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1. Introduction

~~Pattern theory is concerned with the study of regularity

of objects In particular domains of discourse. Each domain

of discourse has its own characteristic kinds of objects.

However , it Is convenient to develop a domain—independent

framework which provides a starting point for the study of

regularity in particular domains of discourse. The domain—

independent framework described below (in s e ct i o n  2) was

developed by Grenander [Gil and applied by him to the study

of patterns in mathematics , physics , geology and the life

• sciences. The present research will apply Grenander ’s

model to the study of problems in com puter sc ience and

linguistics.

Sect ion 2 of th i s  proposal  desc r ibes  the  p r i nc ipa l

fea tures  of G r enan der ’ s domain—independen t  model  f o r  p at t e r n

theory . Sec t ion  3 i nd ica t e s  how ce r t a in  impor tant conce pts

in s o f t w a r e  engineering  can be c h a r a c t e r i z e d  in term s of t he

concepts  of pa t t ei~n t heory .  Sect ion Il proposes  research  on

problems in two spec i f i c  problem domains .

• 
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2 . Basic Conce pts of Pa t t e rn  Theor y

The principa l features of the domain-independent frame-

work for pattern theory are as follows:

( i ) Pat terns are bu ilt up from simple building blocks called

generators. Generators have bond s which allow them to be con-

nected to other generators. There are two kinds of bond s re—

f’erred to as input and output bonds.
1 ’

Example: The generators of a context free grammar are t h e

productions . The production X -
~~ aYZb with three non-terminals

X,Y,Z and two t erm ina ls a ,b may be represented by the following

tree structure with one input bond X and two output bond s Y,Z.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(Ii) There is a set of combinatory rules which constrains the

way that generators may be combined to form composite structures.

The combinatory rules are generally expressed in term s of re-

strictions on bond values at points of interconnection between

generators. An object constructed from generators by coznbina—

tory rules 1$ called a configuration. We are interested both

In Individual configurations and in t h e  set oV all configurations

generatable from a given set of generators by a given set of

binatory rules. 
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Exam ple: The com binatory  rul es for contex t free gram ;~iars sp e c i Cy

that an output bond of a generator can be connected to (identit ~ied

with) an input bond of a second, generator if and only if the

bond values are identical (represent the same non terminal).

(iI)Configurations are not necessarily observable. The observable

objects determined by configurations are called ~mage~;. The set

of images determines an equivalence relation over the  ~:et of

configurations such that two configurations are equivalent if’ and

only if they have the same image . A set of confij~ura tions

together with an image—inducing equivalence relation is referred

to as an image a lgebra .

:1 ‘ Example : The set of images de termined  by a c o n t e x t  f r ee  grammar

Is the set of s t r ings  of the assoc ia ted  c o n t e x t — f r e e  language .

Unambiguous  grammars have a one to one r e l a t i o n  be tween  c o n f i g u r a —

tions and images whi le  ambiguous grammar s have a many one re lat ion

between configurations and images. The prob lem of r e c o n s t r u c t i n g

a configuration given the image is known as t;he p a r s i ng  problem.

(iv) Frequently the observer wishes to identify images which differ

only in inessentlal attributes. Observer—induced equivalence over

;1 a set of images is handled by similarity l;r’ansformatiorn; which

‘I transform one image into another if and only  if’ t he  observer wishes

them to be regar ded as equ i v a l e n t .  The se t of all sim i lar it y

transformations over a set of images usually form~a sem igrou p or

a group. (such as a group of translations or rotations of geometric

objec ts ) .  An equ ivalence class of images un der a c lass of

• 

. similarity t r a n s f o r m a t i o n s  is called a p a t t e r n .  A pattern
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characterizes essential (invariant) attribul;es of an image w h i l e

Ignoring attributes tl-~at are regarded as inessential. Whereas

images are observable , pa t te rns  may be uno bserva ble a b strac t ions

which correspond to concepts in the mind of an o b se r v e r .  In some

applications an image may be regarded as a syn t a c t :i c object

while the associated pattern is regarded as the semantic equivalence

class of all images having the same meaning.

Exam ples:

a) The capi tal let ter  “A” is regarded as the same object

even when subjected to translation or magnification.

The pa t te rn  assoc iate d with the l e tt e r  A is an uno b serva b le

abstraction which is distinct from images associated with

ind iv idua l  instances of its appearan ce.

b) Plato devoted considerable philosophical attention t;o

t he relat ion between the abstrac t not ion of a t ab le  ar id obse rvab l e

concrete instances (images) of a tab Le. Pattern theory develops

a formal framework for talking about p h i lo s o p h i c a l  prob].ems of

th is nature .

c) We shall be concerned with the  relation between images

• which are syntactic representations of programs in a programming

language and associated patterns which characterize the semantics

of the task performed by the program in some specification

language . In this case the equivalence class over’ the set of’

images ( programs ) determ ined by a pa t tern (t a s k sp ec if icat ion)

is so complex that the problem of deciding whether two images are

instances of the some pattern is undecidabl e. Noreover , the

impossibility ot’ constructing similarity transformations which

~ 
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comple te ly  c h a r a c t e r i z e  such eq u i v a l e n c e  c l a s ses  can  be proved .

However , the  c h a r a c t e r i z a t i o n  of task s p e c i f i c a t i o n s  as abs t rac t

• p a t t e rns  whose concre te  rea l iza t ions  are program scorn s a very

na tura l  one and wi l l  be f u r t h e r  considered in the  body of t h i s

proposal.

( v )  It is assumed tha t  images are sub jec t  to d e f o r m a t i o n s .  The

process of i nduc ing  a t rue  image f rom an oh :;e rvt ’d d c l o r n i e d  im a g e

is called image r e s t o r a t i o n .  The space of deformed images is

called he te romorph ic  if it is r i cher  than  the  space of images

and is called au tomorphi c  if it is a subspacc of the space of

H images.  When images are s u b j e c t  to de fo rma t ion  it is the  deformed

image r a the r  than  the image i t se l f  that  is d i r e c t l y  observable.

The process of going f rom an observable  p o s s i b l y  de for m ed  image

to a p a t t e r n  is called p a t t e r n  r e c o g n i ti o n .

Examples :

a )  Messages w i th  errors are examples  of deformed images

and error cor rec t ion  is an example  of image r e s to r at ion .

Automorph ic  d e f o r m a t i o n  spaces make error d e t e c ti o n  d i f f i c u l t

because deformed images are always va l id  images .  H ete rom orph ic

spaces may be s t r u c t u r e d  so tha t  not only  error  d e t e ct i o n  but

also error cor rec t ion  is poss ib le .  The pr i ce  of het er ’oinorph ic

spaces w i t h  good error d e t e c t i o n  and co r r ec t i on  p r o p e rt i e s  is

cons iderab le  s y n t a c t i c  r e d u n d a n c y  of mc n;~~s.

b )  Handwr i t i ng  is an example  of an image space whose

~~~~~~~~
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(vi)  There are cer ta in  ap p l i c a t i o n s  whe ee  the  st u d y  of de fo rn iat  ion s

of patterns (rather than deformations of images) is appropriate.

For example if we regard a program as an image and the  f u n c t i o n

computed by a program as an associated pattern then it is

in t e r e s t i n g  to s tudy  de fo rma t ions  of the  fu n c t i o n  by small

m o d i f i c a t i o n s  of i t s  i n p u t — o u t p u t  r e l a t i on , bu t  :Iess in t e r e s t i ng

to s tudy de fo rmat ions  of the  program by changes  in its c h a r a c t e r

s t r ing  represen~ at i o n .  For geomet r ic  o b j e c ts  th e  ima ge  is

general ly  c o n t i n u o u s  and s u b j e c t  to small  d e fo r m a t i on s  w h i l e  t he

p a t t e r n  space is genera l ly  d i s c r e t e .  Howev er  in c omp u t e r  sc ience

there  are app l ica t ions  where the  image space is d i s c r e t e  and the

pa t t e rn  space is c o n t i n u o u s .  A con t inuous  mod el  of f u n c t i on

spaces a r i s ing  in computer  sc ience  has be en deveJ , c~~c:d by bane :;~ oe t .

E x a m p l e :  Program errors in a program w h i c h  ru n s  c o r r e c t l y  for

most  i npu t  values  may be regarded as p a t t e rn  d ef o r ma t ions , where

the t rue  pa t te rn  is the f u n c t i o n  computed  by the  program .

The r e la t ion  be tween  the  p a t t e r n  theory concep t s  i n t r o d u c e d

above is summarized by the  f o l l o w i n g  f i gu re :

F.;

I,
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In the F igure the v e r t e x  labe ls  indicate th i i -  k .~ nds  of ’ o bj e c t s

s tudied in p a t t e r n  t h e o r y ,  and edge labels i n d i c a t e  a c t i v i t i e s

which t r ans fo rm o b j e c t s  from one c lass  to a n o t he r .  Ur i e f

exp lana t ions  of each of the  a c t i v i ti e s  m e n t i o n e d  in f igu r e  1

• ar~ given be low.

The process  of going from generator ’ s and ru l e s  to

c o n f i g u r a t i o n s , f rom c o n f i g u r a t i o n s  to images and f rom images

to de fo rmed  images is a gene ra tive  process , w h i c h  gene r at e s

observable  s t r u c t u r e s  f rom p r i m i t iv e  b u i l d in g  b l o c k s , and is

somet imes , r e f e r red  to as p a t t e r n  s y n t h e si s .  The inve r se  process

of s t a r t i n g  from a poss ib ly  deformed  image , p e r f o r m i n g  image

r e s to ra t i on  to o b t a i n  a t rue  image , and p e r f o r m i n g  image a n a l y s i s

to ob ta in  a c o n f i g u r a t i o n , is somet ime s ca l led  p a t t e r n  3 f l a ly S i s .

The process  of d e t e r m i n i n g  a pattern f rom a possibly deformed

image is called p a t t e r n  r e c ogn i t i o n .  In order  to p e r f o r m

s u c c e s s f u l  p a t t e r n  r e c o g n i t i o n  it i t - n o t  n e c e s s a r y  t h a t  the image

res to ra t ion  process  r econs t ruc t  a t r u e  image , b u t  on ly  t h a t  image

res to ra t ion  r e c o n s t r u c t  an image t h a t  is in th e  same s im i l a r i t y

class as the  t rue  image .

In cons ider ing  the a p p l i c a t i o n  of pattern theory to computer

sc ience  we shal l  emphas i ze  the  processes  of ~~~~t e rn  nb :; t i ’ne t :i cn

and image s y n t h e s is .  In p a rt i c u l a r  we s ha l l  c o n s i d e r  a doma in

• wher e  images ar e programs and p a t t e r n s  are program sp e c i f i c at i o n s .

In t h i s  domain , p a t t e r n  a b s t r a c t i o n  is t h e  pr ocess  of d e t e r m i n i n g

the s p e c i f i c a t i o n  of a given program (program v e r i f i c a t i o n)  and

image s y n t h e s i s  is the  process of ’ d e v e l o p i n g  a program ~- ;hi ch

s a ti s f i e s  a g iven  s p e c i f i c a ti o n  (prog r am s yn t h e s i s ) .

