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CHAPTER 1. INTRODUCTION

1.]. Back ground and Scope of Thesis

During the last few years , a number of relatively

effective artificial intelligence (Al) programs have been

w r i t t e n  incorpora t ing  considerable amounts of knowledge .

Consequently ,  the problem of encoding such knowledge in a

useful form has emerged as one of the central problems of Al.

Winograd [ 4 8 ]  d is t inguishes  between declarative in format ion  k
which can be thought of as “knowing what” , and procedura l

in fo rmat ion  which can be thought of as “knowing how ” .

He describes the under ly ing  problem as that of construct ing

representat ions which can take advantage of the decompos-

ab i l i ty  of the declarative form wi thout  s ac r i f i c ing  the

interact ive possibil i t ies of tl~~procedural form . Ideal ly ,

it should be possible to specify information in a form

which does not constrain the way in which it is to be used .

Unfo r tuna t e ly ,  a s tiai ghtforward implementation of such a

declarative representation corresponds to a nondeterministic

program which makes a relatively blind search through the

solution space.

More recent ly,  attention has turned towards mechanisms

which fac i l i ta te  incorporating limited’ procedural or heurist ic

information into a pr imari ly  declarative framework . Examples

7 
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i z c l u d e  S icko l  ‘ s C lause  I n t i ’r c o n n e ct i v i t v  ~r ap h s  1]9 I ir .

r e s o l u t i o n  th e o r e m - p r o v i n g  f ramework , Robot Plans in the

STRIPS problem-so ’ving system 114 ), and procedural deduc-

tions in semantic networks 110 1 . In 136), Rychener discus~;t’-;

the approach of building a rational “goal” structure into

declarat ive rule-based (production ) systems , wh ile Davis 19 ]

favors a separate set of “meta-rules ” specifying control

information in a hierarchical fashion. In some cases we

might expect that the amount cf procedural info rma tion is of

the same order of magnitude as the amount of declarative

information , and so s’ich approaches may be effective . However ,

in most cases the amount of control information will be very

large (such as theorem-proving , natural language

understanding, vision). Thus the problem of acquiring,

debugging and extending control information will become

increasing ly impor tant.

In general , we might expect that this control informa-

tion will embody very sophisticated principles requir ing

data structures not present in the declarative form of the

program , or wh ich are deducible only by the use of consider-

able intelli gence. For example , it is clear that the

deduction of the heuristic pri~ cip1es of evaluation and

t-~~ search from a declarative chess program which specifies

only the rules of chess wi thout any strategies for play ing

will require an analysis which is considerably beyond the

ability -f present techniques ; even the optimization of the

— 2 —



- - — .--- — - —

I

! 
—-- -—-——- .—.- — .—.— . U I •

-

para:’~ -t t- r s i n  a l i n e a r  e v al u -I t l o n  function involves highly

sophisticated processing .

~iowevt~r , i t  is the contention of this thesis that

there are a number of important areas in which it m i  iht be

possible to deduce  contro l information automatically from

a declarative program. These include declaratively speci-

t i e d  problems :

— for wh ich there exists a relat ively simple algorithmic

procedure

- whose performance can be improved in frequently occur-

rinq or particularly important special cases

- in which particular subproblems can be solved by

simple algorithmic procedures .

In this thesis , we will investigate a technique frr improving

the performance of a nondeterministic program which is

based on an analysis of the behavior of the program on

sample inpu ts.

The followin g section presents a sample problem used

throughout this document to demonstrate the proposed

techniques . In Section 1.3 , the approach we take to t h i s

problem is outlined in detail along with the technical

problems involved in the actual analysis. The final section

of this chapter presents a history of the research related

to this problem and which supports the approach we use.
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1.2 A Sam1)1eIroblern : ~sa Puzzles

As an exanj le , consider the followin g problem. Suppose

we want to solve a (slightly idealized) ji gsaw puzzle in

which eaeh piece has an average color and four sides

described by unique integers (with side i fitting side —i).

We consider below a nondeterministic algorithm written L

in I ~~~~~~~~~~~~~~~~~~ . . .‘ ~~~‘-: (PS) form [8 , 32 , 37] .

A PS is a (nondeterministic) program consistino of a

~ t -t  of p ~~~~~~~~~ ~~ or ~~~~~~~~ ca l led ~~!‘~~~~. ‘t ~~~;~~ .Y~ “:..~~~‘~ i

tu gether with a data base of assertions , cal led the

~~~~~~‘~~~~~ ‘ ; :  -~~- 
~~~~~~~~~~ 

(~~~) set. Each rule consists of a conjunc—

tion of patterns of data elements , ca l l ed  the L~ ; - : ~~::i S~ Jc

(LUS ) and a ser ies of a c t i c n s  cal led the .~~~-.
‘ 

~~-~~~~~~‘:

(RHS). The RHS specifies information that is to be

deposited in or removed from the WM. Execution of the

program consists of iterating the following sequence of

• actions (each iteration is called a • ‘
~~~~~

‘ t : )

(1) fo r  each ru le , determine if its LHS matches the current

• environment in WM (multiple instantiations are possible)

(2) from the set of rules satisfy i n g  step ( 1) , cal led the

-
. 

~ ~~~~t ( C S ) ,  nondeterministically select one.

(3) : ‘~ 
the rule selected in step (2), tha t  is , appl y

the actions specified in the RHS.

In the exac t form of the PS representat ion we use ,

data elements can be any LISP data structure. An atomic

data element in the LHS of a production must match an exact

— 4 —
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data e~ e~’~ -nt in ;~~ ‘~ and a list must match a list with the

sa:~t s t r u c t u r e  an d  content . A symbol pr’-euded with an

e.~aals si ;n ( = )  represents a variable which can match any

d a t a  structare . The $ syr~bol contained in the productions

has the s a : - :t -  function as the SNOBOL4 immediate assignment

onerat. o . ~.cn. n a rule is fired , the matching data elements

are not dulet~~d from cM unless they are included as argu-

merits to t he  - dci ott ’> sys t en  function in the RHS of the rule.

Fh~ ~~t h e r  svster functions are represented in lower case and

enclosed in pointed brackets ( <  > ) .  Their function is

described by their names . The operator - in the LHS has

the same function as <not> . The syrii~ol is an operator

which matches the entire remain~ nci portion of the list that
F.

contains it. Where it at noars in the RHS it denosits the r
list t h a t  m a tch e d  it  h~it with~ ut the enclosing parentheses.

The connlttc program is c;iven in the following sections.

— 5 —
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Iv ’
1.2.1 A Jigsaw Puzzle Production System

The representation we have chosen models the puzzle-

solver as having an eye with which to focus on a single

object , a hand with which to grasp an object and a limited

memory which can remember a single object, a single pile ,

arid a particular color at any one time . The puzzle is

presented to the puzzle—solver as a heap (or unordered set)

of puzzle pieces. The productions allow for the pilin g of

objects , and through the functions of the eye, hand and
.

memory , the systematic scanning of an ordered pile of puzzle

pieces . Various sensing productions (those without actions

in the RHS) indicate a variety of conditions of WM as is

outlined below .

Working Memory Data Elements :

(PIECE p c) represents a puzzle piece where p is a unique

integer associated with a piece and c is its average color.

We will assume the machine knows at any time where piece p

is located and so we ignore location in the representation .

(s p n c) represents the side of a puzzle piece . s is

either L, R, T or B, representing the left , right , top and

bottom , respectively , of piece p. Since location is ignored ,

rotation of a piece in space is also ignored. n is an

integer representing the shape of the side where +n mates

with -n and 0 represents a straight edge. c is the color

— 6 —
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of the edge . The representation could easily be extended

to represent a vector of colors for a series of points on

the edge.

(NUMBER-OF-PIECES n) states that n is the total number of

puzzle pieces .

(NUMBER-IN-HEAP n) states that n is the total number of

pieces in the heap.

(IN-PUZZLE (PIECE p c)) states that piece p is in the

puzzle .

(NUMBER-IN-PUZZLE n)  states that n is the total number of

pieces in the p u z z l e .

(JOINED (s ide
1 side2) (side3 side4) . . .)  represents the

sequence of sides that were joined in forming the puzzle.

The symbol side
~ 

is of the form (s p n c) above.

(BEING-PUT-IN-PUZZLE x) represents the current piece x that

is actively being placed in the puzzle.

(IN-HEAP (PIECE p c)) represents puzzle piece p as being

in a heap with no implicit ordering of edges .

(LOOKING-AT x) states that object x is in view . If nothing

is in view , then (LOOKING-AT NOTHING) is in WM .

(HOLDING x) states that x is the current object being held.

If the h~ td is empty , (HOLDING NOTHING ) is in WM .

(CURRENT—COLOR c) represents the current color being considered.

— 7 —
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piece , then you can make this p iece the f i p s t  p a i t  of the puzzle , l c ’a v inq

y. .: hand empty. N 5 t  i.e that you •‘.‘ll t lrIue to look at the p i . - ,- .

N I , N P JZ 1-P ’ — a n y t h i n q )
IHOLDI N G (PIE CE p •c) $ — obje c t) S c~
( L O O K I N G - A T  o b j e c t )

-- ‘(JOINED I
(..i.-l et. - ‘ .‘1 ..t )
(H O L D I N G  NOTH I NG )
( I N - P U Z Z L E  • ob 3 e c t )
( L O O K I N G - A T  o h ) e~~t )
( N U M B E R - I N - P U Z Z L E  1 ) 1

P I E C E - F I T S - I N - P U Z Z L E :

This p r o d u c t i o n  senses  wh en a p u z z l e  p i e c e  t h a t is in view w i l l  f i t

ano the r  p u z z l e  p i ece  already in the puzzle.

( ( L O O K I N G - A T  ( P I E C E  p — .~I $ ob j e c t )
- ( I N - P U Z Z L E  o bj e c t )

( I N — P U Z Z L E  ( P I E C E  — p2 —o tt -ie rc) $ —o therp)
(—any —p —n —anyc)
(—ano ther —p2 (. ‘negat ive’ n) k)

F IT-PIECE-IN-PUZZLE :

I f  the piece being held and in view fits in the puzzle , the si~ien of

the matching pieces can be joined .

I (HOLDING (PIECE —p - C )  $ —object)
-(IN-PU ZZLE -object)
(LOOKING-AT —object)
(IN—PUZZLE (PIECE —p2 —o therc ) $ - c st h er p)
((for.il l ’ (—any —p —n c) $ c4

(—ano ther p2 ((negative ’ n) —k ) $ — ..‘~~
. I

(JOINED I —rest) $ — c6
— — 5

(.:delete ’~ (tall’ —c4 — C S) — ,-t. 1
(BEING-PUT—IN-PUZZLE -object)
(LOOKING-AT -object)
(JOINED I —rest ((all’ c4 — ,- S ’i ) (
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PIECE—PUT — IN—PUZZL E:

If you are holding a puzzle piece , which is currently being placed in

the puzzle, you can put it down in the puzzle. 
P

[(HOLDING (PIECE p -c) $ —object) $ c1
(NUMBER—IN—PUZZLE — is ) $ *c2

— (IN—PUZZLE —object) 
S

(BEING—PUT-IN—PUZZLE ~obj ec t) $ c4
‘p

((delete> cl — c2 —c4 )
(HOLDING NOTHING )
(LOOKING-AT NOTHING)
(IN—PUZZLE —object)
( N U M B E R — I N - P U Z Z L E  (<add i> — is) ))

P U Z Z L E — I S — F I N I S H E D :

If all of the pieces are in the puzzle , you can stop.

[(NUMBER—IN—PUZZLE n)
( N U M B E R - O F — P I E C E S  ~n )

— (IN—HEAP ~anyth ing )
—— >

( ( h a l t > ) )

‘1 S

I
I
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I t  should be noted t h a t  t h i s  r ep resent . it i on  is h i g h l y

n o n d e t e r m i n i s t i c  and if  executed would  be imposs ib ly  i n e f f i-

cient (even in the presence of any “syntactically-oriented”

selection rules (301, as nearly 10 years  of r eso lu t ion

theorem-proving refinement research demonstrates). It does

not even “know ” that it will find a solution (i.e. terminate)

if it cars repeat the prod uction FIT-PIECE-IN-PUZZLE as

frequently as possible , so even the crudest goal-subgoal

structure is absent. (However , there is no production to

remove a piece from the puzzle , which could serve as a

clue to an in te l l igent observer.) It is even possible

for the program to pick up a piece and then put it down

immediately without doing anything with it.

The performance of this program could be improved to

a tolerable level if the following very simple heuristic

were added :

- use the following sequence repeatedly:

- pick up a piece from the heap;

— insert it in the puzzle if it fits ;

- i f  not , put it back in the heap.

An a l t e r n a t i v e  h e u r i s t i c  would be:

- use the following sequence repeatedl y:

- pick a piece p in the puzzle with a missing neighbor ;

- pick a piece from the heap ;

— if it matches a side of p, inser t  i t  in the puzzle;

— if  not , place it  back in the heap.

— 12 —

- ~~~~~~~~~~~~ 5tr!crr5~55I5I5cLP!PLiLL_.~~
__._._ ZttIIITIIhIIIIIIIIIIIIIIIIII11111111hhhhhhI



Each of these heuristics is very simple , consist i ng mainly

of sequencing rul es for the produc tions , and would seem to

be w it hi n the range of automati c inference . A furth er

improvement could be made by not ing tha t the procedure for

selecting a p i ece from the heap is inefficie nt since the

same piece may be selected repeatedly (and in a prod uction

system such as OPS2 (151 which prefers to use recently

referenced items in WM , in other respects a reasonable

strateq , the sea rch w i l l  a lmos t a l w a y s  be ine f f e c ti ve )

If we add a few moreproduc tions , it becomes possib le to

search systematically through the heap by constructing an

ordered pi le from the pieces in the heap, and putting a

piece down in a different pile when it has looked at it.

A pile is more precisely a queue , but we prefer to be

consistent with puzzle terminology. The actual pile produc-

tions are given in the next section .

— 13 —
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l . 2. .~ Extensions to Ji gsaw P u z z l e rs

Work ing Memory Data Elements:

(NUMBER-OF-PILES m) m is the number of p iles we have

made ( i n i t i a l l y  z e r o ) .

(CURRENT-PILI-~ n ) represents the current pile we are using.

Each p i l e  created is assigned a unique in teger , n .

(A LL-PILES p
1 
p2 

. . .)  represents  a l l  of the pi 1.~s we have

made where p
1 

is the in teger associated with a p ile .

(PILE i t
1 t2 . . .)  represents the contents of pile i

where t~ can be any ob ject , and t 1 is the f i r s t  object

in the p ile .

(REMEMBERED-OBJ ECT t )  represents object t as being tagged

or remembered as special.

(REMEMBERED-PILE I )  represents  pi le i as being specia l .

— 14 —
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Produc t i on  Memory :

MAKE-A—PILE :

I f  you want to make a p i l e  ar i d you are holding something , create a p ile

with it and your hand is empty. The object continues to be in view.

((HOLDING (<not ) NOTHING ) $ —object) $ c1
(LOOKING-AT •object)
( N U M B E R - O F - P I L E S  — i s )  $ -c3
(ALL—PILES r) $ —c 4
(CURRENT—PILE NONE) $ — c S

(<delete ) — c i —c3 — c4 — eS )
(NUMBER-OF-PILES ( addi > m))
(LOOKING—AT — o b j e c t )
(ALL—PILE S ( add i> — i s )  I r )
(CURRENT-PILE ((addi) — i s ) )
(PILE (<addi> —is ) —object )
(HOLDING NOTHING))

If you are not working with a pile , just pick the first one.

((CURRENT-PILE NONE) $ ci
(ALL-PILES -p1 I - r )

— — >

( < d e l e t e )  — c i )
(ALL—PILES p1 I — r)
(CURRENT—PILE -plH

PICK-OBJECT -FROM—PILE :

To pic k an ob jec t f r o m  a p i l e ,  if your hand is emp ty, r eac h in  and

pick up the fi rst one you see .

[(CURRENT-PILE -pi)
(HOLDING NOTHING) $ c 2
(ALL—PILES —p 1 I r )
(PILE —p 1 —objec t I —rest) $ —c4
(LOOKING—AT -object)

((dele te) c2 c4)
(LOOKING-AT - o b j e c t )
(HOLDING objec t)
(PILE —p1 I res t))

PUT-OBJECT— IN—PILE :

To pu t an objec t in a p i le , if you are holding some thing , just place

i t  in the back of the pile and your hand is emp ty.

