a u tom a ta . T h e  new  d ata  

stru ctu re is designed to  fa cilita te  sep aration  o f  tw o op era tion s  that intersection  

w ou ld  com b in e , nam ely  rem oval o f  readings and expan sion  o f  the sentence a u tom a 

ton . T h is  sep aration  sh ou ld  help keep the size o f  in term ediate  a u tom a ta  under 

con tro l.

E dges and  states can  b e  rem oved  i f  th ey  are n ot parts o f  any reading that 

sh ou ld  rem ain . In a  tree-shaped  a u tom a ton , all rem ov ab le  readings can  be rem oved  

by  rem ov in g  such  edges and states. S ince it is s trictly  im p ra ctica l to  m ake the w hole 

sentence a u to m a to n  tree-sh ap ed , the au tom a ton  is m a d e  tree-shap ed  on ly  locally . 

In itia lly , the lo ca l trees span  readings o f  w ord  fo rm s, b u t they  can  b e  expan ded  to  

span  lon ger intervals.

T h ere  m ust be states w ith  m ore  than on e  im m ed ia te  predecessor. T hese are 

im m ed ia te  successors o f  the leaves o f  lo ca l trees. S ince the trees in itia lly  span w ord 

form s, the w ord  bou n d aries corresp on d  to  co llection s  o f  the states th at m ay have 

several im m ed ia te  predecessors. T h ese  co llection s  w ill be  ca lled  slices.

E ach  slice o f  a sentence a u tom a ton  con ta in s ex a ctly  on e state  o f  every path  

betw een  the start state  and  the final state . T h e  first slice con ta in s the state that 

im m ed ia te ly  fo llow s the start state, and the last slice con ta in s the final state. Ini

tia lly  slices con ta in  on ly  on e state.

T h e  tw o a u to m a ta  in figure 3 represent a  set o f  a  few  readings o f  the sentence 

‘T im e  p a ssed ’ . P u n ctu a tion  and som e labels, n o ta b ly  MAINC8, are o m itte d  to  save 

sp ace. T h e  u pper au tom a ton  is lo ca lly  tree-shap ed ; the low er au tom a ton  is an 

ord in ary  m in im a l a u tom a ton .

T h e  rectangles in the u pper a u tom a ton  represent the three slices corresp on d in g  

to  the three w ord  bou n d aries in  the sentence.

Each state  in a  slice  is a ro o t  o f  a lo ca l tree. T h e  leaves o f  the tree are im m ed ia te  

predecessors o f  som e  ro o ts  in  the n ext slice. N ote  th at a  state th at is p roperly  

betw een  slices has on ly  on e im m ed ia te  predecessor, so th at the trees d o  n ot share 

structure.

T h e  d a ta  stru ctu re representing a sentence a u tom a ton  shou ld  g ive  easy access 

to  the in form a tion  needed in the a lgorith m s to  be  described , in a d d ition  to  the 

u n derly in g  a u tom a ton  structure. F irst, the con ta in in g  slice, i f  any, sh ou ld  be avail

ab le  g iven  a state . S econ d , the prev iou s state  or states shou ld  be availab le  g iven  a
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F igure 3 L oca lly  tree-sh ap ed  vs. m in im al

state. T h ird , the states in slices and im m ed ia te  predecessors o f  states in slices will 

be  assigned sets o f  rule states th at sh ou ld  be  available g iven  such a state . It sh ou ld  

be easy to  iterate over all edges that leave a  state.

4 Operations on the new data structure
T h e  new  d a ta  structure is designed so  th at rem oval and ad d ition  o f  states and  edges 

are separate op era tion s . T h is  is in contrast to  in tersection  that n ot on ly  rem oves 

readings but a lso expan ds the sentence au tom a ton  in a  way th at is d ifficu lt to  

con trol.

In contrast to  sentence a u tom a ta , next to  n oth in g  is assum ed a b o u t the rep

resentation  o f  rule au tom ata . A ll th at is required is th at it is p ossib le  to  co m p u te  

the state  w here a  given  state takes a g iven  sy m b o l, and  to  d ecid e  w hether there is 

any way to  reach a final state fro m  a given  state.

A  state is ca lled  a  sink if  there is n o way to  reach a final state  fro m  it. A  rule 

can  fa il by  g o in g  in to  a sink lon g  b efore  reach ing the end o f  an in p u t sequence.

4.1 Initialization and propagation
In the new representation , sentence a u tom a ta  con ta in  tw o specia l k inds o f  states, 

nam ely  the roots  o f  the loca l trees and the leaves o f  the lo ca l trees. T h e  ro o ts  are 

in slices, and each  lea f is an im m ed ia te  predecessor o f  a ro o t . (T h e  start sta te  is 

also th ou gh t o f  as a lea f.) R ead in gs are rem oved  in tw o steps ca lled  p rop a g a tion  

and rem oval.

T h e  p rop ag ation  step assigns sets o f  states o f  a rule a u to m a to n  to  the roo ts  

and leaves o f  the loca l trees. In itially , a  set con ta in in g  the start sta te  o f  the rule 

a u tom a ton  is assigned to  the start state  o f  the sentence a u tom a ton . T h ere  is on ly  

on e path  from  the start state o f  the sentence a u tom a ton  to  the first r o o t , the one 

labeled  88 ; the set con ta in in g  the state  to  w hich  the start state  o f  the rule au tom a ton  

takes the label 88 is assigned to  the first root.

O n ce  in itia lized , the p rop a g a tion  step  continues by assignm ent o f  sets o f  rule 

states to  the roo ts  and leaves o f  each loca l tree in  turn. For ex am p le , a  certa in  rule



a u to m a to n  goes to  a sink state w hen it en counters the label ®MV after it has already 

en cou ntered  fiMV bu t n ot yet encou ntered  a clause bou n dary . Let state  1 be  the start 

state , sta te  2 b e  the state after the first ®MV and state  5 be  the sink state. In the 

u pp er a u tom a ton  in figure 4, the ro o t  has been  reached th rough  paths th at contain  

on e  ®MV and p ath s that d o  n ot contain  ®MV. T h erefore , the ro o t  is assigned the set 

o f  tw o rule states { 1 , 2 } .  W h en  th is set is p rop ag ated  further, the rule au tom aton  

stays in these tw o states until it en cou nters the ®MV label; then the state  set w ould  

be { 2 , 5 }  bu t the sink state  5 is s im p ly  ignored .

In the low er a u tom a ton  in figure 4, the ro o t  has been  reached on ly  through  

p ath s that con ta in  on e ®MV. T h e  state  set after the secon d  ®MV contains on ly  the 

sink state  and becom es effectively  em pty.

F igure 4 P rop a g a tion  o f  a  rule state  set

T h e  first r o o t  has been  assigned in the in itia lization  step . T h ere  is a unique 

p a th  from  the ro o t  o f  a loca l tree to  a lea f o f  that tree. T h is  path  and the rule 

states in the ro o t  determ ine the set o f  rule states th at are assigned to  the leaf. R u le 

states in the lea f are those to  w hich  som e rule state in the ro o t  takes the path  from  

the ro o t  to  the leaf, ex clu d in g  sinks. W h en  all the rule states w ou ld  be  sinks, this 

set is em pty.

U nlike leaves, the roo ts  in a slice can  have several predecessors. A  roo t is 

assigned the set o f  rule states that are reachable  fro m  som e rule state in som e o f  its 

predecessors by  som e  p ath  fro m  the lea f to  the root.

4.2 Removing paths that block propagation
T h e  sets o f  rule states in  the leaves help to  rem ove states and edges. First, i f  a lea f 

is assigned the em p ty  set o f  rule states, there is n o  way for the rule to  reach this 

leaf. T h e  lea f can  be rem oved , and edges and states preceding  it can be rem oved  

back to  the first state  w ith  m ore  than on e im m ed ia te  successor. A ll bou n d ary  

edges forw ard  can be rem oved , and i f  the fo llow in g  ro o t  had n o oth er im m ed ia te



predecessor, rem oval can continu e forw ard . T h is  m eans that the edges la be led  V 

VFIH (OMV QO in the low er au tom a ton  in figure 4 can be  rem oved .

Secon d , if  all the rule states in som e le a f take som e  b ou n d a ry  edge to  a sink, 

the edge can be rem oved . I f  all the edges fro m  the lea f to  a ro o t  are rem ov ab le  this 

way, rem oval can con tinu e backw ard  and forw ard .

T h ird , a n on-fin al state  in  the last slice  can  b e  treated  as i f  it w ere a sink. 

T h ere  is n o  w ay to  reach another final state  fro m  the last sta te  in the sentence 

au tom aton .

O n ly  such readings are rem oved  as w ou ld  be rem oved  by  in tersection . H ow ever, 

n ot all such readings can b e  rem oved  this way. T o  allow  rem oval o f  fu rther readings, 

the sentence a u tom a ton  m ay need to  be expan ded .

4.3 Expanding the sentence automaton locally

In the new m eth od , the sentence a u tom a ton  can n ot grow  w hile readings are re

m oved . A  separate op era tion  o f  lo ca l exp an sion  is p rov id ed  to  op en  up rem oval 

opp ortu n ities .

O bserve th at the in itial sentence au tom a ton  is tree-shaped  betw een  any pair 

o f  successive slices. T h e  exp an sion  m akes it tree-shaped  (rather forest-sh a p ed ) 

betw een som e given  pair o f  slices. Each state  th at is p rop erly  betw een  the tw o 

slices w ill have ex actly  on e im m ed ia te  predecessor.

T h e  exam ple  sentence ‘T im e  passed ’ is so sh ort th at there is on ly  on e  way to  

choose a pair o f  slices for  expan sion . T h e  in itia l a u tom a ton  is sh ow n  in figure 3; 

the expan ded  au tom a ton  is show n in  figure 5. For lon ger sentences, such  m a x im a l 

expan sion  is n ot feasible.

T h e  first w ord fo rm  ‘ t im e ’ is three w ays am big u ou s and the w ord  bou n d a ry  

after it is fou r w ays am bigu ous; togeth er ‘ t im e ’ and  the b ou n d a ry  are tw elve ways 

am biguous. E xpan sion  m akes tw elve cop ies o f  the state in the slice betw een  the 

readings o f  ‘ t im e ’ and ‘ passed ’ , and the tree o f  ‘ passed ’ is turned in to  a forest o f  

tw elve identica l trees.

M uch  o f  the new structure is easy to  rem ove. P articu larly  in teresting are the 

three trees o f  ‘ passed ’ th at fo llow  the bou n d ary  sy m b o l f l / .  T h is  b ou n d a ry  sy m b o l 

separates fin ite clauses: there sh ou ld  b e  the label VFIN b o th  b e fore  and after it. 

T h is  constrain t is n ot en ough  to  rem ove an yth in g  in the a u tom a ton  o f  figure 3 since 

VFIH occu rs in on e o f  the readings o f  ‘ t im e ’ , bu t in the a u tom a ton  o f  figure 5, tw o 

o f  the three trees can  be rem oved . For exam p le , after QQ < tim e>  t im e  N NOM SG 

OSUBJ 0 /  the rule sh ou ld  be in a sink state.

A n oth er im p oss ib ility  is to  have 0< and (0(D or  0< and (0< as successive b o u n d 

aries. T h e  form er constra in t w ou ld  allow  rem oval o f  m uch  o f  the stru ctu re  in the 

expan ded  a u tom a ton : the label OA w ou ld  take a rule to  a  sink.

P arts o f  the low er fou r trees o f  ‘ p a ssed ’ are rem ovable  by  the con stra in t that 

the bou n d ary  sy m b o l betw een  tw o fin ite verb fo rm s VFIH can  n o t b e  8 , so  th a t the 

secon d  VFIH w ou ld  take a rule to  a sink.
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F igure 5 A n  expan ded  sentence a u tom a ton

5 Computation strategies

T h e  h igh level strategy  to  use is an open  qu estion . T h e  op era tion s  o f  p rop ag ation , 

rem oval and exp an sion  can be used in different orders. In this m eth od , rules need 

to  be used m ore  than on ce , and the order o f  expan sion s and rem ovals m ay  affect 

effic iency  sign ificantly .

T h e  sim p le  m in d ed  bu t p roh ib itive ly  expensive strategy  w ou ld  be to  first m a x 

im ize  the sentence au tom a ton  and then ju s t  use every rule in  turn.