-

~~~~~~~~~ 
-rn
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The edge b e t w e e n  p a t t e r ns  and d e f o r m e d  ~a 1a-erns  ha .,; t een

l e f t  un labe l l ed  because  i n s u ff i c i e n t  w o r k  ha s  bee-n done in t h is

area to unde r s t and  the  na tu r e  of t h i s  a c t i vi t y .

The s t r e n g t h  of the  mode l of f i g u r e  1 ar i s~-s f rom the  f a c t

tha t  it embraces  w i t h i n  a single model  a c t i v i t i e s  t h a t  are

usual ly  considered s epa ra t e ly .  Four separa te  a c t i v i t i e s  can be

i d e n t i f i e d  each assoc ia ted  w i t h  a c h a r a c t er i s t i c  c lass  of m o d e l s .

a)  Sy n t a c  t i c  A n a iy s i s  : Concerned  wJ , h gen> ’ i ’r > ta: en of

c o n f i g u r a t i o n s  and images , and w i t h  p a r s i n g  of i in agcs  to d c t ;c r m i n o

t h e i r  s y n t a c t i c  s t r u c t ur e . 
-

b )  D e f o r m a t i o n  A n a l y s i s :  S tudy of the  r c laLL ori t e tw e en

deformed  and t rue  images .

c)  S e ma n t i c __A n a l y s : L s :  S tudy of th e  r o] . a t , ion b e t w e e n

observab le  images and c o n c e p t u a l ly  d e f ’ i t : e d  pa t t ;c i ’r ’i s .

d )  Pat t o r i )  H e c o gn i t  ion: A b s t r a c t ly  p a t t e r n  i ’ecogni t ion  can

be viewed as a c o m b i n a t i o n  of se m a n t i c  a n a l y s is  and d e f o r m a t i o n

a n a l y s i s .  However  in p r a c t i c e  the  s e m a n t i c  and ~ e1’or m at i on

components  of p a t t e r n  r e c o g n i t i o n  are not  r i g i d l y  se pa ra t c d  and

the r e s u l t  is a hy b r i d  set of concep t s  and t e c h n ig u e s  q u i t e

d i s t i n c t  from those  of semant ic  a n a ly s i s  and deformation analysis.

P a t t e r n  theory  p rov ides  a fr amework  w h i c h  a l lo w s  t h e  s t ;udy

of Int e r ac  Lion :; b e t w e e n  g e n e r a t i v e  s y n t a c t i c  p r o c e s s es , d e f o r m n l . i o n s ,

c o n c e p t u a l  seniant . i .c  ab s t r a c t i o n  and p a t t e r n  r e c o g n i t i o n .

Grenander  has app l i ed  p a t t e r n  t h e o r y  to n u m e r o u s  e x a m p l e s

in ma thema t i c s , p h y s i c s , geology , neu ra l  m o d e l l i n g  and the  l i f e

sc i ences .  The p re sen t  research aims to ap p l y  p a t t e r n  t he o ry  to

problems in compu te r  s c i ence .

—— --.- ~~
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Each domain of a p p l i c a t i o n  of pa t  te i’n Hlc? ’l :-,- h e n  t s  ow n

c h a r a c t e r i s t i c  classes of o bj e c t s  ( c o n f i g u r a t i o n s , images ,

defor m ed images , p a t t e r n s) ,  and r equ ir e ; ;  th e  devo iop m: : :-r it of

- tools and t e c h n i q u e s  for  m a n ip u l a t i n g  t h e se  o b j e c t s .  The

o b j e c t s  of compu te r  sc ience  are p rog rams  and t he i r  a s soc i a t ed

H a b s t r a c t i o n s .  In the  nex t  s ec t ion  we sha l l  r e f o r m u l a t e  a n u m b e r

-

- 
of f a m i l i a r  s o f t w ar e  eng inee r ing  prob le :ns in t e r m s  of the

language of p a t t e r n  t h e o r y ,  and show t h a t  su c h  a r e f o r m u l a t i o n

sugges ts  new d i r e c t i o n s  of r e s ea r ch  for’ some ~~

so f twa re engineering problems. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -. - ~~~~~~~~~~~~~~~~~~ -
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3. Applications to Computer Science

3.1. Syn tax  and Semant ics  of Progra m m i n g  Languages

In computer  sc ience  the  o b j e c t s  whose r e g u l a r i t y  we

wish  to s tudy  inc lude  programs , a lg or i t h m s  and p r o gr a m m i n g

languages .  The spec i a l i z a t i on  of p a t t e r n  theory to a domain

whose images are programs may he de v eloped a s follow s :

A programming language may be s y n t a c t i c a l l y  c h a r a ct e r i z e d

by a ( c o n t e x t — f r e e )  grammar spec i f i ed  by a set of g e n e r a t o r s  and

combina to ry  ru les .  The c o n f i g u r a tio n s  c on s i s t  of t ree  s t r u c t ur e s

in the con tex t  f ree  grammar case and more general structures in

the  non c o n t e x t — f r e e  case .  Images are o b t a i n e d  f rom c o n f i g u r a t i o n s

by shedding the  s u p e r s t r u c t u r e  of f lOfl  t e r m i n a l s  ( s c a f f o l d i n g )  and

consider ing  only the assoc ia ted  s t r i n g  of t e r m i n a l s.  Del ’ormed

images correspond to s y n t a c t i c a l l y  i n c o r r e c t  p rograms .  The space

of deformed  images is sufficiently hc’teromorphic for error

de t ec t i on  and the re  are even some compi le r s  t h a t  p e r f o r m  error

- 
- co r r ec t i on .

• 

- The semant ics  of a programming language  may be d e f i n e d  as a

mapping from programs in to  abs t rac t  o b j e c t s  which captures the

“ e s s e n t i a l”  a t t r i b u t e s  of a program w h i l e  i g n o r i n g  the  “ in e s se n ti a l ”

a t t r i b u t e s .  The a b s t r a c t  o b j e c t s  w h i c h  r ep r e s e n t  the  s eman t i c s

of programs are p r e c ise l y  the p a t t e r n s  of t h e p a t t ern t heo ry  model

of p rog ramming  l a n g u a g es .  D i f f e r e n t  d e c i s i o n s  c o n c e r n i n g  w h a t  is

to be regarded as e s s e n t i a l  g ive  r i se  to d i f f e r e nt  c lasses  of

semant ic  p a t t e r ns .  The most common c h o i c e  of s e m a nt i c s  is to

regard the  f u n c t i o n a l  I n p u t — o u t - p u t  b e h a v i o r  of a program is

e s s e n t i a l  and a l l  o t h er a t  t r i b u t e s  as in c s s e n ti a l .  In t h i s  case

.
‘
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the “pattern ” associated with a program as its functional behavior.

One characteristic that makes this domain particularl y

i n t e re s t ing  is tha t , a l though the  pattern associated with a

program is a concep tua l  a b s t r a c t i o n  from the  program , it m ay be

par t i a l ly  observed , by program t e s t i n g .  However , the  f u n c t i o n

associated w i t h  a program general ly  has a potentially infinite

(or p r o h i b i t i v e l y  large ) domain so tha t  comple t e  o b s e r v a t i o n  of

a f u n c t i o n  p a t t e r n  is not pos s ib l e .  Since f u n c t : i o n s  c o m p u t e d  by

programs are partially observable they have some ( b u t  not a l l )

the proper t ies  of an image space.

Another  charac te r i s t i c  that  makes this domain different from

other  domains is the fac t  that the semantic attributes which form

the basis  of the pa t t e rn  a b s t r a c t i o n  are r e l a t ed  only in a very

indi rect  and sub t l e  way to the obse rvab le  s y n t a c t i c  f e a t u r e s  of

image s ( p r o g r a m s ) .  Indeed the relation between semantic and

s y n t a c t i c  a t t r i b u t e s  is so sub t l e  that  the equ iva l ence  c lasses

over images de te rmined  by semant ic  a b s t r a c t i o n s  have a very

complex  s t r u c t u r e .  This complexity is i l l u s t r a t e d  by the  f a c t

that the problem of determining whether two programs ( images)

compute  the same f u n c t i o n  ( p a t t e r n)  is undecidable .

Many of the  in te res t ing  and p r a c t i c a l ly  i m p o r t a n t  problems

of so f tware  eng inee r ing  and the ana ly s i s  of a l g o r i t h m s  are

concerned with the study of the s t r u c t u re  of e q u i v a l e n c e  c lasses

of programs (images) realizing a given function specification

(pattern).



3 .2 .  The Analysis of Algorithms

The analysis of algorithms is concerned w i t h  the a n a l y s i s  of

individual algorithms (programs) to determine properties such as

average or maximum running time and with the study of classes

of algorithms for performing a given t a sk  ( su c h  as sorting) in

— 
- order to determine proper t i e s  of the  c lass  of a lg o r i t h m s  (such as

lower bounds on the runn ing  t i m e ) .
/

A computational task such as sorting may he t h o u g h t :  of as a

pa t t e rn , and the set of all a lgo r i thms  or programs for  r e a l i z i n g

a given task  may be t h o u g h t  of as the  eq u i v a l e n c e  c lass  of imag es

associated wi th  the given p a t t e r n .  Thus f rom the  p a t t e r n  theory

point  of view the ana lys i s  of spec i f i c  a l g o r i t h m s  is concerned

w i t h  the  s tudy of s y n t a c t i c a l l y  d e f i n e d  images in order to d e t e r —

mine cer ta in  semantic attributes of associated patterns (such as

maximum and average running time). The study of c lasses  of

a lgor i thms  is concerned w i t h  the  inverse  p rocess  of d e t erm i n i n g

F 

invar iant  p roper t i e s  of the set of al l  images a s soc i a t ed  w i t h  a

given p a t t e r n .

