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Abstract
The dynamic per^)ective on natural language suggests that texts change the value o f 
contextual parameteis in much the way computer programs change the value o f 
program variables. One phenomenon where dynamic aspects emerge is that o f  anaphora 
(introduction o f referents for later a n ^ h o ric  links), but intensionality and tense are 
other candidate phenomena. However, most logics used in computer science for the 
study o f the semantics o f  program are often rather complicated and d iffoen t from 
classical logic. W e describe a  rqnesentation directly in classical logic using a categorial 
grammar. In the logic a theory is defined (via axioms) to describe how in a text a 
pronoun manages to pick up a referent that was introduced by a determiner. Besides 
(nominal) anaphora we discuss how to handle intensionality presem in (belief and 
knowledge) attitude reports.

Introduction
W e present a theoretical study o f  cen tral sem antical p rob lem s o f  anaphora  and in tensiona lity  in  
natu ral language tex ts  (E nglish). A  basic  know ledge o f  anaphora , in tensiona lity  and lo g ic  is 
assum ed.

A s tex ts  w e take  sequences o f  declara tive  and d isam biguous sen tences; hence  each  tex t has a 
un ique m ean ing  and  the ob jec tive  is  to  define  a  sem antical theo ry  specify ing , in  som e w ay  and  to  
som e ex tent, ttie m ean ing  o f  each  te x t

W e th ink  tha t in  o rd er to  use  th e  tex ts to  com m unicate  o u r  in fo rm ation  abou t fac ts  (o r  assum p
tio n s) concern ing  “ the  un iverse  around u s” the th eo ry  m u st han d le  anaphora  and  in tensiona lity  as 
am ply  p resen t in  na tu ra l language. F o r  instance, co n sid e r the fo llow ing  Love S tory  tex t:

A  m a n  k isse s  a  w o n u in .

S h e  be lieves  th a t  h e  ioves h e r .

T h e  p ronouns (h e , she ,...)  im ply  anaphoric  links across sen tences and  a ttitude  repo rts  (b e liev e  
th a t,.. .)  im ply  in tensional p roperties fo r em bedded  sentences.^

W e requ ire  tha t the theo ry  m ust be  a so-called  correspondence th eo ry  o f  m ean in g  -  that a re la tion  
betw een  the  language and certain  “th ings”  independen t o f  the language m u st be  specified . W e also
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requ ire  tha t the theo ry  is  com putational -  th a t a  “ ca lcu lus"  fo r  m an ipu la tions o f  m ean ings o f  texts 
m u st be  specified  ^ B oth  requ irem ents can  be d irec tly  satisfied  using  the m odel theory  and the p ro o f 
theo ry , respec tive ly , o f  a form al log ical system . F o r  instance, retu rn ing  to  the first sen tence o f  the 
L ove S tory  w e m ig h t ten ta tive ly  rep resen t it as the  fo llow ing  fo rm ula  in  classical p red icate  logic:

3 x ( m a n x  a  3  y (w o m a n y  /\.k is s x y ))

T h e  m odel th eo ry  says tha t m an  and w om an  deno te  sets o f  ob jects, th a t k iss  is  a rela tion  betw een  
tw o  ob jec ts  and  th a t the  variab les x and  y can  be  instan tia ted  to  certa in  ob jec ts  satisfy ing  the  given 
constra in ts . T h e  p ro o f  theo ry , on  the  o th e r hand , lis ts  ax iom s and in ference  ru les fo r deriv ing  o r  
rew ritin g  th e  fo rm ula  as such.

T h e  rep resen ta tio n  o f  d ie  second  sen tence is  less stra igh tforw ard . E v en  ignoring  the p roper 
rep resen ta tion  o f  the  em bedded  sen tence  o m stru c tio n  (sym bolised  b y  E D )  it seem s necessary  to  
redo  th e  a lready  com pleted  rep resen ta tion  o f  the  first sen tence to  accom odate  the  second  sentence:

3 x (m a n x A < 3 y (y v o m a n y  a  k i s s x y / ^  b e l ir fy  [ l o v e x y ] ) )

T h is  seem s to  ren d er im possib le  a  system atical and  com positional analysis w here  the m ean ing  o f  
an  exp ression  is system atica lly  com posed  from  the  m ean ings o f  its  parts.

