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Saw Problems and Non-Problems i n  Representa t ion  Theory 

P a t r i c k  J. Hayes 

O. I n t r o d u c t i o n  

The purpose o f  t h i s  paper  is t o  g i v e  a b r i e f  survey o f  some genera l  
i s s u e s  and pmblems i n  r e p r e s e n t i n g  knowledge i n  A 1  programs. This  
g e n e r a l  a r e a  I w i l l  c a l l  r e p r e s e n t a t i o n  t h e o r y ,  fo l lowing  John ElcCarthy. 
Its boundar ies  a r e ,  l i k e  t h o s e  of  a l l  i n t e r e s t i n g  s u b j e c t s ,  no t  c r i s p l y  
def ined .  I t  merges i n  one d i r e c t i o n  ~ i t h  programming language des ign ,  
i n  a n o t h e r  wi th  p h i l o s o p h i c a l  l o g i c ,  i n  a n o t h e r  wi th  epistemology,  i n  
a n o t h e r  with r o b o t i c s .  Never the less ,  it is an i n c r e a s i n g l y  important  
a s p e c t  o f  A 1  work. S ince  my main concern here  is t o  draw a t t e n t i o n  t o  
problems which seem t o  m e  t o  be d i f f i c u l t ,  and i s s u e s  which seem t o  be 
impor tan t ,  t h i s  paper should  be  read  a s  an a p p e a l  f o r  h e l p  r a t h e r  than  
a s t a t e m e n t  o f  achievements (and comments, c r i t i c i s m s  and s u g g e s t i o n s  
a r e  welcome ) . 

I n e v i t a b l y ,  t o  b e l i e v e  t h a t  some i s s u e s  a r e  impor tan t ,  and some 
problems d i f f i c u l t ,  i s  t o  b e l i e v e  t h a t  o t h e r s  a r e n ' t .  A t  t h e  end o f  t h e  
paper  I draw a t t e n t i o n  t o  some s p e c i f i c  p o i n t s  o f  disagreement wi th  
o t h e r  au thors .  I t  may be h e l p f u l ,  however, t o  p o i n t  o u t  immediately t h a t  
my g o a l s  h e r e  a r e  n o t  p h i l o s o p h i c a l ,  b u t  t e c h n i c a l .  Some commentators 
on an e a r l i e r  d r a f t  seemed t o  t a k e  it a s  an essay  i n  p h i l o s o p h i c a l  a n a l y s i s  
i n  t h e  modern Oxford s t y l e .  My aim r a t h e r  is t o  s u b s t i t u t e ,  f o r  informal 
and a p p a r e n t l y  e n d l e s s  p h i l o s o p h i c a l  d i s c u s s i o n ,  t h e  p r e c i s i o n  o f  mathe- 
mat ics .  (This  aim is n o t  achieved i n  t h i s  paper ,  I has ten  t o  add,  but  i s  
I hope brought n e a r e r . )  To emphasise t h i s ,  I w i l l ,  when i n t r o d u c i n g  a 
t e c h n i c a l  word in tended  ( u l t i m a t e l y )  t o  have a p r e c i s e  meaning, under l ine  
it. 

1. Semantics 

There a r e  many ways known o f  s y s t e m a t i c a l l y  r e p r e s e n t i n g  knowledge 
i n  a s u f f i c i e n t l y  p r e c i s e  n o t a t i o n  t h a t  it can be used i n ,  o r  by, a  compu- 
t e r  program. I w i l l  r e f e r  g e n e r a l l y  t o  such a s y s t e m a t i c  r e p r e s e n t a t i o n a l  
method a s  a  scheme. It is not  a  very good word, bu t  one cannot s a y  
' language'  a m  begs an important  q u e s t i o n  ( s e e  s e c t i o n  2 ) .  Examples 
o f  schemes inc lude  l o g i c a l  c a l c u l i ,  some p r o g r a m i n g  l w ~ u a g e s ,  t h e  
s y s t e m a t i c  use of  d a t a  s t r u c t u r e s  t o  d e p i c t  a  world (e.g.  a s  i n  t h e  e a r i y  
Snakey's use of  an a r r a y  a s  a  room-map), n u s i c a l  n o t a t i o n ,  xap mait l r .~ 
conventions,  c i r c u f t  diagrams,  '3CK Schemas', 'Conceptual Jeperdencv' 
n o t a t i o 2 ,  'Semantic Templates' ( a l ;  i n  [zO 3 ,  e t c .  A c o n f i & u r a t i o n  ts 
a p a r t i c u l a r  e q r e s s i o n  i n  a scheme: an a s s e r t i o n ,  a  srogram, a d a t a  
s t r u c t u r e ,  a  s c o r e ,  a  r a p ,  e t c .  Thus one n lg ' ? t ,  f o r m a l l y ,  d e f l z e  a s c h e ~ e  
:o t e  a  s e ?  o f  conf ig ,dra t ions .  

A.1; +.' t:.ese exaa;les a re  5 m a l  ir, ?n? sense  t k a t  r.% q ~ e s ? i o r , ~  
i t e r h e r  a  s a r f f c , d l a r  arrangemar: of  z a r i s  i s  a w e l l - f c r ~ e 2  c o n f i g u r a t i c n ,  
d l w y s  ::as a l e f i r . i t e  ansxer :  tk.ere i s  a  d a f i r . i t e  notion of -dell-fome2::ess. 
::any wa:;s ,which hsrilanr have cf convejfing r:teanin~ ' ~ i l i  ror be a l loxed  a s  
schemes, f o r  they f a i l  t h i s  c r i t e r i o n :  ci?arines, p h o t o g r a ~ i - s ,  :oei?s, 
c o n v e r s a t i o n a l  Engiis:"., n s s i c a l  ;erfonnances,  -V p i c t u r e s ,  e t c .  I n  b r i e f ,  
: wish t o  craw a distir!ct:on bettween ( f o r m a l )  ssr.enes, i n  h'hich knowisdge 
can be s t o r e d  an?, used 4y a T r o r r a c ,  ac? or, :?a o:kar h a ~ d ,  ( i ? f o r n a l ?  



s c e n e s  or p&x,ceFtua r eleua?-c?% C-e Icploymrn: cf knok-sdpr 
f o r  r h e i r  s d c c e s s f u l  f n t e r p r e t t s t  ion,  

I am aware of  s e v e r a l  pfaiiosophica% problems i n  a n a l y s i n g  t h r s  
d i s t i n c t i o n  f u r t h e r .  A s  a  ?&.=ugh-and-ready guide ,  scnemes can he recog- 
n i s e d  by t h e  f a c t  t h a t  one c m  construc"c1l-formed ' c o n f i g u r a t i o n s ' ,  
There is  no such  t h i n g  as an i l l - formed photograph,  Natural  language 
i s  a  b o r d e r l i n e  case ,  a s  a r e  a c - m a t e  l i n e  drawings o f  polyhedra.  

Schemes a r e  ust ial ly in tended  a s  v e h i c l e s  f o r  conveying meanings 
about  some g w c ~ l d '  o r  e n v i m n ~ a n t .  I n  o s d e r  t o  be c l e a r  about t n i s  
impor tan t  t o p i c ,  a  scheme must have an a s s o c i a t e d  seniantic  theory .  A 
semantic t h e o r y  is an account o f  t h e  way o r  ways i n  which p a r t i c u l a r  
c o n f i g ~ r a t i o ~ s  of  t h e  s c l e n e  ccr respond t o  ( i , e .  nave a s  t h e i r  meanings), 
p a r t i c u l a r  arcangements i n  t h e  e x t e r n a l  world,  i . e .  t h e  s u b j e c t  m a t t e r  
=out  which t h e  scheme is inti-ded t o  r e p r e s e n t  knowledge. Some of t h e  
schemes r e f e r r e d  t o  above have very p r e c i s e  semant ic  t h e o r i e s ,  o t h e r s  have 
none (and seem t o  r e j o i c e  i n  r h i s  l a c k :  s e e  s e c t i o n  7 below),  o t h e r s  
(music, maps, c i r c u i t  diagrams) have in formal  semant ic  t h e o r i e s  which 
can be made p r e c i s e  by t h e  approach o u t l i n e d  i n  s e c t i o n  2 below. 

It is n o t  a t  a l l  fash ionable  i n  A 1  a t  p r e s e n t  t o  g i v e  s e n a n t i c s  f o r  
new r e p r e s e n t a t i o n a l  schemes, and t h i s  is, I b e l i e v e ,  a  r e g r e t t a b l e  source  
of  confus ion  and misunderstanding.  Now, one cannot prove such an opin ion ,  
o f  course .  One can p o i n t  t o  o t h e r  f i e l d s  where syntactic confusion and 
p r o l i f e r a t i o n  of ad-hoc fornralisms has  been o r  is be ing  rep laced  by t h e  
development o f  semantic i n s i g h t s :  no tab ly ,  p h i l o s o p h i c a l  l o g i c  and t h e  
des ign  of  programming languages.  One can p o i n t  t o  t h e  way i n  which, i n  
A 1  i t s e l f ,  elementary semantic i d e a s  have been re-invented by v a r i o u s  
a u t h o r s  o v e r  t h e  y e a r s  ( e s p e c i a l l y  t h e  Frege /Tarsk i  no t ion  o f  i n d i v i d u a l s  
and r e l a t i o n s  between them, which c rops  up wi th  remarkable r e g u l a r i t y  
[ , , 1). And one can p o i n t  t o  s e v e r a l  important  q u e s t i o n s  which simply 
cannot be answered witf;;;;t a semant ic  theory .  Of t h e s e ,  t h e  most urgent  
concern t h e  equiva lence  o r  o therwise  o f  d i f f e r e n t  formalisms. I s  t h e r e  a 
d i f f e r e n c e  i n  meaning between a  conjunc t ion  o f  atomic p r e d i c a t e - c a l c u l c s  
a s s e r t i o n s  and t h e  corresponding semant ic  network? I s  t h e r e  anytn ing  which 
can be expressed  i n  t h e  n o t a t i o n  o f  Merlin [16] which cannot be expressed 
i n  a  l o g i c a l  n o t a t i o n ?  The answer t o  bo th  t h e s e  q u e s t i o n s  is  yes, i n  f a c t :  
but  wi thout  a  semantic theory  t h e  q u e s t i o n s  cannot even be p r e c i s e l y  formu- 
l a t e d .  F i n a l l y ,  d i s c u s s i o n  i n  t h e  A 1  l i t e r a t u r e ,  on,  f o r  example, t h e  
d i f f e r e n t  r o l e s  o f  deduc t ive ,  i n d u c t i v e  and a n a l o g i c a l  reasoning  and t h e  
r e l a t i v e  m e r i t s  o r  demer i t s  ( e i t h e r  t e c h n i c a l  o r  p h i l o s o p h i c a l )  of var ious  
formalisms,  is o f t e n  i l l - i n f o n n e d  o r  a t  b e s t  vague due t o  a  l a c k  of  a  
c i e a r  model theory  f o r  t h e  systems under d i s c u s s i o n .  