I- - - 
- The i n t e re s t  in the  theory of a l g o r i t h m s  a r i ses  f ron  the

4 
-

domain—dependent fact t ha t  equ iva l ence  c lasses  of a l g o r i t h m s

associated with a given task have a subtle structure whose study

requires the use of sophisticated mathematical and combinatorial

tools .  K n u t h  [ Xl] has said tha t  pe rhaps  the  most  s i g n i f i c a n t

k 
discovery genera ted  by the  adven t  of c o m p u t e r s  w i l l  turn  out  to

be tha t  a lgor i thms , as o b j e c t s  of s t u dy ,  w i l l  t u r n  out  to be

extraordinarily rich in interesting properties ” . The richness

of structure of algorithm equivalence classes is convincingly

demonstrated in the area of sorting by the  large numbers of 

-~~ - -‘ ——- --—.~~-- —-- ~~~ -.-~~~~~~~~ -- — — -— -~~ - - - - -- -—-~~~~~--- —-



________  ~ ~~~ ~~~~~~~~~~ ~~~~~~~~~~~~ 
-
~~~~~ ITTL~~~~ - ___: : I- •T~:::-

15

- q u a l i t a t i v e l y  different algorithms that have been proposed and

- implemented for  r e a l i z i n g  t h i s  r e l a t i v e l y  simple tasks.

The ana lys i s  of a l go r i t hms  is guaran t ;eed  to be an open ended

challenge to future computer scientists because of certain

undecidability results. For example it is known that the problem

- ; of determining whether two arbitrary programs compute the same

function is undecidable. An even stronger result asserts the

impossibility of finding a set of program transformation prim itives

which a llow s a program P1 to be transformed 
int;o a program P2 if

— and only if they  c ompute the same function. This second result

guarantees the existence of programs for computing the same function

- which differ in non trivial ways.

A second and perhaps more fundamental source of intractabilit y

in the analysis of algorithms arises from the fact that the tasks

associated with some programs are difficult ; to specify. In fact

if we require that tasks are defined by a relation between their

inputs and outputs , then it can be proved that ; certain (non halting)

- programs simply cannot be defined. The set of all tasks (patterns)

that can be specified by programs is simply too rich to be

characterized by existing formalisms for sp e c i f y i n g  relations

- 
- between inputs and outputs. The specification problem for programs

will be further discussed in subsection 3 . 3 .

The above discussion does not help us to solve specific

- . 

,

~ problems in the analysis of algorithms h u t  does provide a framework

for understanding the methodology of the analysis of algorithms .

The present research will exp lore the methodolo gy of specific analysis
- j of algorithms techniques such as problem reducibility and consider
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the relation between the analysis of algorithms and the  d e s i g n  of’

algorithms (see discussion of program synthesis below).

3 .3 .  The Specification Problem

The s p e c i f i c a t i o n  problem for programs is the  p rob lem of

— spec i fy ing  the task which  a program is supposed to per fo rm . The

most comm on form of specification for simple programs i s  by an

input—output relation . However only a small proportion of the

set of all programs w r it a b l e  in a programm ing language are

s p e c i f i a b l e  by a simple ( s h o r t )  i n p u t — o u t p u t  relation . I4any of

the larger m i l i t a r y  and commercia l  a p p l i c a t i o n s  have sp e c i f i c a t i o n s

which  run into many hundreds of pages.  Moreover it can be proved

that certain non halting programs (such as operating systems or

programming language interpreters) cannot be specified by any

input—output relation w h a t s o e v e r . Such p r o gr a m s  can on ly  be

speci f ied  opera t iona l ly  by a program in a second p rog ramming  language .

The s p e c i f i c a t i o n  of a problem may be regarded as a what

spec i f i ca t ion  of wha t is to be computed  w h i l e  a program is a how

specification of how the computa t ion  is to be p e r f o r m e d .  In

certain simple examples the what specification can be givei~ by

an input—output relation which is simpler than any how specifica—

t ion for realiz ing the ta sk . However , as pointed out in the

prev ious  paragraph there  are many practical commercial and military

problems whose what specification is complex , and the set of all

how spec i f i ca t ions  r ea l i zab l e  by programs is richer t h a n  the  set;

of a l l  what specifications definable by input— output relations.

In the  language of p a t t e r n  theory the “what ” specification
- ~~~~~~~~~ 

- of a computational task specifys a pattern which captures the

_ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~
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important characteristics of all programs (images) r e a l i z i n g  the

task. Since patterns are in general conceptual abstractions with

no direct physical representation , the problem of pattern spec ifica—

tion is a critical problem in almost every domain of discourse.

In most of the cases considered by Grenander , the equivalence

classes of images which are in s t a n c e s of the  same pat tern may be

( defined by similarity transformations and pattern elements are

defined indirectly as equivalence classes determined by a given

similarity relation. In the case of programs it may be proved

that the class of all programs functionally equivalent to a given

program can never be characterized by a similarity transformation.

One of the objectives of this research is to study the p r o b l e m

of program s p e c i f i c a t i o n  both  for  s imple  problems and as s o r t i n g

and for more complex practical problems which arise in commercial

and military applications. In particular we propose to take one

specific large specification and analyze the reasons for the

complexity of the specification in an effort to develop systematic

techniques for reducing the complexity of specifications.

3. 14. Program Verification

Program verification is concerned with proving that a givem)

how specification (program) realizes a given what specification.

Such proofs require a formal (axiomatic) definition of the

programming language , consisting of a x i o m s  s p e c i f y i n g  the  input—

output behavior of primitive program statements , and a rule of

- : 
inference for statement composition . The axioms arid rule of

- 
- 

inference allow input—output relations for a composite program to -

be proved as theorems using the axioms for primitive statements

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - -~~~~~~~~~~~~ --~~~~ - —- --
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of the program as a start ing p o i n t .

The above axiomatic approach has been widely used for

proving the correctness of “small” programs but there are some

unresolved problems which prevent its being used as a standard

tool for program verification in a production environment. One

of t he pro bl ems ar ises from the  fact t hat , In order to determine

— 
the form of a predicate in a loop it is necessary to “creatively ”

synthesize an inductive hypothesis. However the principal

limitations in applying program verification technLques to large

programs arise from the fact that large programs generally have

unmana gea ble “what” specification . If the theorem (what specifica—

tion) to be proved in proving program correctness i_ s several

hundred pages long then  both  the s u b s t an t i v e  p rob lems  in p rov ing

the theorem and the  p rob lems  in showing that the proof  is correct;

are l ike ly  to be fo rmidab le .

From the viewpoint of pattern theory , program verification

is simply the activity of showing that a given image (program)

realizes a given pattern (specification). The above discussion

indicates that the problem of formulating pat-tern specifications

may be a greater bottleneck than the problem of verifying correctness

when the specificat;ion is given.

Program verification may be regarded as an ambitious attempt

to prove co r rec tness  of program e x e c u t i o n  1cm’ ~ ll  ele m en t s of an

I n f i n i t e  inpu t  domain and may be c o n t r a st e d  w i t h  program t e s t in g ,
‘1which establishes correctness for individual elements of the  i n p u t

domain and symbol ic  e x e c u t i o n  w h i c h  e s t a b l i s h e s  co r r ec tnes s  for

subsets of the input domain associated wi t h particular control paths.

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4 -  ~~~~~~~~~~ •~~~~~~~~~~ •4 ~~~~~~~~~~~~~~~~~~~~~~~ 
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From a pattern theory point of v ~ew bo th  p ro gr am t e s t i n g  and

symbolic execution are concerned with the construction of “partial”

patterns and with verification that such partial patterns are

consistent with the pattern specification .

Program testing is performed by simply r u n n i n g  the  program

for selected values of the input domain , and does not require a

formal system for proving theorems about- composite program

structures from axioms for primitive progra m s t ; a t e m n e n t n .  However ,

there is a cons ide rab le  sc ience  as soc i a t ed  w i t h  p i c k i n g  t e s t  da ta

sets which “adequately ” test the program. This activity corre-

spon ds essent iall y to f inding “good” sets of points in a sample

space for verifying that the space as a whole  has cert ain p r - c —

defined attributes (pattern features).

Symbolic execution requires us to start f r -nm axioms for

program statements and a rule of inference for statement composi—

tion , and allows us to “march forward ” from the program start

through the program execution tree to determine Input output

relations for terminal vertices. This pr-ocess is easier than

program verification primarily because inductive hypotheses need

never be construc ted , but clearly requires a much more

sophisticated forma l model of program behavior than programs

testing . Symbolic execution is in t e r m e d i a t e  P e t w e ~ n pro gram

testing and program verification b o th  i ts  l e v e l  of’ forma l s o p h i s t  l e a —

tion and in Its ~ ~vel of pattern r e c o n n t r u - Lion power .  Program

testing may be thought of as a process of i ’c c o n st r u c t ; I n g  i n d i v i d u a l

points of a pa t tern , symbolic execution rec ri st -ru cts suhset~s ( li n es ,

• areas ) of a pat tern , while program ver ificnt~ on at t e m p t ~s ~-o

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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reconstruc t the comple te pat tern.

Testing and symbolic execution are important software

engineering activities which are examples in a particular domain

of a c t i v i t i e s  w h i c h  can be descr ibed  in a domain i n d e p e n d e n t  way

by pattern theory. Although these activities are less demanding

forma lly than program ver if icat ion , they do not alleviate the

specification

3 .5 .  Program S y n t h e s i s

Program verification is the process of verifying that a

program FROG correctly performs the task  sp e c i f i e d  by a p r e d i c a t e

P. In the case of pro-gram synthesis we are given a specification

p and are required to find a program FROG t h a t  c o r r ec t l y  p e r f o r m s

the task. Program synthesis clearly involves program verification

of the synthesized program FROG as a subtask. h owever the  class of

programs which can be created by program sy n t h e s i s  is generally a small

and relatively well structured subset of the set of all possible

programs of a programming language . Systematic (or automatic)

- program synthesis avoids the necessity of verifying badly structured

programs outs ide the cla ss of syn t hes iza b le programs and might ;

ac tua l ly  turn  out to be eas ier t han t he d e v e l o p m e n t  of a gener al

purpose verifier for both good and bad programs . However program

syn thes i s  does requ i re  a problem s p e c i f i c a t i o n  as a s t a r t i n g  p o i n t

and will founder if the specification of 1; h c’ p ro gram to be

synthesized is several hundred pages long.