A lso , a  seem ing ly  innocen t change (conjo in ing  the  tw o  p rev ious sen tences to  a single conditional 
sen tence) im p lies a d rastic  change  fo r the rep resen tation  (w here the  prev ious rep resen tations cannot 
be  reused  in  an y  s tra igh t-fo rw ard  m anner):

I f  a  m a n  k isse s  a  w o m a n  th e n  sh e  b e liev es  th a t  h e  loves h e r .

V X (n u m x —* V y  (w om any  —> . . . ) )

O f  course , th e  rep resen ta tion  in  the log ica l system  above is  ra th e r ad hoc. D iscourse representation  
th eo ry  (see  [2 ,3 ,4] fo r  references) deals  w ith  transla tions o f  tex ts  in  a  system atical w ay , bu t, as the 
nam e suggests, u ses  a separa te  rep resen tadon  level and does n o t y ield  a d irec t com positional 
analysis  in  a log ica l system .

O u r claim  is  th a t a  com posidonal analysis in  a  log ical system  is possib le , bu t tha t tex ts are 
com plica ted  and  are  b est understood  i f  one  m oves from  s tad c  sem antics (as above) to  dynam ic 
sem antics (to  b e  fu lly  exp la ined  later).

It m u st be  em phasized  th a t w e can do  dynam ic  sem antics fo r  natural language in  a logical system  
w h ere  th e  log ica l language itse lf  has a  sta tic  sem antics! T h is can  b e  d one  by choosing  suitable 
rep resen ta tions and  ax iom s in  the log ica l system . W e b riefly  illustrate  th is  p o in t by  considering  a 
recen t non -c lassica l log ica l system , n am ely  dynam ic  p red icate  log ic  [3], w h ich  is  based  on  the sam e 
lan g u ag e  as c lassica l p red ica te  log ic , b u t w here  the fo llow ing  en ta ilm en t ho lds (p  and ^  any 
form ulas):

( 3  xp[x]) ->  [X] N  V  xi0[x] ->  i|> [x])

N o tice  th a t the q u an tifie r b inds th e  variab le  ou tside  the scope o f  the  quantifier. T h e  quan tifiers  and 
o p era to rs  hav e  d iffe ren t b e h a v io r  ex isten tial quantification  is ex ternally  dynam ic, universal 
q uan tifica tion  is ex ternally  sta tic , and  im plication  is in ternally  dynam ic  (betw een  operands) but 
ex te rn ally  sta tic .

T h e  en ta ilm en t above a llow s fo r a com pact and e legan t trea tm en t o f  m any  anaphora problem s using  
dynam ic  p red ica te  log ic , bu t com pared  to  classical p red icate  log ic  it  is less flex ib le  and transparent.
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F o r instance the fo llow ing  s im ile  en ta ilm en t do es no t hold:

H ow ever, a  restric ted  version  ho lds (w hen  no  overlap  b etw een  ac tive  q u an tifie r v ariab les  and  free 
variab les in  the form ula). See [3] fo r  details about dynam ic  p red icate  lo g ic  as  w ell as refe rences to  
th e  extended  log ica l system  called  dynam ic  M ontague gram m ar.

Overview
F irs t d ie  genera l id ea  o f  log ica l sem antics is  described , subsum ing  b o th  s ta tic  and  dynam ic  
sem antics. T h en  sta tic  sem antics is  defined  (based  o n  d ie  no tion  o f  tru th  v a lu es) an d  h e rea fte r 
dynam ic  sem antics (based  o n  the no tio n  o f  in fo rm ation  state changes).

In fo rm ation  sta tes can  be  structu red  in  m any  w ays -  w e propose  to  le t an  in fo rm ation  sta te  b e  a 
se t o f  a lternatives.^  E ven  w ithout say ing  m ore  abou t w hat an  a lternative  is  w e o b ta in  in te resting  
defin itions o f  vacuous, absurd  and defin ite  in fo n n a tio n  states. M oreover, reduc tions are  possib le  
i f  the inform ation  sta te  changes are  d istribu tive  and  elim inative.

W e argue th a t b y  a p ro p er construction  o f  th e  se t o f  a lte rnatives aruqihora can  be  han d led  in  an  
e legan t w ay. W e p ropose  a rep resen ta tion  in  log ica l type theo ry  u sin g  a ca tego ria l gram m ar. A  tin y  
exam ple is  provided . F inally  w e d iscuss how  to  incorporate  in tensionality  in  th is  fram ew ork .