A n oth er  stra tegy  w ou ld  be  to  exercise all rule a u to m a ta  on  a  short interval 

in the beg in n in g  o f  the sentece a u tom a ton  first, and  then lengthen  the interval. A  

th ird  stra tegy  w ou ld  be to  exp an d  sh ort intervals and  then prop ag ate  and rem ove.

M ore  in telligent strategies m igh t take in to  a ccou n t specia l p roperties o f  each 

sentence a u to m a to n , or sp ecia l p rop erties o f  som e rules. O r such intervals m igh t be  

exp an d ed  th at contain  relatively  few  readings.

K im m o  K oskenniem i (person a l c o m m u n ica tio n ) suggested first p rop ag atin g  a 

rule in to  the sentence au tom a ton  and then stu d y in g  the sets o f  rule states to  see 

w hether th is rule can allow  rem ovals after exp an sion . In the pos itiv e  case, expand 

an d then p rop a g a te  again.



6 Some details
T h is  section  g ives a  m ore  deta iled  descrip tion  o f  the op era tion s  on  the lo ca lly  tree

sh aped  a u tom a ta  than was g iven  before . A ll a u to m a ta  here are d eterm in istic  fin ite 

state  au tom ata .

A n  a u tom a ton  is a fin ite set o f  un iqu ely  labeled  states, p a rtition ed  in to  final 

and non-final states, w ith  on e state designated  as the start state.

A ll states w ill be  seen as to ta l fu n ction s  tak in g  sequences to  states, as fo llow s . 

W h en  s and t are states and a  p a th  from  s to  t is labeled  by  a  sequence o f  a lp h a b et 

sy m b o ls  w , the n ota tion  s w  designates the state  t .  T h e  set o f  all prefixes o f  such 

sequences w  that s takes to  a final sta te  is ca lled  the d om a in  o f  s .  A  state  w ith  

em p ty  d om ain  is called  a sink; i f  w  is n ot in the d om a in  o f  s , then  s w  is a  sink.

E ach state s satisfies the equ ation s s  Q — s  and  s (a , 6, . . . )  =  (s  (a ) )  ( 6, . . . )  

for all a, 6, . . .  in the a lp h abet. In a m in im al a u tom a ton , a sink s  is a  n on -fin a l state  

that satisfies s w  =  s  fo r  all sequences w .

I f s  {a )  =  t fo r  som e sy m b o l a , then s  is sa id  to  b e  an im m ed ia te  predecessor 

o f  t ,  and t is sa id  to  be  an im m ed ia te  successor o f  s.

In the process to  be  specified , a  sentence a u tom a ton  S  is represented as a se

quence o f  slices ( 5 o , . . . ,  <S„_i). It m ust b e  rep laced  by  successive sen tence a u to m a ta  

so that the final result represents the in tersection  o f  the orig in a l sen tence a u to m a to n  

w ith  a num ber o f  rule a u tom a ta  R q , . . . ,  R t ^ i .

6.1 Propagation

R ule states can be  p rop ag ated  fro m  S i to  . A n  in term ed iate  step  is to  p rop ag ate  

them  to  the leaves o f  each loca l tree w ith  ro o t  in S i . W h en  a p a th  fro m  a  ro o t  to  a 

lea f is labeled  w  and the set o f  rule states assigned to  the ro o t  is R ,  the set o f  rule 

states in  the lea f w ill be  { r t u | r G i i }  exclu d in g  sinks.

A fter  p rop ag ation  to  the leaves, an im m ed ia te  predecessor p  o f  a  sta te  t in 

contains the correct set R '  o f  rule states. I f  D  is the d om a in  o f  p , the set o f  

rule states in t w ill be  a superset o f  {  r  (d ) | r  G R ' and {d )  E D  }  ex clu d in g  sinks. 

O ther im m ed ia te  predecessors o f  t p rod u ce  oth er states.

R u le  states can be p rop ag ated  fro m  the start sta te  to  each  slice  in  turn. I f  

the start state o f  a  rule is r o , the state in  the first slice w ill con ta in  ju s t  the state 

To {®#).

6.2 Removal

W h en  rule states have been  p rop ag ated  fro m  So  to  S i , it m a y  b e  p ossib le  to  rem ove 

edges and states that precede states in <S,-.

I f  p  is an im m ed ia te  predecessor o f  som e state  s  in Si and the set o f  rule states 

in p is em pty, then the rule takes to  a  sink all sequences th at label p a th s fro m  the 

start state  to  p. T h e  state  p can be rem oved  togeth er w ith  preced ing  edges and 

states back to  the first state  th at has m ore  than on e edge in its d om ain .



I f  the set o f  rule states in p  is n ot em p ty  b u t there are several edges from  p 

to  s ,  all the rule states can take som e  o f  the edges to  a sink. Such edges can be 

rem oved .

6.3 Expansion
W h en  the sentence a u tom a ton  is expan ded  betw een  S i  and 5 i+ 2i and  som e state s  in 

<Sj+i has k  im m ed ia te  predecessors, the state s and its loca l tree are replaced w ith  k  

cop ies, each  w ith  its ow n  im m ed ia te  predecessor ou t o f  the im m ed ia te  predecessors 

o f  the orig ina l s.

7 Summary
In tersection  o f  fin ite state  a u tom a ta  reduces readings but m ay  ad d  structure in the 

a u tom a ta . S ep aration  o f  the tw o effects m ay  help to  keep the size o f  a sentence 

a u to m a to n  under con tro l. K eep in g  the sentence au tom a ton  lo ca lly  tree-shaped 

m akes th is sep aration  possib le.

Future w ork w ill in volve im p lem en ta tion  o f  the parser and em p irica l stud y  o f  

various prasing  strategies.
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A bstract
Representing polysemy in an economical way is an issue of major impor

tance within lexical semantics. Polysemy is found both within single lexi
cal entries, and systematically in some lexical classes with common semantic 
properties. Prepositions in various languages are generally considered highly 
polysemic in an unpredictable way. The latter participate in what can be 
called systematic polysemy. This work is highly inspired by work as different 
as Pustejovsky [Pus91], Copestake and Briscoe [CB95], and Lakoff [Lak94].

1 will sketch a framework or the fundamentals of a formalism in which 
important polysemic properties can be described. The interpretational se
mantics is built as typed lambda-calculus. This choice is not essential to the 
formalism, which might be extended to situation-theoretical notation and in
terpretation. Currently, situation-theoretical issues are not discussed within 
the framework.

It is briefly outlined how the lexical semantics as construed in this paper 
can be implemented in a typed feature structure formalism compatible to 
HPSG [PS94]. Accounts of various aspects of prepositional semantics are given 
in this formalism, with special emphasis on the Danish preposition rued.

1 Systematic polysemy
C erta in  p h en om en a  are usually  referred to  as p o lysem y. O n e such ex a m p le  is the 
w ell-know n exam p le  by  P u ste jovsk y  [Pus91]:

(1 ) a. M ary en joy s  the m ov ie

b. M ary en joys w atch ing the m ov ie

T h e  sentences ( l a )  and ( l b )  are sy n on y m ou s, and in order to  m a in ta in  c o m p o - 
sition ality  and avoid  m u ltip le  lex ica l entries for the verb e n jo y ,  the sem an tics is 
accou n ted  for  by c la im in g  th at e n j o y ’s sem antics ENJOY is a tw o -p la ce  p red icate  
taking an event as its secon d  argum ent. T h e  n oun  m o v i e  b e lon g s to  a class o f  
com p lex  lex ica l entries th at enables it to  act sem an tica lly  b o th  as an event in vo lv 
ing som e w atch ing and as a sim p le  o b je c t  th at can  b e  w atched . T h e  tw o senses 
are related by a process ca lled  ty p e -r a is in g . M o v i e  and  sim ilar nouns ob v iou sly  
fo rm  a class, w hich  can be represented in a h ierarch ica l lex icon  as be in g  m arked  for 
su sceptib ility  to  type-raising.

T h e  p h enom enon  is referred to  as log ica l m e to n y m y  becau se  the re la tion  betw een  
a m ov ie  and the event o f  w atch in g a m ov ie  can  be  ju d g e d  to  be  fam ilia r  w ith  usual 
m eton y m ic  relations p ictu red  in ( 2) , w here the underlined N P ’s can  b e  said  to  be 
interpreted iden tica lly  in certain  contexts.

(2 ) a. D enm ark  v oted  against the treaty



b. T h e  m a jo r ity  o f  the D anish  voters v oted  against the treaty

B y  accou n tin g  for  the p h en om en on  in sem an tic  term s, on e d oes n ot have to  p osit 
th at the sy n ta ctic  d ifference betw een  t h e  m o v i e  and  w a t c h in g  t h e  m o v i e  shou ld  
trigger d ifferent lex ica l entries o f  e n jo y .  F u rtherm ore, en joy in g  different sorts o f  
events can  still b e  described  by  the sam e verb entry:

(3 ) Franz en joy ed  the sausage

B y  inserting  the sem an tics for  ty p ica l events in vo lv in g  sausages in to  the sem an 
tics for  s a u s a g e ,  on e can  infer th at the sem an tics fo r  the clause (3 ) contains som e 
eatin g  event.

2 Extending the scope: Lexical metaphor
W ith in  th eoretica l lin gu istics , po lysem y, m eton y m y  and m etap h or are trad ition a lly  
regarded  as i f  n ot o u t o f  b ou n d s, then  at least as m arg in a l p h en om en a  n ot w orth  
p a y in g  t o o  m uch  atten tion  to  w hen d escrib in g  the language system  as it is typ ica lly  
con strued  by  linguists. In com p u ta tion a l lingu istics it is o ften  th ou gh t that such 
to p ics  sh ou ld  be treated  in an A I fash ion , w ith ou t em p loy in g  the know n structures 
o f  the lin gu istic  system . In m y  view , p o ly sem y  con stitu tes an at least em p irica lly  
in d istin gu ishab le  p art o f  the language system s. It is the n orm  rather than the 
ex cep tion  that w ords are used in  different bu t related senses. It is a lex ico log ica l 
cha llen ge to  a ccou n t for  a system  w ith in  w hich the senses o f  every lexem e are related 
instead  o f  ju s t  listing  the various senses o f  the in d iv id u a l lexem es, in m uch  the sam e 
sense as it is a cha llenge for the p h on o log is t to  state  and arrange the ph onem es o f  
a  lan guage in a  system  statin g  generalizations on  p roperties across sounds instead 
o f  listing  the in d iv id u a l sounds.

T h e  m ost general system  in w hich  all senses o f  all lexem es can be  represented is 
n o t in teresting  for  m y  p u rpose: con stru ed  as a  feature-stru cture system  the num ber 
o f  p rim itiv e  features w ou ld  have the sam e m a gn itu d e  as the n um ber o f  lexem es.

W h a t  on e  needs is a lim ited  system  w ith  a  few  d im ension s a lon g  w hich the 
sense ex ten sion s take place . A s it is the case for  any kind o f  lin gu istic  ca tegoriza 
tion , such d im ension s or features m u st b e  em p irica lly  m otiv a ted . T h is  restricts the 
d om a in  o f  the fu n ction s  in qu estion  to  be  a qu ite  narrow  one. T h e  sense extensions 
m ust be testab le  either in the co g n it iv e /p h y s ica l system  or as a  m eans to  underpin  
g ra m m a tica l generalizations.

T h e  set o f  sense exten sion  fu n ction s  that ap p ly  to  the w hole  range o f  lex ical item s 
is be lieved  to  be a  very sm all, general one. O ne such fu n ction  is the m eron ym ic 
PA RT-O F fu n ction , w hich  is present in R ay  J a ck en d o ff’s [Jac91] and several other 
a u th ors ’ accoun ts . O ther, m ore  sp ecia l fu n ction s  a p p ly  to  sp ecia l dom ain s. Lexem es 
w hose sem an tics have an inherent sp atia l a n d /o r  tem p ora l stru ctu re like activ ity  
verbs and p rep osition s  can have sp atia l fu n ction s  ap p lied  to  them .

I shall restrict m y se lf to  treat lex ica l m etap h or. It is n ot yet clear to  m e w hether 
or how  phrasal m etap h or sh ou ld  be  described  as a lin gu istic  process.