( (CURRENT-PILE —p 1)
(HOLDING (<not> NOTHING) $ object) $ c2
(LOOKING-AT •object)
(ALL—PILES —p1 I r)
(PILE —p1 1 —rest ) $ c5

— — >

(<delete ) c2 c5)
( LOOKING-AT -objec t)
(HO LDING NOTHING )
(PILE —p1 1 —rest —object))

— 1 5 —
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FORGET-THIS-PILE:

To forget a p i l e , j u s t  pus h the c u r r e n t  p i l e  beh ind  au the others.

((CURRENT-PILE -p1) $ ci
(ALL—PILES —p 1 I •rest) $ c2

— — >
((5d eiete ) — ci — c2 )
(CURRENT-PILE NONE)
(ALL-PILES -res t -p1)

PILE-LS—EMPT’( :

A pile is empty if there is nothing in i t .

CUIP } - P E N T - P I L E
(A L L — P i L E S  — p 1 — r e s t )
(P I L E  — p 1 )

DESTROy-A-PILE :

To destroy the current p ile , just strike it  f r o m  m e m o r y .

((CURRENT—PILE -p 1) $ c1
(ALL-PILES —p 1 I —rest) $ c2
(P I L E  —p1 1 t )  $ — c3

( < d e l e t e)  — c i  — c 2  c 3 )
(CURRENT-PILE NONE)
(ALL—PILES I —rest)]

TH E R E - A R E — N O - P I L E S :

T h e r e  a re  no p i l e s  i f  a l l  the p i l e s  w e r e  d e s t r o y e d  or none w e r e  e v e r

made.

( (CURRENT-PILE NONE)
(ALL-PILE S)

LOOK-AT-FIRST-IN-PILE :

If there is an object at the front of the pile , you Ca n focus on it.

-- ((LOOKING-AT —anything) $ —ci
(CURRENT-PILE p1)
(PILE •pl —object $ (<riot) —anything) I —rest)

(<delete> cl)
( LOOKING -AT — o b j e c t ) )

— 16 —
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L - -K-AT -NEXT- IN-PILE :

It you wa~~ to scan throug h a pile and you are looking at the first

- r ‘ri , locus on the- next one by placing the first object behing the

las uri c in tr. .- p i l e .

L~Y~Kl~~~-AT —object) S ci
:RkENT—PILE —p 1 )

(PILE p1 —object —next — r) S c3

(<delete> —ci c3)
(LOOKING—AT -next)
(PILE —p 1 —next I —r —object))

REMEMBER-CURRENT-PILE:

i : r~’~~~~-r  p ..1~ is cu rrent , t a j  i t  as special.

((CURRENT-PILE p1 $ (<not ’ NONE))
(REMEMBERED—PILE —any ) • —c 2

— — >

(<delete) —c2)
(REMEMBERED-PILE -pi))

REMEMBERED-PILE-IS-CURRENT:

This senses if the current piie is the tagged special pile.

((CURI~ENT—PILE —p 1 $ ((not) NONE))
(REMEMBERED-PILE pl)

— — )

FORGET-REMEMBERED-PILE:

The s p e c i a l  p i l e  can a l w a y s  be f o r g o t t e n .

((REMEMBERED—PILE (<not> NONE)) $ c1

(<delete> —ci)
(REMEMBERED-PILE NONE)]

REMEMBER-CURRENT -OBJECT :

As for pi les , objects can also be tagged as special , when they are in

view.

[(LOOKING—AT —object $ (<not> NOTHING))
(REMEMBERED—OBJECT —any) $ c2

— — )
(<delete> •c2)
(REMEMBERED—OBJECT —obj ect) I
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~~~~~ .is Lu pi les .

I (REMFMHERED_ ~ h.1 E T  (‘not ) N J N I ) ) S

: (~~iv l et e~ c 1 )
~R~:ME~~HERED—OBJEC-F NONE)

R E M E K B F ED- - I N - V I E ~~:

!‘r~1s prod uction senses when t~ u specl3l ~‘t’J.~c~ is in view.

R F M ~~M i ~ E R E D — O B J E C T  ~~ ‘i ’ )e c t I
LL\~~ z s~;-Ar ..obje ctl

R~~M : . Mt ~~ ~~ —~ M4 )E~~ I — i s — H ; \

rr~~s Se~~ s , S  w h e n  •~~i ,  sp eci.i . ot~ject is t’ r-~ n~ h t i ~ i .

L M F M E ~ERED—OBJ~~J r  — o b j e c t )
H~’LDIN~ oh~ ect ) — — >

_ _ _- -  
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The ( l i e  p r c~1uc t  ions ~ue vet v ~1ene r ~ t 1  ~tnd miq ht be h
ex i ) e c t , d  to be pr~~s~~nt in any system . Indeed , it suems

1 ikely that r o d ~:ct ions for ~1r~.il i n c  with liiot p s ~t r i d  p 1 l~~s

( i . e .  sets r ind ~~ie u e s)  ~ind  h e ur i s t  ics fo: imp l em en t  i r ~q

L: ~ ; - e t t a n t  ope rat  ions  such ~ s s ear c h i n g  W I l l  Le  r e s e nt

in n r o d u c t  iofl sys tems JIS t h ey  ~i re  i n  modern p r o i r a m m i n q

l a n c u aq e s  [ 11]  .

C a r r v i n q  our j  igs~tw pu zzle pr o b l e m  f u r t h e r , s u f f i c i e n t

p r o d u c t i o n s  ar e  n r e s e nt  new to n er m i t  s i m p l e  SeqUeflC 1 tic

heuri~~t ics to reflect the usual stratecies used Pv

experienced puzzle—solvers :

— work on the eu t s id e  edges first (build a p i le of

outside e d q es)  ;

- repeat the FIT—P IECE— !N—PUZZLE sequence u n t i l  this

pile is empty ;

L
— separate the pieces in the heap  into piles of the same

ave rage color and sea rch the approp riat e p i le fi rs t;

— search f irs t for piece s wh ich have more than one

neighbor of the same average color (work on the sky

first);

It may appear a t f irst glance that automatic detection of

such he ur i s t i c s  i s a task of great difficulty. Below we

outline an approach to this prob lem which has been quite

successful.

— 
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1.3 Approach

Our approach is as follows:

( 1)  Select a ‘ typ i c a l ’  inpu t  to the program and run the

program repeatedly on th i s  input .

( 2 )  Record the sequence of rules  selected ( together  wi th

input/output info rmation and the conflict se t of rules

on each c y c l e) .

( 3 )  Repeat t h i s  for  other typ ical i npu t s .

( 4 )  Describe the bet ter  ( i . e .  shor ter)  successfu l  sequences

in a language , CRAPS , designed for this purpose (and

described in the next c h a p t e r) .

( 5 )  Genera te  a set of meta—rules  whose object ive is to aid

the CRAPS description if the sequencing is inappropria te.

(6 ) Use the CRAPS description and the meta-rules to guide

the program ’s subsequent decisions.

In view of the complexities of the problems wi th  th is

approach , it was necessary to def ine  a s ta r t ing  point from

which we can proceed to study the more general case.

Accordingly. we have made certain assumptions and decisions

in order to derive useful results.

Inherent in our approach is the assumption that good

decision—making procedures or heuristics can be inferred

from the performance of the program on cnly selected inputs.

We anticipated that the selection of inputs would be

critical and that eventually new inputs would be handled

incrementally, as was done by Winston [49]. However , in this

— 2 0 —
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work we concentrate on the simpler problem of get t ing a good

solution for the nonincremental case. In general , as

suggested by work on learning systems [49] and information

theory [ 6,26 ,4 0 ] ,  we give preference to short CRAPS descrip-

tions which will generate a high proportion of short success-

ful solution sequences and few long or unsuccessful

sequences .

The preliminary investigations we did suggested that

the execution time of a completely declarative program will

usually be too long to permit a solution except in the

simpler cases. Accordingly, the solution sequences are

provided by a human expert running the program in “training

mode ” in which its decisions are observed and corrected

when necessary . Further , the human expert is aware of the

structure of the program . In subsequent generalization

of this approach , we anticipate the necessity of using

techniques s imilar  to those of Davis [ 9 ] ,  which will  enable

the t rainer  to deal only with the external behavior of

the program.

We also have deliberately chosen to exclude information

about sequences which end in failure . It is clear that,

as found by Winston and others [3 , 21 ,41 , 4 9 ] ,  counterexamples

will be extremely valuable , However , as the reader will

note below , even the simpler problem we study poses consider-

able technical d i f f i cul t i e s  and it was our feel ing that a

clearer picture would emerge from the simpler approach .

— 21 —
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is maximized , where H is the number of strings generated by P that appei~r in

S . a is the number of’ t r ia ls  and n is the length of the program (in bits). The

I’-ornul a above captures the notion of the program P generating members of the

sample set most of the time with the t radeof f  that a program F’ whose l ength

is one more than P will be preferred if P ’ generates strings in S twice as

often .

There are several alternative forinalizations of the general problem

if we consider d i f ferent  comput ational models.  For instance , if P were

defined t o  be a grammar over a finite set of symbols C23J , the problem

can be viewed as induct ive  inference of a grammar . If we res tr ic t  the

power of the grammar to Type ~~~~ (S is a f i n i t e  set as so is regular ) ,

the problem can be stated as the construct ion of the minimum length ¶

Regular Expression over Z which generates the language. it is in fact
this view c-f the problem which motivates the solution we present in the

next chapter.  As we shall see shortly , the CRAPS language in even a

restr icted form has the powe r of Regular Expressions .

— 2)4—
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1.3. 1 A Cottiji le t  e l x a mj l e

To deriionst rat e our  approach , we w i l l  d iscuss a l t ss

difficult problem with an al gorithmic solution: nondetermin—

1st Ic Binary Tree Traversal 127) . The PS p r o qr a m  i n

F i q ur e  1. 2  has the ability to scan a binary tree in any

or d er . No c o n t r o l  i n f o r m a t ion i s  s p e ci f ie d , i . e . ,  the

produc t ion:; encode a 1 1 of t h e  r e l e v a n t  in forma t ion about

sC5i tm i n s ;  b i n a r y  t r e e s  w i t h o u t  speei fy i nq d ir e ct  i o n .

A b i n a r y  t r e e  is r e p r e s e n t e d  in  WM by t h e  f o l l o w i n g

data format: The root of the t re e  i s  represented  by

( ROOT = X )  where =X can bc bound to any symbol. I f  node 13

has a left son A , it is represented by ( L E F T  B A )  and

s i m i l a r l y  ( R I G h T  B C )  r e p r e s e n t s  C as the right son of B.

The f a t h e r  B of a node A is r epr e s e n t e d  by (FAT h ER B A )

The c u r r e n t  node beiri q scanned  is ( N O D E  = X ) .  Nodes can

be p r i n t e d  onl y once , and so if node A has been scanned
S 

and p r i nt e d , then (ALR1-;ADY—P A) is deposited in WM.

Several  b i na ry  trees wer e placed i n  WM and then the

proqram was i n i t i a t e d  and directed by a h uman to per form

in i n -o rde r  scan of each t r e e .  A t r ac e  f o r  each e x e c u t i o n

was produced (see Figure 1 .3). The entire set of traces

was a n a l yzed  to produce t he  CRAPS desc r ip t ion  presented in

F igu r e  1. 4 .

In t h i s  p a r t i c u l a r  case the CRAPS descr ipt ion  is a

precise d e f i n i t i o n  of an i n— o r d e r  balanced binary tree scan

program.  Tha t is , g i V e n  a WN s p e c i fy i nq  a balanced b i n a r y

— 25 —
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t ree , the shortest execution sequence of the program which

would r e s u l t  in an in-order print of the nodes would belong

to the set of sequences specif ied by the CRAP S descr iption ;

f ur thermore , the CRA PS description provides enough informa-

tion to determine which production should be fired at every

point in the execution of the program. Thus a nondeterministic

program has in e f f e c t  been reduced to a dete rmin i s tic

program .

In general , we cannot assume that the CRAPS desc r ip t ion

w i l l  be as e f f e c t i v e  as t h i s .  Wi th  poor t r a i n i n g  sequences ,

or incorrect analyses of execution traces , CRAPS descrip-

tions may imp ly heuris t ics  which are no t h e l p f u l , or whi ch

are help ful for some examples and harmful in others. We

discuss these points more fully in the last chapter.
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F i g u r e  1.2 B i n a r y  Tree  S c a n n i n g  PS.
= = = = = = = = = = = = = = = = —_ —_ = = = = = = =

START-POINTING
[(ROOT = X )  — (NODE ! = )  - ->  (NODE X ) J

GO-LEFT
[ (NODE =X )  $ =Cl (LEFT =X =Y)  — —> (<delete> C1) (NODE Y) .4

(FATHER =X Y ) 1

GO-RIGHT
[ (NODE = X )  $ =C 1 (RI GHT =X =Y) — — >  (<delete> C1) (NODE Y)

(FATHER =X = Y ) 1

CAN-T -GO- LEFT
[(NODE = X )  — (LEFT ~ X =) — - >  DU MMY )

C AN - T - GO -R I G H T
((NODE =X )  - ( R I G H T  =X =)  — — >  DUMMY )

P R I N T
L (N ODE =X )  - (A L R E A D Y - P  = X )  - ->  (NODE =X )  ( < w r i t e >  = X )

( ALRE ADY-P ~ X) I

GO-UP
[ ( N O D E  =X )  $ =C 1 (FATHER =Y =X) — — >  (< d e l e t e >  C 1) (NODE Y) I

STOP
[ ( N O D E  =X )  $ =C1 (ROOT =X) ——> (< d e l e t e >  C 1) ( < h a l t >  F I N ) )

— 2 7 —
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F i g u r e  1 . 3  E x e c u t i o n  T r a c e s  f r o m  B i n a r y  T r e e  PS R u n .
a s  5 = = a a a = = = —

_ = = = = = = = = = = = = = = = = 5 = = = = = = = = = = = = = = = =

An e x a c t  d e s c r i p t i o n  of t h e  c o n t e n t s  of t h e  t l ace w i l l  be
d e t e r r e d  until chapter 2. A trace is a sequence  of l i s t s ;  t h - ~
f i r s t item in the list is the rule applied at that p o i n t  in Ui ,o
execu tion , f o l l o w e d  by a l i s t of t he  r u l e s  w h i c h  w e r e  a l s o
a p p li c a b l e , but  w h i c h  w e r e  not  s e l e c t e d  f o r  e x e c u t i o n .

(START-POINTING N iL (1) (2 2))
(PRINT (STOP CAN-T-GO-RIGHT CAN-T-GO-LEFT ) (1 2) (3 4))
(STOP (CAN—T-GO-RIGHT CAN-T-GO-LEFT ) (1 4) (5 6))
> >
<‘ ‘5

~S’rART—poINTrNc NIL (9) (10 10))

~dO-LEFT (STOP PRINT GO—RIGHT) (9 10) (ii 13))
( P R I N T  (GO—UP C A N - T - G O - R I G H T  CAN-T --GO-LEFT ) ( 1 2  13) ( 1 4  1 5 ) )
(GO-UP (CAN-T-GO—RIGHT CAN-T-GO-LEFT ) (12 15) (16 17))
(PRINT (STOP GO-LEFT GO—RIGHT) (9 17) (18 19))( GO—RIG II T (STOP GO-LEFT )  (9 19) ( 2 0  2 2 ) )
( P R I N T  (GO -UP CAN—T - GO—RIG H T CAN-T-GO-LEFT ) ( 2 1  2 2 )  ( 2 3  2 4 ) )
(GO-UP (CAN—T-GO-RIGHT CAN-T-GO-LEFT ) (21 24) (25 26))
(STOP (GO—LEFT GO—RIGHT) (9 2b) (27 28))

-‘- 5
’

‘5’

(START-POINTING NIL (14) (15 15))
(GO—LEFT (STOP PRINT GO—RIGHT) (14 15) (16 18))
(GO-LEFT (GO—UP PRINT GO—RIGHT) (17 18) (19 21))
(PRINT (GO—UP CAN—T-GO—RIGHT CAN-T-GO—LEFT ) ( 2 0  2 1 )  ( 2 2  2 3 ) )
(GO-UP (CAN—T-GO-RIGHT CAN—T-GO-LEFT) (20 23) (24 25))
(PRINT (GO-UP GO-LEFT GO—RIGHT ) (17 25) (26 27))
(GO—RIGHT (GO—UP GO—LEFT) (17 27) (28 30))
(PRINT (GO-UP CAN-T-GO—RIGHT CAN—T-GO-LEFT ) (29 30) (31 32))
(GO—UP (CAN—T-GO—RIGHT CAN-T-GO-LEFT ) (29 32) (33 34))
(GO— UP ( GO—LEFT G O — R I G H T )  ( 17 3 4 )  (35  36))
( P R I N T  (STOP GO-LEFT GO—RIGHT ) (14 36 ) (37 38 ))
(GO—RIGHT (STOP GO—LEFT) (14 38) (39 41))
(GO—LEFT (GO—UP PRINT GO—RIGHT) (40 41) (42 44))
( P R I N T  (GO-UP CAN-T-GO-RIGHT CAN-T-GO-LEFT ) ( 4 3  4 4 )  (4 5  4 6 ) )
(GO-UP (CAN-T-GO-RIGHT CAN-T-GO-LEFT ) (43 46) (47 48))
(PRINT (GO-UP GO-LEFT GO-RIGHT) (40 48) (49 50))
(GO—RIGHT (GO—UP GO—LEFT) (40 50) (51 53))
(PRINT (GO—UP CAN-T-GO-RIGHT CAN-T--GO-LEFT ) (52 53) (54 55))
(GO-UP (CAN-T-GO-RIGHT CAN-T-GO-LEFT ) (52 55) (56 57))
(GO—UP (GO—LEFT GO—RIGHT) (40 57) (58 59))
(STOP (GO—LEFT GO—RIGHT) (14 59) (60 61))

— 28 —
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Figure 1.4 Abbreviated (and ~pretty—printed ’) CRAPS output for
Binary Tree PS example.