A  few  w ords on  notation . In  schem as w e take  <=> to  m ean; i f  and  on ly  i f  ( fo r  a ll a f^ ro p ria te  
instan tia tions w ith  expressions o f  the  show n schem a variab les). W e hav e  tw o  eq u a lity  sym bols: =  
m eans equality  by  defin ition  and =  m eans equality  b y  ca lcu la tion  (hence  =  im plies =).

Logical Semantics for Natural Language
T he m ain  purpose o f  log ical sem antics fo r natu ral language is , w e th ink , to  p ro v id e  a  prec ise  
descrip tion  o f  the  in tu itive  no tio n  o f  a  valid  argum ent.^

A rgum ents can  be bu ilt in  several w ays. W e tak e  an  a rgum ent to  co n sis t o f  a  sequence  o f  texts
t ] , ..... . tn (the p rem ises) and a sing le  tex t U (the  conclusion). W e arrange the a rgum en t as in  the
fo llow ing  schem a w ith  the sym bol in  fron t o f  the conclusion :

W e transla te  each  tex t t  in  natural language to  a fo rm ula  in  a  su itab le  log ica l lan g u ag e  -  a  logic.^  
B y  a  log ic  w e m ean  a  form al language endow ed  w ith  a  no tion  o f  en ta ilm en t K  w h ich  w e require  
m u st m atch  tiie no tion  o f  a va lid  a rgum ent in  th e  fo llow ing  sense:

in
*•1 > • • • * •'n
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A  fo im al language  is  a  language w ith  a  p rec ise  syntax  and se m a n tic s^  T h e  syn tax  defines the  set 
o f  fo rm ulas ( fo r  in stance  v ia  form ation  rules). T h e  sem antics defines fo r  each  fo rm ula its  m eaning 
(fo r  in stance  a  m athem atica l o b je a ) .  In general w e w rite  the  m ean ing  o f  the  fo rm ula  i* as [r]. T h is 
h id es  th e  transla tion , b u t no  con fusion  can  arise. W e shall a lso  refe r to  [r] as the m ean ing  o f  the text 
t.

W e requ ire  th a t a lthough  en ta ilm en t is  in troduced  as re la tion  ^  betw een  form ulas (syntactical 
o b jec ts) i t  m u st oo tiespond  to  a  re la tion  Ti b e tw een  th e  m ean ings o f  th e  fo rm ulas (sem antical 
ob jec ts):

N  ^ • • • > [^n]> [f*])

S ince  w e  aim  a t u sin g  m athem atica l ob jec ts  as th e  m ean ings, o u r  goal is  to  find  ob jec ts  w ith  
en o u g h  struc tu re  to  m ake  th e  defin ition  o f  such  a  re la tion  71 possib le . In  th e  s ta tic  sem antics the 
ob jec ts  a re  ra th e r coarse-g ra ined , b u t in  th e  dynam ic  sem antics to  b e  described  la ter, the  objects 
are  m o re  fine-g ra ined .

Static Semantics
In  s ta tic  sem an tics th e  m ean ing  o f  a  tex t is a  tru th  va lue  (0/1 fo r false  and true) w ith  respect to  a 
so -ca lled  m odel. I t w ou ld  ac tually  be  m o te  appropriate  to  say  d ia t th e  m ean ing  then  is  a  function  
from  m o d els  to  tru th  values, b u t since  it  turns o u t tha t the m odel p aram eter is com m on to all m eaning 
com positions (based on  the  form ation  ru les) it m akes sense to  u se  the  “ w ith  resprect to ”  phrase.

W e w rite  [r]M fo r  the  m ean ing  o f  the tex t r w ith  respect to  the  m odel Af =  (D , d ), w here D  is the 
d o m ain  (a  se t o f  ob jects) and  d  is the  deno ta tion  (a  function  from  constan ts to  m athem atical 
s truc tu res o f  ob jec ts). T h ere  can be m any  k inds o f  constan ts: ind iv idual constan ts (denoting 
o b jec ts), f irs t o rd e r p red icate  constan ts (deno ting  rela tions overob jects), second  o rd e r  in d ic a te  
constan ts  (deno ting  re la tions o v e r ob jec ts  as w ell as o v er re la tions o v e r ob jec ts), etc . T he denotation  
o f  a  p red ica te  constan t is  o ften  ca lled  its  extensitm . T h e  so-called  o rd e r o f  a  lo g ic  is  no t determ ined 
b y  th e  o rders  o f  the  constan ts  p resen t, bu t by  th e  o rders o f  the variab les o f  quantification .