In the language of patt ern theory program sy n t h e s i s  I s

concerned with the synthesis of images from a given pattern
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r
s p e c i f i c a t i o n .  The set of s y n t he s iz a b l e  images  need c o n t a i n  on ly

one image for each pattern equivalence class and is generally a

small relatively well structured subset of t he  set of all possible 
—

images. The verification that a synthesized image realizes an

intended pattern may in general be easier then the verification

F problem for arbitrary images but the pattern specification problem

is just as critical for the image synthesis problem as for t h e

verification problem.

The object of program synthesis is to convert a static

description P of what is to be computed into a dynamic description

FROG of how it is computed. This can be done in a structured way

by the stepwise introduction of dynamic features into the static

— description. At each step one or’ more statically defined components

is decomposed into a sequence of statically and d y n a m i c a l l y  d e f i n ed

components. This process is called structured program developmen t .

4 The structured development of a program PROG from a specification

P cons ists of a sequence  F0,?1,.. 
~‘~ n of successively more dynamic

j descriptions of P where p
0
=p~ P~ = FROG and F~~ 1 is obtained from

P1 by ex panding a com ponent of P1 into a more dy n a m i c  form. A

forma l sy stem such as Hoare [Hi] may be used to prove for 1=0 ,1,2...

that ~~~~ is “equivalent” to

The sequence of specifications }~0 , F 1, P c , .  
~~n of a s t r u c t u r e d

program development process det ;e rmine  s u cce s s ]  v e ]y  s ina i  i c r  e q u i v a l e n c e  ~
- 

-

classes of program s with P0 denoting the class of all programs

realizing the specifications P and P~ d e n o t in g  t h e  si ng l e

equivalence class containing the program P~ . The set of all possible

structured devleopments of a specification P into programs FROG

_

~

•

~

•

~ 
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which realize P constitute a lattice whose detailed structure is

determined by the precise rules for synthesizing a partial

specification P~41 from a partial specification P1 .

- 

One of the objectives of this research is to examine

e x i s t i n g  l i t e r a t u r e  on program s y n t h e s i s  wi t h a. v i e w  to b e t t e r

understanding the limitations which prevent the  e x t e n s i o n  of

program verification and program synthesis p r o c e d ur e s  to  realistic

classes of programs .

3 .6 Semantics and Language Definition

A semantic definition of a programming language L is a

mechanism which , given an arbitrary program FROG in the language

def ines t he “meaning ” of the program. If the meaning of’ FROG is

the associate.d task specification F, then a seurniti c d e f ’inition

s u p p l i e s  P given FROG and may be regarded as an i n v e r s e  of p r o g r a n i

synthesis (which supplies FROG given F ) .  U n f o r t u n a t - e ly  n o t -  a l l

programs compute  f u n c t i o n s  which  are e x p r e s s i b l e  by in p u t  ou t p u ~

• predicates , since the set of “meanings ” expressible by ln~- u t  - u t r - u~

predicates is restricted to the set of recurs ive lunctioss wh i ~

the set of functions com putable by programs is the richer set of

recurs ively enumenable functions. The set of inpu t .— outpc~ 1 r’ -~~~~~
(
~

P is useful as a basis for specifying many of the  i : i sks  t h a t  we

wish to define in practice but is not an appropriate b a s i s  for ’

defi iii ng pm ’ogra mm i ng l a n g u a g e  s e m a n t i c s  , I c - ’  a s~~n i  m i t  I e l e t  mm c u

of a programming language L should associate a n ; c a n i n g  w i t h  a~~l

programs of a pro i~m’amming language .

A semantic model may be defined as a t r i p l e  r-; = CE , ; - , 4 )

where E is a syntactic domain (of progra:ns), I) is a s nian~ ic d o m a i n

_ _  - _ _ -—~~~~ -—- - - -~~~~~~~~~~ 
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of denotations and ~ is a semantic mapping function w h i c h  maps

elements eEE of the  syntactic domain into t h e i r  denotations ~(e)E0.

Semantic models for programming language may be classified

in terms of the nature of the domain D of denotations. In

particular it is convenient to distinguish between compiler models

in which the semantic domain D is a set of programs in a target

language , interpreter models in which the meaning of a program is

defined in terms of the computations to which it gives rise , and

mathematical models in which the meaning of a program is defined

in terms of the mathematical function it denotes. Mathematica l

models may in turn be subdivided i n to  a x i o m a t i c  models which

restrict the semantic domain to total . f u n c t i o n s  and s p e c i f y  f u n c t i o n s

by a relation between a precondit ion (inpu t s) and a post ; condit ion

(outputs), and functional models (such as these of Scot t  [ Si ])  in

which the meaning of a program is given by an abstract (partial

recursive ) function. The relation among t h ~ se models is given by

the following figure :

~~~~~~
L

~~~~~~

c

Comp iler I nt er p r e t e r  Models ~~ eh c m u L i c a i
Model s 

J 
Op era t  i o n a l  r -lodel s Is

_ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _

_ _ _ _  ~~~~~~~~~~~~~ —---- - — ~~~~~~~
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The above discussion make s  1t c l ea r  t h a t  the semantics

(meaning) of a program is not an absolute (platonic) n o t i o n  but

rather a relative notion which depends en t he  context of discourse.

When we are concerned  w i t h  c o mp i l i n g ,  it  is n a t u ra l  to  t h i n k  in

terms of a compi ler  o r i e n t e d  s e m a n t i c s  for pr-og ramns . When we are

concerned with the process of execution , it is natural to make use

of an interpreter oriented semantics. Wh en we are conc em -neci WI lb

program v e r i f i c a t i o n , then  a x i o m a t i c  s e m a nt i c s  is  ap~ I o ~~1 i a t e.

When i rograms ax-c regarded as abstract m a t h e m a t i c a l  o b j e c t s  t hen

the functional semantics of Scott is appropriate.

E a c h  gr o u p  of s eman t i c  mode l s  has g iven  r i s e  to a s u b c u l t u r e

of com~- ut - c-F science with its own group of r e s e a r c h e r s .  The sub-

cultures associated w i t h  compi l er  m o d e l s , i nt cr pr et ;cr  m o d e l s  and

axiomatic models have already been discussed ( i n  th e  o e c t ~ i o n s  en

compiler methodology , models of implementation and program

v e r i f i c a t i o n) .  The Scott approach is the most abstract and Scott’ s

n o t i o n  of “mean ing ” has perhaps  a g rea ter  c l a i m  t h a n  a i iy  o t h e r  to

be cons ide red  the  ( p l a t o n i c )  m e a n i n g  of a p r ogr am . However , one

difficulty with Scott’ s notion of meaning is that the difference

between the how specification of a program and the w h a t  s p e c i f i c a t i o n

as an a b s t r a c t  f u n c t i o n  is so great  t h a t  t h - ~ m a p p i n g  f r o m  progr ams

to functions cannot be effectively performed . If i t ~ c o u l d  be

effectively performed , then we c o u l d  dec i d  shel-l ;- ’r two pr og r a m s

I - r e a l i z e  t h e  same f u n c t i o n  by m a p p i n g  them ont  o t h e i r  abstract ;