A formal specification of the CRAPS language is presented
in Chapter 2. A CRAPS description is a sequence of lists
enclosed in (double ) pointed b r acke t s  ( < <  > > ) .  Each l i s t  con-
tains the name of the rule to apply or a control operation to be
applied to a CRAPS (sub— )sequence. Control operations are en-
closed in square brackets ([ I).

< < S t a r t — p o i n t i n g
[ I f  ( G o — l e f t  & Stop & P r i n t  & G o — r i g h t )

Then
< < [ R e p e a t  ( W h i l e  ( G o — l e f t  & G o — r i g h t ) )

< < [ R e p e a t  ( W h i l e  ( G o — l e f t  & G o — r i g h t ) )
(U n t i l  ( C a n — t — g o — l e f t  &

C a n — t - g o — r i g h t ) )
< < G o — l e f t > > ]

[Repeat (While (Can—t—go—left &
Can—t—go—right ))

(U n t i l  ( G o — l e f t  & G o — r i g h t ) )
<<Print

[Repeat (While (Go—up) )
(U n t i l  ( P r i n t ) )

<< G o — u p > > ]
P r i n t
G o — r i g h t > > ] > > ] > > J

P r i n t
[If (Go—up & Can—t-go—ri ght & Can—t—go—left )

Then 
- 

-

<<[Repeat (While (Go—up) )
(Until (Stop) )

<<Go—up>>]>> ]
Stop>>

L ~~~~~ 
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.4 Related Rese ar c h

Sev~- r a l  similar p r ob l e ms  h av e  been in v t - s t  i ~t a  t ~~ ~~i t ~i

ap p roa c h e s  and scope over  1app in~ w i t h  o u rs  . ~ e ha v e

at  tempted below t o cat  e~;or i .~e t ese pro j oc t  s i n  t h e  t wo

a rca  s of k n o w  leLiqo represent a t  ion and i n du c t  i vt - i n f e re t i c c  . 
—

- . 1 Knowledqe Rej’resentation

Recent ly , m any r e s e a r c her s  have focused on the rc~’t - -—

sen t  a t  io n  of know l edqe  in a pure lv dt’clara t i ye f o r m  ~~i t  h a r-.

(n ea r 1~ - )  i ndependent  p rocedural  componen t .  Cohn 1 7 1 , uses

a con t rol  1anqua -~e very much 1 ike CRAPS to spec i  t v  the F

ma ~or St  et ’s of the deduc t ions  in  a f o r m a l p r oo f  s\-stem

necessary to p rov e  the correctness o t  a ur o ar a n i . S ick e l  [ 3 9 1

a n d  Lie ii yanni and  Kowaisk  i [ 1 0 )  , describe an ap p r o a c h

w h i c h  a u t o m a t i c a l l y  c o n s t r u c t s  ‘ l i n k s ’ b et w e e n  c lauses

or f o r m u l a s  in  a forma l proo f sys tem w h i c h  pro~- ide s ~i u i  dan c e

during the proof process. Both are essentially s v n ta c t i c a l l

oriented a 1 t h o u g h  i t  can be a r q u e 5 .1 that the la t t er i s ino r-e

s e m a n t i c a l l y  o r i e n t e d .

Rychener [361 and Kibler (251 describe approaches in

which the control information is more closely bound t o  t he

decl arative representation , in both cases Production Systems .

In e f fect , meta—rules are compiled into the productionS

— 30 —
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(in t h e  t o r i n  of ‘ cen t  ro l  e l e n~e i i t s  ‘ in Ry ch en er  ‘ s case ,

and ‘direct ions ’ in K l b  l ex  ‘ s case) such that a prescribed

set of pr o d u c t ions  can 2omj 1~u n i c at e  w i t h  each other (through

d a ta  d e p o s i t  ~-d in ~~- I )  and e f f e c t  a v a r i e ty  of con t ro l

St t u c t  ur e s . K i b l e r ‘ s work is the  o n l y  r epor t  known to the

- t u t  hor w h i c h  sp e c i f i c a l l y  describe s an approach  to a u t o —

f l a t  i c i  l i v  q e t i er a t  ing (and conip i linq) met a — r u l e s .

D a v i s ’ work [9 1 ( s p ec i f i c a l l y  Chap te r  7 of h i s  t he s i s

on s i r  a t e ~ l o s )  l a id  t he  L ; r o u n d  work  f o r  t h i s  t h e s i s .  The

n e t a — r u l e s  he d e f i n e d  f o r  t h e  ~1YCIN sys tem are an independent

c o l l e c t i o n  of rules t o  be ap:1 led w h e n  the  nex t  s tep of the

deduc t on is no t  clear. The meta—rules we define in this

thos is a re  of e x a c t ly  t h i s  n a t u r e . However , h i s  m e t a — r u l e s

a r t - limit ed in scope (i.e. problem or data specific) and

o xp ii cit 1 y ac~jui red ( a n d  fine—tuned) by a human expert

;e present an anproach to automa t i c a ll y g e n e r a t i n g  ~ set

of meta-rules based on the transformations of the conflict

set durinq exccu t ion without human intervention (although

the : ;v st e ~~i is trained by a human from examples). To da te ,

no research has been reported which combines automatic

program generation with the production system , meta—rule

methodology .

Quite similar to our overall qoal is the report by

F i kes , Hart and Nilsson (14]. They introduced the notion

of ‘robot—p l a ns ’ in relation to the STRIPS problem—solving

system , a fo rmal  proof system. Sequences of operator appli-
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cations used in the solution of sample problems were stored

for possible guidance (or p lann in g) in so lv ing  subsequen t

problems . Data items that were used by and propagated -

t h r o u g h  sequences of operators  were s tored in  tables , and

later used as triggers for applying the known sequences .

The work we report stresses the importance of a deeper

an]lysis of the sequence of onerator applications.

L

r
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1 . 4 . 2 1 n~ ~~ t i  ye in  f~ - r on cc

I t  is  v e ry  d i  t t icult t o  chara -t~~- r i ~~e much of  t he  w o r k

ur  i nd u c t  iv e  in: ere :IL - - , oartlv ot ca-~Se of  t h e  scope of t h i s

-e i er  Lu - t e  f i e l d .  c~- have rot : t -d s e v e r a l  i~ -1Js usuail’ - -

a s s oc i a t e d  w i t h  artific i al t nt -li ience research under this

-e  ic  a u t o m a t ic  r o ~ t r a m m i n - ~ , P r  c - i  ram c o ns t  r uc t  ion ,

i n d u c t  y e i n fo  renct - and 1 e a r n l n q .  As is o f t e n  t h e  case

w i t h  such  c it e ~t o r i  .~at ion , t he b o u n d a ry  l in e s  b e t w e en  th e se

f i e l d s  a re  o f t e n  b l u r r ed  or  nonexistent.

The aopr oache s  to automatic t o-tram construct ion can

be loose lv t e rm e d transformational a p p ro a c h e s .  That  is ,

s t a r t  m u  w i t h  a h i  -ih leve l or a b s t r a c t  descr~~ot ion ~f w h at

the  t - i r - o - t  p r o qr a m  should  do on c e r t a i n  i n p u t s , t r a n s f o r m

t h e  sn e c i f i c a ti o n  i n t o  an e x e c u t a b l e  p r o g r a m  s a ti s fv i n q

the  s p e c i f i ca t i o n . The s p e c i f i ca t i o n s  are  in a v a r i e ty

f o r m s , i n c l u d i n g  p r ed ic a t e  c a l c u l u s , set theory  and l ip ’ S

of i n p u t  o u t p u t  p a i r s . It  appe ar s  t ha t  the more d i f f i c u l t

problems are those t h a t  have  pu re ly  s y n t a c t i c  inpu t  ( i . e .

u n i n te r u r e t ed  symbols in the s p e c i f i c a t i o n )  and  on ly  the

r e l a t i o n s hip  b e t w e e n  input ar-rd o u tpu t  ( i . e .  no i n t e r m e d i a t e

s t - i ’ e s ) .  ~t any  suc h systems have been developed , a l l  w i t h

l imited  success. See for  examp le Lee , Ge r h a r t , and

Pc Roeve r [ 2 8 ] ,  Summers 142 1 and W a l d i nq er  and Lee 146].

Summers ’ work  ir  p a r t i c u l a r ly  i n t e r e st i n~ s ince i t  i s  we l l

defined and couched in a very  r i  Liorous mathematical theory

of LISP pro cir ams .
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The solutions to problems that have been studied

which allow interpretation and intermediate states can be

characterized by ad hoc , or of the heur is t ic  search

(hypothesize and test) variety. For example , Abraharns [1]

reports on a system that predicts sequences of interpreted

atoms based on a collection of ad hoc heuristics. Phillips ’

[33] work , as part of the larger PSI automatic programming

project  at Stan ford , is based on a collection of ad hoc

heuristics for constructing LISP programs.

The work we report on allows for intermediate states

(the entire solution sequence) and uninterpreted symbols

(only equality relates components). We provide algorithms

for the analysis of sequences which we view as good approxi-

mations employ ing helpfu l  heurist ic  rules , and are not of

the more ad hoc variety . The algorithms we use do not

search a large space of programs looking for a minimum

solution , but instead produce one output directly (although

searching of the components of the sequences is of course

necessary in the analysis). We view the meta-rule construct

we use as a f ine—tun ing  mechanism , correcting the generated

program whenever necessary. The optimal solution may not be

required if there is an appropriate set of ‘patch—ups ’

that allow for a more accurate solution .

Many projects have been reported which use the

‘hypothesize and test ’ paradigm of program generation (or

grammatical inference ). ~iermann [51 is one such system

Ii
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w h i c h  of t o t s  a s im p le but ci e q a i t t  h eu t  I st Ic  s ea rch  a i qot  i t hin

wh i ch gone t at  • ii Tur  in  q mach i nes f rum un t n cup t o t e d  iii t e t —

med t a t e  s t a t e s . As he p o i n t s  out , the model  of teatu itot

wh i ch t ie lose t i tu has been st ud I e d by many work ets iii

t amma t I. in t r ence  , t or xamp to , I-’c I dinan ( 1  11

ttedr I ck I 2 11 , So I omono f t 1 40 , and Wat e rmatt ( 47  I

( t o  a c e r t a i n  e x t e n t ) .  H e w i t t ’ s work  w i t h  PL AN NI -~R ( 2 2 1

and the work of Schmidt and others on t he  Plan Recognition

t ’ r o b  i em ( 38 1 a re  a iso o t th i s t e r m .  i t  seems app ar e n t

t h a t  such a ppr o ac h e s  may he e f f ec t  i ye o n l y  i n  the presence

c t  v er y  soph t u t  m c a t t ’d l i t ’U i  ist i cS .

Ang luin’ ~ work ( 2 , 3 , 4)  t e L l u  i res spec t a l  m o n t  ion .

i t  is not v er y  o f t e n  that problems in irt if ici. m 1 intel 1 igenct ’

. l t t ’ d e f i n e d  w i t h  a h i g h  degr e e  of r i g o r .  She has st a t e d

the  p rob lem of M i n i m u m  in f o  relict’ of Regular l-xpi e ss m ens

. t m i t l  p roved  its N P — c o m p  to t ch ess (s O t ’  d a r e y  in t l  Johns on  Ii ‘1

a t i n i t e  a lp h a b e t  of symbols  Y , t w o  t i f l l t t’ sub se t s

5 , 1’ Y * 
, and a posit ive t n t  ego r K , i s  t he  i t ’ a r e gu l a r

express ton i-~ over t ha t has K or fewe r eel - l i F t  , ‘nct ’s ct

symbols f rorn : and such t h~t t , i t  1. ‘: * 
~s t h e  t a ng  i~~t q e

t o p t ~est~~t~~tl by I-: , then S C L and P e — L : in f a c t

she iso showed that this problem remains N P — c om p l e te  i t  ‘I) ’

opt ’ r ot  i ens ot- K l eone  st a r ( * ) opt ’ i-a L ions  O t t ’ not a 1 t owed

in the r egu l a r  exp res s ions .  ( Th i s  corresponds to d i s a t l o w —

inq a i t  e r n a t i o n  and ut- pe t it ion , respect i vel’- , in etti inalysis . )

Anql~ jz~ (~~I elected to sol ve a simpler problem , n a me ly

— 3c~ —
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oil  t t t ~~ .i p a t  c i  i t  -~ -~t u - r o t i  to ’ .m set ct et t u r i s  t~- t t , - m  e t t r ’

t a t  t o t i t s  Jot t i i i ’ !  . 1 1 0 d i  ¶ o h  o ut  i ‘ i i i  t eutti mt t - \ } ’ t  ~ • O - . t~~~’ 1 i -
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2.1.1 A BNF Descri ption of CRAPS

In what follows , paren theses are term i n a l  symbols.

Alte rnatives in the right—hand si’ie of a production are

separa ted by l ines  and preceded w ith . The nontermi-

nal --atom> is any (LISP) identifier.

<sequence’> : : = < <  <u n i t + ’> > ‘>

<sequence+> : : =  <sequence> <sequence+-’

:: <sequence>
<u n i t + >  :: < u n i t>  <u n i t + >

:: < u nit ”

< u n i t >  : : =  <simple—u>

<repetition—u ’

:= < p e r m u t a t i o n — u’

:: <atom—u” L

<alternation— u”

<s imp le -u ’> (<a tom> < d n f ” )

~atom *> :: <atom> ~a tom *>

<repetition—u> ::= (R.* <sequence’>

(%.J.* <dnf’- )

(jJ * <dnft ’ )

< d n f >  ( OR . ’~ ( <atom*> ) <disjuncts+’)

<atom *>

< d isj u n c t s + >  ::= ( <atom *’> ) <disjuncts+>

:: ( <atom *>
<permutation-u > (p~ * <sequence ><sequ erice+ >)

<a tom—u > <a tom>
< a l t e r n a t i o n — u> : :=  (A. * <cond> <cond* ’> )
<cond> ::~ (<sequence> < d n f ” )
<cond *~ ::~ <cond> <cond*~

— 39 — 

-

~

~~ 
‘
~ : :j::: ~~~-

- -->- -
~~~~~~~~~ ~~~~~~~ h~~~~~~~~~~~~~~~~~~~~~~

:_ _~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~



~~~~~“ - -~ -~~ ~~~— — ~~~~~-~~~--.~~~~-~~
- —

~~ 

The syntax  specif ied is used in the actual  implementa-

tion . However , a ‘pretty—printed ’ version of the language

is used in the machine output contained in th is  thes is .

Consequent ly ,  R.. * is replaced by REPEAT , P.~ by PERM UTE ,

and A. * by arm IF THEN ELSE form , each enclosed in square

brackets (see Appendix 2 and Figure 1.4).

is
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2.1.2 Definit ion of the CRAPS Operators

Cambrid ge nota t ion is used for  the operators except

for  concatenat ion  which  is i m p l i c i t l y  speci f ied  as a

sequence of u n i t s . - 
—

1. Concatenation of units.

Let s1,s21 . ‘‘8n 
be units. Then the sequence

S = < < s  s ... S > ‘>  is the concatenation of the units s.1 2  n
i = 1,...,ri. (Throughout the remainder of th is  paper ,

sequences will be represented by a sequence of objects

enclosed in pointed brackets , < <  and > > , and separated

by b l a n k s .