W e assum e th a t the fo rm ula  /* is  closed  (no  occurrences o f  free  variables).*  T o  account fo r free 
variab les  in  sub-fo rm ulas the m ean ing  m ust be g iven  w ith  respect to  an  assignm ent a  (a  ftm ction 
from  variab les to  m athem atica l s tructures o f  ob jects) besides the m odel M ,  bu t th is  com plication  
can  b e  ignored  here . A s fo r constan ts there  can be  m any  k inds o f  variables. In  first o rd er log ic , 
q u an d fica tio n  is  a llow ed  o v e r ind iv idual variab les only , w hereas in  h ig h ero rd e rlo g icq u an d ficad o n  
is  a llow ed  o v e r  p red ica te  v ariab les too .

E n ta ilm en t is  defined  as:

<1

tn
F o r  a ll  M :  i f  [fijjif  =  • • • =  =  1 t h e n  a ls o  [ t , ] ^  =  1
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Dynamic Semantics
D ynam ics im ply  the  (o m tin u o u s  o r  d iscre te) change o f  som eth ing  -  in  case o f  na tu ra l lan g u ag e  
sem antics w e suggest to  co n sid er the  change from  one in fo n n a tio n  sta te  to  an o th e r in fo n n a tio n  
sta te  o f  an  agent (tuunan  o r  p rogram ) p rocessing  the  tex ts  W e first p resen t the general idea  leav ing  
the  details o f  in fo rm ation  sta tes unspecified . W e th en  c tm sider d iffe ren t sp ecific  struc tu res  as 
in fo rm ation  states.

W e in tu itively  have  the fo llow ing  distingu ished  in fo rm ation  states:

V a c u o u s  in fo rm a tio n  s ta te
T h e  agen t has no  in fo rm ation  a t all.

A b s u rd  in fo rm a tio n  s ta te  
T h e  agem  has con trad ic to ry  inform ation .

D efin ite  in fo rm a tio n  s ta te
T h e  agent has m axim al inform ation.

O ften  there  is on ly  one vacuous and one absurd  in fo rm ation  sta te , w ritten  / q and  loo, w hereas there  
are  num erous defin ite  in form ation  s ta tes.f^  W e o ften  have a partia l o rd erin g  o f  in fo rm ation  sta tes 
correspond ing  to  getting  *‘better*’ inform ed.

In  dynam ic  sem antics w e le t [r] be  a  function  from  in fo rm ation  sta tes to  in fo rm atio n  states. 
O bserve tha t th ere  is  n o  need  to  see the m ean ing  relative to  a  m odel as in  th e  s ta tic  sem an tics 
(although it is  possib le  to  do  so). I f  the  in itia l in fo rm ation  sta te  is / q w e  h av e  the  fo llow ing  
inform ation  sta te  changes:

r  [ ^ l ] ,  J  1^*1 T  [^>1 [^ « 1  T  [ * • )  T
Jo -----* Jl -----* J2 -----* • • • -----* Jfi -----* J*

W e define the  relevan t resu lting  in fo rm ation  sta tes as follow s:^ ^

/ „  =  [ < „ ] ( . . .  [< i](/o ))  /*  =  [ M ( / „ )

T here  are several d ifferen t defin itions o f  en ta ilm en t possib le . W e here  fo llow  the  slogan: en ta ilm en t 
m akes exp lic it im p lic it in form ation . M ore  precisely : T h e  conclusion  u  is  im p lic it in  the p rem isses
t i .......i f  no (im portan t) change in  in fo rm ation  state occurs w hen  r , is  p rocessed  a fte r t],
have been processed:

<n

H ere -> is a su itable equivalence relation  tha t com pares in form ation  sta tes fo r  (im portan t) changes; 
i f  all changes are  im portan t th en  w e can  use  =  fo r  « .