f u n c t i o n s  and checking for identity. However , ;-:~
- - know that he

problem of determining whether two p ro gram s  i -e d  the  na me

function is undecidab le (not even partially dec idable) an] tIr - rc - ? - -e’e



—n------  -.~~-.-.----- ----,--, - -~~----- -~ - --4- - -‘ ---4— —,~~-.—----—- - ‘—-. ‘ 
‘——--—r- — —-- ---- --~~~~~ ~~~~ ~~~~~~~~~~~~~~~~ —.-,~~~~-.-~--- - - -~~ -~“~~‘r~~’n- ,L ‘

~~~~~~~
- —.------- - — ___________________ ______

r — 
-- —-4- -- -- -  ‘~1

-
. 

25

conclude that the s e m a n t i c  m ap p : i n g  f u n c t i o n  From pr -ogr ams  to

abs t r ac t  f u n c t i o n s  cannot  be c on s t r u c t i v e .

In the  language of p a t t e r n  theory  a so m e t , t -  Lc d e f i n i t i o n

maps images (programs ) i n to  the p a t t e r n s  w hi ch c a p t ur e  the

essent ia l  a t t r i b u t e s  of ’ the  i m a g e s .  rfh (~ p a t t e r n s  vi i  t c h  c a p t u r e

the  s eman t i c s  of a given set of o b s e r v a b l e  1 mogos  a r e  not  un iquely

d e f i n e d  but  are d e t e r min e d  by th e  c o n t e x t  of ’ app 11 cat  I o n s .  In

c e r t a i n  k inds  of a pp l i c a t i o n s  ( s u c h  as v~~~ L f i c r i I ~on and s y n t h e s i s )

it is convenient to consider semantics only f o r  a s u b s e t  of e a s i l y

s p e c i f i a b l e  images and to leave the  s e m a n t i c s  of c e r t a i n

“intractable ” classes of images undefined. However , a c o m p l e t e

s e m a n t i c s  for  a set of images ( l a n g u a g e ) requires a u n i f o r m

m a p p i n g  of al l  images on to  t h e i r  a s s o c i a t e d  l a u t - e r n s .

3 .7 .  A b s t r a c t i o n

An a b s t r a c t i o n  of an o b j e c t  ( p r o gr a m )  is a c h a r a ct e r i z a t i o n

of the  o b j e c t  by a subse t  of i t s  a t tr i b u t e s .  The attribute subset

d e t e r m i n e s  an e q u i v a l e n c e  class of o b j e c t s  c o n t a i n i n g  the  o r i g i n a l

obj ec t  as an e l e m e n t .  The o b j e c t s  in the  c l i i  i v n ] c ’r i ce  c l a s s  are

cal led r e f i n e m e n t s , r e a l i z a t i o n s  or imp i e m -  a t a l ions  of t he

a b s t r a c t i o n .  If the  a t t r i b u t e  s u b s e t  c a p t u r e s  the  “ esson t ;i a l”

a t t r i b u t e s  of the  o b j e c t  t hen  the  u ser  n eed not  be c o n cer n e d  w i t h

the  o b j e c t  i t s e l f  bu t  only with the abstr act attributes. Moreoever

if’ the attribute s u b s e t  defining the o i s ~ ~~~~~;
-
~~ - i o n  is subot -ant L-uily

simpler than its realizations , then use of the abstraction in

p l a c e  of a r e a l iz at i o n  is s u b s t a n t i a l ly  si  n p l°r  f - h a n  t he  p r o b l e m

addressed by the  u s e r .
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The i n p u t — o u t p u t  r e l a t i o n  r o a l i z i d  I ’ !  a ~-~ -~~ -a~ s - ~m m - x:rnp le

of a program a b s t r a c t i o n .  It d e t er m in e : ;  an  ‘ ‘ ; a  va  I • - : : - -  c l a s s  of

programs ( t h e  set of all programs realizing a —1 v-rn i ~-u1 ;— uut pu t

r e l a t i o n) .  A rmy program in the  e q u i v a l e n c e  c lass  i.s a r c — i i i z o t i o r ;

• ( r e f i n e m e n t )  of the  a b s t r a c t i o n .  The i n n u t — o u t p u t  r ’c l a t ~ic- n

ca p t u r e s  the  e s sen t i a l  behav io r -  of the  prcg r ’nm . W h e n  the i n p u t —

o u t p u t  b e h a v i o r  i s  a s : tm np l e  or we l l  l~n e ; - :m: n:~t h cmaat - ica I ~u m m c l .  r i m

t h en  use of the  a b s t r a c t i o n  in p l a c e  of a :-e-a i i  c a t  ori ncr-von a

u s e f u l  pu rpose .  U n f o r t u n a t e l y  many  large c o m m e r c i a l  i r U s o t r i a l

and m i l i t a r y  appi I cat ; lori s c a n n ot  be char ’ac  t~~:l  sod t i  t n : ; t 101 5

wi th  a s imple  i n p u t — o u t p u t  behav io r , so t h O l  t he  m i n e  of ab s t r a c t  i o n s

in s i m p l i f y i n g  the  s p e c i f i c a t i o n  of compu t a t  c nn 1 ~r o h ] e r n s is

s t r i c t l y  l imi t ed .

The notion of abstraction in i m p c - : t n n t -  in the s t u d y  of

program m o d u l a r i t y .  M o d u l a r  p r o g l - - I m n m i n o  1 s cencer-ned v.1 th

break ing  a t ask  i n t o  modu la r  compon ’~n t s  :-:h ’re each  c o m p o n e n t  has

a what  specification (abstraction) specifying what ;  the  r :c - d u l e

accompl i shes  and a how s p e c i f i c a t i o n  ( r - e f t : e c n ;’ n t; ) w h i c h  co c c i  F l e n

how the  wha t  s p e c i f i c a t i o n  is r e a l i z e d,  if the  how sp~~c i f i c a t i o m m

is specified in terms of a collection of’ w h a t  s p e c i f i ca t i o n s  of

low-: i’ le vel modu le s  we are led to s t e pw i s e  ab s t r a c t - i o n  and  s t epv se

r e f i n e m e n t .

In breaking down a p r o g r on :  i n t o  mod u lar c o m l - o : m e n t s  ‘-:e

frequently encounter “natural” modules consisting of a group of

ope r a t i o n s  a c t in g  on a common da t a  s t r u c t u r e .  For e xamp l e  a

s tack  modu le  may br- d e f i n e d  in t e rms  of a g r o u p  of o p e r a t i o n s  such

as push , pop ,  t o p ,  c r e at e , t e st em ~ t ;y.  in o r der  t o  d e f i n e ’  a s t a c k
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module we need not specify the i n t e r n a l  d a t a  s t r : c t u z e (linear’

list , array) used in realizing the module. Moreover we

- I s p e c i f y  i n d i v i d u a l  s t ack  opera to r - s  such  as p u sh  U~,’ arm 1 nput

o u t p u t  r e l a t i o n  because  an e s s e n t i a l  part ;  of t h e i r  e f fec : ;  in ~.o

change the internal data structure. Instead we can characterize

the effect of “stack input” operations such as push by axioms sue-i:

as “top(push(x ,stac k))=x ” which characterize t h e I r  e f f e ct ;  on

subsequent “stack output” operations (runh an top) without

making  any c ommi tmen t  to in t e r n a l  da ta  r ep r e s e n t a t i o n s .  A

s p e c i f i c a t i o n  of stack operations by axioms which are i n d e p e n d e n t

— of the in t e rna l  data  r ep r e s e n t a t i o n  is an example  of a d a t a

a b s t r a c t i o n .

One of the  purposes  of a module  is to e rec t  a “ f e n c e ” a round

the  how s p e c i f i c a t i o n  of the  m odule  w h i c h  a l l o ws  s y s t e m at i c

i n f o r m a t i o n  h i d i n g  of i n t e r n a l  a t tr i b u t e s  of t h e  modu le  and

s e l e c t i v e  s p e c i f i c a t i o n  of a subse t  of ext-er’nally known (export-able)

a t t r i b u t e s  of the  modu le .  The associated abstraction must specify

t he  e s sen t i a l  c h a r a c t e r i s t i c s  of e xp o r t a b l e  a t t r i hu t ; e s  by some

si ;e c i f i c at i o n  m e c h a n i s m  t h a t  is i n d e p e n d e n t  of t h e  i n ter n a l  how
~ 1

s p e c i f i c a t i o n  of the  m o d u l e .  I n p u t — o u t p u t  r e l a t i o n s  ar-c an

app rop r i a t e  m e c h a n i s m  for  p rocedu r e  a b s t rac t i o n s  wh i l e  da ta

a b s t r a c t i o n s  may somet imes  be s p e c i f i ed  by a x i o m s  w h i c h  d e f i n e  the

e f f e c t; of “ o u t p ut  o p e r a t i o n s ” i n  t e r m s  of previous i npu t op er at -  i ens

Put  our a b i l i t y  t;o s p e c i f y  a b s t r a c t i o n s  is clearl y l i n H a d by t h e

fact that many modules we encounter in  p r a c t i c e  s i m p l y  do not h o v e

simple abstractions.

~
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The above analysis of the notion of abstraction may hel p

us in understanding f h e  goals of modular d e c o m p o s i t i o n  of ’ c o m p l e x

programs Into modules with clear and hopefully simple abstractions ,

but the process of decomposing practical. pr ogr ams i n t o  modules

is still a science rather’ than an art. One of the goals of this

research  is to examine  how our theore t i ca] .  u n d er s t a n d i n g  of th e-

no t ion  of a b s t r a c t i o n  can co n t r i b u t e  more e f f e c t i v e l y  t o  p r ac t ica l

program d e v e l o p m e n t .  In order to f u r t h e r  t h i s  the  s p e c i f i c a t i o n s

of modules  a r i s ing  in p r ac t i c a l  a p p l i c a t i o n s  w i l l  be e x a m in e d  i n

order to de t e rmine  the  degree to which  c u r -r e n t  i n t u i ti v e ly

successful techniques are amenable to more r igo rous  fo r m u l a t i o n .

3 . 8 .  Specific Research Objective s

The above f o r m u l a t i o n  of man y of the  p r o b l e m s  of s o f t w a r e

eng ineer ing in the t e rmino logy  of p a t t e r n  t h e o r y  does not  in

i t se l f  f u r t h e r  the s t a t e  of the  a r t .  h owever , it does  p r o v i d e  a

f ramework  for u n d e r s t a n di n g  the  r e l a t i o n s  -among t ;h e o r e t i e a l

models  and research  areas in s o f t w a r e  e n g i n e e r i n g  w h i c h  leads  to

a c learer  u n d e r s t a n d i n g  of the nature of t h e  t oo l s  be in g  used

and the l i m i t a t i o n s  of c u r r e n t  t e c h n i q u e s .

The s p e c i f i c  r esea rch  under  t h i s  pr-eject ; w i l l  s y s t e m a t i c a l l y

4 exp lo re  the  p o s s i b i l i t y  of a p p l y ing c u r r e nt  t h e o r e t i c a l  t e c h n i q u e s

to p r a c t i c a l  p rob lems  by a m i a l y ~ i s  of r ecent :  theorer t e a l  and

pr a c t i c a l  s o f t w a r e  technology :-:ui’ k fcc::: th e po l i - it - of v ie : :  of

pattern theory .

-— ~~~~~~~- —- - -4 
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1. An attempt will be made to analyze a number - of’ “classical”

papers on program v e r i f i c a t i o n, program synthesis , struc ture d

programming and s p e c i f i c a t i o n  in order to b e t t o r -  u n d e r st a n d  b o t h

the successes and failures of such theoretical p a p e r s .  One of

the  p roduc t s  of the work would p robab ly  be a s u r vey  p ap e r  on

• theoretical models in s o f tw a r e  e n g i n e e r i n g .

2. A small number of large problem specifical ;ion :; will be

examined in detail in order to better understand the sources of’

complex i t y  in p r a c t i c a l  program sp e c i f i c a t i o n  and t h e  degr ee  to

which  such program s p e c i f i c a t i o n s  can be hand l ed  by t h e o r e t i c a l

t e c h n i q u e s .  The t h e o r e t i c a l  underp inn ings  of c u r r e n t  s o f t w a r e
- t echnolog ies such  as s t r u c t u r e d  des ign  wi l l  be e x a m i n e d .

It is hoped t h a t  t he  u n i f y in g  and s im p l i f :- ~in g  vie ’-.’ of

so f tware  e n g i n e e r i n g  t h a t  r e s u l t s  from v i e w i n g  i t  as a b r a n c h  ~~

• pattern t heo ry  can be t r a ns la t ;e d  i n t o  c - e n c r e t - e  c en t  n i b u t ;  i O I ) 3  t o  -

practical software technology .

• I

- -- -4 - --—- - - - -- ‘-- —- - ‘---4 - -’--- --~~- --------- -- - - -



~
‘r’ - - - ‘‘~~~~~~~~~ ‘‘ -~~~~‘ -~~~~~-r’ ~7 - - ’ ~ Z ‘W’ ’~”~~~~’ ~~ ~~~~~~~~~~ ‘ “—‘ “r”  “ ‘ -~~~~“ -‘‘ ~~~~~~~~~~~~~~~~~ ‘ ‘

-— - - - —-4 

- 
‘--- * - - ——--4

H 

. 
30

~4 ;  App l i ca t ion  to L ingu i s t i c s  and A b d u c t i o n .

tI.l. Relation between L i ng u i s t i cs  and P h y s i c a l  Ima gq3 .

This work w i l l  be concerned w i t h  the  r e l a t ion  be tween  language

structure and the object s and re lations in the  ex te rna l  world  w h i c h

0 constitute the domain of discourse of the language. From t he  po in t

of view of pattern t heory, sentences of a language are images of

an image algebra whose configurations are generated by a phrase

structure grammar . The real world object;s and relations w h i c h

give rise to these sentences may be t h o u g h t  of as c o n f i g u r a t i o n s

generated by phys i ca l  genera tors  wh ich  d e t e r m i n e  an Image a lgebra

observed by a speaker ( o b se r v e r) .  Sentences  u t t e r - e d  by t h e  speaker

may be thought  of as being generated by a “ t r a n s d u c er ” fi ’cm n the

images of the physical world observed by the speaker into linguistic

images. The relation between generators , configurations and h a re s

of the linguistic and physical worlds is illustrated in the  following

Figure .

(p i~ysIcal ~~ ~~~ linguistic
\~~gene ra to r s  _,1 genera tors

phy sica l ~~ 
li n g u i s t i c

c o n f i g u r a t  ions t.~~con f igura t  ions

• c~~~~~
1 