Nothing s o  f a r  has been an argument f o r  any p a r t i c u l a r  s o r t  of  
semantic t h e o r y :  f o r  example, some ~ i n d s  o f  ' i n t e n s i o n a l ' ,  ' o p a i o n a l ' ,  
'meaning- in ten t iona l '  o r  'p rocedura l '  semant ics ,  may eventua l ly  enable  t h e  
meanings of  c o n f i g u r a t i o n s  i c  a  scheme t o  be r i g o r o u s l y  def ined .  Kcuever, 
a s  a  m a t t e r  o f  f a c t ,  t h e  only n a t h e m a t i c a l l y  p r e c i s e  accouct  which 1 have 
seen  of  how a  scheme ca:: talk o f  e n t i t i e s  o u t s i d e  of  t h e  cnrnputer, i s  t > e  
Tarskian mode: theory  f o r  f ; r s t -order  l o g i c  (bu t  see  s e c t i o n  2 helow).  I 
j e l i e v e  t h e r e  a r e  i m p o ~ t a n t  reasons  f o r  going beyond thfs s e x a n t i c s ,  5 s t  
r,any of t n e  arguments I n  t h e  A; i i t e r a t u r e  a g a i n s t  t h e  use of p r e d i c a t e  
l o g i c  a s  a  scheme a r e  based oc misunderstandings o f  one kind o r  a n o t h e r ,  
e s p e c i a l l y  t h e  assumption t h a t  t h e  use of  p r e d i c a t e  c a i c u l u s  n e c e s s a r i i y  
involves  t h e  use o f  a  general-pucpose theorem-proving program. (See s e c t i o n  
7 f o r  more d i s c u s s i o n . )  To defe3d f i r s t - o r d e r  l o g i c  Is unfashionable:  
however, i do want t o  empnasise t h a t  it is t h e  semantics of  p r e d i c a t e  l o g i c  



whicii 1 wish t o  preserve,  I have no b r i e f  f o r  t h e  usual syntax: networks, 
f o r  example, can be used a s  a syn tac t i c  device f o r  express in^ predica te  
cslcuLus f ac t s .  Some o the r  authors  advocate r a t h e r  t h e  use of predica te  
cdlculus syntax e i t h e r  without semantics [I'?], o r  with an a l i e n  semantics 
imported from computational theory [ b ] .  This is throwing out the baby 
and keeping t h e  bathwater. 

To i n s i s t  on a semantic theory is no t ,  of course,  t o  i n s i s t  t h a t  
t he  expressions comprising a program's b e l i e f s  a r e  accura te ,  i . e .  t h a t  
what they express about t he  world i s  i n  f a c t  t h e  c a m i s  cominon m i s -  
understanding may be caused by the  phrase "truth-recursion",  which leads 
people t o  th ink t h a t  metamathematics guarantees i n f a l l i b i l i t y . )  Without 
a semantics,  one c&?not even say p rec i se ly  what is being claimed about t he  
world: t h a t  i s  the  point .  

I t  is important t o  emphasise t h a t  t o  regard a formalism 'simply' a s  a 
programming language: t h a t  is, a way of g e t t i n g  t h e  machine t o  do what one 
wants, i s  t o  adopt a r a t h e r  d i f f e r e n t  point  of view towards i t .  (Unless, 
t h a t  is, t h e  semantics of t he  scheme a r e  concerned with machines and what 
they do.) For example, many people argue t h a t  PLANNER i s  t o  be regarded 
'simply' a s  a programming language which provides useful  f a c i l i t i e s  f o r  
t h e  s o r t s  of programming one f inds  onesel f  involved in  when wri t ing  A 1  
programs. Much of t h e  force  of t h e  c r i t i c i s m  in  @3] f o r  example, i s  from 
t h i s  pos i t ion .  While t h i s  is a pe r f ec t ly  respectable  point  of view, it is 
d i f f e r e n t  from the  one which regards PLP.NNER a s  a scheme which r e f e r s  t o  
ex t e rna l  worlds o f ,  say,  blocks,  I t  i s  even d i f f e r e n t  from t h e  idea tha t  
PLANNER i s  a scheme which r e f e r s  t o  problem-solving processes o r  t he  l i ke .  
For t h e  'programming language1 view encourages t h e  user  ( f o r  example), i f  
he needs a new semantically pr imi t ive  notion,  l i k e  negation,  t o  encode it 
- t h a t  is, t o  implement it - i n  PLANNER in  some way. In terms of schemes 
t h i s  i s  a change of scheme, s ince  the  semantics have been enriched. 

To put it extremely: t h e  only d i f f e r ence ,  i n  t h i s  view, between 
( say )  CONNIVER and ( say )  FORTRAN, i s  user  convenience: f o r  one could 
implement t ne  one in  t h e  o ther .  ( I  have heard prec ise ly  t h i s  view forcibl:; 
maintained by profess ional  systems p r o g r q e r s ) .  Hewitt character ises  the  
essence of PLANNER i n  terms of schemas p3J. While t h i s  syn tac t i c  approach 
works up t o  a po in t ,  t he  r e l a t i onsh ips  between programming languages a r e ,  
I f e e l ,  g r ea t ly  c l a r i f i e d  by g iv ing them na tu ra l  semantics. The t r i v i a l  
un ive r sa l i t y  which FORTRAN possesses can then be eliminated by t he  require- 
ment t h a t  i n  embedding one language i n  another t he re  i s  a corres?onding 
erhedding o f  t he  meanings of programs. "Implemented in", as a r e l a t i on  
between languages, then ceases t o  be an embedding s ince  the  meaning of 
( s ay )  TiiCONSE does not correspond t o  t he  meaning of tk.e r a t h e r  la rge  piece 
of ( s ay )  7ORTU:I' which would be in  t he  irnplemeztatior. (ac t i la l ly ,  severa l  
pieces s ca t t e r ed  about t he  pmgram but r e l a t e d  by context . )  The fo rce r  
has t o  do, presumably, with goals and f a c t s  and such th ings :  t he  l a t t e r ,  
probrnly,  with a r i t hme t i c  r e i a t l onsh ips  Setween nu~3er-s which represent  
l i s t  s t ruc tu re s  i n  some way. 

. . 
. . I n  saying a j l  t , i s ,  one zcs t  adrnlt ?>'at :5e-e i s  - a c t  for-e I n  r-.? 

;-s:z~or? ?hat  ~t IS  703 ea r ly  I:, .A1 t o  s e t t l e  c:. partlcslarq s2nei.e~ ;il:'-. - .  . . 
::xed semanrics. Accoralrig t c  t - 2 s  v : e ~ ~ ,  S I  yozrarns s:,ccld be i ? ; l e r e r ~ e d  
using a l i  possLble prcgrar-mir.6 s~: i l :  and ingen;i::: ant we snoulci leave ro  
t:ie fu tu re  the (perhaps r a t h e r  a r i d )  task  of t i d y i i ? ~ - u ~ ,  ?uci ~ l e - ~  good 
.'.; work :.as Lee- done from tkis s t a n d ~ i n t ,  a:id will n ~ o L i ? : ~ ~  ? A  c!cnti:.de To 
;e ti0r.e. I 20 not wish. t o  g i v e  the  impression cf  a rp l ing  again;? r r a p a t i c  
expediency i n  u r i t i i l g  ad-~anced prograins. 3ut I .do f e e l  -nat i t  1,: zct too 
earLy t o  Cnvestigate scnemes with o ~ g a n i s ~ d  seza i i+ l c se  b o t h  a n  eeiieral 
,-ro.,:.cis of i cno ia r l i nes s  axd because 1 >eL;evo rr.3: -ab.-. , r . . c les  fir? 



ul t imate ly  s a s i e r  t a  use i r r  ~ ~ r e g r m i n g .  

2. L ingu i s t i c  and d i ~ e c t  ~ep rese rn t a t ions  

Several  authors  have dm"hr7t a t t e n t i o n  t o  a  d i s t i n c t i o n  between reare- 
s en t a t ions  cons i s t i ng  of a  descr ip t ion  i n  some Language and m p m s e n t a t i o n s  
which a m  i n  some sense  more d i r e c t  models o s  p i c tu re s  of t h e  th ings  repre- 
sented.  I f i r s t  met t h i s  d i s t i n c t i o n  in  [ d l ,  and it has been more 
recent ly  emphasised by Sloman C24. It  seem$ t o  be c l e a r l y  important but 
I have met with su rp r i s ing  d i f f i c u l t y  i n  t ry ing  t o  make t h e  d i s t i n c t i o n  
prec ise .  