Information States as Sets of Alternatives
O ne w ay to  specify  in form ation  sta tes is  to  le t  each  in fo rm ation  sta te  b e  a  se t o f  a lte rna tives  tha t 
has to  be taken  in to  account. G row th  o f  in fo rm ation  then  com es dow n to e lim ination  o f  a lternatives, 
u p  to  the  level o f  defin ite  inform aticm  w here  all bu t on e  o f  the a lternatives have  been  e lim inated .
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L e t i4 s  ( a ] , <22» <<3 > —) b e  a set o f  no t fu rth er specified  alternatives and le t  an  inform ation  state I 
be a  se t o f  a lte rna tives ( /  c  ̂ 4). T h e  defin itions o f  the  vacuous and  absurd  inform ation  states are:

/ q k A I o o m 0

T h e  defin ite  in fo rm ation  sta tes are I =  [a], a e  A.

T h e  in fo rm ation  sta tes have  a partia l o rdering  v ia  the  subset rela tion  c -  F o r  exam ple:

{® i}  Q  ^

{01,02} 2  {02,03}

F o r  a p a rticu la r in fo rm ation  sta te  change [r] there  are  som e in teresting  properties it m ay have:

D is tr ib u tiv e  in fo rm a tio n  s ta te  c h a n g e s  =  U  W ( {® } )  ^
« € /

E lim in a tiv e  in fo rm a tio n  s ta te  c h a n g e s  [f](7 )  C  /  fo r  a l l  /

D istribu tive  in fo rm ation  sta te  changes m ean  tha t the  agen t w orks “po in t-w ise” , i.e. based  on the 
d efin ite  in fo rm ation  sta tes. T h is p roperty  does n o t ho ld  fo r agen ts dealing  w ith  defau lts etc. A n 
illu strative  exam ple:

t  E  J o h n  m ig h t  lie .

W ( / )
\  loo Ol

t h e r e  is  a n  o  €  /  s u c h  t h a t  “ J o h n  l ie s ” , 
o th e r w is e .

N o te  tha t i f  one  has th e  in fo rm ation  tha t “John  does no t lie” it is  absurd  to  p rocess r. It is  easily  seen 
from  th e  above defm ition  that the in fo rm ation  sta te  change is no t d istribu tive , since the  test a c  /  
does  n o t w ork  po in t-w ise. H ow ever, th e  in fo rm ation  sta te  change is e lim inative , since / »  c  /  Tor 
a l l / .

E lim ina tive  in fo rm ation  sta te  changes m eans th a t the agen t ge ts  “ b e tte r in fo rm ed ”  tow ards the 
defin ite  in fo rm ation  sta tes (w ith  the excep tion  tha t the on ly  change from  a defin ite  in form ation  state 
is to  th e  absu rd  in fo rm ation  state). T h is  property  does no t ho ld  fo r agents dealing  w ith  rev ision  etc.

W hen  these  tw o  p roperties are “un iversa l” -  th a t is fulfiUed fo r  all tex ts t  considered  -  
op tim isa tions a re  possib le:
•  D istribu tive  in fo rm ation  sta te  changes:

In stead  o f  m ean in g  [t] as  a function  from  in fo rm ation  sta tes to  in fo rm ation  sta tes, tha t is a 
function  from  sets o f  a lternatives to  sets o f  alternatives, w e ju s t  specify  a re la tion  —* t  betw een  
alternatives:

>t a e [f]({a})
T h e  m ean ing  [r] is then  ob tained  as: 

0 6 /
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T h e cond ition  a - *  t a ’ oo iresponds to  the fo llow ing  idea  in  co m p u te r sc ien ce:i2

N on-determ inistic execution c f  program  t  w hen in  program  sta te  a  y ie ld s program  sta te  a ’.

•  D istribu tive and e lim inative in fo n n ad o n  sta te  changes:
T h e  rela tion  |  now  only  h o ld s  be tw een  iden tica l alternatives; hen ce  w e ju s t  specify  a  se t S, 
o f  a lternatives.

W e d ien  sim ply  have:

►t a a =  a ' A a €  S t

O bserve  tha t i f  the in fo rm ation  sta te  changes are  e lim inative , b u t no t d istribu tive , o p tim isa tio n s o f  
the  abovem entioned  k inds are n o t possib le  (a lthough  th ese  in fo rm ation  s ta te  ch an g es are  co n cep 
tually  sim plified).