2. Concatenation of sequences .

Let S1 < < S 11 S 12 . S~~~~ > >

S2 <<
~ 2l S22 . . .  S

2
> >

S. = < < 5 .  S. ... S > >
j  j i j2

Then <<S S . . .  S. > >  =

< <S
11 ~ l2 ~2l ~22 52m2 ~jl 5j 2  ~~m~

> >

In the obvious way , we denote

I 
<<Sn-i S>> if ~ > 1

sn =~~ 
—

the null sequence if n = 0
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3. Repeti tion of a sequence .

Let S1 be as in 2 above . Then

(R. * S1 ( W . * c
1
) ( U . * 

~~~~ 
=

where n > 1 is chosen so tha t repet it ion termina tes as

soon as c1 is fa lse  or c2 is true . The conditions

c1 
and c

2 
are simp le Boolean assertions of rule

app l icab i l ity wr itten in DNF (see 6 below)

V

4. Alternation of a set of sequences.

Let S1, S2
, . .  . , S~ be as in 2 above .

Let U = (A. * (S
1 

c
1

) (S
2 
c
2
) . . .  ( S~ c . ) )  j  1,

and C1 , i = 1,. ..,j are simple Boolean assertions

in DNF. Then
if c1 is true then S1

else if c2 is t rue then S2
else . . .

else if c -  is t rue  then S.3 3
else S° .

5. Permutation of two or more sequences.

Let S1, S2 , .  .. ,S. be as in 2 above . Then

(p~~* S
1 
S
2 

. . .  S~ ) = 

.

S i k  ... S i k >>  I = m
~ , and

if 
~‘r 

= ~q then k r < kq}•

The permutation operator is more like a shuffle operator ,

that is the argument sequences can be merged in any order

as long as the ordering within each sequence is maintained.

— 4 2 —
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6. DNF ’ conditions.

Let C = (OR. * (a 11 0 1, . .. a
1 1

~°kl ak2 .. a~~~~ ) )

1’hen C is true i f  1 3 ;  k SUCII t h a t  1 Yj fl .

is active , otherwi se C is false . If C = (a
1 

a 
~K~~’

then C is true if 1 Vj < k , a. is a ct i ve .

A siutple unit is the most basic p r i m it i v e  of  Ci~A P S .

It is composed ot two parts , the name of a rule to a p n ’ l v  and a DNF

express  ion tha t  must  be sa ’ c
lod ( i . e. ev a l u a t e  to t r u e)  in orde r L

to execute the assoc iat ed rul e na me.

The (programmed) interpretation of the above definitions is as

fo l lows : A sequen co of un i t s  spec i f i es  seq uen tial app lica—

t ion  of each of the component un i t s .  The repet i t ion c’f a

sequence is much l i ke  a PL/I do loop; apply  the  a rgument

seq uence one or more times whi le  the cond it ion  c1 i s t rue

and 0
2 

is f a l s e .

The a l t e r n a t i o n  ope rator selects the f irs t sequence to

appl y whose corresponding condition , C . , is t rue . The

permutation of a set of sequences specifies t ha t  each of its

argument sequences are to be applied in any order or me r s-ied

in any order ;  s e q u e n t i a l  execu t ion  of the appended argument- s 
L

is chosen.

F i n a l l y ,  in the e x e c u t i o n  of a p ro d u c t i o n  sys tem ,

whenever a DNF cond ition is to be evaluated , the condit ion
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is  t rue  ; I an ’.’ 01 1 t S con i unct s a i s  - t u t ie ; s~ t l i t ’ rw 1 50 i t  i S

a i so.  :\ con t  j u n t o  t is t r u t ’ i ~ 5 ’a c l n  of  t ho p r c a  ~~ t i o ns

I is t ed ire  t t t , t t  cu ed by da t  a f r om  ‘s~cr - k in q  m e m o n ’,’ it ie t I Pt ’~’

he condi t o n  is  be i n - i  eva i u-i t od . P x a n t i p  l o s  of  t heso

d e f i n i t i o n s  f o l l o w .

1 . ~ xamp los

~l )  When e x e c u t i n g  the s imple  unit

(GO-LEFT (OR.* (STOP PRINT) (t~~ -RIGHT))),

if the productions STOP , G C — R I G 1 IT  and GO—LEFT are  a c t i v e

then the rule named GO—LEFT would be executed next.

(2) (R.* <<(GO—RIGHT(PRINT))

( P R I N T  (OR . * ( G O — R I G H T )  ( S T O P ) ) ) ” ”

(W.* (GO—RIGHT))

(U . * ( S T O P ) )

produces the sequencing:

<< (GO-RIGHT (PRINT))

( P R I N T  (OR. * ( G O — R I G H T )  ( S T O P ) ) )

( GO-RIG H T (PRI N T ) )

(P R I N T  (OR. * (GO—RIGHT ) (STOP)))

c o n t i n u a l l y  whi l e the produc t ion GO-RIGHT is a c t i ve

a~d STOP is i n a c t i v e . The conditions ar e  tested when

the end of the argument sequence is reached. N o t i c e ,

— 44 —
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h owc .-’.-o r - , t h a t  t h e  r~ recond 1 t n o u n s  of t he un t t s c o u n t  a i t ied

in the a r - i  unnent sea uenc ’ mus t  St i 1 1 be s, it  1 s i  i ed

w hen  ex e c u t  i n - ;  t h e  ar gu m o n t  se quon co  . The d o t  a t  is

a r e  i ri S~~c t ion 2 . I . 4

( 3) (p ~~* S- --- ( S T A R T — [ - : N G I N I - : ( ) ) ( S E ~ l F T — l - ’oR~ A~dl ( ) ) - ‘
~~
‘
~

~-
--
~ (‘l’UR~ —oN—R.A D1c ( ) ) ‘S ’. )

could ;~r odu ce  3 s e q u e n c e s :

V

~~
-
~~< (ST AR T— ~- : N G i N F  ( )  ) ( S u I I F i ’ — l- ’O R W :\R p  ( )  1 (‘1’1”~N - O~~~R~\ D I O  ( 1 )  ~~

~~ (sTART—1-;NGINu ~ () ) (‘l’URN—ON—RA DIO () I ( S t l I I - ’ 1 ’ —l - ’ ,A~-~i U

(Tu’~N—oN—RADIo ( )  ) (SI’AR -r—l:NGINE 1 )) ( s l ; u I - ’T— ~ ’ u~~cAuG ~ ( 1 )  L

I n a pa r a l l e l  e n v i r o n m e n t  ( t w o  arms t o r  a robot  ) bot  Ii

sequences  could be done s i mu i t a t l eo u slv .  i n  the  a c t  u a i

im p l e m e n t a t i o n  of the lati -~ua-~;e , the a n q u m e n t  s o qu et i c e s

arc  concatena ted  and e xe c u t e d  in  orde r .

(4) (A.~~ ( ‘ - --- ( EAT ( ) ) ‘>“  ( T H E R E — I S — F O O D )

(< .-. (T H ANK—HOST ( ) ) ( P L A T E — E M P T Y )

produces the seouencinq ‘.- <  ( EAT ( ) ) i f  the p r o d u c t  ion

THERE—IS—FOOD is a c t i ve , o t h e r w i s e , ( T H A N K — H O S T  ( )

i f  the produc t ion  r LA T E— I -~Mp’r y is a c t i v e , or  i t  produces  L

no sequencing at  a l l .
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2 . 1 .4  I m p l e m e n t a t i o n

The imp l e m e n t a t i o n  of the operators is very s t r a i q h t —

or w ar d . The PS interpreter n u a i n t  a in s  a s tac k  of u n i t s

c or r e s p o u i d in q  to the CRAPS d e s cr i p t i o n  t h a t  is in c o n t r o l

-d t i t ~~ s - ~i u e n c t r n ~;. Successive units are popped f r o m  the  I
st ~~ ’k and a n - p l ie d .  I f  the  s t ack  is empty , or the

pr~ ~i t i on  of a simple unit is f a l s e , the meta—rules

~ t s -  - a i l e d .  The algorithm of f i q u r e  2 . 1  i s  invoked

wheneve r a rule is to be selected from the conflict set.

The det a il s  of the m e t a - r ul e  implementation can be found

in the  n o x ~ sect ion .

r
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Figu re 2.1 Implementation of CRAPS .

r- peat forever; Apply the rule selected as follows :

case;

(Stack Empty)
Set P to meta—rule choice;
If P no t empty then select P from conflict set;
else  s top ; end i f ;

(Simple unit on stack)
If the DNF of the ufli t is true arid the rule name is active

then
pop the s t a c k ;
selec t the rule nam e from the conflict set;

else
set P to the meta—ru le choice;
i~ 

p i,~ no t emp ty then selec t P f r o m  c o n f l ic t se t ;
else pop the stack; end if;

end if;

(Permu tation unit on stack)
pop the stack ;
push the appended argument sequences on stack;

- (Repe tit ion u n i t  on s t a c k )  : - ( 5
if the While component , and the Until component are both

emp ty then
pop the  s t a c k ;
push argumen t sequence on stack; /* executed  once */

else
if While condition is true and Until is false then

push argument sequence on stack;
else

pop the s tack ;
end i f ;

end i f ;

(Alternation unit on stack )
Scan each argument of unit;

if the  DNF c o n d i t i o n  is t r u e  then
pop the stack;
push the corresponding argument sequence;

end if ;
end scan;
if none were true then pop the stack ;

esac ;

end repea t;
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wh t c i i  a c t  t l . i  I t y  so l e ct  n ; t i l t ’ n e x t  r u l e  t o  I i r e  on each cyc i t ’

(t  he iii q lu’r  lev el cciit t c i  t in i t  S pt sdt i c o  :;equei icen;  t~ I s u n u p ! 0

t i u i  i t s)  , , l I i s !  I t t i  t he t ’Ve t ’s t t h a t  t tie o N !-’ e x }sI’,’n ;n ; ‘t O l l  eVa 1 tiat os

o I a  I nn ’ ct  t t ie spec i f  i ~‘d ru ts ’ i n ;  no t  ac t  j vt ’ , t in’ met a —  t u b s

a t o  Osi I l ed  u})ot l  t 0 s i i s ; — j t ’ n ; t  .1 I i n ;  t .  o l  t n  it ’ names  to t i-v

o xamp Is ’, 5 i1~~~} -- 15t ’ t h a t  t ine s imp i t ’ t in  i t. (A ( I I  C) ) i n ;

i i i  c ct it  i d  , I- was t tit ’ pu s ’ v L o u n ;  l y i i  t e d  pr od u c t  ion , , in t l  ( l it ’

c u r t  - u i t  ccii I I j c t s~ ’ I c i  t u  b e n ;  i s I II I) I . ‘1’Ii i in S I t nat i ott

t t h t \  he ~h ’sct  1 h ost is :

( I )  A , t t i t l  i ’ should he active

( . ‘ 1 I ) slit s i ; l d  (p e  rii.t i 5 5 )  ho 1 i t . t c  t i ye

( ) i 11 P I i n ;  c u t  t ‘ii t 1’n ’ 510t i Vt ’

(4  ) P ~~~ i i i ;  t 1 i r e d .

A cc ot  s i t  I l s ~ l v , t i it ’ tue t .i— rules wli i c l i  have  been i nip l e n i e nt  ed . i u - e

s i t S , I ~i t u  ‘~I t s dt ’.i I w i t i n  ( lie I c i i i -  c.t se n ; 1. i st  ed . I n  each (‘~ 1 Si,’

.1 i m ’ t  , i — r u h ’  may uti ’ i s t s ’n; t .i l i s t  ci  r u le s  t o  t t y  iii that

:~ 1 t nat toil . liii ’ :;iiqs iest tour ; .ire we itili te d S 11100 ,i r u l e  t r i . iy

ho r ; i i s l s l o r ;  I eti n ; s ’Ve t a  1 t i nios by d 1 ft er t ’i it  li lt ’ t a—ru I es . i- :ach

F I t  10 I 5 n ;c ,lflhlOtt , i i i s l  i t  n ;  I llS t e st ed ; I i t oval  ita I en ;  t o

r i t e , t he cci’ respond ‘~~‘i RIlS in ; execut  ed . The ex act  d e l  j u t  —

t cnn ;  ~ t~ t t ie met  .i — t t i l  e n ;  .1 ppea 1 I i i  t il t ’ t i t ’ x t sect  It’ll . [

- -- -  -~~~~~~~~~~ ~~~~~~~~~~ -
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2 .  2 .  I A I 1\ - i h  ‘ S t ’ 1 1 n - I  t O i l  0 1 ~i - - t .1 I~II i t ’s

Itt5 ’ s_ t iue  ~‘~~‘ it  \ - : i t  i s  - t i n ;  - i t  ‘ I ci  l~ ‘w - - I  a L i i  —
- . 1 . I

— ; n i ~ ’t  i — u  t i l t ’ ’  : :— I ’ - uii l - I I ~ i ut — t ’~h In - - I

: t R a i n t  t s ’t  I V t ’ ( ~~ i t  t i I i i ~ ~ ‘t

~~ ( h a  i t — t n t  •
~~ t ‘c ‘ ~t t ‘in; - . 1 )

~ t ’ i i t  t t ’ i i t  i~ tot t Vt ’ H i t  5 si ~i~~ 
. 1 1

Pi;i .;t ~~t i t  o t t  t~~~.tt otii~ ~ I 1

‘- iii— i~l lS  : Cl’t V I c - I I i o -.-at ~~~~~ 
- I

at t ’iii ~ 
-. : - ‘- i t  our  - I cm

: : at s~ tfl~~

I’ t ;~’ L i  I e w t t i s i  I : ;  i t ;  ~‘~~, u i ’ t ! ’ l s ’ sO a t:nc t .i n

~ h t a : t t  , t~~’t  t \ ’ s ’ ~A C) 1 - - -

i i i  V - 1 k ’ - I 0 1

‘,‘t St ‘i n , ,  ‘,lti h~’ t ot i in ~l in  1- ’ t a t n t  ~- •

- i t
-
‘ . -

- . 2 I ) o t  o t t  I n ‘ i i  c I t in ’ Pt t i n  t t t \ ’  -

1- t ’t  I ’’  1 s  a 1 i~~~t ~‘t t a l e  h a u l s - n ;

J he t it ’ ii  1 o i r 5 ’J out  t tt ~ 
• t ~~‘ V 1 0 ; ; :-  ~‘V • I s ’

t ie ( i n ’ tun tOil 0 1 .t 1 1 t Ote i i  - i nns - n ;  , i  - i ’ s ’. i t  i t i s  I l i i  t SO I N!

o t I lit ’ s ’ t u i  I O~~ t 5 1 flip t o  t i t i  i t  i t t  ~‘Oil  t I 01

I P~ ’ t h e  t i n  i t ’ :q-~ ’o t I  t ed  by t ht ~~ ou r  i t ’ i n t s i n j -  h o  ‘t in i t

t.’ h~’ t lit ’ C i i i  i s ’ l i t  a ’  I ‘t a~ ’ t I \~~ ‘ t it  l~’;;

du’  p u  m u  t I \0 I iinct s ’ i i  I~~, t u i  I a O l  i t s ~ i s  a l’t t ’5 s 1 5 ’ , i t i  I t t i i t ’t c - t i

‘.Ci i~~’t i I e ’;t  n ;  the 5 - t i t i  o~~t tn t . i l  o o t  t hi t ’ t ’!~~-’t ! ’~~ sit ’ss ’ t  i p t  t o u t  • i r i ~ !

I iii ’ c i i i  1 • li t I ~ - ic t V~ - n o t  s t  t i i  I e s . I t  i n ;  s h ,  ‘ I i n  ie~i a :; I 1 1 \i S

— 4,) — 
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l ilt ’ i t  1’ ’  •. P 0
P . in i t  — - to t i Vt ’ I’ • ) -- 

—

t ’ I se I a I m i , ’

S u i n i lat ly , t i t i ,’ other p r i m i t  ly e  tu n c t  ioii s a t e  del  itu e~1 , i m ;

t o  1 lows —

t i u t ’ i t P’ C — (P 0 II )
t h~~ i i t  t — I t i , l t,’ t i \‘ t ’ P )

~~‘ I m a -  I ,i lSt ’

t r i te  i t P ‘~~ C
( Cur  r en t  iv  — a c t  i ye i’’ =

else  t , t l ~~e

t t ’ i it ’ i 1 1’
(.
~ us t — I i red  P 1 =

O l S t ’ t , i l S t ’

‘
~ ‘h l t ’ 51o I i n i t t o u t s  a t  o Vt ’ry  si  flip lo  aun ~1 so t h e  d e t a i l s  o t t tit .’

t n ip l e  ‘tt ’ t i t  at  i on a t o  r io t l i l t ’ I tided

The fiin ct i t ’l l  L ’ r~’— t  ~~~~ t t i e  ~h -pcm ;  i t  n ; .1 su bse t o t  i t ; ;

, i i -  o uni on t I, i st  o I i - i t  t o  u n a n i e  ;; in  ~-t mast e t’ 1 1:; t I T R V I - 1 5’!’ 1

m a i n  t a t  nod by t h e  j u t  on - t o  I e u . Al 1 su~i oest  o~i r u b  es ;uust

Pt ’ a c t  i Vt ’ . The most o t tt ’n m; iI~i s e5 t ed  t u l  o i s  se l e c te d

t~~~t t ’~~oc i tt  ton  on t he  case ot  t I em ; , p i t ’ I t ’V O t i C t ’ i n ;  - i i  von t o

the  u t i l e  name i n  t he cn n -e n t si  nip t o  u n i t  , 11

‘l’ l -v — t o —  t ~ no is tie I i  ut i ,’~i ,n ;n

‘l’ r v — t o —  I i FL’ (P’ ) : p i c ct ’slut’e

TRYLIST : =

1 R Y L  I S’1’ I ’  (P  ‘ C) ; , ‘~ hu t  dup I i c at  en ; t euti~i i n  ~ /

01151
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‘ A n a l ’,’: cia ~o~juen~’os

Ic! tell I 1 1 1 1 1 1 1  t i ’ i  .1 • ~s~l t i ~’ t i o n  n ; v s I t  • in n t 0 a s li t ’ s t • i n n ;  I it  1

s ’s ’ttc 1 it s  t c i i  , i  t t •tc ~’ c 1 1 he ts ’l t s ’ n i  S c t  t o t  t ic ! by I t ic  i ’ :

i n  ‘it ’tic ’t •t t c~t ,  -\ n a ’ i  t ’ s  o h  t t n ’ , : c ’ I t I c o n . , o i l  l ed  i Ilp til

I t • I s t ’ 5t ’ . 1 I I I ’ u i s ’ t ’s , a t e  ~ ‘t  i ’- ; t ’ i t t  0,1 I s ’ .1 n o t : . t  ~~It t  wit t~ ’S .‘tti.i l V . 0 n .

;lilsl - s ’sii i ct ’m ; C:~Aj’ :; ~lt ’n c  t in’t t ~~ i t t .  t s  • t t i  t iit ’tn . l’lt ’ n n n : ’ t t t

na’5l i t e r t c i ’r; , win i cli • i 1 0 ~lona ’  t i i’o~i itt I in’ no \t :n’~’t 1 O I l  , .11 0

1 .111 1 ci  rti ~’51 I ‘ .i V . 1  t t~ ’t V o h t i l t  01 tr ied t a t  o n .  I .ito:; ilui t t 1 ,~~

t ~u~~I i,’!~Ap~
; 5s’sl i i c ’ i15 5 ’ i s  c5 ’i i n ; t  I t l c t  e~1.

.‘ . ~. 1 1 ~j~~~~ ’I’ I act ’ Se 1ueuces

liii ’ t ’ X . t t ’ t  t t ’Litl s~ I , l i i  i r s - ut  St ’s b t t c ’ u i c c ’ i S ~~~ I’ , . . . -

Fe I’ • c.i I li ,’d ,i  - ‘ -
. , c ” ’ , i s ot  I l it ’ t O t  iiO

(I’ ’ 
~i’ I’ , . . . i ’  ~ iN N , . . • N 1 

~M M I I
i t  t .  i t  i i  t _  i~~ i i  i _

I’ I n ; t ilt ’ ii a tnr ’ ~~t t hi s ’ i i i  to wtl t cli  W~i; ;  •i :~~ ’ I i t ’d en I l i t

t h  
~~ ‘,~~~• ~~ ~- ‘ i  t s~ t ’~~~t ’cUt i t ’ll 0 1  t il t ’ PS du~ u i i , i  I Sc ’ t I •1  l i i i  i n n

~i t ’S5 i o u t . t i ’  I’ . . . 1’ - ) I n ;  t he so t  5 ’t  i t l  on ;  t~- ?u i o t t
i l  1. i t

uii,l t cIl~’~l t ilt ’ 5Ltt .- i et l v  I l s itiitis ’tit slu t I t l~~t t i l t , 
~~~ 