A cco rd in g  to  [Lak94], on e m ust d istinguish  betw een m etap h or and m etap h or 
■use. M eta p h or  is here constru ed  as a fu n ction  betw een  structured  sense dom ains. 
M eta p h or  use is a pair con ta in in g  a m etap h or and a  source sense. T h e  m etap h or is 
a m a p p in g  from  source senses to  target senses. B oth  source and target senses are 
linked to  the sam e lexem e, i.e ., they are expressib le w ith  the sam e p h on o logy . S om e 
target senses seem  to  recur m ore  o ften  than others; a  linguist m igh t ju d g e  som e 
recurrent senses as lex tca liz ed  m e ta p h o r ic a l  u ses , becau se they can b e  convention a l 
and  have ach ieved  u n p red icta b le  con n ota tion s , use o f  the latter can  b e  characterized 
as c r e a t iv e  m e ta p h o r ic a l  u ses . I em p h asize  th at I can state  n oth in g  a b o u t the



p sych o log ica l sta tus o f  the senses nor w hether the sense ex ten sion  fu n ction s  m irror  
how  any senses com e  a b ou t in the m in d  o f  the language user. Just like phrase- 
stru cture rules in form al g ra m m a r are o ften  u n d erstood  as a ccep ta b ility  constra in ts 
on  syn tax , sense extension  fu n ction s  sh ou ld  be con ce iv ed  o f  as fo rm a l rela tions 
betw een in terpretations.

T h e  lex ica lized  uses are parts o f  the language system  a ccord in g  to  w hich  c o m 
p u ta tion a l linguists m igh t consider it w orth  to  en able  the com p u ter  to  parse as well 
as generate.

T h e  creative uses are h igh ly  relevant for  parsing , bu t p ro b a b ly  o f  m in o r  im 
p orta n ce  w ith  respect to  co m p u ta tio n a l generation , becau se com p u ter  users d o  n ot 
ex p ect any k ind o f  n on con ven tion a l creative  b eh av iou r  fro m  com p u ters .

T h e  im p orta n t p o in t is th at b o th  lex ica lized  and  creative  uses arg u a b ly  can be 
described  w ith  the sam e set o f  fu n ction s , and on ly  s ta tistica l m e th o d s  can  d istin 
guish betw een  the tw o.

T h e  cogn itiv is t ap proach  states som e m eta p h ors  in a qu ite  e la b ora te  h ierarch ica l 
system  [Lak94]. T h is  system  is h igh ly  in teresting , certa in ly  n o t becau se  the co g n i
tivist p os ition s  reflect the observation s o f  vagueness th at m a n y  lin gu ists strive  to  
a ccou n t for, bu t s im p ly  becau se it fo rm s an in form al version  o f  a stron g  h yp oth es is  
a b ou t interesting  parts o f  the language system .

O ne w ell-know n m etap h or is TIM E IS s p a c e . I con ce iv e  o f  th is m eta p h or  as a 
sense extension  fu n ction  w hich is n o  less fo rm a lly  describa b le  than w h a t is usually  
the case w ith in  fo rm a l linguistics. F u rtherm ore, it fu lfills the testa b ility  requ ire
m ent. T h e  fu n ction  is an in stance o f  a general sense ex ten sion  fu n ction  th at con 
nects tw o partia lly  isom orp h ic  dom ain s. In th is case, the tim e  d om a in  is m a p p e d  
on to  on e o f  the d im ension s in the sp atia l d om a in . A ctu a lly , the tim e  d om a in  can  be  
construed  as a particu lar in stan ce o f  a on e -d im en sion a l su b d o m a in  o f  the general 
three-d im ensiona l spatia l d om ain . W ith  th is construa l, TIM E is  s p a c e  is a  reflex
ive m etap h orica l fu n ction , i.e ., a fu n ction  from  a  d om ain  to  the d om a in  itse lf or  a 
su bd om ain  thereof.

B ecause the fu n ction  is reflexive, the inverse m etap h or  SPACE is  t i m e  is au 
tom a tica lly  present. In oth er w ords, it is p ossib le  to  view  tim e  as a tra je cto ry  in 
space, and thus com m u n ica te  a b o u t tim e in  sp atia l term s. V ice  versa, on e can  c o m 
m u n ica te  a b ou t sp ace in tem p ora l term s. Y ou  can express a d istance  by  referring 
to  the tim e it con vention a lly  takes to  travel it.

B ecause o f  the reflexive nature o f  the sense exten sion  fu n ction , it is n ot very  well 
argued that either tim e or sp ace is the basic  d om a in  o f  the relevant p rep osition s . 
O ne cou ld  as well p ostu la te  th at the basic  d om a in  is a on e -d im en sion a l ordered  
space, and ap p ly  triv ia l sense extension  fu n ction s  to  evoke the attested  uses. W i t h  
the sketched m e th o d  it is n ot possib le  to  dev ise  on e basic  sense. In th is case, the 
choice  o f  basic sense is arbitrary.

W h en  ap p ly in g  sense-exten sion  fu n ction  to  p rep osition a l argum ents, on e can 
accou n t for basic  senses o f  prep osition s  in the fo llow in g  exam ples.

(4 ) a. Jeg bor  10 m inu tter fra  universitetet 
‘ I live 10 m inutes from  the u n iversity ’

b. T og e t standsede 8 m inu tter efter Helsinki 
‘T h e  train  s top p ed  8 m inu tes after H elsinki’

c. V andet varede 10 k ilom eter 
‘T h e  w ater lasted 10 k ilom etres ’

A ll the uses in (4 ) —  w hich I can n ot determ ine as lex ica lized  or creative 
be a ccoun ted  for using the fu n ction s  in (4 ') .



(4 ')  a. P E R IO D (x ) —> D IST A N C E (v3a(x)) 

b . LO C A TIO N (x ) —► M O M E N T (y ?t(x ))

C. D ISTA N C E (x ) —> P E R IO D (y> c(x ))

T h e  first o f  these fu n ction s  s im p ly  states th at a  sense o f  the ty p e  PERIOD is 
m a p p e d  to  a derived sense o f  ty p e  DISTANCE. T h e  argum ent x  is the p er iod , and 
the fu n ction  ipa is a  ph ysica lly  derm in ed  fu n ction  th at m a p s a certa in  p eriod  o f  tim e 
to  the d istance usually  covered  in th at p er iod e  o f  tim e. T h e  oth er fu n ction s  can be 
described  in a parallel way.

P o ly sem y  is p ossib le  a ccord in g  to  the TIM E IS SPACE m etap h or. (5 ) is am bigu ous 
in the con tex t o f  a  train  voyage th at P eter p erform s every  day. T h e  P P  TO m inutter 
efter K ø g e ’ can  refer to  (a ) a  lo ca t io n  at w hich  the train  is usually  lo ca ted  10 m inutes 
after leavin g  the sta tion  o f  K øge , and  to  (b )  the tim e 10 m inutes after the train 
leaves K øg e , regardless o f  how  far the train  has actu a lly  gone.^

(5 ) P eter spiser a ltid  sin m ad p ak k e 10 m in u tter efter K øge  
‘ P eter alw ays eats his lunch  10 m inutes after K ø g e ’

T h e  lex em e f r a  ( ‘ f r o m ’ ) is stated  to  have the sense

( 6 ) ([A (a  ; d is ta n ce ).A (6 : lo c a t io n ) .(c  : location )|dis<ance(6, c )  =  a] : sense)

T h e  lex em e e f t e r  ( ‘ a fter ’ ) is stated  to  have the sense

(7 ) ([A (a  ; p e r io d ) .A(6 ; m o m e n t ).(c  : m om ent)| period (6 , c ) =  a] : sense)

T h e  t i l  ( ‘ t o ’ ) and f ø r  ( ‘ b e fo re ’ ) senses are stated  parallel to  that.
( 6) is n oth in g  m ore  than a ty p ed  lam bd a-exp ression  statin g  th at the m ap p in g  

from  pa irs o f  lengths o f  paths and lo ca tion s  to  lo ca tion s  w ith  a  certain  cogn itive  or 
p h ysica l re la tion  betw een  th em  is a  sense. T h e  ph ysica l relation  here is the on e o f  
d is ta n ce .

Senses o f  sp a tio -te m p o ra l prep osition s  used w ith ou t m easures can b e  derived 
fro m  the a b ov e  senses.

2.1 Representing semantics and metaphor
C o m p o s it io n a l rules com b in in g  sy n tax  and sem an tics serve to  fill in the prop er argu
m ents. U n fortun ately , th is paper leaves n o sp ace to  describe the details concern ing 
the syn tax . H ow ever, I shall g ive  a b r ie f ou tlin e  o f  the m etap h or representation  
system  im p lem en ted  in a feature-stru cture calcu lus co m p a tib le  w ith  H PSG^

T h e  tricky  part is to  g ive a form ally  op era tion a l defin ition  o f  the n otion  o f  
d om ain s. I shall ju s t  sketch how  the d om ain s w ork in th is paper.

D om a in s  are n ot parts o f  sem an tics, b u t stru ctu red  con cep ts  to  w hich  the lexical 
sem an tics m ust adhere. D om ain s contain  con d ition s  th at d om ain  m em bers m ust fu l
fill, and m a p p in gs betw een  lin gu istica lly  stated  relations betw een  item s be lon g in g  to  
the d om a in  and rea l-w orld  relations. D om ain s are arranged in m u ltip le  inheritance 
h ierarchies. T h is  calls for an exam ple.

 ̂(4b) sulfers from  the same structural ambiguity. Since the event only occurred once, it is not 
decidable whether one thinks o f the time or the place o f  the event.

^The semantics is slightly deviant from  the HPSG standard. For simplicity, it is assumed that 
a suitable representation o f the interpretable semantics is a string o f A-expressions to be evaluated 
by a gramm ar-external device. The semantics o f a phrase is built by concatenating the semantics 
o f its constituents.



i> d tm en5ton ‘‘

ORDER T  
INTERVAL T

O R D £R  Xcib.CL ^spatia l b ORDER X ^b.d  *Ctemporal b

INTERVAL Xabc.\a —spatial =  C
time

INTERVAL Aa6c.|a temporal

(8)

l-dim-gpace

D om ain s are represented as ty p ed  feature structures. T h e  ab ove  defin ition  ( 8 ) 
ensures —  due to  a  general w ellform edn ess criterion  on  ty p ed  feature structures —  
that all su b d om a in s o f  1 -d im e n s io n  have the features ORDER and i n t e r v a l . T h e  
values o f  these features are in terpretation  fu n ction s  relevant to  the in d iv id u a l d o 
m ains. T h e  actu al in terpretation  fu n ction s  are here represented as A -abstraction s o f  
log ica l expressions w ith  d om ain -sp ec ific  op era tors  and rea l-w orld  argum ents. T h ese  
argum ents are p ro je c tion s  o f  lo ca tion s  and tim es on  d om a in -sp ec ific  scales. T h e  
exam p le  is s im plified , the in terpretation  fu n ction s  sh ou ld  be ty p ed  A -expressions.

T h e  isom orp h y  cru cia l to  the m etap h orica l sense exten sion s is represented in the 
w ellform edness criteriu m  to  w hich  the ty p ed  feature structures m ust con fo rm . T h a t 
is, m etaph ors ex p lo itin g  1-d im en sion a l stru ctu re are fu n ction s  betw een  su b d om a in s  
o f  the 1-d im e n s io n  d om ain .

T h e  lex ica l entry o f  f ø r  is stated  in (9 ) . T h e  DOMAIN feature constra in s the 
sem antic  content o f  f ø r  to  a fu n ction  relevant to  a particu la r  d om a in . I have (ar
b itrarily ) stated  th at the rela tiona l con tent o f  the lex ica l entry  m ust adhere to  the 
dom ain  tim e . S tructure-sharing (b y  the in d ex  [i]) im p lies th at the value o f  the 
CONTENT feature is X a bc.a  < tem porat b.

a r g I and a r g 2 contain  the sem an tics o f  the su b je ct  and  o b je c t  o f  the p re p o 
sition , respectively . W e shall presently  look  away from  the in con sistency  regard ing  
that su b jects  o f  tem p ora l p rep osition s usually d en ote  events, and the p rop osed  
representation  is som e representation  o f  a m om en t.

T h e  m etap h or is represented as an H P S G -sty le  lex ic a l  ru le  in  (1 0 ). (1 0)  ap p lied  
to  (9 ) y ields the derived lex ica l entry (1 1 ), w hich  con ta in s the sem an tics o f  the 
spatia l m etap h orica l use o f  f ø r .