~~~~~~~ 
~~~~~~~~~~~~~~

lin
~

u i s t ic

D

Relation between linguistic and physical images. 

~~~~~~~~~~

--

~~

‘---

~~~~~~~~~~~~

- ---.--
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We sha l l  conside r  t h e  case of a listener (which may be a i r m e c h —

anical device) who may observe linguistic images p r od u ced by a

speaker and has some independent knowled ge of the structure of

the real world , but does not necessarily have knowledge of the

language being used by the speaker. Such a listener may wish

to i n f e r  the  language  s t r u c t u r e  of’ the language by observing

linguistic images , uttered by the speaker. We shall call this

problem the abduction problem . Once the language structure is

- 

- 

known the listener may wish to “understand” the semantic informa-

tion about the physical world conveyed by the sentences .

We have made considerable progress in solving the abduction

problem for the special case when the langua-’~e i_ s finite state

(see below for detailed discussion). Our technique for inferring

the finite state grammar from a sequence of sentences performs

s y s t e m a t i c  d e f o r m a t i o n s  on sentences  of the language and assumes

the existence of an ora-”le  w h i c h  t e l l s  us for  each p o s s i b ly  de—

formed sentence whether it is gramm atical or not (see figure).

no 
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The technique adopted in our previous work  in  p u r e l y  sy n-

tac t ic . In futur e work we s h a] ] . in v e s t ig at e  t h e  posS i I ) i i L L t v  of

improving the rate of convergence of the abduction process by

j making  use of seman t i c  i n f o r m a t i o n  possessed h y  t he  1 stoner

concern ing  the s t r u c t u r e  of the  real w o r l d .

The present research wil l  be concerned  w i t h  severa l a s p e c t s

of the  r e l a t i o n  be tween  s y n t a c t i c  images in a l anguage  and

corresponding semant ic  im ages of the  p hy s i c a l  w o r l d .  S p e c i f i c

problems to be i n v e s t i g a t e d  i n c l u d e  t h e  f o l l o w i n g :

1. Investigation of the way in which t h e  l e a r n i n g  i-ate  of an

abduction process can be speeded up by semantic information.

2. What are the properties of the “transducer ” used by the

speaker in mapping physical images into linguistic images?

3. What are the  l imi t ;a t ions  imposed by a language or c lass  of

languages on the range of objects and r e l a t i o n s  that can

be talked about . rthere  are some s p e c i f i c  r e s ul t s  in t h i s

area concerning formal languages. Are there analogous

re su l t s  for  na tu ra l  l anguages?

~~~ . How does the structure of the domain  of d i s c o u r s e  ( m i c r o —

world ) a f f e c t  the  s t r u c t u r e  of the  language fo r  t a l k i n g

about the domain of discourse ?

5. How can we e x p l a i n  the  existence of u n i ve r s a l  language

f e a t u r e s  s u c h  as gende r , numb er , a c t i v e  and p a s s i v e  v e r b

forms in terms of our model ?

6 .  How can o ther  l i ng u i s t i c  models  such  as Ch o m sky ’ s t r a n s —

f o r m a t i o n a l  grammars and Shank ’s s c r i p t s , or’ N i n uky ’ s

frames ,be expressed in te rms  of other ii 1ii~ul~~t - iC m o d e l s ?

:~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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14 .2 The Abduction Problem.

The term abduction was coined by Charles Sanders Pierce to de-

note the process of generating plausible hypotheses in science. We

shall speak of abduction in our context to denote the action of a

processor (e.g., a program ) on the  images f rom an incompletely known

pattern structure in order to generate as output plausible hypothe ses

concerning the structure. This research project deals , in partic ri—

lar , with the problems whi c h arise when  t he  pattern s considered

come from some formal language.

The f low of i n f o r m a t i o n  w h e n  we attempt our a b d u c t i o n  p roce ss

can best be described with reference to t he  f o l l o w i ng  d i a g r a m :

i i i s tener~~~~~tener

• m: a l  g ; i  I th in :

I’

The speaker ~1 l i ves  in an e n v i r o n m e nt -  ch i ar a c t e i ’i sed  by some

Ima ge algebra env (f1 ) . The gene ra to rs  of t h i s  in iag e  a lgeb ra  n : i g l i t

_ _ _ _ _  -4. -4- ---— - -~~~~~
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- be physical objects or , better , physical objects and relations

between these objects. A given image belonging to t h i s  algebra ,

I ~ env(ç~), can give rise to many s y n t a c t i c a l l y  cor rec t  sen tences

belonging to a language L (Gr) described by a grammar Gi- and agree—

ing with I ~ env(c1) semantically : the mapping will be one—to—many .

‘1 

- A grammatical sentence uttered by the  ob se rve r  can he looked

upon as an image from another image algebra , with i t s  d e r i v a t i o n

constituting the corresponding regular configurat;ion. For ex-

ample, if the underlying gra~ nar is finite state , w i t h  t h e  st a t e

diagram 
~~~ 

(.~.(
~~ 

‘\b 
0

c~
)

-
‘

the  sentence  ( image ) aac would have as one of  i ts  p o s s i b l e  cler iva—

tions (regular c o n f ig u ra t i o n s)

~~~~~~~~~~~~~~~~~~~~~~ I

Hence , an image processor maps the image algebra env(cl ) into another

image algebra ; the image operator “transducer ” in the f i g u r e  t a k e s

mlcroworld images into language images.

The sentences from L(Gr) are then subjected to the deformation

mechanism ~~ ( th e  second opera tor  in the figure) w h i c h  c h a ng e s  an h
Image .  In our experiment , this deformation consists of the sub—

s tit u t i o n  of’ word s in a sentence (Ima ge) by o the r  words or by t h e  sub—

stitution of strings for strings. ‘ilie c l e fo I - me ( .I sen t ence  is Ix cs ent cdl to

the oracle and is also stored in the  n }ioi -t  t e rm memor y of ~ t o —

gether with the response from the teacher and t h e  un deforn ied

sentences. The oracle will say ‘yes ’ or ‘no ’ according to his

judgement  of the  g r ammat i ca l i t y  of the  s e n t e nc e :  the  g r a m m a t i c a l i ty

f u n c t i o n  g r ( . ) , which  can take  va lues  

- - - -—- -4 - -— --- 
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YES and NO , is , of c ourse , not k n o w n  to Il , and i t  is i m p o r t a nt  t o

realise that the oracle may make m i s t a k es .  i t  may judge a s e n t e n c e

- I grammatical when it is not ( w i t h  prob abilit y 6 1,say), and not gram—

matical when it is (wi th probability ó 2~ say). The abduction algo—

ritom processes  these  th ree  input s and saves tI~ r e s u l t  in t h e  long

term memory , after wh i c hi the short L et - mi m n f m I I - y  I s- c l ea red  . As mo m - c

and more sentences  are proce ssed , t h e  a I~y : r i  tha t  i s  e x p e c t e d  to  con—

verge to a limiting grammar weakly equ ~~vr i l e i i t  to (~r and with per-

fo rmance  pa ramete r s  c ha r a c t e r i s in g  a p r o b a b i l i t y  distribution over

L(Gr) which describes the  lingu ~~t~ c p e r f or n a n c e  of ~2 .

In addition to the errors (6 1,62) = ~~, s a y ,  d e f i n e d  above

- 

- 
( w h i c h  were , in f a c t , neg lec ted  in our i n i ti a l  e x p e r i m e n t s ) ,  t he r e

is an unavo idab le  error c w h i c h  denotes  t i m e  p r ob a b i l i t y  t h a t  t w o

words are placed i n t o  t h e  sane word class whoa they arc- , in f a c t , no t

equ iva len t  ( t h i s  w i l l  be made c leat ’  la t e : ’) .  i t  i s  i m p o r t a n t  to  no te

tha t  we should wish  our a l g o r i t h m  to be r o b u s t  w i t h  r e spec t  to the

errors 6 and c ;  our results indicate t h a t ;  hi order to  a c h i e v e

robus tness  w . r . t .  c , a b d u c t i o n  a l g o r i t i s m m s  o~ukI l~e r ea l i sed  by

ne twork  processors  (which incorporate pare I l e l i s i m i ) . T h i s

robus tness  (u n l i k e  r o b u s t n e s s  w • r. t . ó )  c a n n o t . he a s su red  by

the  serial  a l g o r i t h m  we have I m p l e m e n t e d , and t h i s p rob l e m

will constitute an Important future i - cm -- e a r c h  p ro j ec t . .