One problem i s  t o  su i t ab ly  define what is meant by a  desc r ip t ive  
language, f o r  we must not  beg t h e  question by being too  r e s t r i c t i v e  i n  
our  d e f i n i t i o n s  of language. Thus Sloman's emphasis on what he c a l l s  
analogica l  r ep re sen ta t ions  is r e a l l y  a  p l ea  f o r  t he  considera t ion  o f  a  
wider c l a s s  o f  languages than those i n  which t h e  only semantic pr imi t ive  
is t h e  app l i ca t ion  of a  function t o  arguments (Sloman's term is 'Fregean' 
languages, l i k e  p red ica t e  ca lculus  and PLANNER. Some authors  seem t o  have 
in t e rp re t ed  Sloman a s  arguing aga!nst t h e  use of desc r ip t ive  representa t ions  
[3J, but t h i s  i s  a  misunderstand~ng. ) 

Another problem is t h a t  a  representa t ion  which appears t o  be a  d i r e c t  
model a t  one l e v e l  o f  ana lys i s ,  may, upon enquir ing  f u r t h e r ,  be i t s e l f  
represented  i n  a  desc r ip t ive  fashion,  so  t h a t  it becomes impossible t o  
descr ibe  t h e  o v e r a l l  representa t ion  a s  purely e i t h e r  one o r  t h e  o ther .  
For example, a  room may be d i r e c t l y  represented  by a  2-dimensional anmay 
of values which denote t h e  occupants o f  var ious  pos i t i ons  i n  t he  room: but 
t n i s  a r r ay  may i t s e l f  ne implemented by t h e  programing system a s  a  l i s t  of 
t r i p l e t s  < i , j , a [ i , j ]> ,  i .e .  by a  s o r t  o f  descr ip t ion .  It seems e s s e n t i a l ,  
t he re fo re ,  t o  use a  not ion  of level of representa t ion  i n  attempting t o  make 
the  d i s t i n c t i o n  prec ise .  

Third,  any r ep re sen ta t ion  must a l s o  be a  d i r e c t  representa t ion  of 
something. For, t he  pa t t e rn  of marks which i s  a  conf igura t ion  o f  t h e  
scheme, can convey meaning only by v i r t u e  of t h e  f a c t  t h a t  its p a r t s  a r e  
physica l ly  arranged i n  some d e f i n i t e  way. This physica l  arrangement has 
t o  be a  d i r e c t  representa t ion  of ( a t  l e a s t )  t he  way i n  which meanings o f  
some conf igura t ions  a r e  compounded i n t o  meanings o f  l a r g e r  conf igura t ions .  

Fourthly,  t h e  notion of d i r e c t  representa t ion  seems t o  depend upon 
some s i m i l a r i t y  between t h e  medium i n  which the  representa t ion  i s  embedded, 
and the  th ing  represented.  Thus a  map o f  a  room i s  a  d i r e c t  representa t ion  
of t h e  s p a t i a l  r e l a t i onsh ips  ( i n  the  ho r i zon ta l  p l ace )  i n  the  room, by 
v i r tue  of t h e  s i m i l a r i t y  between the  2-dimensional plane of t h e  paper and 
t h e  2-dimensional plane of t he  f l o o r  of t he  mom. The paper i s  a  d i r e c t  
homomorph of t he  mom: they a r e  t h e  same s o r t  of s t r u c t u r e  (2-51 Euclidean 
space) ,  admit t ing  t h e  same s o r t s  of opera t ions  ( s l i d i n g ,  r o t a t i o n ,  measure- 
ment), but t h e  map i s  a  s imp l i f i ca t ion  of t h e  r e a l i t y ,  i n  t h e  sense t h a t  
ce r t a in  proper t ies  present i n  r e a l i t y  (colour ,  exact shapes, e t c . )  and 
ce r t a in  r e l a t i o n s  ( t h e  t h i r d  dimension, comparisons of va lue)  a r e  missing 
in  the  map. Another example i s  an ordered vector of items in  a  core 
s t o r e :  here t he  medium i s  t he  address s t r u c t u r e  o f  t he  s t o r e ,  which is 
s imi l a r  t o  the  i n t ege r s  i n  respect  of i t s  order ing r e l a t i o n s h i p ,  but not 
( fo rample )  i n  respect  of i ts  c a r d i n a l i t y  ( s t o r e s  a r e  f i n i t e ) .  

Put t ing  a l l  t h i s  t oge the r ,  one a r r i v e s  a t  t he  f o l l o ~ i n g  general  
pos i t ion .  There a r e  th ings  ca l l ed  media i n  which one can const ruct  cer ta i r .  



gemnts  of marks i n  
o l d  between t h e  marks. 
'p r imi t ive '  syubols 

and a s e t  of - r u l e s  wnich def ine  new configcrrations i n  terms 
of o ld  ones. One g e t s  t he  usual  ideas  of parsing.  ( I t  could be mathe- 
mat ica l ly  i n t e r e s t i n g  t o  s ee  how much o f  formal language theory can be 
genera l i sed  t o  t h i s  s e t t i n g  from t h e  conventional ' s t r i n g '  case o f  1- 
dimensional media. One can c e r t a i n l y  def ine  context-free,  and context-  
s e n s i t i v e  g m m ,  but I am not so su re  about f i n i t e - s t a t e ,  f o r  example.) 
A m d e l  f o r  such a language is provided by a s e t  o f  e n t i t i e s  a c t i n g  a s  
meanin s o f  t h e  pr imi t ive  symbols; and, f o r  each g r m a t i c a l  r u l e ,  a d & which de f ines  t he  meaning of t h e  configuration i n  terms o f  
the meanings of i ts  pa r t s .  (One needs va r i ab l e s  and variable-binding 
expressions a l s o ,  so  t h i s  account needs e labora t ion  and qua l i f i ca t ion ,  
but space does not  permit a f u l l  d iscuss ion. )  This,  so f a r ,  i s  t h e  usual 
Tarskian idea  of a t ru th-recurs ion,  genera l i sed  t o  t h i s  more genera l  notion 
of  language. But now, we a l s o  i n s i s t  t h a t  each medium-defined m l a t i o n  
used i n  const ruct ing  conf igura t ions  corresponds t o  a s imi l a r  r e l a t i o n  i n  
t he  meanings, and t h a t  t h e  representa t ion  is a s t r u c t u r a l  homomorph of 
t ne  r e a l i t y  with respect  t o  these  r e l a t i ons .  That is, the  meanings of 
conf igura t ions  must e x i s t  i n  a space which i s  s imi l a r  t o  t h e  represen- 
t i n g  medium, and t h e  s y n t a c t i c  r e l a t i o n s  which a r e  displayed _directly by 
the  symbol-configurations of t he  language, must mirror semantic r e l a t i o n s  
of t h e  corresponding kind. The d i r ec tnes s  of a d i r e c t  representa t ion  l i e s  
i n  t he  n a t w e  of t h e  r e l a t i o n s h i p  between t h e  conf igura t ions  and t h e  r e a l i t y  
tney represent  ( i t  is a r e l a t i o n  of homomorphism r a t h e r  than denota t ion) .  
A scheme is no t  d i r e c t  because of any s y n t a c t i c  f ea tu re s  (such a s  being 2 -  
dimensional) of its schemes, o r  because of any spec i a l  q u a l i t i e s  (such a s  
Deing continuous) of t h e  worlds it describes.  

I t  is poss ib le  t o  g ive  formal grammars f o r  simple maps, t o  emphasise 
how t h i s  account f i t s  t h e  f a c t s ,  along t h e  l i n e s  of Rosenfeld's i so ton ic  
grammars [IS]. To emphasise again: nap-making conventions a r e ,  i n  t h i s  
view, a language, of which t h e  maps a r e  expressions.  The r e l a t i onsh ip  of 
these  expressions t o  r e a l i t y  i s  t h a t  t h e  pr imi t ive  symbols denote f e a t u r e s  
of a t e r r a i n  i n  a way def ined by t h e  map key, and t h e  pos i t i ona l  r e l a t i on -  
sn ips  between symbols d i r e c t l y  d i sp l ay  corresponding r e l a t i onsh ips  between 
the  denoted f ea tu re s .  

In  e l e c t r i c a l  c i r c u i t  diagrams, l i n e s  joining symbols denoting 
components d i r e c t l y  denote,  i n  t h e i r  topologica l  s t r u c t u r e  t h i s  t i n e ,  t h e  
e l e c t r i c a l  connec t iv i t i e s  i n  t he  a c t u a l  c i r c u i t .  Another example is 
provided by t h e  simple na r r a t ive  convention. In "tie got up. He got 
b e s s e d .  He went out.  He walked t o  t he  shop ... ", we understand a time- 
sequence which i s  d i r e c t l y  denoted by the  order ing of t he  ( t i n e l e s s )  
separa te  proposi t ions .  This convention i s  a l so  used in  programing 
languages and cartoon s t r i p s ,  with t h e  same s o r t  of semantics. P. f i n a l  
exanple i s  provided by networks. A network i s  a configuration which i s  a 
r e l a t i o n a l  s t m c t w e . W e b  g r m a r s  a r e  t he  apprcpl-iate pars ixg device. 
Tke most obvious way of g iv ing t 'nis a semantics i s  55. declar ing  t h a t  a 
m i e ?  i s  any r e l a t i o n a l  s t r u c t u r e  inzo which the  netwnrk car. Fe :3orraimr- 
?:,ical:;, embedded. Accorainp, t o  t h i s  seenantics, a netr,:ork has ?he 
meaning a s  t h e  canjunction of predica te  ca lculus  a t o m  corresponding t o  
t s e  arcs of tne  netkork. ( I t  i s  a s t r a i zh t f c rva rd  exerc ise  5n system 
programming t o  convert a l i s t  of such bon ic  assert i0r.s  i n t o  a network, 
maresented  in t he  core-s tore  n e d i m  by using 'addresses1  as  the  d i r e c t  
analog of ' i s  connected t o ' ,  f o r  e f f i c i e n t  r e t r i e v a l . )  As we w i l l  s ee ,  
noxever, one can give  a r a t h e r  d i f f e r e n t  senar.tics t o  netbicsks, which makes 
Tnem more expressive in  an inpor tant  way. 