S om e final observations: C lassical log ic , w h ich  has a  s ta tic  sem antics, c an  b e  v iew ed  a s  hav ing  
an  optim ised  dynam ic  sem antics, w here sets o f  m odels p lay  the  ro le  as in fo rm ation  sta tes and  all 
in form ation  sta te  changes are  bo th  d istribu tive  and e lim inative. A lso , and  th is  is  th e  line  w e  shall 
fo llow  here, i f  the structure  o f  the alternatives is  no t too  com plica ted , it ough t to  b e  possib le  to  m ake 
denotations o f  classical log ic  fim ction as in fo rm ation  states. S ince  in fo rm atio n  s ta te s  are  se ts  o f  
alternatives w e need  a  log ical system  th a t m akes se ts  (fo r instance  as charac te ristic  functions) 
availab le  as first class citizens. L og ical type  theo ry  is  such  a  log ic .

Logical Type Theory
A  type theory  asserts certa in  term s to  be  o f  ce rta in  types. A  type  theo ry  can  m ak e  o th e r assertions 
too; fo r  instance about the  equality  o f  term s o r  types. T erm s and types be long  to  form al languages. 
T hese  language w ill be  d istinct here  (bu t are  o ften  the sam e in  advanced  ty p e  theories).

In  the sim ple type theo ry  a type  x is  e ith er basic  (in terpreted  as a se t o f  ob jec ts) o r  o f  the  form  x 
—»X" (in terpreted  as the se t o ffu n ctio n s fro m  type  x ' to  type  x").l3  T h e  term s are  so -ca lled  X-term s 
from  the X-calculus.*^

In  (sim ple) log ical type theo ry  the  types are  sim ple types w ith  r as th e  basic  type  o f  p ropositional 
form ulas. T he se t o f  o b je c to f ty p e ra re  the set o f(c la ss ica l)tru th  va lues (0,1 ( .A x io m s  and  in ference  
ru les m ust be  g iven  to  ensure  th a t the  X -calculus can  b e  seen  as a h ig h er-o rd e r lo g ic  based  o n  
functions and p red icates. T h e  la tte r  are  characteristic  functions (functions re tu rn ing  tru th  values). 
F o r  o u r purposes it su ffices to  regard  the term s as fo rm ulas in  c lassica l firs t-o rd e r pred icate  log ic  
augm ented  w ith  X-term s. W e w rite  0 : x w hen  the fo rm ula  0 h as  type x. S ee  [5] fo r  fu rth er details 
abou t logical type  theory .

Anaphora
T h e stra tegy  fo r anaphora  hand ling  is  to  le t each  alternative  be a  p a i r  w orld  and  env ironm en t, 
resem bling  the m odel and the assignm ent in  case  o f  sta tic  sem antics. H ence  a  w orld  is  a  function  
from  constan ts to  m athem atica l s truc tu res o f  ob jec ts  and  an  env iro runen t is  a  fim ction  from  sto res 
to  ob jccts.f^

W e have  a  separa te  store  fo r  each  (anaphoric) d iscourse  m ark e ts  ind icated  by  a  natural n u m b er 
index:

A} m a n  k isses  8 2  w o m a n .

S h e 2 loves h im j.
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T h is  g iv es  d istribu tive  in fo rm ation  sta te  changes, since the  d ifferen t environm ents can be  seen 
po in t-w ise. I f  w e app ly  the  abovem entioned  optim isation  fo r d istribu tive in form ation  state changes 
th en  w e get non -elim inative  in fo rm ation  state changes, since the defin ite  inform ation  states m ust 
a lso  be  u sed  and no t on ly  the in form ation  states resu lting  from  processing  the  texts.

N o te : T h e  chain  o f  in fo rm ation  sta tes / q, ^  e lim inative in form ation  sta te  changes w ith
resp ec t to  r j ,.../« ; hence  fo r  1 ^  i <  n w e have:

Representation in Logical Type Theory
B esides the  b asic  type t  o f  tru th  values w e in troduce the  fo llow ing  basic  types:

e  E n tities 

i  Ind ices

T h e  v ariab les and  v.w  are  o f  types e and  i  respectively .