(9 ) ■pHON f ø r

DOMAIN ORDER E]
time*- ■*

SEM CONTENT S  E] 0
a r g I 0

a r g 2 0

(10 ) [SEM

( 11)

DOMAIN J-dim ension^^  | d q MAIN 1 ■ dim-space^

■pHON f ø r

DOMAIN ORDER [T]Ao6.a < ,pa U al 6|
l-dim-space^

SEM CONTENT 0  0  0
A R G l 0
a r g 2 0

T h e  use o f  the type system  ensures a p a rsim on iou s d escrip tion , becau se  the 
features values specific to  every su b d om a in  and co m m o n  to  various su b d om a in s  are 
stated  on ly  on ce, and because the d om ain s and  su b d om a in s are c o m m o n  to  several 
lex ica l entries.

T h e  defin ition  o f  the d om a in  ty p e  system  is in  fa c t a cogn itive  th eory  itself, 
because it has to  reflect the sem an tic  features to  w hich  m etap h or  is ju d g e d  to  apply.



It stan ds as a link betw een  the pure lin gu istic sem an tics and the tru th -con d ition a l 
in terp retation  fu n ction s  by  w hich  the language describes the w orld .

A s a first a p p rox im a tion  o f  a  th eory  o f  lex ica l m etap h or, all lex ica l m etaph ors 
m u st be  represented as instances o f  the lex ica l rule (1 2 ). T h e  con d ition  ensures that 
the d om ain s a  and P  have on e or m ore  features in  co m m o n , to  secure isom orphy .

(1 2 ) [sEM I DOMAIN a]=> [sEM \ DOMAIN 0\, f e a i u r e s { o )  C\ f e a t u r e s ^

T h e  use o f  H P S G -lik e  lex ica l rules in com p u ter  im p lem en ta tion s is n ot u n p rob 
lem atic  for  know n  reasons, bu t such issues are ou tsid e  the scop e  o f  the current 
treatm ent.

T h e  arb itrary  ch oice  o f  basic sense o f  f ø r  has n o ram ifica tion s for  the accoun t. 
I f  on e chooses the ab stra ct 1 -d im e n s io n  as the basic  d om ain  for  f ø r ,  m etaph ors 
derived fro m  (1 2 ) d o  the jo b  o f  d eriv in g  the sp ecific  spatia l and tem p ora l senses. I 
am  currently  ignoran t o f  how  a  th eory  sh ou ld  respon d  to  these questions.

3 Sense extension in grammar
T h e  h igh ly  p o ly sem ic  D anish  p rep osition  m e d  —  largely  translatable  as English 
‘ w ith ’ —  is used in  several sy n ta ctic  con texts  w ith  different senses attached  to  it. 
T h e  sem an tics is tra d ition a lly  a ccou n ted  for  by  p os itin g  either h om on y m y  or co m 
b in in g  very different sem an tic  con ten t w ith  each sy n tactic  con stru ction . T h e  latter 
ap p roa ch  is m otiv a ted  by  the fa ct th at on e ty p ica l sense o f  m e d  resem bles the i n 
s t r u m e n t a l  sense o f  the instru m enta l case in  e.g. S lavon ic languages. O ften , if 
on e  sense is g ra m m a tica lized  in on e influential language, the scien tific com m u n ity  
w ill soon  regard th at sense as p r im itiv e  in the sem an tic  descrip tion  o f  a  n um ber o f  
o th er  languages, w hether or n ot th at particu lar sense p lays a role  in  the in d iv idu al 
g ra m m a r. In stru m en ta lity  is n ot attested  as a sem an tic  elem ent in D anish  m or
p h o log y . O ne can n ot derive the oth er senses o f  m e d  from  the instrum en ta l sense, 
so  i f  the lexem e has on e basic  sense, it can n ot b e  the instrum enta l sense.

In trosp ectiv e ly  and by  ex am in in g  parts o f  a D anish  w ritten  language corpus 
[Ber],I sta te  the fo llow in g  senses.

a Han slog  hende m ed en h am m er 
‘ He h it her w ith  a h a m m er ’

Instrum ental

b Han læ ssede vogn ene m ed  ost 
‘ He loa d ed  the trucks w ith  cheese ’

Increm enta l them e

c H an ven dte tilba ge  m ed  succes 
‘ He returned w ith  su ccess ’

C ircu m stan tia l su b jective  
pred icate

d H an øved e  m ed  sangerne^
‘ He h ad  the singers p ra c tice ’
(lit . ‘ He p ra cticed  w ith  the singers ’ )

C ausative

e H an gik  til ba l m ed  sine venner 
‘ He went to  a ba ll w ith  his fr ien d s ’

C oagen tive

f konen  m ed  æ ggene 
‘T h e  w om an  w ith  the eg gs ’

C on tro l, P rox im ity

g pigen  m ed  det lyse hår 
‘T h e  g irl w ith  the b lon d  h a ir ’

P a r t /W h o le

h D ansen  m ed den slem m e pige 
‘T h e  d ance  w ith  the naughty  g ir l ’

(D everb a l) C oagen tive

i U lykken m ed  den væ ltede tan k vogn  
‘T h e  accid en t w ith  the overturned  tan k er ’

U nspecified  p a rtic ip a tion

(13)



T h e  upper b lock  (13 a -e ) show s use o f  m e d  in  p rep osition a l phrases in verb
m od ify in g  p osition s, typ icjilly  in the final part o f  clauses. T h e  low er b lo ck  show s 
(1 3 f-i) p rep osition a l phrases m o d ify in g  a n ou n , i.e ., con trib u tin g  to  a n oun  phrase.

T h e  clausal uses o f  m e d  o ften  serve to  express the state  o f  a  secon d ary  agent 
to  be  related to  the expressed a ction . T h is  is qu ite con trary  to  the use o f  m e d  in 
n oun  phrases, w here con tro l or con tigu ity  betw een  th ings is expressed.

B u t, the ex cep tion s show  th at the in terpretive choice  betw een  the ev en t-p a rtic ip a tiv e  
and the n ou n -m od ify in g  sense is sem an tic  rather than sy n tactic . In (1 3 c) the o b je c t  
o f  the prep osition  clearly  m od ifies the su b je ct  o f  the phrase, a lth ou gh  it can also 
be sa id  to  describe the c ircu m stan ces o f  the event. T h e  fa ct th at ‘su ccess ’ can n ot 
really be  coun ted  as a particip an t triggers the ad n om in a l sense.

In (1 3 i), on  the other h and, a tanker can on ly  m eta p h orica lly  be  sa id  to  be  
‘ a part o f ’ an accident. T h e  tanker is rather in terpreted  as p a rtic ip a tin g  in an 
unspecified  role o f  the event o f  an acciden t. I can n ot say w hether the tanker caused 
the accident or its turning over was caused by it.

M e d  w ith  deverbal nouns clearly  can fu n ction  as con tro llin g  the orig ina l p rep o 
sition al o b je c t  as in  (1 3 h ). T h e  particu lar sense is the sam e as i f  the p rep osition  
had been  con tro lled  by the orig ina l verb.

T h e  instrum ental sense is sp ecia l, becau se the ‘ in stru m en t’ is o ften  b o th  p a rtic i
p a tin g  (n on -v o lu n ta r ily ) in an event and a part o f  the agent. T h a t is the C2ise w hen 
the agent uses a part o f  his b o d y  as in stru m ent, as in (1 4 ).

(14 ) Hun sparkede professoren  m ed  sin h øjre  fo d  
‘ She kicked the professor w ith  her right f o o t ’

B ut w hat is expressed as new in form a tion  is n ot th at the fo o t  is a p art o f  the 
person , bu t that the fo o t  is that part o f  the person  w hich  is u tilized  to  p er fo rm  the 
action . T h us, the con tro llin g  sense is the m ost im p orta n t one.

B asically, the senses o f  m e d  fall in to  tw o groups: P a rtic ip a tin g  in events and 
describ ing  ph ysica l ob je cts .

T h u s, superficially  m e d  is a  p rep osition  very different from  the w ell-stud ied  
spatial ones, w hich  keep their spatia l sense in the ad n om in a l use as well as in the 
adverbia l and verb a l-com p lem en tary  uses.

3.1 Participative and adnominal senses
Interestingly, the pred icative  senses o f  m e d  can  be  singled  ou t by su bstitu tin g  [ . . .
A  . . .  m ed  B] w ith  [B har A] —  in E nglish : [B ‘ h a s ’ A ].

T h e  rest o f  the senses are pa rticip a tive  in the sense that they relate a s e c o n d a r y  
p a r tic ip a n t  to  the expressed action , w hich 1 w ill describe w ith  sem an tic  roles o f  a 
‘ chain o f  a c t io n ’ as in [Cro93] and others.

T h e  question  is, o f  course, w hat has the ‘ h ave ’ re lation  g o t  in c o m m o n  w ith  the 
relation  o f  a secon dary  participan t.

T h e  link betw een the senses becom es m ore  ob v iou s  if  on e em p loys  the n otion  
o f  a c co m p a n im en t. I shall sh ortly  list som e im p orta n t circu m stan ces o f  the p a rtic i
patin g  senses.

C o a g e n t i v i t y  S econ dary  particip an ts o ften  occu r  togeth er w ith  agents, w hich 
either con tro l th em  or p erform  the action  in com p a n y  w ith  th em . T h u s , the sec
on dary  participan t can be  part o f  the ‘ agen tiv ity  s id e ’ in  the activ ity . W h en  the 
secon dary  p articip an t is coagen tive w ith  the agent (w h ich  is expressed as su b je ct  
or o b je c t ) ,  the secon dary  p articip an t is undergraded  on ly  for  p ra g m a tic  reasons.

^This construction also has the Coagentive sense.
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T h e  expressed agent hcis n o con tro l o f  the secon dary  particip an t, and the agent and 
secon d ary  particip an t are in terchangeable.

T h e  accom p a n im en t relation  betw een  agent and secon dary  p articip an t is clearly 
a m eron y m ic  relation  betw een  grou ps o f  in d iv idu als , and as such a subcase o f  a 
general Pa r t -OF relation .

I n s t r u m e n t a l i t y  a n d  in c r e m e n t a l  t h e m e s  W h en  the secon dary  p a rtici
p an t is con tro lled  by the agent and can n ot be  ascribed  in tentiona lity , it is harder 
to  em p loy  the n otion  o f  be in g  part o f  the active  side. T h e  con tro l part is m ore 
im p o rta n t than contigu ity . B eing  an in strum ent also involves th at em p loy in g  the 
in stru m en t fo r  the in ten ded  p u rp ose  actu a lly  fo rm s a p art o f  the action . T h us, ‘ He 
h it her w ith  a h a m m er ’ and  ‘T h e  m an  w ith  the h am m er h it h er ’ differ exactly  on 
th is p o in t . T h e  instrum ent in terpretation  is triggered  by  the fa c t th at the prep o- 
siona l phrase is g ra m m a tica lly  linked to  a verb w hich  is lex ica lly  specified  for  taking 
in stru m en ts o f  the relevant k ind. ‘ ?H e read the paper w ith  a h a m m er ’ is n ot that 
reasonable.

T h e  sem an tic  role  o f  in c r e m e n ta l  th e m e  is m en tion ed  in [D ow 91]. T ra d ition 
ally, separate  a ccou n ts have been  m a d e  o f  instrum enta lity  and in crem enta l them es, 
th ou gh  it is very d ifficu lt to  sing le  o u t the differences betw een th em . T h e  verbal 
sem an tics d ecide  w hether a secon d ary  p a rticip an t is an instrum en t or an in crem en
tal th em e. T h ey  have the sam e p r im itiv e  sem an tic  p roperties w ith  respect to  the 
agent, i.e ., they are con tro lled  by  the agent and o ften  p rop elled  by  the agent. T h is  
p os ition  is su p p orted  by  the am bigu ity  o f  ‘ T h ey  loa d ed  the trucks w ith  sh ovels ’ .

T h e  d istin ction  betw een  in stru m en ta lity  and increm enta l th em a tic ity  is a  lexical 
m a tter  o f  the con tro llin g  verb, and I have n ot yet fu lfilled  the m a jo r  lex ica l-sem an tic  
task o f  p a rtition in g  the verbs a ccord in g  to  this d istin ction .

3.2 Causativity
T h e  cau sative  m e d  constitu tes a  sp ecia l p rob lem . [Han71] states an extrem e ex
am ple:

(1 5 ) Jensen er nede i postkassen  m ed  et brev
litt. ‘ Jensen is dow n  in  the m a ilb o x  w ith  a  le tte r ’
m ea n in g  ‘Jensen p erform s an action  m ak in g  the letter g o  in to  the m a ilb o x ’

T h e  secon d ary  p a rticip an t is s im p ly  u n dergoing  the tra je cto ry  d escribed  in the 
p red ica te , leavin g  the agent w ith  the on ly  fu n ction  o f  causing the event, i f  on e does 
n ot consider the unlikely in terpretation  w here the agent ph ysica lly  ends up in the 
m a ilb o x .