ii 
s ’\ ’ s ’ It ’. I’ti i n ;  sot

s ’t i c . i i ’ r ; i i l  - tI i ’ m; t iit ’ s1 ,t t , i  c ’t i’,’ t u~~ ’i i iu i c ’t i t  i t t li,i t i ’ 5 ’ i t t t  i i i  I l i t ’

s ’~~ t ’~~ i i t  i~~’ii  • , t t i sj  i n ;  iin ;c ’sj I s ’ s a  l~ ’ii 1 a t e  I t i c ’ ~~~~~ ~‘~‘ i l  i t  1 011:;

t O t  t lit ’ ti ll i t  s . i u n t  I lls ’ tu~ ’t , t  i nib’s

tin ’ lii i i~ 1 c5 ’tin j- 5 ’tiont 5 ’t t i%t~ t 1 .1cc ’ itti i t  tN N • . • . Ni l  i .  i i
i

i s  t it s ’ S ot  ot  t i l l i s t l i c ’ tilt Os lc ’1 S . u n , ; s ’5 ’ t . ~ t ~‘ti u~~ i I S t ins  ; ii n ; t allO t ’:. sO

~l.i 1 ~t e I t ’I t is ’ i i  I 5 w i t  t s 1t mat  ~‘ht ’,1 t ilt ’ ‘at I t ’ I ~1 ,‘I t iit ~ t t t  t o  I’

l- ’ i ui , t 1 Iv , 
~~~~ 

‘1 i n ;  t l it ’ I ,- 1 t l ’ i c ’ 01 ti l l i t i t i c ’ l I l t  i ’ a t ’i  n ; ,0 ;n ; ’s ’ i . i t  e~i
- i i  i .
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w i t Ii ~i I I ~‘t t h e  t I l t  .1 t ’ I ‘unott I: ; p u  s ’s l t i s ’esl by I l i t ’ •ict I O t t  j-ert l o u t

.‘t tine r u l e  P . ‘Fbi ’ l , t s t  t w~- j-n t ’s ’t ’s o t  j u t  s i n i , i t  i t ’ll a l b  ow t o t

he c~ ‘ i n s t  t il t ’ I i cii 01 - i - i t t  - t I ow ‘t i a ph

‘I’he t t a t c t ’ sesp.tetlct ‘ i - n I I I  O X -  i - ’ I i i i  s(  0 1 ‘
~
‘ I ( l it ’ O X ’ L ’L t I s ’i t

o t  t in- ’ r t o t i t i e t t ’t m in  :;t I C ~~ t • - ;  r a P t  , l i i i l  I S I 1n e r t -’ I ~‘t a ’  .11 1 t ’ .i dy

p i l l  i , il lv s ’rsi t ’re5l by t in t ’ ‘ I s i c k — i l o r n r i u n a u t o e  Ft ’ l t I  t on.  ‘ l - v e u v

t t , i 5 ~ s~ oil i t - w i t i n  i t i  t lit ’ St ’s ) i t t ’ t l c i. ’ I S  p i t ’ceilcsl liv I ti t ’ n ;o I t act ’

an t it w h i t ~- Ii j m t s ’~iuced Lit a ton it . ( ‘Ii i p a r t  ia  I o i d e t  u tnt

5 1 ti i } 1 i 1 t o m ;  iuu t i c l i  ¼ ’ 1 th e  n ; iubseq non t an5i 1 vs is  c I h i t ’ I i a ~’’

St ‘s l i l t ’ i i~~’t ’ ,

1- ’ i - I l l  l c ~ I . 2 i n ;  an e xamp I i ’ ~t a t r . i  cc seq u et i e e

- u os! aced t ’y a r u n  o I t in e hi na  rv  t roe sc ,tttui l u s t  PS .
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2.3.2 Notation and Terminology

The alqorithrns which follow are presented in a SETL—

like language which makes use of n-tuple and set notation .

Lower case symbols in the code represent key words with

obvious meanings. All sequences will be represented by

vectors whose enclosing brackets are < and > . Each item

of a sequence is referenced by integer indices. The null

sequence is represented by the symbol omega. Calls to

si.throutines will be denoted by prefix notation with arguments

enclosed in parentheses. Tine binary operators used (for

example +) have various interpretations depending upon

the type of data structure supplied to them. For example ,

+ can represent set union , vector concatenation or integer

addition .

The input trace units are transformed to a variety of

intermediate forms until a final sequence of CRAPS units

is produced. A trace unit  will be called a T—unit; a

sequence of trace units, a T-SEQIJENCE; a sequence of uni ts

in intermediate form an I-SEQUENCE; and a CRAPS sequence

a C-SEQUENCE . The intermediate , simple , atom , permutation ,

repetition and alternation units will be termed ,

respectively, I— , S— , A- , P— , R- , and ALT—units . Each tyoe

of unit  wil l  be represented by a record type data structure

with named components .
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1)ecl . t i at  I o ns :

T 0111 t : P NA~-1 !- : a t  opt ,
T R U E — I ’ S :  n- n et  of a t  onus ,
I N — L b - I’ : sot of  i nt o a c i ,
;Th’l’— b 1SF : 1 :2 in I 0 - i t ’ r
SON S:  [ 1 :  1 it-it 0s~¼ ’i

I — on i t  : ( N I P I P I - — P N - \ ~1P : (N P t - :N u ,~l :  j u t  eqer ,
: . i t  cm )

- is  iii ‘J’—un it
I N — L I S T :  as in F—unit ,

as in ‘I — u n i t ,
SON S :  as ~n ‘I’— u n i t )  ;

S -u n i t :  N I P 1 - R — P N 7 O I P :  as in I — u n i t ,
as in  T—un i t )

A — u n  i t :  ( NAM I- d a tom , 
- 

-

O R D E R I N G :  r n t e ~ier ,
1-~QU 1 VALENTTO : A—unit
SUE SEQN C :  P — u n i t ) ;

Eac h P- , R- and ALT-un i t  begin s w it h  the  s i q u if i o t -

P .  * , R . * a nd A . * , r e s p e c t i v e l y .  The rem~n t i l  n ~ co t r r j  - ‘on en I

of each  a r e

P — u n i t :  ~~~~~~~~~~~~~~ : [ 1: ( - -2) ] C — 5 l - ~j 5t i PNC I-P

R — u n i t  : ( LENFht : i n to - a e r  ,
C-SE Q : C- SE QUE NC l -~,

W H I L E : (a tom= ‘W .  *

DNF : I3ooiean express i o n )

U N T I L :  (a tom = ‘Ii . *

DNF : Pcio 1 e n t n  e X p I S ’SS i o n)

A L T — u n i t .  ( [ 1 :  (~~ - 2 )  C O N D :  ( C — S l - ~i2: C—SI- ~~U ENC !’ ,
DNF : Poe 1 e~u t i  express  ton ) I

In the ci iscussion of qraphs • ord  I n a t - v  a r , i o l u  not,it I

W i l l  be used , Node s , odaes and pa ths wi ll ho no 1c r s - ’ncod

by subscri p ted v ’ s , e ‘s , and p ’ , r espec t  i \ e  l v .
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2 .3 .3 A1~~onitlurns

2 . 3. 3 . 1  Top level  contro l

The top leve l ~i I q o n i  t hm repeatedl y reads  in  T~~S 1-:s2 U F N C ! - : ;

and processes each OflC by cal i i  u i~~ a success ion of r out  I I t e m ;

I t boa ins hv const ru c t in q  a q ua pii which i d e r n  t i fies .11 1 ot tilt ’

data dependencies wlthin a sequence.  This  graph i s

then linearized by the p er m u tat i o n  rout  inc to  obt am

a pre l i m i n a rv  de s c r i p t i o n  of the  sequenco . The r e p e t i t ion

a l g o r i t h m  is then called to  produce d e s c r i p t ions w h i c h  t
possibly contain R—units. All sequences read in a r e

processed in t h i s  f a s h i o n , produc ina a set of dosor  m t  ions

w h i c h  are i n p u t  to t h e  alternation detection ,ilqonithm .

The f i n a l  o u t p u t  is a CRAPS d e s c r i p t i o n .  See l- ’ iau r c  2 . 2

f o r  c o n n rp l e t e  d e t a i l s  of t h i s  a lq o r i t hm . An exa m ple  ot

an a c t u a l  u - urn of the system is ex h i b i t e d  in Append ix  2.

Note t h a t  co ns t r u c t i nq  u n i t s  in this order prohibits

the appea rance of al te r n a t i o n  w i t h i n  ,i rep et  it ion and

permutat ion . Because of the di t f i c u l t y  of the  p at  tern

an a l ys i s  cons idered here , less power fu l  CRAPS desc r ip t i o n s

h O  00110 r a t e d  than  can be s pe c i f i ed  in the I anauatl e .

discuss  ion of these p o i n t s  is d ef e r r e d  t int  i i  Ch a pt e r  3 .

I 
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Figuic 2.2: Top 1e~’s ’ 1 c o n t r o l .

DES C R I I I E t )  :

N O D E - C O U N T : i n te ge i ; ‘ a s s i g n m e n t  of unique node n u m b e r s ’-
t’COUNT: int e gt ’i ; /‘assig nm ent c-I a r t i f i c i a l  o r deLi ng ’/
PRO D-NAMES : set of atoms; 7’p r o d u c ti on nam es’!
PSTARNAM ES : set of A-units;
VISITED: 1 1 : 1  1— SEQUENCE; - ‘ind exed by node numbers and  uo~’1

to t l inear sequenc e constructed from t’A -~~’
N O D E P T R S :  1 1 : 1  1 - u n i t ;  ‘i nd e xed by node num b ei s ’/
NP: i i : )  i n t e q s ’t I’ num bers ass igned to  nodes of

DAG for Tar )an ’s algorithm ’!
DFSN : i i : )  inte g e r ; “depth fi r s t  spannin g t rO t ’ numbers t o t

the a 1g o ri th m ’~
DF SN UMBE R: int et l er; ‘ti c-ed for values of DFSN ’i
S EQ: T-S EQU ENCE ot l -S IQI ’ E NCE c-i C—SEQUEN CE or atom;
DESCS: set of j _ S t ’~~i i ~N s E :
ENVIRONS: set 01 p a i r s  of sets; - ‘for nie ta-ru le c o n s t r u c t l 5 -’n
M A D E - A C T I V E :  like E N V I R O N S ;
M A P F — I N A C T I V E:  1 O.s ’ E N V I R O N S ;
J~’ -’T-FlREDS : like ENVIRONS;

‘ I n i t i , t l i z a t i o r :  ‘ ,/

PCOUNT : 0 ;

DE SN U M BF.R - 0 ;

NODE-COUNT : 0 ;

PSTARNPSMES : - (I;
P R O D - N A M E S  : I ~ ;
DESCS :‘ I I ;

ENVIRONS : i i ;
MADE-ACTIVE : j
M A D E - I N A C T I V E  :

JUST-FIREDS : t i ;

* MAIN INPUT LOOP *

re peat  uh t l e~ SEQ \~~ 
omeg a n dc -i ng t r e a d ; S F - ~~ 1;

* W e assum e produc t ion names h a v e  an ORDERING component.  ‘i

if SEQ is a production name then
SEQ.OR DER IN G : PCOUNT ;
PCOUN T : PCOUNT + 1 ;

else

P reparation !or processing an input trace sequence . ‘/

LENTH : lengthi SEQI ;
V ISITED(I: LENTH J : omega;
NODE PTRSL 1:LENT H I :-  omega ;
DFSN I1:LEN THJ : 0;
ND(l:LENTIi I : 0;

* Ass ign unique node numbers to each T-uni : *

SEQ : CHAN GE P -F IRF -DISFQ ’;

~‘ Con s tr uc t the DAG and Me t s- r u l e s .  ‘1

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



I

SEQ :~ INTERVAL — OF— EX IT(SEQ ) ;

I’ Cons t r u c t p e r m u t a t ion u n i ts ‘/

SEQ :~~ CONSTRUCT—P’(SEQ);

/‘ Repeti tion detection. Notice (I is sent as the
second argument since SEQ is not followed by any
uni t. See REPEATS for a description of this.’!

SE Q :~ REPEATS(SEQ,U);

NODECOUNT :~~ LENTIl + NODECOUNT ;
DESCS : DESCS + {SEQ};

end if SEQ; 
I
’

end r epea t ;

/~~ F I N A L PR OCES S *1

/ ‘  We now collapse all of the sequences into one CRAPS - -

description. *1

SEQ :~ AL TER NA TI VES(DE SCS );

/* All of the  atom units are replaced by tile ir corresponding
permu tations. The following routine is a simp le scann in g
procedure which does the replacemen t. It is not shown. ‘/

SEQ : REPLACE—ATOMS(SEQ );

/‘ We can now remove the numbering of simple units and the
leng ths within the repetitions. The numbering was
n e c e s s a r y  for duplica tes within the permutations. All such
duplicates can now be removed also. The following is a
simple scanning rou tine which does the removal and is not
shown. ‘/

SEQ :~~ RE MOV EN UM SAN DDIJPS (SEQ );

/* The description and meta—ru les have been constructed so. ..

prin t(SEQ, ENV IRONS ,MAD E—A CT IVE ,MA DE -INA CT IVE ,JUST— F IREDS );

end DE SC R I B E ;
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2 . 3 . 3 . 2  DAG Rput ine~

The inpu t sequence is ~~ann ed and a unique n umbe r is

a S SL q n e L l  to each instance of a ru le appl icat ion in the

‘r -un i t s .  A D i r ecte d Acycl ic  Graph (DAG) is then cons tructed

wi th nodes (indexed by the uni que numbers ) correspondinq

to rule applications and edges representing the flow of

d a ta  f rom one ru le  to another. This DAG is constructed

in  an obvious  manner  f rom the I N - L I S T  and OUT-LIST components

of the T-units. It is assumed tha t  the last uni t  in the

soslu ence s ian a l l e d  success of the problem solution and

the refo re its cor respondin g node is in terpre ted as the

u n i q u e  s ink  node of the DAG (see page 63 for examples).

The DAG completely specifies all of the data dependencies

between rules and therefore all of the possible execution

sequences. In general , an arc from node v~ to node V .

indi cates a concatenation of the subsequence associated

w i t h  v.  ( l e a d i n g  to and i n c l u d i n g  v~~) with the uni t

associated w i t h  node v - .

The DAG is f i r s t  cleansed of i r r e l e v a n t  arcs , cal led

forward  a r c s .  An arc e , from node v -  to node v -  is a forward
1 J

arc i f  there is some di rected path p from V
1 

to v~ which

does not include e as an intermediate arc . A forward arc

specifies that node v
1 must precede and that node v .

precedes the nodes on path p. Since the nodes on path p enter

V
3 

, they too must  precede V
3

. C l e a r l y ,  the forward arc

is redundant  and can be removed from the DAG , which p roh ib i t s

- 5 8 -

A -  ~~‘- - ~~~~~~~~~~~~~~~~~~ 



the construct i o n  of irrel evant permutations.

The f o r w a r d  arc removal a lg o r i t h m  i s  due t o  R . T a m  ~an

I 4 ~~, 44 , 4 5 ] .  I t  proceeds as f o l l o w s :

Let D N t i )  be a Depth-first Spanning Tree numherin~;

ass igned  to node i b o q in n in q  t h e  n umbering  f r o m  t h e  s i n k  - 
-

node of the  graph . Let N D ( i )  be the SU~ of the numbers

ass iqned  to the immediate predecessors of node i .  Then

there is a pa th  p from v. to v .  i f f  DFSN (i) DFSN (~~)

DFSN(i )4-Nfl(i ). Given a node v and the set of entering

edges , tt is  easy to check f rom t h i s  i n e q u a l i t y  w h i c h  edges

are f o r w a r d  a r c s . For a ny  two immediate predecessors , V

and , i f  the above i n e q u a l i t y  holds , t h e n the edge f ro m

v .  t o  v can be de l e t e d .  F igu re  2 . 3  c o n t a i n s  complete

details of the a l go r i t h m .
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Fi~;ui~ ’ 2 . 3 :  DAG const ru ction and o1t- un~;i r~o .-

pt ocedu ;e;