T h e  w orlds are rep resen ted  v ia  m odels fo r  logical type  theo ry  and  tiie type  o f  entities.^^ T he 
env ironm en ts a te  rep resen ted  v ia  the  ty p e  o f  ind ices using  a special constan ts fo r  each store, that 
is fo r  each  (anaphoric) d iscourse  m ark e ri '^

mi,...,m4: r —» e

T h e  fo llow ing  defin ition  (fo r  expresses the equality  o f  tw o  env ironm ents on the values
o f  all sto res excep t sto re  j:

~ i  =  X v w {  / \  TUjV =  TTlj w )

i< i< *

T h e  fo llo w in g  a x io m s  ( fo r  l ^ i ^ k )  e x p re s s e s  th a t  w e  c a n  c h a n g e  e a c h  v a lu e  o f  e a c h  s to re  
in  a ll  e n v iro n m e n ts  in d e p e n d e n tly :

V vV x 3w  (v w  A rriiW  =  x  )

Example using a Categorial Grammar
W e use th e  fo llow ing  categorial g ram m ar (here  w ritten  as a phrase  structure  gram m ar, b u t see [1 ] 
fo r  de ta ils  and  a  m ore  substan tia l fragm ent):

s NP VP Sentence
VP —» walk 1 whistle | . . . Verb Phrase
NP DET CN 1 hex 1 . . .  1 he* Noun Phrase
DET -» ai 1 . . . |  a* Determiner
CN iTidn 1 • • • Common Noun
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C onsider the  fo llow ing  tin y  exam ple  (m o ipho logy  ignored):

I ■ A| man walks.

T ransla tion  o f  lex ical en tries  (variab les X .Y  o f  type  e  —» i —> i —» r):

(a ,)*  =  X X Y X v w 3 v ' v " { v  v '  A X  ( m i  v ')  v 'v ” A Y  ( m i  v ')  v " w )
(h c i)*  =  AA^Av u 7(X  ( m i v ) r « ; )
(/>)• =  AxAvu»(t> =  w  A p ^  x )

w h e r e  p* =  w a lk  | w h is t le  | m a n  | . . .  a r e  c o n s t a n t s  o f  t y p e  e  t  c o r r e s p o n d in g  to  
p  =  w alk  I w h is tle  | m a n  | . . .

B ased  o n  d ie  gram m ar, w here  string  concatenation  co rresponds to  fim ction  ap p lica tio n  (show n 
as ju x ta p o a tio n  as usual), w e o b ta in  the  fo llow ing  m ean ing  a fte r X -conversions:

—»j =  (a i)*  (m a n )*  (w alk )*  =  A v u '(v  tn  A m a n  ( m i  w )  A w a lk  ( m i  w ) )

A nalogously:

I’ ■ Hei whistles. = Xvm<v=wa whistle(m] .w))

Sen tence  con junction  uses the  o pera to r 0  k  )^qXv^^Bv'(pv^^AqV'w) (variab les p ,q  o f  type 
and using  the above-m entioned  ax iom s w e have the  desired  result:

— =  ©  t* t'* =  A v iu (v  ~ i  tn  A m a n  ( m i  tn )  A w a lk  ( m i  w )  A w h i s t l e  ( m i  tn ) )

A ll there  rem ains is to  spell ou t th e  deta ils  o f  a su itab le  re la tion  > and  w e hav e  o u r  en ta ilm en t ^  
u sing  a system atical and  com positional analysis in  a  classical log ic .

Intensionality
A  com m on ^ jp ro a c h  to  in tensionality  rests  o n  the  no tio n  o f  “possib le  w o rld s’* (see  1), u su a lly  
m anipulated  by  new  opera to rs lik e  □  and 0  D iam ond. Such  a  “possib le  w o rld "  co rresponds to  
the w orld com ponen t o f  o u r a lternatives in  an in fo rm ation  state. H ow ever, in  o u r  rep resen ta tion  in  
log ical type theory  w e have  kep t a  fixed  w orld  v ia  m odels fo r  the log ical type  th eo ry  and the  type 
o f  en tities (the type o f  ind ices is used  fo r  the  env ironm ents to g e th e r w ith  the  d iscou rse  m arkers), 
bu t th is  se tup  w ill n o t w ork any  longer. O ne w ay  ou t is to  in troduce  a  new  basic  type  w  o f  w orlds 
and  le t p^ from  above be  constan ts o f  type  w  ->  e - » r instead  o f  type  e - * t  j u s t  A  special m ark er 
mworid o f  type  i - » w  w ould  then  se lec t the cu rren t w orld . W e in tend  to  ^ 1 1  o u t th e  de ta ils  in  a 
fu ture  paper.