T h e  secon d ary  p a rticip an t overtakes the part o f  the agentive role  fro m  the agent, 
w hich  the agent can n ot possib ly  fulfill. T h is  is a  very sp ecia l su bcase  o f  coagentiv ity , 
b u t it is governed  by p rin cip les n ot related to  the lex ica l sem antics o f  m e d .

3.3 Adnominal senses
T h e  im p orta n t features in a d n om in a l m od ifica tion  are con tigu ity , p a r t /w h o le  and 
con tro l.

T y p ic a lly  the prep osition a l su b je ct  cogn itive ly  con tro ls  the prep osition a l o b je c t , 
as in (1 3 f) .  O th erw ise ph ysica l con tigu ity  or a tta ch m en t is present, as in (1 3 g ). In 
such  cases the p rep osition a l o b je c t  is o ften  part o f  the prep osition a l su b ject.

In cases w hen n o  con tro l is in volved , su b je ct and o b je c t  can be interchanged. 
T h is  is a very fu n d a m en ta l issue th at ap plies also to  the coagentive cases. T h e



use o f  m e d  in this case is s im p ly  p rag m atica lly  d eterm ined , and has the effect o f  
u ndergrading the entity  chosen as the p rep osition a l o b je c t .

I am  w orking on  a m ore  deta iled  accou n t o f  these issues.

3.4 The lexical entry of med
I state  the basic lex ica l sense o f  m e d  as fo llow s:

(16 ) ([A (a  : en tity ).A (6 : e n tity ).a  c o n tr o ls  6 V c o n tig u o u s  {a ,  b)] : sense)

T h e  sense o f  m e d  is the d is ju n ction  o f  a cogn itive  rela tion  o f  c o n tr o l  and  a 
physical relation  o f  co n tig u ity . It is yet to  b e  determ in ed  h ow  con tro l is to  be  
accoun ted  for. A s for  con tigu ity , a fo rm a l treatm en t o f  con tigu ity  is sta ted  in 
[Aur91].

T h e  sense in (1 6 ) is cap ab le  o f  en com p assin g  events, w hen  the su b je ct  argum ent 
(th e event) is type-ra ised  in the sty le  o f  P u stejovsk y. T h e  event m ust s im p ly  be 
type-raised  to  y ie ld  the agent o f  the event.

3.5 Representing med in a typed feature structure system
1 shall give an overview  o f  the im p lem en ta tion  o f  m e d  in a system  like th e one 
sketched in section  2 .1.

T o  m ain tain  a unified accou n t o f  the sem antics o f  ad ju n cts  to  clauses an d  n ouns 
com p a tib le  to  H P S G  [PS94], let us assum e th at the ba sic  tem p la te  for  p rep osi
tion  sem antics is as in (1 7 ). T h e  co m p o s itio n a l sem an tics o f  the a d ju n ction  is the 
con ju n ction  o f  the sem antics o f  the head (d]) (o r  su b je c t )  and  the sem an tics o f  
the ad ju nct. Let us furtherm ore assum e th at the basic lex ica l entry  o f  m e d  is as 
(1 8 ), w hich is a particu lar instance o f  (1 7 ). T h e  som ew h a t clum sy  A -expression  
owes its disgrace to  the general a d ju n ction  accou n t. T h e  entry in (1 8 ) is the on e 
that accoun ts for ad ju n ction  to  nouns. T h is  very sim p le  treatm en t does  n o t ac
count for  m ore  su btle differences betw een  senses o f  m e d .  It d oes n ot rely  on  any 
m etap h orica l d escrip tion . T h u s , the d om a in  stated  in  (1 8 ) is ju s t  an a ll-p u rp ose  
dom ain  con ta in in g  ty p ica l relations a m on g  an im ate  and in an im ate  p h ysica l o b je cts . 
A ga in , all typ in g  in  the in terpretation al A -calcu lus is abstracted  from . W e shall 
n ot deal further w ith  the actu al in terpretation  fu n ction s . T h e  variables U \,i'2 are 
purely  sy m b o lic  devices w hich  feed the argum ents w ith  in dices lU and [H in to  b o th  
in terpretation  fu n ction s  Hi] and fu l.

(17 ) CONT d l A [3 (H [H]'
SEM ARGl [U

a r g 2 a  J .

(18 ) PHON m e d

SEM

ACCOMPANIMENT
CONTROL

[Jo]

[mDOMAIN
p h y S ’ O b j ^

CONT d] A A l/il/T .(r i^ iI/-) V [I3 î i I^2) [H I
A RG l d]
A R C  2 m

W h en  m e d -p h ra se s  describe events, a m e ton y m ic  sense exten sion  fu n ction  m ust 
be applied  to  raise the agent sem antics up from  the sem an tics o f  the su b je ct  clause. 
Such a sense exten sion  fu n ction  can be represented as in (1 9 ).



(19) c o N T  E Ia SEHU]
SEM

ARG l E1[a GT S j
[SEM I CONT El A E S [U]

T h is  m e to n y m ic  fu n ction  seem s ap p licab le  w ith  other p reposition s. O ne can 
im ag in e  oth er m eton y m ic  fu n ction s. T o  accou n t for  the am bigu ity  o f  (20 ) related to  
the D anish  p rep osition  i, on e needs a  fu n ction  w hich  assum es e.g. a recip ient role, 
and type-ra ises its sem antics.

(2 0 ) Han sendte hende et brev  i S tock h o lm  
‘He sent her a  letter in S to ck h o lm ’

4 Conclusion
T h e  treatm en t o f  som e lexica l sem an tic  p roperties as a  very restricted  part o f  
m eta p h oric  and m e ton y m ic  th eory  accou n ts for som e  ob v iou s p rob lem s in the cur
rent state o f  lex ica l sem an tics. T h is  can to  a large extent b e  don e  w ith  P u stejovsk y- 
style typ e-ra is in g  fu n ction s . M akin g  the cogn itiv is t a ssu m ption s m ore  precise opens 
the p ossib ility  o f  coverin g  m uch  larger aspects o f  pos ited  language system s than are 
usually  don e  in co m p u ta tio n a l linguistics.

A cco u n tin g  for  m etap h ors as a part o f  a N L P  system  seem s to  be  valuable m ain ly  
in the parsing  realm . D evices o f  the sketched kind w ill p rob a b ly  be  ju d g e d  as h ighly 
over-generatin g . T h is  is due to  the current p u b lic  ex p ecta tion s  to  the language use 
in com p u ter  system s. M ost creative m etap h orica l language is h igh ly  stilistica lly  
m arked , and it is hard to  im ag in e  any com m ercia l need for  a  system  generating 
m eta p h orica l language.
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Abstract

F o r  s o m e  t im e  n o w , it has b e e n  k n o w n  that in  u n if ic a t io n  g ra m m a rs  
w e  ca n  u se  functional uncertainty to  m o d e l  c e r ta in  l in g u is t i c  
p h e n o m e n a  (K a p la n  a n d  Z a e n e n  1 9 8 9 ) . D a lr y m p le  e t a l. ( 1 9 9 0 )  
in tro d u ce d  the n o tio n  o f  inside-out functional uncertainty, and  s h o w e d  
h o w  th is  c o n c e p t  c o u ld  a c c o u n t  f o r  th e  d e s c r ip t io n  o f  s y n ta c t ic  
co n s tra in ts  o n  a n a p h o r ic  b in d in g . S o  fa r , h o w e v e r ,  n o  m e th o d  f o r  
c o m p u t in g  in s id e -o u t  fu n c t io n a l  u n ce r ta in ty  e q u a t io n s  h as b e e n  
d e s c r ib e d  in  the literatu re . T h is  p a p e r  p resen ts  an a lg o r ith m  a n d  a 
P r o lo g  im p le m e n ta t io n  f o r  the c o m p u ta t io n  o f  a su b se t o f  e q u a t io n s  
in v o lv in g  in s id e -o u t  fu n ction a l u ncertain ty . T o  illustrate the deta ils , the 
m e th o d  is  a p p lie d  to  r e s o lu t io n  o f  th e  N o r w e g ia n  lo n g -d is t a n c e  
r e f le x iv e  [s e g ]. P r o lo g  is w e ll  su ited  to  m o d e l  the in s id e -o u t  fu n ctio n a l 
u n certa in ty  in  q u e s t io n , a lth o u g h  it is  n o t  a fu n c t io n a l p ro g r a m m in g  
lan gu a ge . T h e  m ain  rea son s f o r  this are the use o f  lo g ic a l  va ria b les , the 
in h e r e n t  s e a r c h in g  b e h a v io r  o f  th e  P r o lo g  m a c h in e ,  a n d  th e  
b a ck tra ck in g  to  a lternative con tin u ation s  w h ile  fa ilin g .

1 Inside-out functional uncertainty

A n  L E G  g r a m m a r  f o r  a p a r t ic u la r  la n g u a g e  y ie ld s  a c o m p le t e  a n d  
c o h e r e n t  fu n c t io n a l stru ctu re  f o r  a  s in g le  s e n te n ce  i f  the s e n te n ce  is  w e l l -  
f o r m e d  a c c o r d in g  to  the a n n o ta te d  p h ra se  s tru ctu re  ru les  a n d  th e  le x ic a l  
en tries  f o r  the re s p e c t iv e  w o r d s  o c c u r r in g  in that se n te n ce . L E G  m a k e s  u se  
o f  a  fin ite  set o f  g ra m m a tica l fu n ctio n s  to  g iv e  a fu n ctio n a l d e sc r ip t io n  o f  an
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u tte ra n ce . I f  w e  p re se n t th e  fu n c t io n a l stru ctu re  as a d ir e c te d  g ra p h , it is 
p o s s ib le  to  re a ch  all the re leva n t sy n ta ctic  in fo rm a tio n  fo r  e a ch  phrase in the 
u ttera n ce  v ia  the e d g e s  la b e lle d  w ith  th ese  g ra m m a tica l fu n ctio n s . F o c u s in g  
o n ly  o n  the fu n c t io n a l in fo rm a tio n , a rep resen ta tion  o f  the se n te n ce  (1 )  w ill  
y ie ld  a grap h  lik e  that in fig u re  1.

( 1) H ansi h åpet at Jonj v i lle  b e  S y lv i^  
fo r s ø k e  å få  O lai til å ten k e p å  seg?.

Hansi hoped that Jonj would ask Sylvia 
to try to make Olai think o f  himself/herself?

s e g .

F ig . 1: A  grap h  f o r  the sen ten ce  in (1 ).

In  L F G , it is  c o n v e n ie n t  to  let the a rgu m en ts  in  the fu n ctio n a l eq u a tion s  
d e n o t e  a  set o f  p a th s  o v e r  g r a m m a tica l  fu n c t io n s . S u c h  a set ca n  b e  
d e s c r ib e d  b y  a re g u la r  e x p r e s s io n  w ith  th e  g r a m m a tic a l  fu n c t io n s  as 
a lp h a b et. F u n ctio n a l u n certa in ty  has b e e n  u se d  to  a c co u n t  f o r  lo n g  d is ta n ce  
d e p e n d e n c ie s  (K a p la n  and  Z a e n e n  1 9 8 9 ), q u a n tifie r  s c o p e  (H a lv o rs e n  and  
K a p la n  1 9 8 8 ) a n d  m o d e ll in g  o f  s y n ta ctic  con stra in ts  o n  a n a p h o r ic  b in d in g  
(D a lr y m p le  e t al. 1 9 9 0 , D a lr y m p le  1 9 9 3 ). In  the latter tw o  ca s e s , the n o tio n  
o f  inside-out functional uncertainty is  u sed . G iv e n  a fu n c t io n a l d e sc r ip t io n  
o f  a se n te n ce , w e  ca n  d ra w  a p ictu re  o f  the b in d in g  re la tion  as in  fig u re  2.

T h e  t w o  v e r t ic a l s tro k e s  are m ea n t to  m o d e l  the v a r ia b le  p o in t  in  the 
g ra p h  at w h ic h  the actu a l b in d in g  d o m a in  f o r  the a n a p h or  in  q u e stio n  starts. 
T h e  path  f r o m  the g lo b a l  f-s tru ctu re  and  all the w a y  in to  the a n a p h or  is  the 
co n ca te n a t io n  o f  p re_p ath  and  p ath _ou t.