A !>ore coaplc.te and rigemus account of t h i s  w i l l  be publirhsd 
e;seuner,e. 'Pie e r  pmi71ea is  t o  f ind  a genera l  pfeacise cha rac t e r i -  
s a t i o c  of what is neanr by " r ed im"  and "similari ' .  1 am cumen t ly  working 
oil an a lgeu ra i c  accomt  ( i n  wa,icil a  na*diwz is a  ca tegory) ,  but it i s  not 
ye t  a l t oge the r  s a t i s f ac to r ] .  iSuggestions a r e  welcome,) 

The importance of a l l  tkLs, apa r t  *on t h e  i n t r i n s i c  i n t e n s t  of t he  
sub jec t ,  seems t o  me t o  l i e  i n  t h r e e  points .  ( 1 )  I t  shows t \ a t  d i r e c t  
representa t ions  are not  incompatible with l i n g u i s t i c  representa t ions ,  and 
can be given a  p rec i se  m d e l  ttasoi-y along Tarskian l i n e s  (which supports 
Slornan's view i n  p23 ). ( 2 )  It suggests ways in  which e f f i c i e n t  deductive 
systems may be genera l i sed  fm work i n  conrputational logic .  ( 3 )  The 
notion o f  'medium' captures  t r e  i des  of l e v e l s  of representa t ion  mentioned 
e a r l i e r .  For a  medium may no? be physica l ly  d r e c t l y  present ,  but may 
i t s e l f  be represented  by conf igura t ions  i n  some q u i t e  o the r  medium, a s  in 
t n e  a r r ay  example, O r  again,  cons ider  a  simulation language l i k e  SIIIIILA. 

This provides a  medium consis t ing  o f  processes and events and ce r t a in  
r e l a t i o n s  between them. This medium, taken i n  its own terms, g ives  a 
d i r e c t  representa t ion  o f  time wnich is of ten  extremely useful .  But i f  one 
=deeper, time i s  represented  i n  a  qu i t e  i n d i r e c t  way involving numerical 
desc r ip t ions  and long chains  of inference.  This 'looking-deeper' means 
not t r e a t i n g  SIMilLA a s  a  medium t o  be used t o  r ep re sen t ,  but r a t h e r  as  a - 
r e a l i t y  which i s  i t s e l f  represented  i n  some medium (say,  FORTRAN o r  
assembly language). The choice of pr imi t ive  r e l a t i onsh ips  def ines  both 
t h e  medium and t h e  level a t  which ana lys i s  w i l l  cease. 

This shows, i nc iden ta l ly ,  t h a t  Slonan's arguments f o r  t he  u t i l i t y  
of analogica l  r ep re sen ta t ions ,  based on t h e  idea  t h a t  they a r e  somehow 
more e f f i c i e n t  i n  use than Fwgean representa t ions ,  a r e  f a l l ac ious .  For 
an analogica l  r ep re sen ta t ion  may be embedded in  a  medium which i s  i t s e l f  
represented i n  a  Fregean way i n  some o the r  medium. Any discussion of 
e f f i c i ency  must take  i n t o  account the  computational p rope r t i e s  of t h e  
medium. 

3 .  Exhaustiveness and p l a s t i c i t y  - 
An important f a c t  about schemes with Tarskian semantics i s  t h a t  a  

configuration i n  such.a scherae is ,  i n  general ,  a  p a r t i a l  de sc r ip t ion  of 
tne  environment. I t  const ra ins  t he  form of a  s a t i s f y i n g  world, but does 
not ( in  gene ra l )  uniquely determine one. And even i f  it does uniquely 
determine a  world ( i s  ca t ego r i ca l ,  in the  t echn ica l  term ) x i s  f a c t  can 
only be determined by metamathematical ana lys i s :  t he re  i s  no sense in  
which one can say in  t n e  scheme i t s e l f ,  " t h i s  i s  a  conplete d e s c r i p t i o ~ " .  

!;ow t h i s  means t h a t  one has the opportunity of adding i n f o r m t i o n  
ad iic, f u r t h e r  sneci fy ing t h e  world. (Eence the  idea of conjunction -- 
a r i s e s  very na tu ra l ly ) .  The process of adding infornat ion  can be a r r e s t ed  
only by the  whole conf igura t ion  becoming incons i s t en t ,  i .e .  making an 
a s se r t i on  about t h e  world which i s  so  s t rong t h a t  no such world e x i s t s .  
Zifferer.t schemes w i l l  have e i f f e r e n t  p a r t i c u l a r  notions of consistent:!, 
zut t h i s  genera l  ou t i i ne  follows from the  & s t r a c t  p rcpe r t i e s  of t he  
s a t i s f a c t i o n  r e l a t i onsh ip  between c ~ ~ f i g d r a t i o n s  and worlds. This a i i l i t : :  
t o  accept new pieces  of In foma t ion  and t o  gradually accumulate rtnoriledge 
2iecerneal i s  one of t h e  most vali;ahle aspects  of Tarskian schemes. Thus, 
the  idea of a  'itnowledge base'  of Se?arate pieces of information,  t o  which 
new pieces can he added f r ee ly  without a  need,in p a r t i c u l a r ,  t o  pay a t t e n t t o n  
t o  contro l  flow o r  o the r  o r g m i s a t i o n a l  mat ters ,  i s  very f ami l i a r  and 
im?ortant. 



This p o s s i b i l i t y  o f  adding information is one aspect of  a scheme's 
l a s t i c i t y ,  i . e .  t h e  ease with which changes can be made t o  configurations 

en  the  scheme. P l a s t i c i t y  is e s s e n t i a l  f o r  non t r iv i a l  l e m i n g ,  and f o r  
any system working on l imi ted information i n  an uncertain world. 

tiowever, t he re  a r e  times when one does want t o  be ab le  t o  make a 
claim of exhaustiveness i n  a representat= For example, we might want 
t o  represent  t h a t  = t h e  r e l a t i o n s  o f  a c e r t a i n  kind, between the  e n t i t i e s  
represented i n  t h e  configuration, are a l s o  represented i n  the  configuration; 
o r ,  t h a t  a l l  t he  f a c t s  about some e n t i t y ,  which a r e  i n  some sense re levant  
t o  some p s l e m  o r  t a sk ,  a r e  present i n  t h e  configuration. 

One important example of  t he  need f o r  t h i s  s o r t  of assumption i s  t he  
well-known frame problem. Consider a t r a d i t i o n a l  descr ip t ion of the  
mnkey-bananas problem, i n  na tu ra l  English. How do you know the re  i s n ' t  
a rope from the  box, over two pulleys,  and down t o  t h e  bananas (so  t h a t  a s  
you move t h e  box, t he  bananas ascend out of reach)?* Well, we assume t h a t  
t h e  simple descr ip t ion has given us = t h e  =levant information t o  do with 
causal  chains i n  the  s i tua t ion :  we assume it is an exhaustive account of 
t he  machinery of the  room. Much of t h e  d i f f i c u l t y  of  t h e  frame problem 
l i e s  i n  t h e  impossibi l i ty  of  expressing t h i s  assumption i n  t he  r ed ica t e  
calculus.  (Using t h e  causal-connection theory developed i n  149, we could 
say t h e r e  was no causal  connection between the  box and t h e  bananas; b r  
t h a t  is not s t r i c t l y  t r u e :  the  monkey can throw one a t  t he  o the r ,  f o r  
example. In any case it is unsat is factory  a s  a general  solut ion. )  

(Parenthet ica l ly ,  I would l i k e  t o  take  t h i s  opportunity of  suggesting 
t h a t  we should s t o p  t a lk ing  about t h e  frame problem. There are, it is 
now c l e a r ,  s eve ra l  independent d i f f m t i e s  bound up in  t h e  normal formu- 
l a t i o n .  One was ju s t  noted; another is the  lack of  a good representa t ion 
of  the  way i n  which causal  chains follow t r a j e c t o r i e s  determined by mecha- 
nisms i n  t h e  environment; another is the  h e u r i s t i c  problem of  organising 
inferences  involving causal i ty .  The presence of s t a t e -va r i ab le s  i n  the  
language is not p a r t  of  t h e  problem, a s  some authors seem t o  have believed.) 