~~~C : T-S~~~~~~~~~~ ;

:‘ 0;

1 — — f o r a l l  i (— $SEQ;

‘ The PNAMF: component is re ;-iaced by a N~) M b E R — P N A ~~
compori~’nt p r o d u c i n g  1-un i t .  ‘/

SE~~ ii .PNAM E :~ --~~N~ R , ~~~ i~ .PNA M E ;

~T N T R  :~~ CN~~ * 1 ;

end t orah i:

end iA~~ E P-~- IRED ;
p

INFER V AL -O F-E X I T (S~~ : p 1 ~ct-iur e;

5~~~~: I-S~~~~ N~ E;

* Tr~e iast unit of S~~ is ass -umt-d ~o ~- -~ t h , - u n i ~~~o- s in ~
of tb. DAG to be C O f l S t r u c t t - ~ b~- thi s routine. 5E2 is
par t i all or d.’: ed by t ~ b~ c ~ — d : ~ i narice t e u t ion. *

I S E L2 ‘~~ fora ll i ‘ 1;
NODEPTRS [SEL2~ i ] .NODEN ~~i 1 := SE~~ i~

- t o ra h j ‘ 1;
it e X i s t S  n in SEQ[fl ;N—:Is r such t~~ ot

SEQ[ j j . O U T — L I S T L 1 T
< n K= SE~~L j I  .OUT — L IsT ~~~ ]

then
SEQ [iJ.SONs : SEQ [i).SONS

+ ~SE ’Q~~J 1  . N - ’~~ ’~~~;
end if;

end forahl j ;  
F

* Meta-rule coric -truction is done at this point , see f i~ ur~
2.7. The definitions in section 2.2 suggest s i m p l e  Set

expressions between the data environm ents(conf1~~~t sotc-
between success ive  input units.  ‘I

CONSTRUCT-M-RULE S E Q [ i - h I , S E Q L i H ;

end fo ra ll i;

re turn CLEAN (SEQ) ;

end INTERVAL -OF-EXIT;

CLE AN(SEQ): procedure;

SEQ : I-SEQUENCE;

/‘ IN—LIST and OUT—LIST components are no longer useful. ‘,

_ _ _ _ _



1 t o r a h  i K ISE ,~;
S E Q L I J . I N - L I S T  :* omega;
SEQI i I .O UT- LIST :~ omega; I -

end f o r a l l  i ;

We are now read y to process the DAG after we t u~~~’ r ,-ver s- -i
SEQ so that the sink node is first . ‘I

SEQ :~~ r e v e r se (SE Q ) ;  - -

I’ Now we use T ar jan ’s al gorithm to remove forwa rd arcs.~~f

REMO yE F WDAR CS ( S E~
SEQ : reverse(S~~return S’~Q;

end CLEAN;

REM)’.’ EFWDARCS (SEQ) procedurt~;

SEQ: I—SEQUENCE;

- *  Tarja n s  al g ori tb ~~. ‘I

DFSNUMBER : 1;
DFPTH FIRST SEARCH SE ~~~ 1 J  ) ;

1 = fora ll i <= #SEQ;

if *SEQ [iJ .SONS 2 then

fora h i ch ildi in SEQ(i].SONS ;

forah i chjld2 in SEQ(iI.SONs - ~childl~~;

if TARJAN-IN EQUALJTY (childl ,child2 ) then

1’ remove the arc , childi = omeg a */

SEQ [iI .SONS : SEQ IiI .SONS — {childl~~;

end if;

end f o r al l  ch i l d 2 ;

end f o r a h l  ch i ld l ;

end if ;

en d f o r a l l  i ;

end REMOVEFWDARCS;

TARJAN -INE QUA L ITY (N1, N 2): procedure;

N l ,N2: integer ; I’ node num be r s ‘~~

if DF SN (N fl <— DFSN(N2 1 < DFSN (N1~ + NDIN1I
then

re t u r n  t r u e
else return false;
end if ;

end TARJAN-IN EQUAL ITY;
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DEPTH-FIRST-SEARCH (UNIT) : proc.’d~i r 
~

- ;  

- 

I
UNIT: I-UNiT;

if DFSN (UNI’I’.NODENUMJ — 0
then

DE ’SN IUN IT .NO DE NU M] D F SNUML3 E II ;
D F S N U M B ER  : DF SNUMB EH + 1 ;
V , ND(IJN IT.NODENUMJ : 1 4

+; (DEPTH— FIRST-SEARCH (NODEpTHSI5I) m
foral 1 S in UNI1’ .~-oI N:- I ;

r e t u r n  V;
else r e t u r n  0
end if; 

-
-

end DEPTH-FIRST-SEARCH;

I

~

il
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2 . . . Pt’ m - m n u t  at  i on I~ou t i i i ~ s

‘I’he con st i ic t on 0 t ~~ i m u  t at  i o ns  i s  ha sod on t he

ohs - t v a t  i o n  h a t  i f  ,i iodo l i , i s  t w o  or m o l t ’ o m i t  t ’ I i f l i ;  edges

— t hen t h e  t m h s e ’~~u & ’ncos ,i ssoc  m i t  e~l w i t h  i t s  r- eiiecessors can

he - m  m u t  ~‘d . The - a m  t I a 1 oi do m I ii  g m a ke s  t h i  s con st  r ue  t i on

• st  ra t g l i t  1 r m w a  rd . Usi 11( 1 a i nip le sequ ent  i al  scan , i t  is

1:; 5 U red t h a t  t he Si ’O n ot i ce s  ~i s soc i a t  i ’d w i t  h 1 t p red e c e sso r s

h a v e  a 1 i o i d ~’ hi -o t i  con~~t m e t  i ’d when  a node is  to be

processed

l- ’o t w i m i I  ar c  r emova l  p r e v e n t s  a n i r r e l e v a n t  p e r m u t a t  ion

t o r n  lio~~nq cons t 1 net oJ . Cons i~ ler t he  t e l  l o w i n g  I)AG (we have r

re moved t h e  ‘l’l~U E — P S  I t o l d  t or s imp l i c i t y ) :

— -.-.- - — -  
~~

‘
2 

. p 2 )

v : ( 1 . p 1) ~v (~ . p~~)1~~~~~ 
- 

-
~~~~~~ -~

Who n f t  ide  v i to be ‘r ‘ci - s soil , t h e  fo  1 low i n i l  subsequence

wo u ld  he con st  rue ted : ‘-. (P . * ~ v , v ) v . The

p e n m n t m t  a t  ion  i s  ob v i o u s )  \~ j I - r e  l evami t ,mnj i t arc e were i g n o m e i l

l i en  the  subsequence  c o m i s t  ruc t ed w o u l d  hi ’ <- .- v 1 v 2 V ~~~~~ ‘.

‘l’he p o r m u t a t  ions ar t ’  f u r t  her  processed by first

f a c t o r  i ng  out common l ead  i n-i subsequences and t l ien app l y i  n i l

t he  rei ‘e t i t i on detect ion  p rocedure  ~o t h a t  eilu i v a l en c e S

w I t h 01 I to  r p e r r n ut  a t  i ons  c o im I d  hi ’ more eas i lv recegn i ~ed .

Comi itler t lie I ol  l o w i n g  ii m ap l - r :

v ( 1  . p i) >v . : ( 2  . p 2 )  
-1 .- -~~~- -~~~

j ~~ v~~: (5 . p~~)

v : ( 3  . p l )  ~v 2 : . p~~)

— t- 3 —

L 
-~- ‘— -w~~_~~~~

-

~~~~~~~~~

----—-- - — .h -_ ---.—~ -‘- - - - ‘ -.-.—‘ - — -_ .-.——----.. ~_—-~-~ - -—- - - _-.~-._~~~~~.% 
~~~~~~~~~~~~~~~~~~~



The subsequences associated w i t h  nodes V
1 

, v 2 , v and v 4
are , r e s p e c t i v e l y ,  ~~~~~ ~~ v 1 V ,~~~~~, ~~~~V 1 

V
3~~~~~, 

~~ “ l v 3 v 4 - ’~~.

When processinq v
5 the  following wo uld be c o n s t r u c t e d :

<< (p.* <<V
1 v2

>> <<v
1 V

3 
v4

>>) v5
>> . Each of the subsequences

begins with node v1. By definition of permutation , t h i s

is equivalent to .~ -v 1 (P .* 
~~~
‘2 ‘— S-v , v 4 ’ ’)  v 5~~~. T h i s

f i n a l  f o r m  is less complex and more clos ol represents

the contro l information u - i the DAG . Notice that if V .

were instead (6 . P2) we could not factor out nodes v~

and ~ s ince  t hey  a re  dist inct instances of app lying rule p2

and cou l d  not be identified ,is the  same . The final permu—

tat ion can be further condensed by replacing the subsequence

~-~.v 3 v4~~ by an R— unit specifying a repetition of p~~
.

The permutation units are t hen  replaced by unique

A—units after being normalized by a lexicographical ordering

of the argument subsequences. The new A u n  its are then

collected in a list and compared with previous A— units for

equivalence. Normalizing makes this search considerabl y

easier; rep lacing all e q u i v a l e n t  A — u n i t s  by a sinqie one

makes the repetition detection precet-lure considerably faster .

When looking for repeating subsequences , the only units

that can be compared to a permutation is another such permu-

tation . For example , given <.~(P.* s— ~1~~~ .
.- .- \ -’~’)A>’~ where

A and B are arb it rary units , the i n n e r  subsequence ~~~~~

cannot be Viewed as a repetition with t h e  ou t e r  unit A because

of the presence of B within the P—un it. The B must precede

— — 

-- 
_i’ -

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



- - -  - - - - - - -  — 1

the outer A and in particular can occur between the two

occurrences of A. See Fi gure 2 .4 for comp lete details of

these algorithms .
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Fiq u~ e 2.4. Petmutat ion Construction.

CONSTRUL’i’ -P iSI:~~ : pi o~~ dui t.;

SEQ: I-SEQUENC F;

~ CURRENT accumulates the linea l sequence. •/

CURRENT :-

1 s— t o r a h i s ISEQ;
NN : SFQ I iI.NODF N UM;

-~~ The f - ,-dlow i ng assures us that unique node numb e rs
w i l l  be assigned to all production names in t-~’.’iy
instance of a t ia ce unit in wh ich it oi’cuis . 1

SEQ I i) .NL)DFNUM : NO -r ii ’L’r~ + NN ;

* It t h is  node has no son • i t wa~ - -i c -ded by not hi i - i - -

whi ch produced ipu t for i in he -eq i -e anti i t
is appended to no othet ~ - -~~i e n c~’ C~-n~~t r u c t~~d.
N o t i c e  that  when a node j -~ 1- aced in the  h i n e a t
sequence • t he SONS field (arcs) at ’- removed. /

it SEQ) i~~.SONS — omega then
SEOu l .SONS :— omega;
CU R R E NT :- ~SEQ (t)’;

* ~f i t  has  o n l y  on e son , then a simple
co n c atenat ion is pei foim t ’d. * ,

else if ISEQ I i i .SONS — 1 then
CURRENT : V IS1 TED[ S in S ( i I . S O N H ;
SFQ[ i ) .SONs : omega ;
CURRENT : CUR R E N T  + ~SF~~( i ) ’ ;

e l s e

* a P—u nit i s t o  b’ consti ucted .