We s h a l l  d e s c r i b e  our abduc t  ion a li -~~m ’ L t h m , w h i c h  ass u me s

4 - that no semantic inputs are ava]  l ah i e .  The  i n c o r p o r a t i o n  of

semantic inputs — indicated In our f igu r e  l .y  dot;ted lines from

env (~~) to l i s t en e r — w i l l  be one of the  p r i n c i p a l  area:; of f u t u r e

resemrch . 

--4 --- ~~~~~~~~~~~~~~ -‘~~~~~~~~~~~-- —----~~~~ -—— ‘- - - - - - - - 4  -
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- We d i sp l ayed  two image ope rato r s  In the f i gu r e :  the “trans—

ducer ” , w h i c h  t r a n s f o r m s images f r om env (~ h ) into images  from

L( Gr), and 9 , the  deform ation mechanism which: in our applicati on

c o n s i s t s  of w o r d — s u b s t i t u t i o n s  and w h o s e  o ut p u t s  are  s tr i n g s o ve r

the same ~ rmina l vocabula ry  as t h a t  used f o r  In p u t s  i n to  9. Thi s

d e f o r m a t i o n  mechan i sm  m u s t  be d e f i n e d  in deta il by the sp d’c i f l c a —

tions for the abduction algorithm , and we now address ourselves

briefly to this question .

The f i r s t  q u e s t i o n  to d e c i d e  i s  t h e  t y p e  of gr a m m a r  Si’ to

use in our studies. For reasons of simplicity ;-, e have  c h o s e n

f i n i t e  s t a t e  grammars , but  e x t e n s i o n  to mn oi’e general m o d e l s

may be possible.

It should be remembered that our goal is not to stu d y  ab d u c t i o n

of natural languages , hut to investigate how abduction can be

organised in a concrete environment and in -a robus t

and rapidly convergent manner. For this p u r p o s e ,  the choice of

the observer ’s grammar is not crucial.

Let the terminal vocabulary V,~ c o n t ain  n,1, i-.-n rds , d e n o t e d

generically as x ,y ,  . . . (or  s u b s c r i p t e d) .  The syntactic variables ,

the non—terminals , form a set w i t h  n N elc~a - m : t  a , d e n o t e d  by

l , j  , . . . (or s u b s c r i p t e d ) .  Time re—writin g rules ( generators)

I ‘- xj; x E~ ~T ’ ~~~ c

i~~~ x ; X C V  i c V ~~,
T

the latter resulting Ii: tyrmina t .ien of tire 1 - -i’ivaL I em: . Tim- ~

n u m b e r  of re—writin g rules is denoted II :: mm 1, . } i ~~- c o r r e s p o n d i ng

p r o b a b i l i t i e s  are denoted  by p 1 C:; ) am id  a ( x  )  , .f n r n i ng a m a t r i x

P ( x )  and a vec to r  n ( x ) ,  r e s p ec t~~v e l y .  i~ls ’ , 

_ _ _ ~_._~~__ ~~~~~~~~~~~~~~~~~~~~~~~~~ 
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p =  P ( x )  -

x 
~ 
VT

r = ~ r ( x )
XC

For n o t a t i o n a l and o th e r  d e t a il s  about  ‘l in e a r  c o n n e ct i o n  ty p e ’

c o n fi g u r a t i o ns , of w h i c h  t i m e  p resent  ones a re  a sp e c i a l  case ,

p r o b a b i l i t i es  over ’ such  c o nf ig u r a t i o n s , and images corresponding

to  them , the reader 1:; i’eferred to sections 2 .~4 , 2.10 and ~ . I O

of reference [Gl].

Let x and y be f i x e d  in V T and p i ck  t w o  a r b i t r ar y  stm ’i  ngs

u ,v c ~~~ where V~ , d e n o t es  t h e  ( i n f i n i t e)  ~ct of a l l  p o s sib l e

f i n i t e  s t ri n g s  over V~,. If i t is alwa ~~a. t r -u ~ t h a t  the  c o n c at e n a t e d

s t r i n g s  ux v  and u y v  are g r a m m a t i c al  or i m u g r a m a i a t ; c a l  t oge the r ,

we say t h a t  x y , I . e • , t h e y  are  equ i v a l  cut  (o r  con r l ’ lm o ut  ) • It :

other wcit’ds

x y ~~> g r ( u x v )  = g r ’ ( u y v ) ,  ~~ U ,V c

T h i s  e q u i v a l e n ce  partitions V T In t o  equivalenc e classes.

U o t e  t h a t  e q u i v a l e n c e  x y demands t h a t

j r r ’ ( u x v )  gr (uyv)

hold  f o r  a l l  u , v . i l e m a ’  e an I n f i n i  te  num b er of t eat  a would  be

r equ i r e ; !  a l m i s o  V ,~ i s  i n f i n i t e .  Tes ting  it  f sr  a s i ng l e  case

(u ,v )  C m ’  a N n i ’  ‘ n u t - i l - e r  of cam ;E -s does not  s u f f i c e , a l t h o u g h

- j 4 t m -~ -aaon. 1 l” to f -e l tiiat if

gr- (mm x v ) gr’ (uvv)

P c i - l a  V -a r~ n ( U  ,V ) — c r a S - I nat i ( . f l 3 , t h en  x and  y ~re l i ke  lv to — 
-

i~L~~~~~~~~~~~~~~~~~~i_TT~~I1TiT~~~~~~~~~~~~~~~~~~~~~ _ ____________
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C = P ( d e c i s l o n  x = y wh en x ~ y)

where the decision is made after’ each deformnation (substitution).

Note that this error- is quite different f rom our p r e v i o u s l y  d e f in e d

ora c le ’s error 6 = (o i,6 2~
It can easily be shown that in order ’ t h a t  x y i t  is neces sa ry

and sufficient tha t for any genera to r  i ~ x j  t h e r e  e x i s t s  one of 
-

the form I -
~ yj

To e m p h a s i z e  t h e  equ iva l ence  p r o p e r l y  we choose  as our a i m n i —

uarity t r a n s f o r m a t i o n s  the  set of a l l  per mu t a t i o n s  of l ;e n e r a t o r s

( r e — w r i t i n g  r u l e s)  l eav ing  the  e q u i v a l e nc e  u m m n h a n s e d , so t h a t

if g = i -
~ xj

then  sg = I -+ x ’j with x x ’

This de termines  the generator classes 0 ~ l e f t  :tnva i -  i a nt  w i t  P

r e spec t  to S. Of course , S is In i t i a l l y  u n k n o w n  and s h o u ld  be

learned during the abduction process.

We shal l  now describe how we d e t e r m i n e  ;-i o i’d c l a s se s  in  one

of our a b d u c t i o n  al g o r i t h m s .  rl hat is, we shall consider x ,y, . . .

to be words r a t he r  than  e lemen t s  of V~~. The a t - e l )  from word

equiva lence  to s t r i ng  eq u i v a l e n c e  can he car r i e d  out  s im i l a r ly

- ; if It Is remembered that a state in the st~r t e  d i ag r a m  of t h e

grammar can be looked upon as an e q u iv a l e n c - -  c l a ss  of st r i ng s ,

since , by Nerode ’s theorem , the  n u m b e r  of e q u i v a l e n c e  classes

In V~’ is f i n i t e  if t h e  grammar is f i n i t e .

A 53U ITI I~ that at a given macmo nt dur I t o x - c u t  ion of t h e

- a l g o r i t h m  we have a r ri v e d  at- three tI-aroma:’ :: w e t - - i c l a s s e s ,

which together contain all elements of VT :