Another, r a t h e r  d i f f e r e n t ,  example of a claim of exhaustiveness i s  
provided by the  s o r t  of analogy reasoning epitomised by Evan's well-known 
program, and formalised i n  the  Merlin system [(6]. This is normally 
regarded a s  e s s e n t i a l l y  non-deductive reasoning, but it can be regarded 
a s  deductive reasoning from some r a t h e r  s t rong  hypotheses. Thus, suppose 
we decide t h a t  a ce r t a in  co l l ec t ion  of  propepties of  an individual ,  taken 
together ,  cons t i tu t e s  an exhaustive descr ip t ion of it, from a ce r t a in  
'point of view'. For example, we might say t h a t  a man was a mama1 with 
a nose and f ee t .  What could t h i s  mean? Well, it might mean t h a t  ce r t a in  
f a c t s  about men can be es tabl ished by the  use of these  proner t ies  only: 
t h a t  is ,an e s sen t i a l ly  proof-theoretic a s se r t ion .  Now, with t h i s  meaning, 
i f  we replace  the  p rope r t i e s  i n  the  descr ip t ion with o thers  (of t h e  same 
' t ype ' ,  i n  sone sense: e.g. with corres2onding s o r t  s t ruc tu res  i n  a m u l t i -  
s o r t ed  Logic), then corresponding f a c t s  can be es tabl ished r e i a t i v e  t o  
the  a l t e r n a t i v e  proper t ies .  Thus, in the  example of 1161, i f  a p ig  i s  a 
mama1 with a snout and t m t t e r s ,  then we can regard a p ig  a s  a man with 
a snout f o r  a nose and t r o t t e r s  f o r  f e e t .  The existence of the  'analogy' 
follows from tile (presumed) suff ic iency of the l i s t  of proper t ies .  I t  
fo l lous  deductively from the  claims expressed in the puta t ively  exhaustive 
descr ip t ionrof  men an6 pigs. 

*This example due t o  Alan Newell 



This  account  o f  a n a l 0 3  (which is  r e l a t e d  t o  IClingls ideas)  
s d g g e s t s  n a t w a l  explana t ion  o f  ( f o r  example) tire breakdown o f  an 
analogy ( t h e  c la im o f  exhaus t iveness  f a i l s :  e .g.  some p r o p e r t y  o f  rren 
needs ot , .er  nyr;ntiteses thdn t h e s e  of  noses cmd f e e t ) ,  and n a t u r a l l y  
r e l a t e s  k a i o g i c a l '  and 'deduc t ive1  reasoning.  

tiow, t n e r e  is a way i n  un ich  a d i r e c t  r e p r e s e n t a t i o n  can De 
cons idered  t o  be eatnailstive, by a s l i g h t  a l t e r a t i o n  t o  t n e  semantic 
r u l e s .  We may i n s i s t  t h a t  t h e  medium-defined r e l a t i o n s  o f  a  conf igura-  
t i o n  completely mirror t h e  cor responding  r e l a t i o n s  i n  t h e  r e a l i t y :  t h a t  
i s ,  t h a t  a  meditum-defined r e l a t i o n  h o l d s  between subconf igura t ions  if 
and only  i f  t h e  corresponding r e l a t i o n  holds  i n  t h e  s o r l d  betiieen t n e  
e n t i t i e s  denoted by t n e  subconf igura t ions .  Let u s  c a l l  such a re7"esen- 
t a t i o n ,  s t r o n g l y  d i r e c t .  

For example, a  map is s t w n g l y  d i m c t  i n  t h i s  sense :  t h e  2 -  
dimensional  s p a t i a l  r e l a t i o n s h i p  which hold  be tseen  t o m s ,  r i v e r s ,  e t c .  
a l s o  nold i n  t h e  map between t h e  symbols denot ing  them. (They a r e  aisa, 
o f t e n ,  exhaus t ive  i n  a s t r o n g e r  sense ;  t h a t  a l l  t h e  e n t i t i e s  (towns, 
r i v e r s )  p r e s e n t  i n  t h e  r e a l i t y  a r e  denoted by symbols i n  t h e  map. Thus 
we s a y ,  o f  a  map w i t h  a r i v e r  miss ing ,  t h a t  it i s  wrong, n o t  j u s t  incom- 
p l e t e .  :t mis leads  us because we assume t h a t  i f  a  r i v e r  i s n ' t  marked, 
it i s n ' t  t n e r e . )  

An example o f  a  d i r e c t  r e p r e s e n t a t i o n  which i s n ' t  s t r o n g l y  d i r e c t  
is provided by networks: a  r e l a t i o n  may w e l l  n o t  be d i sp layed  i n  t h e  
graph. However, we can a l s o  use networks as a s t r o n g l y  d i r e c t  represen-  
t a t i o n ,  i f  we cons ider  t h e  medium t o  be  t h e  a l g e b r a  o f  r e l a t i o n a l  
s t r u c t u r e s  w i t h  a given s i g n a t u r e .  Thus we would i n s i s t  t h a t  e i t h e r  all 
o r  none of t h e  i n s t a n c e s  o f  a c e r t a i n  r e l a t i o n  a r e  d i sp layed  i n  t h e  network. 
A f x y  t r e e  is a s t r o n g l y  d i r e c t  r e p r e s e n t a t i o n  i n  t h i s  s e n s e ,  r e l a t i v e  
t o  t h e  r e l a t i o n s h i p s  ' c h i l d  o f '  and 'marr ied ' .  With t h i s  semant ics ,  
(which can be s p e c i f i e d  a l g e b r a i c a l l y )  a  network is no longer  equiva lenr  
i n  meaning t o  t h e  s imple  conjunc t ion  o f  t h e  atomic f a c t s  r e p r e s e n t e d  i n  it. 
( I f  h e  c a l l  t h i s  conjunc t ion  C ,  it is  e q u i v a l e n t  t o  C wi th  t h e  added r u l e :  
i f  C 0 t h e n  1 0 ,  f o r  any atom 0 i n  t h e  a p p r o p r i a t e  vocabulary.  Winston's - 
use o f  n e G k s  t o  d e s c r i b e  concepts  [%I seems t o  be c l o s e r  t o  t h i s  
l a t t e r  semant ics  than  t o  t h e  former one,  f o r  example. 

In  unpublished work a t  S tanford ,  Ar thur  Thomas i s  developing a 
d i f f e r e n t  approach t o  combining exhaus t iveness  wi th  a Tarskian semant ics ,  
based on Hin t ikka ' s  'model sets'. 

S t rongly  d i r e c t  r e p r e s e n t a t i o n s  a r e  l e s s  p l a s t i c  than  d i rec t /Tars f i ian  
r e p r e s e n t a t i o n s ,  i n  t h a t  information cannot  be accumulated piecemeal  i n  
t h e a .  To add informat ion  t o  a s t r o n g l y  d i r e c t  r e p r e s e n t a t i o n  is t o  a l t e r  
t n e  in format ion  expressed by i r .  A l t e r a t i o n s ,  a s  opposed t o  mere a d m n s ,  
r a i s e  pronlerris o f  t h e i r  own. 

-. ine t r o b l e  with a l t e r a t i o n s  is  t h a t  t h e  information ?eir .g a l t e r e l  
ma] have been used earliei- a s  a premis i n  a deduct ion  o f  some kind.  Thus, 
o t h e r  p i e c e s  o f  in format ion  which obtair ,  t h e i r  suppor t  i n  some s e n s e ,  frcm 
t:ie a l t e r e d  Informat ion ,  a r e  now endangered,  and shoc ld  pro>&::? ts ye- 
examined. This seems t o  r e q u i r e  t h e  system t o  keep an e w i i c i t  recs?c  cf 
.:ow it f o r n e c  i t s  b e i i e f s :  a  . ; is tory of i t s  own t h i n k i n g .  And ?:;is s e e m  
>ror~i .ui tLveljr  expensive ( o f  e i t h e r  space o r  t ime:  one could recom?ute 
r a t h e r  t h a n  s t o r e ) ,  due t o  exponent ia l  f a c t o r s  i n  t h e  amo,mt o f  information 
r e q u i r e d ,  



Under same cbs l cmtances ,  i t  may bs poss ib le  t o  re-evaluate a 
b@:ief on c r i t e r i a  i ndepndan t  imam its o r i g i n a l  de r iva t ion ,  a s  f o r  
example i n  adjus t in$  t h e  f i t  of l i n e s  t o  a gray-level p i e t m  ( t h i s  
observation due to Aaron S l o m ) ,  but In  general  I do not think one 
can avoid t h e  pmblea .  

This d i l e m  insoluble .  There must be a c l eve r  s e r i e s  of 
compmraises which s t e e r  as between i t s  horns,  but I don't  know o f  any 
work i n  t h i s  d i m e t i o n .  

%re far-reaching a l t e r a t i o n s  t o  a representa t ion  which one can 
envisage include changes t o  t h e  bas i c  ontology, t o  t h e  s o r t s  o f  e n t i t y  
t o  which it r e f e r s .  The in t roduct ion  o f  substances i n t o  a schelue 
o r i en t ed  towards descr ib ing individuals  is such a change, f o r  e x a q l e  
( s ee  s ec t ion  6 ). Minsky and Papert LISJ !ive another r a t h e r  simpler 
example: t h e  change f r o m  a two-place relation of  support between ob jec t s  
t o  a support  r e l a t i o n  between an ob jec t  and a co l l ec t ion  of ob jec t s ,  
needed t o  descr ibe  e.g. an archway o r  a t ab l e .  As they remark, t h i s  
a l t e r a t i o n  seems t o  r equ i r e  a complete rebui ld ing of a l l  knowledge &out 
suppor t ,  f o r  t h e  a c t u a l  l o g i c a l  grammar of t he  a s se r t i ons  has changed. 
However, i n  t h i s  and s i m i l a r  cases one can see  t h e  general  ou t l i nes  of 
how it might be done. The fundamental s t e p  i s  t o  introduce t h e  new notion 
of support  a s  a new pr imi t ive  idea  ( t h i s  is t h e  r e a l l y  k r e a t i v e '  a c t ) ,  
and then def ine  t h e  o l d  notion i n  t e r n  of t h e  new one, i.e. regard the  
o ld  concept henceforth as an abbreviation f o r  its de f in i t i on  i n  terms o f  
t h e  new one. In t h e  example, support (a ,b)  would be defined a s  
support  (a,Cb]). This preserves t h e  o l d  theory of support a s  a spec i a l  
case of a new, more genera l ,  theory (which is y e t  t o  be defined).  There 
is, however, a s t rong  cons t r a in t  on t h e  new theory,  v iz .  t h a t  i t ' exp la ins '  
t h e  o l d  tneory. Thus, statements of t h e  new theory which t r a n s l a t e  s t a t e -  
ments of t he  o l d  theory  must be der ivable  ( i n  t he  new theory).  