CURRENT : +;( IV IS IT ED L s II I
tora h s in SF,Q(iI.SONS I;

/ * factor Out common lead i ng subsequences. ~(

FACTOR (CURRENT ,PREFI X );
SEO u l  .SONS : omega;

-~~~ CURRENT wi l l  become the
SUBSEQUENCES component of the newly
formed P—unit af ter repetition detecti on
Is applied , V

CURRENT i-:~~ cREPEA T S (s ,SEQ( i I )’
f o r a l l  s in CURRE NT ‘;

NEWUNIT : he ap(P- un l t )
N EWUN IT.SUB SEQUENCES :. CURRENT ;
CU R RE NT : PREF I X +

~PSTA RS (NEWUNIT )’
+

cSE Q I i I ” ;
end if $SE Q (tI. SONS ;
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end if SEQ [II .SONS — omega;

v ISITED [NN J : CURRENT;

end fora ll it

/~~ The final value of CURRENT is the subsequence
associa ted with the last unit of the sequence which
is assumed to be the unique sink node of the DAG .
Notice how extraneous nodes in the graph will auto-
matically be lost since they would not be part of the
sequence associa ted with the sink. A node is extraneous
if i t does not contribute to the solution sequence , i . e . ,
it does not lie on any path t e r m i n at i n g  at the sink node. */

r et u r n  CURRE NT;

end CONSTRUCT_ P *;

FACTOR (CURRE NT ,PREF IX) : procedure;

CURRENT : set of I—SEQUENCE;
PREFIX : I—SE QUENCE;

-
4

P R E F I X  := omega;
TARGET := any on e i n CURRENT ;
CURRENT : CURRENT — I TARG ET } ;

repeat wh il e(fora ll seq in CURRENT , s e q [ l J  = TA R G E T ) l ]);
P R E F I X  : P R E F I X  + < T A R G E T ( l ) > ;
TARGET : TARGETI2:J;

t o r a h  s in CURREN T;
s : s ( 2 : ) ;

end fora ll 5;

end repea t;

end FACTOR S ;

PSTARS (PUNIT)~ p r o c e d u r e ;

PUNIT: P—un i t; /~ newly formed . */

1* An ordering is imposed on all atoms . This ordering
is used for normalizing P—units. The lexicographic
sorting routine has an obvious algor ithm and
is not shown. *1

PUNIT.SUBSEQUENCE S :— lex—sort(PUN IT .SUBSEQUENCES)

1* FINDTRUES is a simple routine which finds the
collection of productions which were true on enter-
ing the produc tion contained in the first unit of
the permutation . It is also capable of finding the
sam e for a sequence of simple uni ts or for the
argument sequence of an R—uni t. It is used in several
places throughou t the code and is not shown exp licitly . /

TRPS : FIN DTRUES (PUNIT );

/* If PSTARNAI4ES is empty , then we cannot compare
this P—uni t with any other. We call P*FIXUP which
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g ene ra tes new A - un it ~~. ~~/

i t  USTA RNA MES — I I then le t  ut n
P0 FIX1JP (PU NIT TRP~~)
end if ;

/‘ Lexico— e q u i val e nt is a Boolean function which
compares two sequences l o t  lexicographic equi va-
lency . Using le x i c o — e q u i v ale n c y  allows for
R—un i ts . The code for lexico—equivalent is not
shown.

In  wha t fo l l o w s , we search PSTARNAMES for anothe:
P—unit which is equivalent to the one bein~;formed . The canon izing makes this c h e c kin g  eas i e r
s ince we do not have to  compare every  pair of
sequences. If one is found , bo t h a r e  r ep l a c ed
by a new A-un it which represents both. Notice ,
EQU IVS EQ ts used to construct a ‘me r q e d’ s-q ~ - -

uenc e o f each of the permut able subsequences.
See the r ep eti t io n routines for d e t a i l s  ot wha ;
EQUIVS EQ does. 1/

if exists name in PSTARNAMES such that
1 ~ to r ah  i ‘~~~ #PUNI T .SUBSEQUENCES ,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ j o
then

1 - t o t i l l  j  - IPUNIT .SUBSEQUENCES;
PUNIT .SUBSEQUENCESIJI :

EQUI VSEQ(PUNIT .SUB~ EOUENCES (j1,

NARE.SUBSEQUENCES(l(
1 ,
CURRENTLN(NAME .

S U B S E QU E N C E S  l i i
DUMMY ;

end f o r a l l  j ;

NAME .SUBSEQNC : PUN1T;
NAME .TRUE -PS : NAME.TRUE-I’S + TRPS ;
NEWNM : p *Flx Up (PUN IT ,NAME.TR UE PS ;
NEWNM.E QU IVA LENTTO : NAME;
NEW NM. OROE RIN G : NAME,ORDERI N G ;

r e t u r n  NEWNM;

end if ;

/~~ If no equ ivalent A—unit was found , we cons t r u c t a
new one by calling PA FIXUP .

re turn P*F IXU P (PUNI T ,TRPS );

end PST A RS;
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P5FIXUP (PUN ,TRP S )~ p r o c e d u r e ;

PUN: P—uni t;
TRPb : se t of atoms;

/~~ This routine generates new atom units. */
N N A ME :~ heap (A—un it ) ;
NNAME.SUBSEQ piC : PUN;
NNAME.TRUE -pS : TRPS ;
NNAME .ORDERING : PCOUNT ;
NNA ME .EQU IVALENTTO : NNAME ;
PCOUNT : PCOUN’F + 1;

- PSTARNAMES :- PSTARNAMES + ( NNP.ME };

return NNAME ;

end P *F IX U P ;

I

I
I H

~ 

:ii.
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2.3.3.4 Repetition Routines

The next process is the de tec t ion  of  r e p e a t i ng

subsequences and replacement of such sequences by repetition

u n i t s .  U n l i k e  the p e r m u t a t i o n  de t e c t i o n  problem , wh ich  is

well-defined and solved by the algorithm described above ,

some sequences may have several equally acceptable descrip-

tions which use the repetition operator. In fac t , the

t corresponding minimi zation problem is NP-complete in the

general case (see Section 1.4.2). The algorithm that we

F use gives one description . It employs a helpful heuristic

wi th  a ‘divide and conquer ’ flavor.

The sequence is scanned to iden tify all sinqie occur-

rences of A — u n i t s  or ru le  names in S — u n i t s .  Al l  such

occurrences cannot be part of a repetition and thus d i v i d e

the sequence into shorter subsequences to which  the same

procedure can be applied recursive ly -. Once a candidate

subsequence is found (every atom in it occurs at least twice)

a lef t to right scan is applied repeatedly to find equ ivalent

adjacent subsequences (beginning with the shorter) and to

replace them with R-units. The procedure stops when it

considers sequences whose lengths are greater than one-half

the current length of the sequence . The maximum length

of subsequences we have to consider  decreases when repeti-

t ions are constructed.

The length of a sequence differs from the len gth of the

tuple  encoding the sequence because of the appearance of

_ _ _ _ _  
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c i tb i t r a r i l v  comt L ex un i ts . For examp le , the length of the

ol  lowin-i  sequence  as an n — t u p l e  is 3 yet its lonqth as

a CRA I~S s ’quet ice  is 5: <- ‘-A (R.* 3 ‘-<l ( C D -~ ’ (W.,
* ( ) ) (U.* ( )  ) ) E~~~.

The :- :f1 ~: and : , . - -
~/ components ot~ R—units are computed

t rom the T R U E — P S  field of the S—units. A while condition

is inte tpreted to be a l l  of the act ive  produc t ions  common

t o e v e ry  e n t ry  of the repeating subsequence wh i ch are not

- • a ct i ve  on exiting from the subsequence . An until condition

is the opposite; everything that is active on exit but

w h i c h  was n e v e r  ac t ive  previous l y.

The c r i t i ca l  aspect  of t h i s  procedure is the equ iva lence

of two sequences . Our i n t e r p r e tat i on  is t h a t  the sequences

must be l e x i e o qr a p h t c a l l v  equal  (the same names of A—units

or p r o d u c t i o n  names of s-u n i ts  appear in o rde r)  and a l igned

on a ‘uni t—boundary ’ , that is,onc sequence cannot start within

an R — un i  t a~’ e ar i ~io at the end of th t - othe r-. When two e q u i v a l e n t

sequences are detected , a t h i r d  sequence is cons t ruc t ed  which

is  a mergino  of t he  R — i m i t s  a p p e a r i ng  in both .

For e x a m p l e ,

‘- < A  (R . * ~~ ll~~~( W . * ( )) (U.k (E) ) ) Cs’-

and

‘-‘-A B (R.* ~~~~~~~ (W* (C)) (U.* ( )))~~ 4

are eq~~ivalent , and ~ire mc i- god to the sequence
- 

s < A  (R.* c’-B~~ (W.* ( )) (U~~ (E))

( R . * ‘- -~C- - -’ ( W . * ( G ) )  (U . * ( ) ) )  
~~~~~~~
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Although merging sequences has the potential of

generating many more control statements than we might want ,

we have found that the while and until conditions will

keep this to a manageable n umber (however , it is possible

tha t  empty conditions are computed). In fact , whenever

a merge of two sequences occurs , we compute new while and

until conditions for any R-units that are merged , which

reflects the conditions appearing in both units. This will

mask out any erroneous iterations when the description is

used in controlling a PS. See Figure 2.5 for the details

of this entire process.
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Figure 2.5. Repetition Detection. —

REPEATS (S EQ ,NXTUNIT) : procedure;

SEQ : I—SEQUENCE;
NXTUNIT : I—unit; /~~ 

NXTUN IT is the un i t w h ich f o l l o ws
SEQ and wh ich is used to calculate the

- - WHILE and UNTIL conditions for any sub-
sequences found repeating at the end of SEQ.*/

if SEQ — omega then return omega; end if;

NEWS :~ omeg a;
TEST : SEQ [*SEQJ

/* Through a Simple hashing scheme, the positions (ordered)
of those units whoSe productions (or EQUIVALENTTO names
in the case of A—un i t s )  appearing only once in SEQ,
cart be found easil~’. We split SEQ into portions delimited 

‘
-

by the unique units and recursivel y apply the same process
to tho se portions.  The FINDUNIQUES routine is not shown .*/

UN I QUE S :~ FINDUNI QUE S( SEQ) ;
if #UNIQUES *SEQ then return SEQ; end if;
if  UN I QUES \— omega
then

repeat while (UNIQUES \~~ 
omega );

FIRST :~ UN IQIJESI1);
UNIQUES : UNIQUESf2:);
HOLD ;~~ SEQI1:FIRST-l);
FUNIT : SEQfFIRSTJ; 

- 
-

SEQ :~ SEQ (FIRST+l :J;
NEWS : NEWS + REPEATS (FIOLD ,FUNIT)

+ < F U N I T > ;
end repea t;

i f FUNI T TEST then r e t u r n NE WS ;
else re tu r n  — 

-

NEWS + REPE ATS (SEQ ,NXTUNIT);
end if ;

end i f ;

/* Everything in SEQ appears at least twice so we Scan
for repeating subsequences. */ H

for  len : 1 by 1 repeat; U
if CURRENTLN (SEQ) / 2 < len then return SEQ; end if;

/~~ T R A I L ,  LEFT and RIGHT are scanning pointers. */

TRAIL : 0 ;
LEFT :— 1;

/* ADVANCE positions a pointer some distance away from
the firs t argument (another pointer). This distance
is some number of units which encode a subsequence of
leng th len (the second argument) . The appearance of R—units
makes this sligh tly difficult. Consider the following :

— 73 —