IL 
.
~~~ 

- - — - - 
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We call the left—hand member of each c lass  t i m e  ‘ p x - o t o t :~pe ” .

= Let us say we encounter a sentence

3 X
1

X
2

X

3 

. . . C

each w i l l  occur  in one of the  l i s ts ,  fl ay we se lec t  word y

for examination :

x 1X 2 x~ . . . y . . . C L (G)

and s u b s t i t ut e  z for  :/ ( d e f o r m a t i o n  9); we ? i O ’ C ,  a d - :  m - ;I r e ther

x 1x 2 x . . . z . . . x~ C L ( G ) .

The orac le  w i l l  now g ive the  a ma-:ei’ YI-~fl en - 110; we a s s u m e  t h e

- answer  to be cor rec t , I . e .  6 = (6 1,62) (0,0), h u t  i- he algorithm

k 

m a y ,  of ’ co u rse , be wron g in placing z and y In t h e  s-one e q u iv a l e n c e

class , i.e. we have C ~ 0. The a lgo r i t hm proc eo ds  as f o l l o w s :

if the oracle ’s answer is nO , y Is move d to the  c lass  be low

if there is one , otherwIse to a new c l a s s  p laced be low t i re

old ones; if t h e  answer’ is YES , y and z may be e q u i v a l e n t  and

-
. y Is s h i f t e d  one p o s i t i o n  to the  l e f t .  ‘fl-m e l e f t  most  p o s i t i o n

is called the p r o t o t y p e , and we see tha t  in each temporary class

word s drifting to t he  l e f t  means t he i r  c er t a i n t y  of b e l o n g i n g

to t h i s  c lass  i n c r e ase s .  There are th ree  pos sib l e  a c t i o n s  f er

the movemen t, of a word : it m.m :~- move to the  l e f t  in the  same c lass ,

i t  may move down to one of the  e x i s t i n g  classes (to the righ t),

It may create a new class . Ve have shown that the algo:-itlrm’m con—

ye-  m ’ g i a c  ;-: i t -h pr oh -ab i l I t y  one to  a grammar m - ;eak ly e q u i v a l e n t  t o

-
~~ the cr igin a l ne , a n - I  one c an 10 r a g i v o i m  f i t m i  t o  a t  a t e  m a c h i n e ,

calculate the value of’ c em’
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for given words x and y, c a l c u l a t e  t ;he c;- r r ’c s p o n d in g  q u a n t i t  
~‘ 

c .

A n open problem is :  given c , what can we oa~,’ about  t i m e  spe -d c~f

convergence  of the  a lg o r i t h m ?
- - 

When 6 ~ 0 , i t can be shown t h a t  t i m e  above  algor ’ i t h u  ij i o w : ;

u p .  We have vei-i f l ed  t h i s  e x p e r i m e n t a l  1:; , b u t  I I  s - - c a n  t o  hn ; -pe - m

more  s lowly  than  one m i g h t  expec t . T h at  i s , I . h e -  n 1~ - - -H t h u  0

robust w i t h  r e spec t  to c but  not  w i t h  r e s pec t ;  u 6 . i i :

~I2]we presented an algorithm u si ng  a r m - e v a  ( p ar a l l e l  J - m e c e a d i n - ; )

r a t he r  t h a n  list ; s , w h i c h  is more  space  c o u s i n  1 no 1-u t  i s

a l so  w i t h  r e spec t  to 6 .  We c o n s t r u c t e d  cur  i n c i d e n c e  m a t r i x

a b c
a

b

C -

where a , b , c are words  and m a b is a number-  I nit ca t - lu g  our ’ s t r e n g t h

of be lief  I n a U .  t-J e constr’ucted rules for c h a n g i ng  t h e  value

ab -

m ~
(m ai ) whe n o rac le  sacs  Vi-::’ -

ab
14) ( mab ) when Oracle  says  flO

Cle a r l y ,  t P (m ah ) = 0 when 6 2 = 0 , and ~ and 4) have  q u a l i t a t i v e l y

the  f o l l o w i n g  form :

Although this incidence matrix al g o r it h m  takes a gm-eat deal of

L 

space , It ha s- to be ~ a - d  II’ we wan t  i ’ o I - u s t m i e s s  w i t h  aim I m p e r f e c t

oracle. A problem we are cux ’rermtiy I mm v c ’s t  11 -- n t t n g  is the



following : say we code a and U into long vector’:;

a -
~~

U -
~ y (b)

e . g . ,  y ( a )  may be the  r ep resen ta t ion -i  of a c o ust i c  speech wave s

of’ t he  spoken ~--ar aI a. What happens when we r e p lac e  t he  in—

cidence matrix by t he  c o r r e s p o n d i ng  n e t w o r k , whe re the  n-i ’ s

are strengths of connection (amplification or attenuation

f a c t o r s) ?  Wha t happens  when we replace  m by ~ and m j ?

- 
It w i l l  be seer - i f rom the  above t h a t  a l t ho ugh  we h a v e

made cons iderab le  progress  in our a n a ly s i s  of a b d u c t  Ion a l—

gorithm s, several open questions ( c o n c e r n i n g , for insl ami ce ,

ro bustness , speed of convergence) still r e - :n a in , as- wel l  as

the  larger ques t i on  how semant ic  i n p u ts  c a n  be u se  I to inc rease

speed of convergence  to the  t r u e  gr an : ra r i r  of t~1me 1 a n g u a g e .

11.3 A Tes t Gramma r .

To make the  above as c o n c r e t e  as p o s s ib l e  we constructed

a “test grammar ” . Of course we could hma’ ~”- c h o sen  one u s i n g  a

vocabulary consisting of abstract sy:;:hols sinc e we are not

concerned wit h natural language pr ’ : e e a : ’- i  no h e r e .  Fcr d i d a c t i c

reasons , however , we have Instead sd -ct - I - n e  o~-mIera t lug

E n g l i s h — l i k e  s t r i n g s  so that the ouLpu~ easier’ to i-cad.  Sinc e

t h e  semantic background has been le1~ o0 IL :13 . 1 be necessary

to  “f udge ” the  gr a m m a r  to  avot l  c o m a p i - ’t e l y  u e i m i i m i g i - ’ss s e i m t ’nc ~-s

from being grammatical.

The grammar has n~ = 52 i nc lud  I r i s  t h e  p u n c t u a t i o n  mar ’k “ 
•

and a list of t he  t e r m in a l  v o c a b u l a r y  is g i v e n  i n  Table  1.

These 52 “words ” are a r r anged  in  23 word  c l a s s e s  (tenot-od by,

for  example  , DET for determines , N il I’or h u n : m i m  norm and so c m : .

- -  ~~~~~~~ --- -~~~~~~~~~~~~~ -- - -~~~~~ 
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r l h 1,~ t;r-~~1. g r ’ u m nama 1’ Or has l~J s t a t _ n a  :5 ‘~i ,i j i g  - i  - : I ~- i i ’  -

F= 19 as in the  f i g u r e .  rFhls  c o r ’m - esp on dr ;  Ia, L ime -  i l -  c - - i :  t o m ’;; 1 t s t a - d

.1 n Table 2 , w h e r e  for exam ple 1 ~ P NA , 7 ni ~ 1 I ‘ .- ~ i” ner d Lw c

r e — w r i t i n g  rule :; a thee the  word c lass  I N , ~ - ‘ ‘ i ; a t i n  ia - mo - -.- or ’ -l ~~~ .

In all we h a v e  ST rewriting rules.

A pr ogm ’ -a mm i ge n e r a t e s  s e n t e n c e s  f r o m  L l i i i ’  - i o n — - v I h - u  i n

section 3.2 of ref. [01]. The p e r f o r m a n c e  ;-
~‘ 1 o f ’  .:o u i - n o  d epend

U POfl the  proba b  11. 1 t i c s  a s s o cia t e d  w i t h  f- - 1 r- I N - m e m ’ : : l - m ’ s  . N~u~~ of ’

t he  sen tences  ai” -~ c iu l t e  r easonable , s u c h  a: ; j l l l  1 , 1  i c - N d H -  -~? f ~ BOY ,

or JO H N SP EA K S , or ‘l’H FI DESK IS i-:o’r BLUE.  N o ;-; - a :- s  a U I c iu u t - t, fu l

such  as JOHN CLA IHS THAT JO H N SIN GS , or Ndi-Ii - , vc I i  I ~- : ‘ i , ’ U i  ~-:

F-JOT GREEN . Mum ” se l d o m  one getm -: a v ery  a t m - - sl y - ;; - - i d - i - i c ” , i o:’

example , HE CL A INS TU!~T TUE ~1AN CLAfl - 1S ‘l’Uf~T 6 I - N 5 - - i R 1 I  I 1EL I i-: D BY

THE DOG , or SHE VIOLENTLY LIKES TI l E  BOY 1- 11111 I- I i i ~ N F i - / ,NN . It  may

L

a iso be m e n t i o n e d  t h a t  some p e r f e c t ly  ro~~: - i i ~ I ’ c I ad- , - 1 - 0  i :

s en t ences  over t h e  g i v e n  terminal voc abu iam -y a m - . m l  ; i C : C - - I d  cd in,’

-: Gr , for e x a m p l e  RO VE H LI KE S ~~~ G I R L .  Fe: - : m -  p h cpoca - m - i  0 gm ’a mn ma 1’

r ep resen t s  a s u f ’ f ’ i c . i c ’ i t l y  d i f f i c u l t  I as!-’ 

Consider  now the  four  genera tor ’ s cl ah  - I -  i - n:  -j 
~l -

~~ I l l  ,

The words in NI -i ar e  c e r t a i n l y  c q u i v a l e m m t  :-a m ’ i c h  - - ‘i- - i ’ . :;i:nil ai’ly

th e  f o u r  r :cn er ’nI -oi ’ ;; of ’ t y p e  11 -
~~ NA , 12 m u - ; ;  I I -  i ’au ’ds -I - ’ a i m i c i m  am’ t ’

‘ ‘‘ 1’’ v~,1iL~l m I ,  I , , m ~‘ : m i ’ I m  ot h o m - . 1~J L  1 - i m c . u ’  ‘ l ~’ : in - : _ s i 0  ~u - s  -s  ~2 ’ chim

s l_ at ;e  11 1:0 12 :m m md one mn r i v be t e m p t e d  i-c ho ) .  m o v ~- - h a t .  t b —  e l e m e n t s

in  I -I A are - i ii i v:’ ion ). Is the e l e m n en t s  in  N i l .  ‘r u ì t :  1:; f l U t -  t i m e  case

however , s ince we kno w that in or d e r  t h a t  t h is hold we

m u s t  have , for  example , for the g e n e m ’ n I - o m - -~ PP . 6 n c- ; - a i - o ru ;  of ’

t he  florm 2 -
~~ N A , 6 . ‘J’he lattem ’ ones do i s - : -  a i - p - : n r  3 m :  Gr , so t h :~
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Tab I 0 P

gene rato r  nur rm b er  ~~- - l  — - i t ’

1 - 1 —
~ 1’ l-: ~j , I

2 ,3 1 -
~ 1 :-i A ,?

~4 ,5, 6 1 -
~~ N1- - ,P

7, 8 -
~~ ~~~~ A -

9, 10 1 -
~ hIP  , 6

11,12,13, 1)) 2 fm , J l ( , -1

15, 16 P -s A - I A ,-!

17, 18 , 19 2 - •
20 , 21 , 22 , 23 -

~~

2 14 , 2 5 , 26 , 2-1 2 - ‘

28 , 2 9 ,3 0 P -
~~

31,32 ,33 ,3 14 -
~ P1! , ’-

35 ,36 ,37 ,3 8  )I -
~

39, 140 ,~I l  —

142 , 1)3 6 -~~

14 14 , 145 6 -
~ V1 ,

146,147 6 -
~ id ’- . I 1

4 8 , 14 9 6 A l ’V . -

50 ,5 1 6 - ‘  V: • I 1 —

52 ,53 7 -
~ A u . : . -

~

514 ,55 8 -
~ A I P : , i f l

56 , 57 , 58 9 -
~ P-i - I l , I I

59, 60 , 61 10

62 1.0 —
~ lINT , ~

63, 6 14 , 65 , 66 11 -
~~

67 , 68 , 69 , 70 1 l- ~~ N A I ?

71,72 12 -
~ C O P 1 , I

73 12 -
~

7 14 , 7 5 , 7 6 13 -
~ V! , ]~ !

(7 13 -
~ NOT , 15

78 114 -
~ BY ,)

79, 80 , 81 15 -
~ VF . i 1 1

82 , 83, 814 17 -
~ A~~2 :; , i2

85, 86 17 -
~

87 1I5 -
~~ 1 : 1 - 1 , 1
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the equivalence between NA and Nil does not ho:i d , which w i l l

introduce an essential difficulty which we are presently

s tudy ing .
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