This corresponds t o  t h e  idea  t h a t  t h e  a l t e r a t i o n  is somehow a 
refinement o f ,  o r  an improvement upon, t h e  former representa t ion .  A 
s i m i l a r  change, but i n  which t h e  new concept completely replaced the  
o l d e r  concept, which was r e j ec t ed  a s  wrong o r  unusable, could not be 
handled t h i s  way. 

This wnole i s sue  of p l a s t i c i t y  i n  representa t ion  is important not 
only f o r  learning,  but a l s o  f o r  everyday program development reasons,  and 
f o r  debugging. For we must be able  t o  modify and improve t h e  representa t ions  
of knowledge i n  t he  &grams we wr i t e ,  and t h i s  i s  of ten  f a r  from easy, 

4. Evident ia l  Reasoning 

There i s  a cont inual  need, e spec i a l ly  i n  perception,  t o  represent 
i n foma t Ion  concerned with one be l i e f  being evidence f o r  another.  It 
seems c l e a r  t n a t  one needs t o  maie reasonings concerning such matters 
e x p l i c i t  so  t n a t  tney can be properly r e l a t e d  t o  o ther  reasonings,  and 
can 'Ye adjus ted  in  t h e  l i g h t  of experience ( see  sec t ion  3 ) .  The problei. 
i s  how t o  aaequately e r e s s  the norlon of one knowledge-fragment ( o r  
col:ectlon of f r a p e n h n g  'good evidence' f o r  another. 

There seen t o  be seve ra l  notions of good evidence, but a l l  can be 
put i n t c  a common framework: A i s  g o d  evidence for B (under assumption 
Th, say) i f  the  conjunction f A  & not E) i s  somehow uni ik ly  o r  implausible 
G: i f  t h i s  follows f r o m  E). TS, fo r  example, i f  A e n t a i l s  B then 8. 
i s  q good evidence f o r  a, f o r  the? ( A  g 9 )  i s  In 
Guzman s V O ~ K  [ 8 ]  back-to-back 'T's a r e  good evidenc s ion  of 





19~w, t h i s  mtadeduc t ive  i n f e r n t i o n  needs t o  Isc mado e x p l i c i t  and 
s s g e ~ a t s d  f m a  tth facterrai i n f a m t i o n  =presented in t he  s c h s m ,  f o r  
masons  of s s ~ a n t i c  c l a r i t y ,  p l m r i c i t y  and deductive ponak. For example, 
t h e  res idue  of PUNNER upon ssparzsting ou t  c o n t m l  i n f o m i i o n  I s  a  Logic 
wnictr re.seml?les i n t u i t i o n i s t  predica te  ca l cu lus  . Results l i k e  t h i s  
a m  impomnant: they g ive  us an i nk l ing  o f  how a  sammt ic  theory might be 
au t  together ,  (Unbstuna-hely, i n t u i t i o n i s t  Logic i t s e l f  has a r a t h e r  
mwky semwntics.1 The c o n t m l  in foma t ion  which can be r epwssn tad  in  
P W N E R  is r e t h r r  l imi t ed ,  a s  t h e  CONNIVER au thom enrphesise [233. Their 
so lu t ion ,  t o  give t h e  u se r  access  t o  t h e  iwlementa t ion  pr imi t ives  of 
PLMNEW, is houevar, s s m t h i n g  of a w t m g m d e  s t e p  (what a r e  CONNIER's 
semantics?),  al though prpnamaticelPy useful  and LqorPant  in t h e  sho r t  t e r n ,  
h h a t t e r  so lu t ion  is t o  give t h e  user  access  t o  a  meaningful s e t  of 
pr imi t ive  contra1  a h i i i t i a s  i n  en explici:  r ep re sen ta t iona l  scheme 
concerned with deductive contro l .  This is the  bas ic  idea  of t h e  GOWIX 
projec t  now underway a t  Essex E f f l .  

The problem is t o  f ind  a good s e t  of cont ro l  pr imi t ives .  Mhat 
cont ro l?  One answer t o  t h i s  is t o  pick on a  f ixed mechanism ( the  i n t e r -  
preter-)  associa ted  with t h e  language, and t o  r e l a t e  e o n t m l  t o  t h i s  
mechanism in .  mare o r  l e s s .  t h e  way an o rde r  code r e l a t e s  t o  an ac tua l  
computer. ~ ; t  t h i s  tends  f o  be i n f l e x i b l e  and a r b i t r e y .  The GOWX 
answer is t h a t  con t ro l  is a  desc r ip t ion  o f  t he  behaviour of t h e  i n t e r p r e t e r .  
The exact na ture  of t h e  i n t e m r e t e r  is not defined. only t h a t  it const ructs  . . 
proofs accarding t o  some predefined s t r u c t u r a l  ru l e s ,  The d e s c ~ i p t i o n s  i n  
cont ro l  a s se r t i ons  consisa in  i t s  behaviour more o r  l e s s  t i g h t l y .  I t  is, 
I bel ieve ,  important t h a t  con t ro l  i n f o m a t i o n  be represented in  a  scheme 
compatible with t h e  sehelne used f o r  ' f a c t u a l '  information,  so  t h a t  con t ro l  
can be involved i n  i n f e r e ~ i c e s ,  added t o ,  and changed. 

Control pr imi t ives  i n  GOLUX include predica tes  on, and r e l a t i o n s  
between, p a r t l y  const ructed  proofs i n  t he  search space; desc r ip t ions  of 
co l l ec t ions  of a s se r t i ons ;  and pr imi t ives  which descr ibe  temporal r e l a t i o n s  
between events such a s  t h e  achievement o f  a  goal (e .g ,  t h e  const ruct ion  of 
a  proof) .  The major source of d i f f i c u l t y  i s  t h e  tens ion between t h e  
expressive power of t hese  pr imi t ives  and t h e i ~  implementabflity: it i s  
important t h a t  they be s u f f i c i e n t l y  simple t h a t  t h e t r  t r u t h  can be rapidly  
t e s t e d  agains t  t he  a c t u a l  s t a t e .  

GOLUX is based on recent  ideas  i n  computational l og i c  !-10,/2]. 
Other authors  have a l s o  r ecen t ly  enphasised t n a t  computational l o g i c  pro- 
vides a powerful t h e o r e t i c a l  framework f o r  problem-solving and computational 
processes D4,2fI 171, although we a r e  not in complete agreement a s  t o  which 
is the  best franework. 

A cornor. a r ea  of d i f f i c u l t y  botn here and in  ev iden t i a l  reasoning is 
t o  get  a good notion of a  ' t heo ry ' :  an organised body o f  knowledge &?out 
some sue ject-area.  

E .  Substances, P a r t s  2nd kssezbl ies  - 
S v e q  re ; resenta t ional  scnene known t o  me i s  ;asel  u l t<mareiy ,  l i k e  

pree ica ie  c a i c u l s ,  on :he idea o f  separa te  Lncividuai en ' i i t ies  and 
r e l a t i o n s  between them. 

Eut our in t rwspect ive  world-picture a lso r.as q ~ i : e  d i f f e r en t  ' s t u f f ' ,  
viz.  s b s t a n c e s :  water,  c l ay ,  snow, s t e e l ,  wood. Linguis t ica l ly ,  these -- are meanrngs of mass terms. S w s t m ~ c e s  a r e  f~mdarnental:? ver"$ d i f f e r a ~ t  
f r o m  individuals ,  and i mow of no scheme wnich seems capable of s a t i s f a c -  
turilj nanaling them. I became aware of t h i s  y ro~i iem f m ~  reading 



We oeera  spa& ras though %&stance8 u e m  individuals  having 
p r a p e ~ t i e s  and r e l a r i c n s  one t o  another  and t o  ~sse conventional 
individuals :  s t e e l  is densa, b W  is t h i c k e r  than water,  h i s  head is 
made of wood. The reBstion of" sseew p a r r i c u l a r l y  important. 
But appearances we deceptive,  

Does s w a t e ~  is w e t '  mean t h e  salae a8 'all samples of wzter ilrs 
wet'? I th ink it doas: we c e r t s i n l y  want t o  be able  t o  i n f e r  from 
'water is wet\  t h a t  a t h i s  smpke of water is viet'. This suggestD a": 
f i r s t  s ighe  t h a t  we should treat  of s tu f f  a s  individua' is ,  w'lich 
see- f a i r l y  acceptable ,  But tk viduahs a= a l s o  r a t h e r  srpanpe, 
e spec i a l ly  fop f l u i d s .  I f  you pa t  together  two pieces of water yob get  
one p iece ,  not two: we have t o  speak of ~ u e  (of s t u f f )  before He 
can use ar i thmet ic .  ( I t  i s  s w f i c a n t  t h a t ,  a s  Piaget has shorn, 
children proper ly  unCesstand t ' r ?  concept of quan t i t y  only a t  qu i t e  a l a t e  
s t age  of development,) Horeove~, we should d i s t i ngu i sh  p rope r t j e s  which 
a piece o f  s t u f f  bas by v i r t u e  af  i ts  being a p iece  ( s i z e ,  shape),  f r o m  
those which it has by v i f t u e  of i t s  being made of s t u f f  (dens i ty ,  hardness, 
r i g i d i t y ) :  f o r  t h e  farmer, but not  t he  t a t t e r ,  can be e a s i l y  a l t e r e d  by 
physica l  manipalations.  It r e a l l y  seems t h a t  we cannot ge t  away f m m  
substances no mat ter  how hard w t r y .  