Path into binding domain 
(pre_path)

Path into 
antecedent 
(path_in)

Path into 
anaphor 
(path_out)

F ig . 2 : T h e  u n certa in ty  p o in t  in the fu n ctio n a l graph

T h e  u n certa in ty  p o in t  in  th e  g rap h  ca n  v a ry  f o r  the sa m e  a n a p h or . T h is  
d e p e n d s  o n  the s y n ta ctic  con stra in ts  o n  the b in d in g  d o m a in . In  f ig u r e  1 w e  
w il l  h a v e  m o r e  than o n e  o f  th ese  p o in ts . I f  th e  p a th _ o u t  is  d e s c r ib e d  b y  a 
re g u la r  e x p r e s s io n  lik e  X C O M P +  : (A D J )  : O B J  I O B J 2  I O B L e * , a n d  the 
to ta l p ath  f r o m  th e  g lo b a l  f-s tr u c tu re  a n d  in to  th e  a n a p h o r  is  C O M P : 
X C O M P  : X C O M P  : X C O M P  : O B L th , w e  w i l l  h a v e  th ree  p o s s ib le  
u n certa in ty  p o in ts  in  th is grap h . T h e  n o t io n  o f  fu n c t io n a l u n certa in ty  is  d u e  
to  th is  v a r ia t io n , and  th e  n o t io n  " in s id e -  o u t "  is  d u e  to  th e  fa c t  that the 
un certa in ty  is ro o te d  at the f-stru ctu re  o f  the anaphor.

2 Descriptions containing 
uncertainty equations

D a lr y m p le  e t a l. ( 1 9 9 0 )  p r o p o s e  an e q u a t io n  l ik e  ( 2 )  to  m o d e l  th e  
an a p h oric  re la tion sh ip  b e tw e e n  antecedent and  anaphor:

(2) < a > ((P ath O u t T A )  P ath in ) <  CT > Ta

< a >  re p re se n t the m a p p in g  b e tw e e n  sy n ta x  a n d  s e m a n tics , T a  the f -  

stru ctu re o f  the a n a p h or , (P a th O u t T A )  p ic k s  o u t  the set o f  f-s tru ctu re s  that 

co n ta in  the a n a p h or and  in  w h ich  the a n teced en t m ust b e  lo ca te d , and  P ath in  
c h a r a c te r iz e s  th e  set o f  p o s s ib le  p a th s  in to  th e  a n te c e d e n t  f r o m  th e se  
d o m a in s . T h e  e q u a tio n  s h o u ld  b e  read  as f o l lo w s :  T h e re  s h o u ld  e x is t  an f -  
structure b f r o m  w h ic h  there is a path  in  the set o f  strings P ath O u t le a d in g  to  

T a , and  fr o m  w h ic h  an a n te ce d e n t f-s tru ctu re  ant is r e a ch a b le  v ia  a path  in  

the set o f  strin gs P a th in , and  ant a n d  T A  s h o u ld  m a p  to  the sa m e  s e m a n tic

’  In this notation, means concatenation, means zero, one, or m ore repetitions, 
m eans repetition on e or m ore times, "I" means disjunction  and round parentheses 

means optionality.



p r o je c t io n .  T h e  e q u a tio n  c o u ld  v e r y  w e l l  b e  sa t is fia b le  in  m o r e  than o n e  
w a y , d e p e n d in g  o n  the c h o i c e  o f  path s fr o m  the sets P ath O u t and  P ath in , 
r e s p e c t iv e ly . B u t the co n tr ib u tio n  o f  (2 )  to  the g lo b a l  fu n ctio n a l d e scr ip t io n , 
is  that w e  s tick  to  o n e  o f  th ese  w a y s  in  the fin a l representation .

In th is p a p e r , I e x p re s s  the a n a p h o r ic  re la tio n sh ip  th rou g h  u n ifica t io n  o f  
th e  A G R  fea tu res  in  the f-s tru ctu re . T h e s e  A G R  fea tu res  p r o je c t  f r o m  the 
le x ic a l  en tr ies  o f  n o m in a l h e a d s , and  c o n s is t  in  turn o f  the in d e x , g e n d e r , 
n u m b e r  a n d  p e rso n  featu res.

N o r w e g ia n  h as a r ic h  in v e n to ry  o f  r e f le x iv e s . T h e y  c o m p r is e  1) [s e g  
s e lv ] ,  w h ic h  h as to  b e  b o u n d  to  a  s u b je c t iv e  n o u n  p h ra se  in  the m in im a l 
n u c le u s  ( [ + s b ] ,  [+ n c l ] ,  in  th e  L F G  te r m in o lo g y  (S e l ls  1 9 8 5 ) ) ;  2 )  [s e g ] ,  
w h ic h  h as to  b e  b o u n d  to  a s u b je c t iv e  n o u n  ph rase  o u ts id e  th e  m in im a l 
n u c le u s , b u t in s id e  th e  m in im a l f in ite  ten sed  d o m a in  ( [+ s b ] ,  [ -n c l ] ) ;  and  3 ) 
[h a m  s e lv ] ,  [h e n n e  s e lv ] ,  [d en  s e lv ]  and  [d e t s e lv ] ,  w h ic h  h a v e  to  b e  b o u n d  
in  th e  m in im a l c o m p le t e  n u c le u s , b u t at the sa m e  tim e  d is jo in t  f r o m  the 
s u b je c t iv e  p h ra se  in  th is d o m a in  ( [ - s b ] ,  [+ n c l] )2 . I f  the P ath O u t fo r  [s e g ]  is 
sta ted  as (G F  -  C O M P )+  : O B J  I O B J 2  I O B L 0 3 , a n d  the P a th in  as S U B J  I 
P O S S , the e q u a t io n  in  ( 2 )  m a y  b e  e x p r e s s e d  in  the f o l l o w in g  w a y  w h e n  
a p p lie d  to  [se g ];

(3 )  ( ( (G F  -  C O M P )+ :O B J IO B J 2 IO B L e :t )S U B J IP O S S :A G R ) =  ( T :A G R )

B o t h  to  m a k e  ( 3 )  m o r e  r e a d a b le  a n d  to  f o r e s e e  s o m e  o f  th e  
im p le m e n ta t io n a l m a tters , I d iv id e  (3 )  in to  a  c o n ju c t io n  o f  e q u a tio n s . T o  
a c h ie v e  th is , w e  in tro d u c e  e x is te n tia l q u a n tif ie d  v a r ia b le s  ra n g in g  o v e r  f -  
stru ctu res. T h e  eq u a tio n  in  (3 )  w ill  thus b e  tran sposed  to  the three eq u a tion s  
in  (4 ) ,  w h e re  b and  ant are ex is ten tia lly  b o u n d  f-structu re variab les.

(4 )  b :( G F -  C O M P )+  : O B J  I O B J 2  I O B L g  =  T
b : S U B J  I P O S S  =  ant

ant: A G R  =  T : A G R

T h e  re s o lu t io n  p r o c e s s  a m ou n ts  to  in sta n tia tin g  the in d e x  v a lu e  o f  the 
a n a p h o r  ( o r  o f  sh arin g  the v a r ia b le  in d e x  w ith  the a n te ce d e n t). R e f le x iv e s  
are a ls o  o fte n  u n d e rsp e c ifie d  reg a rd in g  the o th er m o rp h o sy n ta ctic  features in 
th e  A G R  fe a tu re  ( e .g . ,  [ s e g ]  is  u n d e r s p e c if ie d  w ith  r e s p e c t  to  s y n ta ct ic  
g e n d e r  a n d  n u m b e r ) . U n if ic a t io n  o f  th e  A G R  fea tu res  w i l l  thus, u n d e r  
n o rm a l c ir c u m s ta n c e s , a d d  in fo rm a t io n  to  the lin g u is t ic  d e s c r ip t io n  o f  the 
a n a p h o r ic  p h rase , in a d d ition  to  the in d e x  feature.

 ̂ T h is analysis o f  the N orw egian  anaphors has been questioned, e .g ., by Lødrup 
(19 85 ). In this paper I w ill stick to the analysis given by Sells (1985 ). The parts o f  this 
analysis relevant for the implementation described here, is also supported by Hellan (1988) 
and D alrym ple (1993).

3 A s in D alrym ple et al. (19 90 ) I take G F to denote the set o f  grammatical function 
labels.



U n d e r  the le x ic a l en try  f o r  [s e g ] is  a lso  in serted  the con stra in t in (5)'*:

(5 )  ( ant :G F * =  T )

T h e  "n o n  co n ta in m e n t c o n d it io n "  in  (5 )  sa y s  that n o  path  ( in c lu d in g  the 
n u ll path , i .e . ,  id e n t ity )  e x is ts  b e tw e e n  the a n te ce d e n t a n d  th e  a n a p h o r  f -  
s tru ctu res . T h is  e n su re s  the first  r e q u ir e m e n t  o f  f-com m and: " F o r  a n y  

o c c u r r e n c e s  o f  the fu n c t io n s  a ,  P , in  an f-s tru ctu re  F , a  f-commands p  i f  

and  o n ly  i f  a  d o e s  n o t co n ta in  P and  e v e r y  f-s tru ctu re  o f  F  that c o n ta in s  a  

co n ta in s  P " (B re sn a n  1 9 8 2 ; 3 3 4 ) .T h e  P ath in  in  the s e c o n d  lin e  o f  (4 )  is  the 

d is ju n c t io n  S U B J  I P O S S , w h ic h  m ea n s  that th is path  has le n g th  o n e . T h is  
en sures the o th er  req u irem en t o f  f -c o m m a n d  (D a lry m p le  1 9 9 3 ; 156 ).

T h e  p r o b le m  w ith  (5 )  is  that it in v o lv e s  universal q u a n t if ic a t io n  o v e r  
path s in  the set o f  strin gs  G F * . T h is  is  the e f fe c t  o f  n e g a tin g  an e q u a t io n  
in v o lv in g  fu n c t io n a l u n ce r ta in ty  (D a lr y m p le  1 9 9 3 ; 1 2 3 ). S u c h  e q u a t io n s  
o n ly  m a k e  se n se  i f  re la ted  to  c o m p le te d  f-s tru c tu re s , w h e r e  th e y  w i l l  b e  
ev a lu a te d  as true o r  n ot. T h is  is  a c co u n te d  f o r  in  L F G  b y  treatin g  n e g a t io n  
n o n c o n s tr u c t iv e ly  (K a p la n  a n d  B resn a n  1 9 8 2 ; 2 1 0 , D a lr y m p le  1 9 9 3 ; 1 2 3 ). 
T h e  last e q u a t io n  is  thus o n ly  constraining, i .e . ,  it w i l l  b e  c h e c k e d  f o r  
sa tis fa ction  in  a c o m p le te  and  co h e re n t f-structure.

T h e  e q u a tio n s  in  (4 )  and  (5 )  h a v e  to  b e  fu rth er e la b o ra te d  to  a c c o u n t  f o r  
a ll the sy n ta ctic  con stra in ts  o n  a n a p h o r ic  b in d in g .T h e  [+ s b ]  a n a p h ors  m u st 
b e  b o u n d  in s id e  the m in im a l ten sed  d o m a in . T h is  m ea n s  that n o  in te rv e n in g  
f-s tru ctu re  in  the P a th O u t s h o u ld  co n ta in  th e  fea tu re  T E N S E . T h is  ca n  b e  
e x p re s s e d  in the f o l lo w in g  w a y 5;

(6) [ in t : G F +  =  T
b : G F +  =  int

int-TENSE ]

T h e  [ -n c l ]  fe a tu re  sta tes that a ll n o n -r e f le x iv e  a rg u m e n ts  in s id e  the 
m in im a l n u c le u s  s h o u ld  b e  d is jo in t  f r o m  th e  a n a p h o r  in  q u e s t io n . A s  ( 7 )  
s h o w s , it is p e r fe c t ly  p o s s ib le  f o r  the [ -n c l ]  a n a p h or  [s e g ]  to  c o r e fe r  w ith  a 
reflexive argu m en t in s ide  the m in im a l n u cleu s:

^ T he constraints in (5 ) and (6 ) are assum ed to be expressed as con jun cts to the 
existential quantified constraints in (4), so  the variables a n t and b  will be properly bound.