Notes
1) N otice  th a t “in ten tio n "  m eans pu rpose , a im , e tc . w hereas “ in ten sio n "  h e re  (as  w ell as in  lo g ic  

and the  ph ilosophy  o f  language) is the d irec t opposite  o f  “ex ten sio n "  (cf. the  d istin c tio n  b e tw een  
sense  and reference)!

2) N eith er the anaphora  reso lu tion  n o r  the in tensionality  characterisa tion  a te  to o  im p o rtan t here . 
F o r  the  la tte r  th e  fo llow ing  exam ple m igh t help : E ven  th o u g h  the p ro p erties  o f  b e ing  an  
unm arried  m an  and being  a bachelo r are  ex tensional equ iva len t (fu lfilled  by  the  sam e indivi-
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d u als) th ey  are no t (alw ays) in tensional equivalen t; be liev ing  tha t a p a iticu la r  ind ividual is an 
unm arried  m an  w ithou t be liev ing  tha t the  sam e individual is  a b ach elo r is en tire ly  p lausible.

H ow ever, i f  m ean ings are  specified  as m athem atical ob jec ts  and structures then  in  princ ip le  it 
is  a lw ays possib le  to  use. say , an  ob ject-language ax iom atisation  o f  the n um ber and set theory 
o f  the  m eta-language.

I t  is  m o st co n v en ien t to  th ink  o f  an  alternative as a so-called  (possib le) w orld  -  tha t is, a com plete  
d escrip tion  o f  a  “ sta te  o f  a ffa irs” -  bu t o th er cho ices can  be  m ade  as to  be  show n.

W e d o  n o t requ ire  th a t such  a  descrip tion  m u st p rovide an  exp lanation  o f  how  hum ans perform  
th e  ju d g e m e n t

R em em b er th a t w e  assum e th e  tex t to  be  d isam biguous. I f  the  tex t w as am biguous the p roper 
tran s la tio n  w ou ld  depend  on , b u t n o t necessarily  be  determ ined  by , the c o n te x t 

A fo rm a l ca lcu lus has ju s t  a  p rec ise  sy n ta x -p o s s ib ly  w ith  som e syntactical opera tions defined. 
O ccasiona lly  th e  syntactical opera tions are  regarded  a  hav ing  sem antical co n ten t th o n se lv es . 

A n ap h o ra  in  tex ts  is  n o t to  be  handled  b y  free variab les in  form ulas.

A n  in fo rm ation  sta te  is  a lso  called  a know ledge sta te  o r  a  b e lie f  state.

10) O ne  su re  w ay  to  o b ta in  con trad ic to ry  in form ation  is to  g a th e r all possib le  and im possib le  p ieces 
o f  in fo rm ation  -  th is  exp la in s the  «> sign.

11) B ette r n o ta tio n  i f  a rgum ent befo re  function , nam ely  /n  - [ y  etc.

12) P rogram  sta tes and in fo rm ation  sta tes are d iffe ren t no tions. A lso  in  com pu ter science w e have 
a  fixed  in te rp re ta tion  in  m ind. See [S] fo r the application  o f  dynam ic  log ics to  co m pu ter science.

13) T h ere  a re  o th e r  in terp re ta tions fo r the  sim ple type  theory  than  th e  e lem en t/se t one  g iven  here, 
fo r  exam ple  proof^proposition  and program /specifica tion  (due  to  th e  sim ilarity  in  the exp lana
tio n  o f  these  pa irs  o f  no tions).

14) T h e  X -calculus com es in  m any  guises -  also w ithou t types.

15) M ore  p rec ise ly  from  store  nam es to  ob jec ts  G ikew ise w ith  constan t and variab le  it sym bols).

16) T h e  type o f  en tities p lays m uch  the sam e ro le  in  dynam ic  sem antics as the  (sing le) dom ain  for 
s ta tic  sem antics. T h is changes w hen  in tensionality  is  added.

17) T h e  env iro runen t/sto re  m atrix  is transposed  -  instead  o f  env ironm ents tak ing  a  store  w e have 
sto res  tak ing  an  env ironm en t (o r ra ther an  index).

3)

4)

5)

6)

7)

8) 
9)
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