Let me emphasise t h a t  t h i s  problem is not a by-product of a nomin- 
list phi losophica l  pos i t i on ,  I have no ob jec t ions  t o  p la tonic ,  a b s t r a c t ,  
non-physical individuals .  That's not t h e  d i f f i c u l t y .  The d i f f i c u l t y  is 
s ind iv idua l s '  which appear and disappear ,  o r  merge one with another,  a t  
t he  s l i g h t e s t  provocation: f o r  they p lay  havoc with t he  model theory ,  

This seems t o  me t o  be one o f  t h e  most d i f f i c u l t  problems in  repre- 
s en t a t ion  theory a t  present .  The only way I can imagine handling 
substances is by regarding each substance a s  a ( spec i a l  s o r t  o f )  indivi -  
dual,  t o  which such p rope r t i e s  a s  hardness,  dens i ty ,  e t c .  a r e  a t t r i bu t ed .  
These individuals  can be  regarded as p la ton ic  i d e a l s ,  o r  a l t e r n a t i v e l y  a s  
t h e  physica l  t o t a l i t y  o f  a l l  samples of t h e  substance: you can take  your 
nominalism o r  leave  it. We have t h e  naPve axiom 

(e.g. : a lump o f  hard s t u f f  is hard).  

which t ransmits  p rope r t i e s  f n r ;  substances t o  p ieces  of them, (Caw i s  
needed: s t e e l  sh ips  f l o a t ,  f o r  example; a f a c t  which of ten  amazes young 
chi ldren . )  Eiotice t h i s  axiom is  f i r s t - o r d e r  ( i n  a sugared syntax).  
Quantity is now a funct ion  from (p i eces )X(s tu f f )  t o  some sca l e  of measwe- 
nent ,  so we can express conservation of quant i ty  through some physical  
a l t e r a t i o n  Q by: 

And so on. This works up t o  a po in t ,  but seems t o  F& t o  be e s s e n t i a l l y  
unsat i s fac tory .  

There i s  a c lose  analogy between being made of a substance,  and 3eing 
made u of a number of pa r t s .  And a corresponding analogy betueen uant i ty  & and number (of p-s). Sand and p i l e s  of small  pebbles :re 
intermediate cases:  and we often t r e a t  an assembly of individuals  a s  a 
f l u i d ,  e.g. a s  i n  " t r a f f i c  flow". The major d i f ference  seems t o  be t h a t  
d i f f e r e n t  s c a l e s  of measurement a r e  used i n  conunon-sense reasoning (but 
not i n  physics. where quant i ty  i s  number of atoms), a s  t h e  "paradox of t he  



heap" shows. "Pire runs a s  follows: a  heap with cane atone in  it is m a l l ,  
I f  you atid j u s t  one s tone  t o  a  slag11 heap, i t ' s  s t i l l  a  small  heap. 
hence by mtheme t i ca l  induction a l l  heaps a r e  senall. "re @'paradoxt cones 
by switching from the  i n f o m a 1  quant i ty  s c a k o f  'small-large'  t o  t he  
p r e c i s e  number sca le .  Induction is not  va l id  i n  t he  former, which ( f o r  
a x a ~ l e )  exh ib i t s  hys t e re s i s .  

Things rn of t en  made up of p a r t s  joined o r  r e l a t e d  in  s o w  way. 
Obvious exglnples a r e  physica l  ob jec t s  m d e  of p i eces  glued o r  assembled 
together :  cups, caps,  steam engines, animals. But t h e m  are other3: prourn= 
made up o f  subprocesses; t ime- in tervals  made up o f  times. The idea  of 
organised co l l ec t ions  o f  e n t i t i e s  being regarded themselves a s  e n t i t i e s  
penneates OW th inking,  

Now t h i s  f a c t  s t r i k e s  a t  t h e  roo t  of an ' individual-based'  ontology 
i n  t h e  same s o r t  of way t h a t  substances do. The only way of handling 
co l l ec t ions  i s  t o  count = t h e  co l l ec t ion  and its p a r t s  as  individuals ,  
r e l a t e d  by some s o r t  of made o f  o r  has-as-part r e l a t i on ,  But then these  
assembled individuals  behave i n  odd ways: they sometimes merge (two heaps 
make one heap) l i k e  p ieces  of s t u f f :  sometimes they can be disassembled, 
cease t o  e x i s t  f o r  a  time and then perhaps be reassembled: i s  it t h e  same 
individual?  (Our i n t u i t i o n  says:  yes ,  i n  most cases).  

Modal l og i c i ans  now have very e legant  semantic t heo r i e s  which can 
accommodate such odd behaviour in individuals .  But these  allow an 2 pa t t e rn  of vanishing, reappearing and changing proper'ties. The polnt  i s  
t o  f i n d  a  way of represent ing  the  f a c t  t h a t  composite individuals  have 
t h i s  spec i a l  way of vanishing (being taken a p a r t ) ,  and t o  d i s t i ngu i sh ,  f o r  
example, those  composites which cannot be reassembled (animals,  cups) from 
those t h a t  can ( ca r s ,  steam engines):  and t o  do a l l  t h i s  i n  a  framework 
which assumes t h a t  t h ings ,  by and l a rge ,  don' t  j u s t  vanish and reappear 
spontaneously. Composites a r e  thus  a  d i f f e r e n t  5 of  individual ,  in a 
very deep sense. 

A r e l a t e d  i s sue  is how t o  s t a t e  c r i t e r i a  upon which we r e i f y  a  
co l l ec t ion  i n t o  a  composite individual .  Physical  compactness is sometimes 
s u f f i c i e n t  ( a  heap), but not  always necessary ( the  wiring system of a  house),  
f o r  example. Of course,  one does not expect a  s ing le  general  answer, but 
I do not  know o f  any reasonable answers a t  a l l ,  even f o r  spec i a l  cases. 

I have already remarked on the  s i m i l a r i t i e s  between being made of 
( s t u f f )  and being made up o f  ( p a r t s ) .  I s  t h i s  anything more t h a d f a c n  i l e  
analogy? Is the re  some common framework in  which the  fundamental ontologi-  
c a l  not ion ,  r a t h e r  than exis tence ,  is space-occupancy? I t  might be useful  
t o  s t r i v e  f o r  a  representa t ion  which allowed t h e  simultaneous expression 
in  d i f f e r e n t  schemes of both ' ex is tence '  and 'space-occupancy'. (The 
schemes would, I believe,ve t o  be e s s e n t i a l l y  d i f f e r e n t . )  Indeed, i n  
a  crude way one can see  how i t  might be done d i r e c t l y  by "arrays of fac ts" :  
t he  ar ray  subsc r ip t s  g ive  one access v ia  s p a t i a l  r e l a t i o r s h i p s  t o  the l o c a l  
presence of ob jec t s ,  which :artake of = l a t ionsh ips  ( represented  by 
a networn, s a y )  between themselves and o the r ,  non-space-fi l l ing,  indivi -  
d . ~ a l s  (such a s  colours) .  Decomposabili-ty i s  indica ted  i?, the  ar ray  a l s o  
by 'break l i n e s '  wriicii separa te  the space i n t o  regions:  d i f f e r en t  s c r t s  
of connection could be f a i r i y  ea s i ly  handied (glued, detachab1.e .., ).  
3ut t h i s  i s  ve ry  crude and has s eve ra l  c r u c i a l  drawbacks (norably p l a s t i c i t y :  
imagine moving an ob jec t  tnrougn the  space, preserving i z s  shape.)  



Huch hear Ls p c n e ~ a t e d  $Y disputes  baaed o r~  c C % a s ~ i f f ~ a t i ~ ? b i b  which 
do not comesp8~1d wieh the  f a c t s ,  n r  ~ h i c h  a t  l e a s t  k v r  outlivaaf. t h e i r  
usef&ness, Tow sueb sm tha '"enerality vs, ewk;iertPsat"deata m ~ d  t he  
s o w  recen t  '$mccdwra vo, msemiona"  debate. @oth of these  aabae f r o m  
a r e v a s i o n  agains t  a g a n ' t i c ~ A w  s m l y  naive idea &out how 2s orgasrise 
i n t e l l i g e n t  p~a&r;nm, which m e  could (perhaps u n f a i r l y )  c a l l  t h e  genera?. 
problem-solver fal?iacy, C%pw Bap.pe9.t. c a l l s  it, t h e  a l i t d i n g  white 
' l ight theory.  