 ̂ D alrym ple (1993; 136) uses the fo llow in g  notation to express the constraint in (6 ): 

((D o m a in P a th  G F  t )  A n teced en tP a th )o  =  t g
(->  TE N SE )

This should be read as fo llow s : N one o f  the f-structures that is p icked out along the path 
Dom ainPath, should contain the feature TEN SE. T he equation in (6 ) involves universal 
quantification o f  the variable int, as the negation sign has w ider scope.



(7 ) M artin i b a  o ss  sn ak k e til seg j o m  [se g  s e lv ]i /s e g j. 
Martini asked us to talk to himi about himself

T h e  m in im a l n u c le u s  is  th e  m in im a l f -s tru c tu re  co n ta in in g  b o th  the 
a n a p h o r  a n d  a featu re  P R E D , that is , n o  in terven in g  f-stru ctu re  b e tw e e n  this 
f -s tru c tu re  a n d  the a n a p h o r  s h o u ld  co n ta in  P R E D . In th is d o m a in  a ll the 
n o n -r e f le x iv e  c o -a r g u m e n t in g  f-s tru ctu re s  s h o u ld  h a v e  an in d e x  d is jo in t  
f r o m  th e  in d e x  o f  th e  a n a p h or . T h is  s o -c a l le d  co-argument disjointness 
condition ca n  b e  stated w ith  the h e lp  o f  a con stra in t lik e  that in (6 ).

The inside-out algorithm

K a p la n  a n d  M a x w e ll  (1 9 8 8 )  s h o w e d  that the v e r if ic a t io n  p r o b le m  fo r  
e q u a t io n s  c o n ta in in g  o u ts id e -in  fu n c tio n a l u n certa in ty  w a s  triv ia l, w h ile  the 
s a t is f ia b il it y  p r o b le m  w a s  d e c id a b le  in  th e  a c y c l i c  c a s e . W h e th e r  th ese  
re su lts  h o ld  a ls o  f o r  e q u a t io n s  in v o lv in g  in s id e -o u t  u n ce r ta in ty , is  n o t  
o b v io u s .  Im a g in e , f o r  in s ta n ce , the c a s e  w h e r e  an e q u a tio n  e n a b le s  us to  
b u ild  e v e r  m o r e  co m p r e h e n s iv e  f-s tru ctu res  b y  a d d in g  A D J  o n  o u r  w a y  out. 
T h is  c a n c e ls  the p ro p e rty  o f  rootedness w h ic h  is  u su a lly  p r e s u p p o s e d  fo r  
l in g u is t ic  d e scr ip t io n s .

In th e  a p p lica t io n  c o n s id e r e d  in  th is p a p er , h o w e v e r , th is p r o b le m  n e e d  
n o t  a r ise . T h is  w i l l  b e  e v id e n t  b y  a c l o s e r  in s p e c t io n  o f  th e  e q u a tio n s  
c o m p r is in g  in s id e -o u t  fu n c t io n a l u n certa in ty , and  in  p articu la r the first tw o  
e q u a t io n s  in  (4). N o n e  o f  th e se  e q u a t io n s  c o u ld  b e  defining, u s in g  the 
L E G  te r m in o lo g y , in  that th ey  a llo w  in fo rm a tio n  to  b e  a d d e d  in a m o n o to n ic  
w a y  d u r in g  c o n s tr u c t io n  t im e . T h e  a n te ce d e n t  ant f o r  an in trasen ten tia l 
a n a p h o r  a lw a y s  has to  b e  re a liz e d  b y  o th e r  m ea n s  in the g lo b a l  f-s tru ctu re , 
e ith e r  as an e le m e n t  s u b c a te g o r iz e d  f o r  b y  an e x is t in g  P R E D , o r  o th e rw ise  
re a liz e d  in  term s o f  a p ro je c t io n  fr o m  the c-stru ctu re . T h is  is a lso  the ca s e  fo r  
the f-s tru c tu re  re p re se n tin g  the b in d in g  d o m a in  b, and  f o r  a ll g ra m m a tica l 
fu n c t io n s  in  P ath O u t and  P ath in . O n ly  the th ird  eq u a tio n  in  (4), u n ify in g  the 
A G R  fe a tu re s , a d d s  in fo r m a t io n , in  that the a n a p h o r  is a ttach ed  w ith  its 
a n te c e d e n t  b y  sh a r in g  o f  in d e x  v a lu e s . T h u s  o n ly  th e  la tter e q u a t io n  is 
d e fin in g  in  the L E G  sen se . T h e  c o n s e q u e n c e  o f  this argu m en t, is that w e  ca n  
treat th e  in s id e -o u t  u n ce r ta in tie s  w ith  r e s p e c t  to  th e  f in a l c o h e r e n t  and  
c o m p le t e  f-s tru c tu re  f o r  the s e n te n ce  as a w h o le . E or  th is a p p lica t io n  w e  
o n ly  h a v e  to  c o n s id e r  th e  g r a m m a tic a l  fu n c t io n s  in  th e  f in a l g lo b a l  
rep resen ta tion  as ca n d id a tes  fo r  p o s s ib le  steps in  the u n certa in ty  paths.

T h e  a lg o r ith m  is  c a l le d  lO ,  as it is  b a s e d  u p o n  a tru e , " in s id e -o u t "  
re c u rs iv e  traversa l o f  a f in ite  g rap h . Input to  the a lg o r ith m  are the g lo b a l  f -  
s tru ctu re  E S , the f-s tru ctu re  f o r  the a n a p h o r ic  e le m e n t  ana and  the reg u la r 
e x p r e s s io n  reg _exp  d e s c r ib in g  th e  P a th O u t fr o m  ana to  the p o s s ib le

^ This exam ple is from  D alrym ple (1993 ; 150), where it is used to illustrate binding 
asym m etries.



b in d in g  d o m a in s . W e  start b y  a s s ig n in g  F S  to  th e  v a r ia b le  p a ra m e te r  
fs tr u c .  T h e n  w e  traverse  in to  a n a , o n e  step  ig f)  at the tim e . A t  e a c h  step  
g f  w e  in stan tia te  th e  c o r r e s p o n d in g  part o f  p a th  b y  c o n c a te n a t in g  g f  in  
fr o n t  o f  th e  v a r ia b le  p a th  rest. O n  e a c h  c o r r e s p o n d in g  s te p  d u r in g  
w ith d ra w a l w e  c h e c k  f o r  a m a tch  b e tw e e n  r e g je x p  and  p a th , a n d  try  to  
r e s o lv e  the a n a p h o r  i f  w e  h a v e  a  m a tch . O u tp u t is e ith e r  s u c c e s s , w ith  the 
A G R  feature o f  ana u n ifie d  w ith  the a n teceden t, o r  fa ilure.

A b o v e ,  w e  stated  that r e g je x p  in  the [s e g ]  ca s e  c o u ld  b e  d e s c r ib e d  b y  
the re g u la r  e x p r e s s io n  (G F  -  C O M P )'* ' : O B J  I O B J 2  I O B L g . O n ly  f -  
s tru ctu res  at th is  "d is ta n c e "  f r o m  a n a  s h o u ld  b e  ta k en  in to  a c c o u n t  as 
p o s s ib le  b in d in g  d o m a in s . I f  s o m e  s u ff ix  o f  path  sa tis fie s  th is d e sc r ip t io n  at 
a ll, w e  w i l l  b e  in  o n e  o f  th ree  s itu a tio n s  o n  o u r  w a y  o u t  o f  th e  g ra p h , 
starting fr o m  ana at the in n erm ost lev e l:

1) W e  h a v e  n ot re a ch e d  the va ria b le  p o in t  in the grap h  w h e re  path  
m a tch e s  r e g je x p .  In  this ca s e  pa th  s h o u ld  b e  a s u f f ix  o f  
r e g j e x p .  (e .g ., p a th  =  O B L th ).

2 )  W e  h a v e  a situ a tion  w h e re  pa th  m a tch es  r e g je x p .  
ie .g ., pa th  =  X C O M P  : X C O M P  : O B L th ).

3 ) W e  h a v e  p a sse d  the v a r ia b le  p o in t  w h e re  pa th  m a tch e s  r e g je x p .  
{ t .g .,p a th  =  C O M P : X C O M P  : X C O M P  : X C O M P  : O B L th ).

T h e se  three situations ca n  b e  illustrated as in  fig u re  3:

3. Pre_path 2. Matching 1. Not yet matching

FS ANA

F ig . 3 : T h e  three p o s s ib le  s ituations

T h e  m a tch in g  p ro ce ss  ca n  b e  d o n e  o n  e a ch  le v e l w h ile  w ith d ra w in g  in  the 
re c u rs io n . T o  k e e p  tra ck  o f  w h ic h  o f  the th ree  s itu a tio n s  w e  are  in , w e  
in tro d u c e  t w o  fla g s : m a tch ?  and  r e s o lv e d ? . T h e s e  f la g s  ca n  b e  in  o n e  o f  
tw o  states: true o r  false. In itia lly , and  in  s itu a tion  1 a b o v e , th e y  are b o th  
false. F r o m  the first le v e l  o f  m a tch in g  an o n w a rd s  (s itu a t io n  2 )  m a tc h ?  =  
true. W e  s h o u ld  try to  r e s o lv e  the a n a p h or  o n ly  o n  th is le v e l. I f  w e  s u c c e e d  
in  r e s o lv in g  the a n a p h or , r e so lv e d ?  is  set to  true, and  all h ig h e r  le v e ls  o f  
l O  s u c c e e d  w ith o u t an y  fu rth er a d o . I f  w e  are in s itu a tion  2 , and  n o  lo n g e r  
h a v e  a  m a tch  b e tw e e n  pa th  and  r e g je x p , lO  s h o u ld  fa il o n  th is le v e l.



N o w  w e  are in a p o s it io n  to  d e sc r ib e  the a lgorith m :

l O  1. [W e  h a v e  rea ch ed  the anaphor]
I f fs tr u c  is  id e n tica l w ith  ana, term in ate  w ith  path  set to  
the e m p ty  path.

l O  2 . [S e a rch  a step  further d o w n  in  the f-structu re]
F o l lo w  a  g ra m m a tica l fu n c t io n  g f  f r o m  fs tru c . C a ll the f -  
stru ctu re  w h ic h  g /"  p ic k s  o u t  f o r  tem p . S et p a th  to  the 
co n c a te n a t io n  o f  g f  and  the v a r ia b le  p a th _rest  a n d  ca ll  lO  
re c u r s iv e ly  w ith  tem p  and p a th _rest , and  the o th er  
param eters u n ch a n g ed . L e t  us assu m e that w e  seek  depth  
first. I f  fs tr u c  co n ta in s  n o  g ra m m a tica l fu n c t io n , co n tin u e  
in  the last p o ss ib le  a lternative con tin u ation . E ven tu a lly  w e  
w ill  re a ch  the a n a p h or  ana.
O n  e a ch  le v e l o n  the w a y  b a c k  in  the recu rs ion  w e  d o  the 
fo l lo w in g :
a ) I f  r e s o lv e d ?  is true, term in a te  w ith  s u cce s s .
b )  M a k e  a reso lu tion  try i f

1) the f la g  r e s o lv e d ?  is  false and
2 )  w e  are in a leg a l b in d in g  d o m a in  (there is a 

m a tch  b e tw e e n  p a th  and  r e g je x p ,  and 
m a tch ?  is  set to  true)

I f  the re s o lu t io n  s u c c e e d s , set r e so lv e d ?  to  true. In 
an y  ca s e , term inate w ith  su cce ss  ( i f  reso lu tion  fa ils  
o n  this le v e l, w e  s h o u ld  a n y w a y  try o n  a h ig h er 
le v e l) .

c )  I f  m a tch ?  is  true, a n d  w e  d o n 't  h a v e  a m a tch  
b e tw e e n  p a th  and  r e g je x p ,  term in ate  w ith  fa ilu re  
(w e  are in  situation  3  a b o v e , and  h ave  n ot s u cce e d e d  
in  re so lu tion  o f  the an a p h or in s ide  the leg a l b in d in g  
d o m a in ).

d )  O th e r w is e , i f  p a th  is  a s u f f ix  o f  r e g je x p ,  term in ate  
w ith  s u cce s s .
(B o t h  r e s o lv e d ?  a n d  m a tch ?  are false. T h is  
m ea n s that w e  h ave  n ot y e t  rea ch ed  a lega l b in d in g  
d o m a in  o n  o u r  w a y  ou t)

e )  O th e rw ise , term inate w ith  fa ilu re. (N o  s u ff ix  o f  this 
path  b e tw e e n  F S  and ana  w ill  e v e r  satisfy  
r e g _ e x p . )



4 Advantages using Prolog

T h e r e  are t w o  o b v io u s  a d v a n ta g e s  in  u s in g  P r o lo g  to  im p le m e n t  th e  
d e s c r ib e d  a lg o r ith m ^ . F irst, th ere  is  th e  d e p th -f ir s t  s e a r c h in g  m a c h in e  
in h eren t in  the p r o o f  re s o lu t io n  o f  P r o lo g . T h is  ca n  b e  u t iliz e d  in  step  1 0 2 , 
w h e re  w e  p ic k  o u t  a re a ch a b le  f-s tru ctu re  temp, f o l lo w in g  an e d g e  la b e lle d  
g f  f r o m  fstruc. P r o lo g  w ill  s e a rch  th ro u g h  th e  g ra p h  u n til th e  a n a p h o r ic  
e le m e n t is fo u n d , w ith ou t any sp e c ia l m a ch in ery .