This was the  early SnstTence  that p m b l e ~ - s o l v i n g  nsthods nad t o  
be wrapped up i n   lack boxes ca l l ed  problem-solvers,  whose (canly) lnpuC 
was a problem and whose (only] cutput a  so lu t ion ,  ?x.ohlem-solvers were 
supposed t o  be a s  md as a s  poss ib le ,  One had nor: t o  
"cheate' by "givin bBm-s so lu t ion  i n  any sense,  o,g,  
by e p r o g l - a m b g  it o r  c l e v w l y  ceding t h e  problem i n  some we>r ( t h i s  is 
made e x p l i c i t  i n  [79 1, U ~ B r t u n a t e l y ,  of course,  t h i s  col?ect ion  of 
r u l e s  means that t he re  is of g e t t i n g  sa jecr-mat ter -dependant  
knowledge i n t o  t he  ulack b it eannat be t he re  ( v i o l a t e s  
gene ra l i t y ) ,  and it cannot be put i n t o  t he  pmblerr, ( c  and the re  
a r e n ' t  any o t h e r  inputs .  This is  a  ca r i ca tu re ,  but not much of a  cmice -  
t u re .  Mucn work i n  automatic theorem~proving wsls done with t h e  imp l i c i t  
idea  t h a t  t h e  theorem-provers were t o  be regarded a s  problem-solvcss i n  
t h i s  sense  (c.f .  t h e  widely P e l t  'need1 f o r  adequate cr i tcsr ia  of r e l a t i v e  
e f f i c i ency  o f  theorem-provers: "my problem-solver is more powerful than 
yours". (See [2,10] f o r  a  f a l l e r  d iscuss ion) ,  

The HIT school have now succeeded admhably  i n  des tmying  t h i s  idea, 
but unfor tunate ly  have got ten  it confuaed with some others ,  Stmely we 
need both gene ra l i t y  and expe r t i s e :  t h e  f a l l a c y  is not t h e  mphas i s  un 
g e n e r m Y ,  but t h e  i x s t e n c e  upon t h e  black box and t h e  "no c t~ea t ing"  
ru l e s .  The general  mechanism o f  means-end ana lys i s ,  h e u r i s t i c  search 
and computational l o g i c  should not be r e j ec t ed ,  but r a t h e r  incorporated 
i n t o  more f l e x i b l e  systems, s a t h e r  than wrapped up i n  closed 'pmhlern- 
s a lv ing  subrout ines '  o r  'methods' o r  whatever. Thus, t o  r e j e c t  ccmven'tional 
uniform theorem-proving s y s t e m  because they work with a s s e e i o n a l  r a t h e r  
than 'procedural '  languages, i s  t o  miss t he  point.  (Whether sl language k 
considered t o  be a  programing language c~r. not ,  i s  l a rge ly  a matrer of 
t a s t e ,  i n  any case. LISP can be regarded as  (an incomplete) higher-order 
predica te  ca lculus ,  o r  a s  a  --order appl ied  predica te  c s l cu lus :  
predica te  ca lculus  can be regarded a s  a  programing language, alt\ough bv 
i t s e l f  not a  very good one.) The fo rce  of t h e  MIT c r i t i c i s n  o f  computa- 
t i o n a l  l og i c  is d i r ec t ed  agains t  t h e  'problem-solverq view a d  i t s  conse- 
quences, e spec i a l ly  t h e  lack  of any access ib le  and manipulable ( p r o p a m a b l e )  
con t ro l  s t u c t u r e  i n  conventional tneorem-proving systems. The G O M X  system -- 
r e f e r r e d  t o  e a r l i e r  is an attempt t o  f i l l  t h i s  lack d i r e c t l y  with an 
e spec i a l ly  devised con t ro l  Language. 

A more recent a t t ack  on conventional theorem-~rcving 573 1s t ?a?  
it i s  t oo  concerned with "machine or iented"  log ic ,  and not e n o a h  with 
"numan or iented"  logic .  I confess t o  being qu i t e  unable t o  understand 
w:hat t h i s  could possibly man. 

7.2 Semantics 

Sorne authors ,  usual ly  concerned with conprehension of na tu ra l  EaViguage, 



w e  * % e m t i ~ ~  a s  6% v q u e  terra r o w h l y  e r p m ~ w  with 30 do ~ i t h  
mmiwsR, where t h i s  & e m s  t h e  a m  &% t o  do with @amam'. 
This B l L m r  a long and h o n o d l e  t m d i t E  i n  l i n g ~ i s t i e s  (c,  f. t h e  
use of such t e w s  as " s e m n t i c  w ~ k a r e "  m d  t h e  idea  t h a t  l i n g b i s t i c  
deep s t r u c t u r e  is sernmtics).  

I wish t o  e q h a s i s e  however t h a t  t h i s  is no t  t h e  s a m  usage a s  
that adopted hahe and i n  form11 logic ,  And it I bel ieve ,  very 
nislea&fng. It m i l i t a t e s  agairrat an understaan&ng o f  t h e  fundamnta l  
po in t  r b a t  t h e  man ing r  of l i n g u i s t i c  mpmss%ons  a r e  u l t imate ly  t o  be 
found i n  ex t r a - l i ngu i s t i c  e n t i t i e s :  cha i r s ,  people, enotions,  f luids. . . . .  

l e ,  Milks4 "aman t i c  uni ts"  [el a r e  s y n t a c t i c  
ob jec t s  i n  a s chemnowhem does he t ack le  t h e  d i f f i c u l t  and v i t a l  
pFoblem of descr ib ing exac t ly  what s o r t s  o f  ex t r a - l i ngu i s t i c  e n t i t i e s  
h i s  "semantic uni ts"  r e f e r  t o .  I t  is easy t o  say: we must have substances 
and things and .,. ; but what a r e  these?  There does seem t o  be the  
beginnxngs of some s o r t  o f  s k a m y  sepaentic theory behind Milks' formulae 
( ac t ions  have agents  which a r e  e m b a t e ,  e t c .  ), but it is not a r t i cu l a t ed :  
and i f  it were, a l l  t h e  problems I have discussed would p ~ m p t l y  appear. 
S imi lar  remarks apply t o  Schank's work c207, and others .  

I am not arguing t h a t  na tu ra l  language should be given an exten- 
s i o n a l  s e m a ~ c s .  I d i s t i ngu i sh  sharply  between a n a t u r a l  language, 
which i s  an informal and pmbably not even completely defined means of 
comunicat ion  in  t h e  r e a l  world ( i s  "Eh?" a sentence? Eh?), and a 
formal deductive scheme f o r  represent ing  knowledge. ( I t  has been suggested 
t o  me t h a t  t he  d i s t i n c t i o n  may be r e l a t e d  t o  Sassure ' s  d i s t i n c t i o n  between 
Langue and Parole ,  but I have not inves t iga ted  t h i s . )  I suspect t h a t  
those  who deny t h e  usefulness o f  extens ional  semantics would a l s o  deny 
t h e  v a l i d i t y  of t h i s  d i s t i nc t ion .  That i s  probably a pe r f ec t ly  respectable 
phi losophica l  pos i t ion:  but I submit t h a t  it is bad engineering. 

7 . 3  Fuzziness and Wooliness 

L Several  authors  have r ecen t ly  suggested t h a t  more exo t i c  l og i c s ,  
e spec i a l ly  'fuzzy log ic1 ,  a r e  necessary i n  order  t o  capture t h e  e s sen t i a l l y  
imprecise nature  o f  human deduction. While agreeing t h a t  we have t o  look 
beyond f i r s t - o r d e r  l o g i c ,  I f i n d  t h e  usual arguments advanced f o r  t he  use 
o f  fuzzy l o g i c  most unconvincing. 

In t rospect ion  does no t  suggest t o  me t h a t  i n t u i t i v e  reasonings a r e  
e s s e n t i a l l y  imprecise;  s t i l l  l e s s  t h a t  they a r e  p rec i se  i n  terms of a 
real-valued t ru th-value  i n  t h e  u n i t  i n t e r v a l  (which i s  what fuzzy log ic  
would have us accept ) .  Even ignoring in t rospec t ion ,  fuzzy log ic  does not 
seem very use fu l ,  f o r  where do a l l  those  numbers come from? (This i s  
NcCarthy's po in t . )  

The t y p i c a l  example brought forward t o  i l l u s t r a t e  t he  need f o r  fuzzy 
i o g i c  concerns t he  everyday use of such hods  as ' l a r g e ' ,  ' m a l l ' ,  ' o ld ' ,  
'expensive' .  licw it seems t o  me t h a t ,  when I say a heap i s  sxal?, X mean 
,%st  tha t .  I f  asked, " I s  nnat you say t rue?" ,  I will co r rec t ly  answer 
"yes", and aecome impatient w l t h  t n e  protagonis t .  '3ese are s r ec i5e  

;t---* 
K O P ~ S  but they r e f e r  t o  measuring s c a l e s ,  As remarked earlier, fo r  
e x a q l e ,  t!>e sca l e  ' sma l l - l a rgebexh ib i t s  d d i f f e m n r  topology from the  
in t ege r s  o r  fron m a 1  i n t e r v a l s :  it i s  mre iiice a to lerance  s race  
and it may nave hys t e re s i s  (an i n t e m e d i a t e  heap w i l l  be cor.sidered small 
i f  it oegan as smal l  and grew, ard  considered l a rge  i f  it began as  la rge  
and s h r a n ~ ) ,  and it may have gaps rn i t ,  The point  hcwever i s ,  t h a t  we 
should keep the  vagueness of t h e  s ca l e  losa l i s t ld  i n t o  2, r a the r  than 



l e t t i n g  it irnfact t ha  wl%ong&@ an tam%~t i a l  sgre?ta@, ThSa en"$hle@ di%Psmnt  
'fuzzy' ~ B ~ B U P ~ P L ~  s c&i l@~ ta -g is t ,  wUeh is i x t p e ~ n t .  Y@ shauld 
inves t iga t e  what t ro~Ps  o f  neaawmrmt scaLd6 e r e  u se fu l  fop ' I ~ F ~ O U S  

p q o s e s  . 
The most d r a s t i c  &te rn t ion  t o  t h e  actual l o g i c  sh ich  seer= t o  be 

needed t o  handle words l & e  t h i s  i s  t o  move f r o m  a 2-valued t o  a 3-valued 
log ic ,  and it is not &solvrtaly c l e a r  t h a t  even t h i s  s m l l  s t e p  i s  r e a l l y  
necessary.  

%.a view expr-essed hem is d i f f e m n t  f m  t h c  one I he16 sons years 
ago, I have become wm r e spec t fu l ,  s i nce  then,  of t h e  unexplored 
p o s s i b i l i t i e s  of predica te  b&c. 
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