T h e  s e a r ch  m e c h a n is m  o f  P r o lo g  h as  a ls o  o n e  fu r th e r  a d v a n ta g e . 
B a c k tra ck in g  to  th e  last a ltern a tive  co n t in u a t io n  w i l l  g iv e  u s  a ll p o s s ib le  
s o lu t io n s , o n e  at a t im e , in  a "d o n 't  k n o w "  in d e te rm in is t ic  w a y . T h is  g o e s  
tog e th er  w e ll  w ith  the n o tio n  o f  fu n ction a l uncertain ty .

S e c o n d , the lo g ic a l  va riab les  o f  P r o lo g  are u tilized  in  the re cu rs iv e  ca ll  o n  
lO  w ith  th e  v a r ia b le  d y n a m ic  p a ra m eter  path_rest in  1 0 2 . T h is  p a ra m e te r  
w ill  b e  instantiated  th rou g h  u n ifica t io n  i f  the g o a l  s u cce e d s . W e  w o u ld  h a v e  
d if f ic u lt ie s  in  m o d e ll in g  th is d y n a m ic  in sta n tia tion  w ith  the sa m e  e le g a n c e  
and  d e sc r ip t iv e  p o w e r  in  an y  o th er  p ro g ra m m in g  lan gu a ge .

T h e  P r o lo g  v a r ia b le , p re lim in a r ily  d is tr ib u te d  as the v a lu e  o f  th e  I N D  
fea tu re  f r o m  the le x ic o n , en su res  that stru ctu res sh arin g  th is v a r ia b le  w ill  
co n t in u e  to  sh are th is p ro p e rty , re g a rd le ss  o f  the c o u r s e  o f  th e  p r o c e s s in g  
h is to ry : s y n ta ctic  and  se m a n tic  a n a ly s is , n ou n  p h ra se  p r o c e s s in g  in c lu d in g  
a n a p h or ic  reso lu tio n , f o c i  and  k n o w le d g e  b a se  u pd a tin g , etc .

In d e x in g  is  d o n e  o n  the fu n c t io n a l d e sc r ip t io n  o f  the c la u s e . B u t  as the 
rep resen ta tion s  o f  the d is c o u r s e  re feren ts  sh are the sa m e  P r o lo g  v a r ia b le  as 
v a lu e  o f  th e  in d e x  fe a tu r e  b o th  in  th e  fu n c t io n a l  a n d  th e  s e m a n t ic  
rep resen ta tion , the instan tia tion  w ill  a ffe c t  a ll structures s im u lta n e o u s ly  and  
in  the sa m e  w a y .

S o m e t im e s  w e  try  to  u n ify  t w o  A G R  fe a tu re s  w h e r e  n e ith e r  h a v e  an 
in sta n tia ted  in d e x . T h is  h a p p e n s  i f  an  a n a p h o r  has a p r o n o m in a l  as its 
a n teced en t. I f  the u n if ic a t io n  s u c c e e d s , the tw o  s tru ctu res  in  q u e s t io n  w il l  
sh are  the sa m e  P r o lo g  v a r ia b le  as v a lu e  o f  th e  I N D  fe a tu re . W h e n  the 
p ro n o m in a l is  r e s o lv e d  later o n , b o th  structures w ill  b e  instan tia ted  w ith  the 
sa m e  in d e x  va lu e .

L o g ic a l  va ria b le s  ca n  a ls o  b e  u tilize d  to  m o d e l  the t w o  f la g s  in  lO .  B o th  
f la g s  are first false, then  e v e n tu a lly  true, b u t n e v e r  c h a n g in g  b a c k  to  false 
a ga in . T h is  w e  ca n  m o d e l  in P r o lo g , le ttin g  false b e  a lo g ic a l  v a r ia b le , and  
true the con sta n t true. W e  c h e c k  the v a lu e  o f  a f la g  a sk in g  i f  it is a v a r ia b le

^ I have troughout this paper considered a c y c l i c  f-slructures on ly. Jan T ore Lønning 
(p .c .)  has pointed out to m e, that P ro log  is not the best program m ing language for 
representing c y c lic  graphs, in that it is im possible for a Prolog variable to contain itself. 
The algorithm presented in the preceding section might handle cyclic ity  by naming the f- 
structures in the path, check ing  in each step that w e d o  not pass through the sam e f- 
structure twice. The interaction o f  cycles with uncertainty paths may pose other problem s, 
however.



o r  n o t . O n c e  in sta n tia ted  to  true, a f la g  w ill  k e e p  this v a lu e  in  the actua l 
e n v iro n m e n t.

5 The Prolog code

T h e  p r o g r a m  c o n s is t s  o f  t w o  p r e d ic a te s : in s id e _ o u t /6  a n d  c h e c k /6 .  
I n s id e _ o u t /6  has tw o  en tries , w h ile  c h e c k /6  has three entries. T h e  argu m en ts 
in  b o t h  c a s e s  c o m e  in  th is o rd e r : fstru c, an a,path , reg_exp , m atch?, 
r e s o lv e d ? .

inside_out(A na, Ana, [], R egExp, M atch, R e s o l v e d ) !.

inside_out(FS, Ana, [G F  I Path], R egExp, M atch, R esolved) 

fo llow (F S , GF, T em p),
inside_out(Tem p, Ana, Path, R egE xp, M atch, R esolved), 

check(F S, Ana, [G F I Path], R egExp, M atch, R esolved).

T h e  f la g s  (a n d  th e  r e s o lu t io n  o f  the a n a p h o r ) are h a n d le d  in s id e  the 
c h e c k /6  g o a l .  I f  R e s o lv e d  is  set to  true o n  an e a r lie r  le v e l , w e  c o n t in u e  to  
w ith d ra w :

ch eck (_ , _ , _ , _ , _ ,  R e s o lv e d )n o n v a r (R e s o lv e d ) , !.

W e  are in  s itu a tion  2 : W e  h a v e  a  m a tch  b e tw e e n  Path and  R e g E x p . W e  
set M a tc h  to  true, and  try to  r e s o lv e  the an a p h or . I f  re s o lu t io n  s u cce e d s  o n  
th is  le v e l .  R e s o lv e d  is  se t to  true, o th e rw is e  it re m a in s  a v a r ia b le . In  an y  
c a s e , the g o a l  w ill  s u cce e d , s o  w e  ca n  co n tin u e  to  w ith draw :

check (F S , Ana, Path, R egE xp, M atch, R esolved)

match(Path, R egE xp),

M atch =  true,

resolve(FS, Ana, Path, R esolved).

W e  are in  s itu ation  1: B o th  R e s o lv e d  and  M a tch  are v a ria b les , and  w e  d o  
n o t  h a v e  a m a tch  y e t. T h e  P ath  s o  fa r  is  a  s u f f ix  o f  o n e  o f  the d e s c r ib e d  
p aths in  R e g E x p . T h e  c h e c k /6  g o a l  s u cce e d s , and  w e  co n tin u e  to  w ith draw :

ch eck (_ , _ , Path, R egE xp, M atch, _ )

vaifM atch), 

suffix(Path, R egE xp).

T h is  p r o c e d u r e  tries  o u t  a  s o lu t io n  o n  th e  le v e l  n earest to  the a n a p h o r  
first. I f  th is s o lu t io n  is  in  c o n f l i c t  w ith  o th e r  co n stra in ts , w e  b a c k -tr a c k  to



the co n tin u a tio n  in s id e  en try  2 , w h e re  R e s o lv e d  rem a in s  a  v a r ia b le . O n  the 
s u cce s s iv e  le v e ls , entry 2  w ill  b e  e v o k e d  as lo n g  as w e  h a v e  a m atch .

I f  w e  re a ch  s itu a tio n  3 w ith o u t  a n y  r e s o lu t io n  (M a t c h  is  true, a n d  
R e s o lv e d  is  s till a  v a r ia b le )  c h e c k /6  fa ils  o n  th is le v e l ,  a n d  d u e  to  th is , 
in s id e _ o u t /6  fa ils  o n  the sa m e  le v e l.

I f  w e  rea ch  a  situ ation  w h e re  b o th  R e s o lv e d  and  M a tch  are still v a ria b les , 
a n d  P ath  n e ith e r  m a tch e s  R e g E x p  n o r  a s u f f ix  o f  R e g E x p , c h e c k /6  fa ils  
im m edia te ly .

T o  g iv e  a f la v o r  o f  th e  a p p r o a c h  ta k en , I in c lu d e  an e x a m p le  o f  the 
re s o lv e /4  g o a l  in  the [se g ] ca se :

resolve(FS, Ana, _ , R esolved)
(fo llow (F S , subj. A nt); fo llow (F S , poss. A nt)), 

not(contained(Ana, Ant)),

A n t : agr = =  A n a : agr.
R esolved =  true.

resolve(_ , _ , _ ,  _ ).

T h e  f -c o m m a n d  restriction  is  gu aran teed  b y  the first tw o  lin es : In  lin e  o n e  
w e  f o l l o w  a  path  o f  len g th  o n e  (subj o r  poss) to  id e n t ify  the f-s tru c tu re  o f  
the a n teced en t (A n t ) , and  in  lin e  tw o  the g o a l  fa ils  i f  A n a  is co n ta in e d  in  (o r  
id e n t ica l t o )  A n t . R e s o lu t io n  a m ou n ts  to  u n if ic a t io n  o f  th e  A G R  fe a tu re s , 
and  i f  a ll th ese  g o a ls  s u c c e e d . R e s o lv e d  is  set to  true.

I f  an y  o f  the g o a ls  fa ils , the s e c o n d  en try  f o r  r e s o lv e /4  s u c c e e d s , a n d  the 
R e s o lv e  f la g  rem ain s  a P r o lo g  va riab le .

6 Conclusion

I h a v e  p re s e n te d  a P r o lo g  im p le m e n ta t io n  o f  in s id e -o u t  fu n c t io n a l  
u n certa in ty  w ith  an a p p lica t io n  to  in trasen ten tia l a n a p h ora  re s o lu t io n . T h e  
m a in  p red ica te  in s id e _ o u t /6  and  the su b g o a l c h e c k /6  take ca re  o f  the b in d in g  
con stra in ts. It turns o u t  that the in s id e -o u t  fu n ctio n a l u n certa in ty  a p p ro a ch  is 
w e l l  su ite d  f o r  an  e f f i c ie n t  im p le m e n ta t io n  o f  in tra sen ten tia l a n a p h o ra  
re so lu tio n . T h is  is s o  b e ca u s e , f o r  th is a p p lica t io n , w e  o n ly  h a v e  to  c o n c e r n  
o u rse lv e s  w ith  the f-stru ctu res  and  the gra m m a tica l fu n c t io n s  le g it im a te d  b y  
o th e r  d e fin in g  e q u a tio n s  in  the l in g u is t ic  d e sc r ip t io n , as th e y  are p r o je c te d  
fr o m  the c -s tm ctu re  tree and  the le x ic a l entries o f  the m o rp h e m e s  o c c u r in g  in 
th e  string. T h u s  w e  ca n  take the c o m p le te  and  co h e re n t  f-s tru ctu res  as in pu t 
to  th e  r e s o lu t io n  a lg o r ith m . A lt h o u g h  n o t  a fu n c t io n a l  p r o g r a m m in g  
la n g u a g e , P r o lo g  is  w e l l  su ite d  f o r  im p le m e n ta t io n  o f  th e  a lg o r ith m  in  
q u e stio n .
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