~~~~~~~~~~~~~~~~~~~~~~~~ 
- - - - - --i:.~~

-
~

-
~

---
~ ~~~~~~~~

- -
~~~~~~~~~~~~~~~~~~~~~~~



A , B , IN . ~ ‘ ~ ,A ) , b ,- . ‘ . l-~hen Il-:F1 is 1 and len is
the pointet cannot be position ed becdus~ - of the inner
N -unit. Obviousl y, ~A ,B ,C- is not a repeati n~ subsequ~-nc.-
1~ - cjjse it is not ~1 i -~ne d on a ‘unit ’ nuonda: y .  The
thu d J : q um e n t  to  ~‘A~)V A N~~E is set to ti u t - i t  t h ~ posi t ~o’- t~ -.t

p~~~~~er oc -u t s . ADVANCE returns omeqa as vals~- i t  tn -
positioning is possible but the remaining length of tn
seq uence from that position is less than len.
The code for ADVANCE is simp le. It uses a scan of the t - -~
level of the sequence keeping count of the cumulative
length. When the length is equal to len it returns success
of positioning but then goes on to test the rem aining
length. The code fot ADVANCE is not Shown . ,

repeat wh i le ( RIGHT \~~ omega  ) doing (
RIGHT :~ A D V A N  (LEFT ,len ,FLA~~~-~ .~ I;

if FLAG then I’ the positioning cannot ho
TRAIL :~ LEFT; - -
LEFT : LEEr + 1;
continue o-o ter loop for len 1 by 1;

end if ;
.1

* E~~~1V sEQ r e t u r n s  a m et -l~- sequence ot  t~~-o
s e q u e nce s  if they are equivalent , it is e x -~-lainod
in the f o l l o w i n g  sections at code. ~~/

M b K ~~E: ~ E IVS SEC,LEFT ,SEC ,NI~~HT ,len ,LP~STP~~~)

* ~f we found a repeating subsequence we look t o :
more by calling the next routine. All va: tahios in
this Lo ut ine are qlobal to the followino call. ~/

if MERGE \= omega
then

SU B—S CP . N - L O O P O ;

HOLD SF<i~ LASTPOS+l:~

* COLLAPSE creates a new N-unit. I~ TSCT , CNY~’N and
LASTPOS get values from SUB-SCAN-LOOP.
Notice in the call to COLLAPSE a conditional expre ssion

appears. HOLD equal to omega implies we found a
repeating subsequence at the end of SEQ. Therefore
we send NXTUNIT to COLLAPSE to compute the conditions
for t h ~~ new N—unit. Otherwise we just send the first
unit of HOLD. V

NEWSEQ COLLApSEU#.ERGE ,INTSCT,UNYUN ,len ,
(if HOLD~ omeg a then NXTU N IT
else HOLD )~1) end i f ~ ):

it TRAIL 0 then
SEQ : NEWSEQ + HOLD;
TRAIL :* 1;
LEFT : 2;

else
SEQ :~ SEQI1 :TRAIL ) + NEWSEQ + HOLD;
LE FT :• TRAIL + 2 ;
TRAIL : TRAIL + 1;

end if TRAIL;

els e i~~ MERGE is equal to omega ~
TRA I L  : LEFT ;
LEFT : LEF T + 1;
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end it MERGE;

end r e p o i t  w h i le  (RIGI!T;

end tot len ;

ens REPEATS;

sUS-~~~~ N-L~ Ol ( )  : -

All v a r i a b l e s  w i t h i n  REPEATS are ~ n~ -w ~ ~~~ *

RYTE : LA STi’~)~- + 1;

* INrSCT and U N Y ~~N c o l l e c t  the i t o i m o t i a n  needed to
t h e  W H I L E  ~nd UNTIL  co nd i t io ns .  They simply a c c u m u l ~~ t o
i n te r s ec t i o n  and union, r e s p e c ti v el y,  of  the set  o~ Fi’~i~~ —L~E n
t o r  each ins ta nce  01 tt ;e r e p ea t  ing s uhoequer -  .

LF~STUNIT is a s imple r o u t i ne  w h ic h  r e t ur n s  t h~- l a st  u ni t
appear ing  in a Subseq uence of  a c e r t a i n  l en qt h .  it is a s~~rrr~- -.-
s oo n : ;  i nq and count ing alga:  i thm w h i c h  is not s h o w -n . */

I N T S C I  — F lNDT RUES - Sb2~~i E F T ~~) * F I N DT R U ES ( S E Q j R 1~~I - I T ) ;
U N Y ~~N : FINDTRLJES~~LAST~~NIT (S t ~~ ,LEFT , l c n) )  +

F I N D r R U E S ( L A S T u N I T i S E C , R I G H T , l e n ) ) ;
repeat  -wh i ie- ( M E R GER \= o m e ga  )

doing
MERGER :* E Q U I V S E ~~ ( M E R G E , l , SE~~, R Y T E , len , A TL A ~~~ ) ) ;

MERGE :~ MERGER;
LASTPOS ATLAST;
INTSCT : INTSCr *

FINDTRUES (SEQ [RYTEfl;
UNVUN UNYUN +

FINDTRUES( LASTU NIT IS EQ , RYT E ,l e n;l ;
RYTE :~ LASTPOS + 1;

end repeat;

end SUB-SCAN-LOOP;

CIJRRENTLN(SEQ) : procedure;

SEQ: I—SEQUENCE of S- , A- and R -units;

CNTR : 0;

i < torai.i i — #SE Q;
i f  SEQ(iJ is an S-unit or A—unit then CNTR : CNTR • 1;
else

CNTR ;~~ CNTR + SEQ (ILLENTH;
end i f ;

end to ra h ;

return CNTR ;
end CURREN TLN ;
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I

t-~~P 1 v~~) 2 ( N l , P l  ,S2, P2 ,1 1 N ,LAS’I ) : p : - i i s : e;

~- l , b 2 :  l—hI- :~~l I i N  ES ; I’ S~ - ; : - n~
-
~ - : ;  t n - j n~ s c . i i s ;- - I t o :

t e a l - l i v .  * i
P1 • I. : in I eq e i ; / • po in - ‘. i i t  I an- 1 • /

1 V N :  int qt — r  ; * l~ -n -i tli ot i t ; ~ - - p : t - i i ~~.- ti,- ing cOIU~) l i  - i  ‘ - -

1 : in t • - -;,-:  ; / * po in 1~~: tiSt i c i t  i nq 1.i s t t up I • v - I ~ n i t
in S. sca nn ed diii i nq t h, com( i I 1 f i u f i  *

* V C I I IV SEQ is a i i - c u rs i v e  compar inq iou t  Inc . It Oom~ - i r  -s
I Wa :u-q:i. - no~ -s , Sl  and i~2 • at  p os i t  ion:; P1 and P. at
(~~ l i R H t N V 1 N )  l , -nqt h  LFN and r e t u l  no a me’  -I ’ - S - l i - n o v
-t the t w o  it t (,’ -v wer e e q u iv a l e n t .  i A ; -  1 : -  s - i  to

i , I a- ; t  lao:; i t ion scanned in S I d u i i nq the  c am p u  - - t
I to  c o m p a r is o n  pi oc , -d -:; as I allows : ‘lw S—u n its .ii,-

equivalent if th ei r PNAME ’s sic equal. Two A - u n i t ;
at e equivalt-n t it tto-y a r -  EC I ’ IV A I , i - : N ’ l l o  t t ~~~

- same ,\
unit. An N— u n i t  i: ; ,-q- , :j v a len t  t o  some tiE i’qu nc - if
i t S C — S !-Q ~-oinpo n - nt is •-qii iv a 1, - n t  t o t h a t  - - - - - ;  iien .

low  t i, cod , - cd l  e lu l l  y 1-a t t i ~- N—u i; it can; , ii i son
t o so, - how t h, - ec ut  s i a n  w a r  K s .

The no- ,  -i - 1  oequr’nc~- c et  ur ned is cornp ;i t ed  a;; I 1 1 o w : ; :
If two e q u : v a l en t  5— 01 A — u n I t s  w,-i ,- d a t , s - t e d , a c ( ~
at  000 at t hem i n a l t  . t c E o - d  I ’  t he  merqed  :; -q ue n~ I
an N— u n i t  i_s det~~ct ~~d to i’. e q u i v a le n t  t o  a :;uLis~-qi i~’nc~’ ,
1 cope of i t  is i t I acti,-d to t he  me: q~- i  s~-qi i~- r l c i - i t t  i - i
i t s C — S i~~ ~ onpo n - n t  is rep lao ~-d by the • SLI b —m cl i
sequen ce p t o d u c t - J  by t he  i e c u r s iv e  c a l l  t o i -~~l I lV ;~S~~.
For t - x d r S ( n l i - , g i v e r -i:
~A , (R - D ) 

, ( H C , B ’)  > and ~A , B , (R -_ C ‘ )  ,i)” , t i e  i out i n-
would retu in the m e rg e d  sequence

‘-A , (N S B ’ ) ,  ( N  -~ (P S C ’ )  ,D’ )  “ .

T he R E P L A C E — W — U  - ut m e  is used to ri- ,  ~, -  t h~- Wi l l
and UNT IL components 01 two equi v a l e n t  H — u n i t  it , r n ’ :  r. - t  

- -

t oqet h~~r , by pr oduo i ni a UNE component  com;-;i t e d  by
met q ing each o f  the  i r c o t i  espond inq DNt comp oro-nt 5.

MP H G K DN F  does  the same I~~: imp le u n i ts  and is i t  sh-~~ * /

( ‘NI’ : 0;
MERGSEQ :~ omega;

re peat  w h i i e ( C NT  ~~ L E N) ;

it P1 •SEQ or P2 ‘ ~SEQ then retu t n omeqa ;
end i t ;

if SEQ (Pl) is an A —unit and SFQ[P2I is ar-i A - ; irii t
then

if SEQ(P1 I .EQU1vM ENT-rO \ S E Q [ P 2 ] . E Q U I V ~~~ 1 t - ’ N i ’ F ’

t he n  r C t u r n  omo i r;

el s e
MERGSEQ : MERGSE) + ~SE Q [ P i I . t I l iV T \ 1 l~N’l’l ’;
CNT : CNT +1;
LAST : P 2 ;
P1 : P 1 + 1;
P2 : P 2  + 1;

end if ;

e lse
if Si (P1 I is an S—un it and 52 }‘I( in in A — u n i t  or

51 (P1 ) is an A—unit and 5.) DI) is in S—un i t
then return em,-qr ;

else

- 7 ~~~~- I
- — - -



F—--

i t  t’ P 1  :. s i r  ;‘ tin i t  a n t  S.’ I’ . is  .in S ~i r ,  i t
I heir

i t  SI~~I ’l),PNAMt - \— ;..‘ ; P . ( ,~~N~ M t

- ~ ~‘: ~ ~~~~ t~ ~~ , - - i t ;

M l  H t t  ‘N t ,;. ( ( I ’ l l  , . II’ ,’ I ;
Mt S P E  C • ~ ;‘ 1 ) I ’ I I ’

CNI’ :- CNI’ • 1:
lA s t  ; -  I’ .;
I I  P t  • 1;
P.1 :— P.~ • i~

efir,I i t

i t  SI I’ - i~ _ t s  S
I i t t ~ i i

;• 1 ( P t )  . l t N U ; ( r
i t  •‘ P.’ )  iS _- * , r  H ii, i t

t t~~- ,r
— s. ( ( ‘ .1 ( 1  N 1 : 1 ;

i f  I-i C - LC
I to-t -~

l IC E ’  : F~~~’ I V ; - t ~~~~5 i f t L  

~:-
‘;:~~

‘

.1 ~i,r,-ii~i t  t t ~~’ (  1’ — 
~‘ r i v q  -t t 5,-it t e l  ut ii atr:,-q -~ ;

e i~~~I i t ~
Nt’ I~C NI  V ; — SI 1’)
SbP ’, A Ct  W -~ l ,Nt ’ W ’ N t  V .sI )P.’ )r.’1
NI ’NON (I. C ; - f ~ ’ : — l ICE 1’-
M E  55:-I — Mt S C5i C • ~snN, - \ - ; I ’ ’
CN ~ S N I  * ( ,  -

1 -\; . I I’ .

P t  : —  t ’ l  • I:
I . ’  :— I’. ’ • I;

i t  , ‘ NC
I tea

(101 0 - t C E ’ lV :.t-~~, 51 (1’ •~ ~‘ C

P
I -

I AS V ’
it lICE 1’ — ~‘trreq .i I herr  i e t iii ,
i— t o t  i t

‘1’ : S l i l t ) ;
E l i  ;‘~

‘C •

I-DPI N U ,Nt’Nl N Ii’ ,
I I’ .’ ( ,5.1 I I -~:i E l ’ ;

— Nt’ H55t’~C + ~NI’WUN t I
V ; CN t’ 0 (- C I::• P t  • I;

P.’ ; -  i - ,’.’ v

1 -t , C NC ~
il~’l 1’ — t ill’ I t ’ S t~~~ iS.’ I’ .’ - C 51.2

— __~~~~~~ 
- ‘-

--



- - - - -  - - -

~~~~~~~

- -

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

I’ I
H C ,

it ((tOE S — a m -  - i  .i t 1 ,:: 1 ‘‘ 1 ,ii n ame ; -r
end i I

I t .  t ’ - - ; - t i ~ : — 11011) ;
K l - P l A C t - — N - U N E W t N E t -

5 1 ( 1 ’  1 )  • 5 1 ( ‘I’EMI’ H;

— M t ~
H5S (-i l  •

CN-r : CN I + I-it ;
I : — rEMI’ * 1
LAS’I’ : - 1’,’ ;

P2 +

end i t LC ‘ N C ;

end i t  IC  - N C ;

I Sc / * S. ’ P. I is not an H— ~ir: i t  *HL)Lt’) ; • t :~’o ( V S t- ’~~ ~S I P 1( . C — :. I ,

l - i~ -
I AS I

i t  (1-0 1 0  — omeq a 1 1 , -n 1 o t ;;I n orEs- - i a ;
end if;
NEW IINIl’ : 51 ( P 1 ) ;
N E W U N 1 i ’ . C— S E i l  ; —  HOLD ;

— Mt- RGSp~ + ~~NI- (
~ ON II’’;

P1 :— P1 + 1;
P2 : l AS I  + I;
CNT : — CS 1 + I C

end it S1 [ D. ’ ( is H — u n i t ;

,‘ I nt ,’ / ~ S I  (I’ 1 I is not art N — u n i t
hut S.’ I P 2 mu:; t be ,t;r K — un i t  . *I-IC : S I I P I T  .LENTEI ;

HOt.[’) : lil L t I’St:.2~ Sl j -i ,
S.’ (i’ .~l .C—Sl ’ .2, 1 ,
RC ,DUMtIt ( ;

~l h O l D — am,’qa t h en r e t u r n  omega ;
~~~ i t

NEWUNIT : S .~I P 1 J ;
NEW UN 1 I .C - 5 5 i l  : HOLD;

— MERGSE.2 + ~NEWUN1’r ’;
CNT :• CNT + NC;
LAST : £ 2 ;
P2  :— P2 + 1;
Pt : Pt + N C ;

end i t  S l i P l i  is an N—unit;

end repeat;

if CNT — LEN then i ot to -i
else return omega;

end F,QUI V SE il;
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REPLACE—W-U (UN IT ,WUNIT ,UUNIT): procedure;

UNIT ,UUNIT ,WU I N T :  I-unit;

/‘ UNIT is an R-un it whose WH ILE and UNTIL conditions
will be merged with that of WUNIT and uuNl- r . ‘/

UNIT.WHILE .DNF :

/0 UNIO N—OR is a simple routine which merges
two DNF components into one. It is not shown . /

UNION— OR (UNIT .W IIILE .DNF ,WUNIT.WH ILE .DNF)

if UUNIT is an N-unit then
UNIT.UNTIL.DNF :

UNION-OR (UNIT.UNTIL.DNF ,UUNIT.UNTIL .DNF) ;
end if;

end REPLACE-W-U;

COLLAPSE(MERG ,ENTER ,ENDING ,LEN ,NXT): procedu te ;

MERGE: I—SEQUENCE; / 0 The merged sequence. 0/

ENTER: set of atoms; /0 Rule names t :ue on entering p

the repeating subsequence. 0 /
ENDING : set of atoms; /‘ Rule names true on leav ing .0/
LEN: integer; ‘~ Lengt h of subseque nce. */
NXT : I—unit; /0 The unit which follows the repeating

su bsequence .  ~ /

, * This routine creates new N-units. 0/
NEWUNIT : heap(R—un it );
TRUEP : FINDTRUES(NXT );
ENTER : ENTER - TRUEP;
ENDING : TRUEP - ENDING;

- * The set of rule names is viewed as a simple conjunct. 0/

NEWUNIT .LENTH : LEN;
NEWUNIT .C-SEQ : MERGE;
NEWUNIT.WH I LE .DNF : ENTER;
NEWUNIT.UNTIL .DNF : ENDING;

return NEWIJNIT;

end COLLAPSE;
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2 . 3 . 3 . 5  A l t e r n a t i v e  Subsequence Detection

The final process is the coalescing of several descrip-

tions of a set of solution sequences into one general

description . Our construction is similar to that of Winston

[49] and Hayes-Roth [19 ,201 . From two or more descriptions

of some object we identify the points of similarity and

al ternate  the d i f ferences.

This problem can be viewed as being equivalent  to the

Longest Common Subsequence problem. Since it is believed

to be coinputationally intractable because of its NP-complete-

ness (in the case of three or more sequences - Maier [29] ) ,

we do not intend to f ind  the maximum number of points

of similarity but rather a good heuristic approximation.

The set of descriptions is first ordered lexicographi—

cally to e’id in discovering any equivalent ones which

subsequently are replaced by one description. Then a target

description is computed which is composed of a series of

subsequences each common to all of the descriptions . This

target ident if ies  the points within a description that

delimit smaller subsequences to be al ternated.  If the

target is empty , a new target is computed. It proceeds by

f ind ing  the ‘best’ series of subsequences common to any

two descriptions . ‘Best ’ is defined he uristically ; more

weight is given to A-units and R-units than S-units. If

the target in this case is still empty the descriptions

are collected into an ALT—unit with conditions computed as

-

- 
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described bt l ow

Using the fina’ computed target , all descr iptions are

scanned for the first occurrence of the common target sub-

seq uence. The ini tial  portions of the descriptions scanned

are then col lected in a set to wh ich the en tire procedure

is recursively applied. The procedure continues in this way

un ti l the tar get is exha usted . A special tag uni t is

appended to the end of each descript ion to force the algo—

rithm to completion .

A d i f f ic u l t y  arises when a target subseq uence does not

appear in a pa r t i c u l a r  descrip tion . In th i s case , a p r e f i x

subsequence must be selected so that  it will be al ternat ed

w ith those p r e f i x  subsequences found in the descri p t ions

which matched the target subsequence. This selection process

is based on a simple heur is t ic: look for  the f i r s t  occu rrence

of a single unit that is either common to the target sub-

sequence and nonmatching description , or common to one of

the subsequences extracted from a matching descr iption an d

the nonma tching description .

We demonstrate this  process with  an examp le. Given

<<B D E~~’ , K - -B  D F G > - and ~ -D F G ~“ , the fo l lowing events

w i l l  occur:  The target  is computed to be < < < D ~~> s < T > ~ ~

since D is common to all and T is the special tag un it .

Then we ex t rac t  the prefixes <<B~’> ,<cB ”’ and < K  ~~~~. The

entire routine is recursively applied to these. The ordering

produces <<N~. and <‘-.B” ’ as the new set of descriptions.
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Since there is nothing common to both , the routine alter-

nates them and returns << (A .* (<< >> ( )) (<< B >> (B)))>>

to the top level. The sequence returned is concatenated

with <<D>> to produce <<(A .* (-z< >>  ( )) (<<B>> (B))) D>> .

Now <<T>> is the target. The prefixes collected this time

are < E>> <<F G>> and <<F G>> . Again the recursion orders

them getting <<E>> and <<F G>> . No cornmonalities are

detected so we return with << (A.* (<<E>t’- (E)) (<<F G>> (F G)))>>

The tag is removed from the sequence at the top level and

the final description produced is << (A..* (<< >>  ( )) (<<B>>

(B))) D (A. * (-<<E>> (E)) (<< F G>> (F G)))>> .

The computation for the conditions of the al ternative

subsequences is very simple . For each alternate , we f ind

the set of rule names true on entry to each. From each of

these sets we remove any production name appearing in any

other. Intuitively , the conditions specify the productions

which are true when a particular alternative is entered but

which are not true on entering any other alternative . See

Figure 2.6 for complete details of this entire process .

After computing alternation units , all A-units are

replaced by the (recursively) cleansed versions of their

corresponding P-units. All numeric components are removed

(numbered PNAMEs and the lengths within the R-units). The

final output is the CRAPS description .
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Figur e 2.6 . Alternation Construction.

AL TERNAT IVES (DESC): procedure;

DESC: set of I—SEQUENCE; /0 A l l  compi led  d e s c r i p t ions .  ~~/

/0 ORDER lexicographica lly orders the descriptions and m e t - ~~ s
any which are equivalen t. It returns a sequence of d e s c r i p t -
ions. It is a simple routine using lex—sort and EQUIVS F2-
and is no t show n . *7

DE : ORDER(DESC);
if DE — omeg a then re turn DE; end if;
if IDE — 1 then return DE (l]; end if;
if omega is in DE then

DE :— DE — omega;
end if ;

/ 0  COMMON computes a subsequence common to all descr iptions. 0/

TARGET : COMMON (DE);
if TARGET omeg a then

MAX : 0;

/ 0  PAIR—LOOP is a r o u t ine w h i c h  c a l l s  t he f u n c t io n passed
to it as second argument for ever y disjoint pair of objects
contained in its first argument. The routine passed to it
BEST—COM—SUBSEQ, will compute the best common subsequence
found between any two descriptions. Notice TARGET and MAX
a re  global to SEST-COM-SUBSEQ.
The code for PAIR—LOOP is not shown. ~

j

PAIR LOOP (lI E ,BEST-COM-SUBSEQ) ;

if TARGET — omega ‘~~ no conr mona l it ies a t a l l  * the n
re turn COALESCE (DE); /0which forms a new ALT—unit 0 -

end if;

end if ; /0 A series of common subsequences was found .

1* To force the algorithm to completion , we tag a l l  sequenc es
w ith a dummy A-unit. */

TARGET := TARGET + < (dummy-A—unit ) );

1 (— forall I <— IDE;
DE( i( : DE L i I + (dummy—A-unit ) ;

end f o r a l l  i ;

F I N A L  :-  omega;
1 ~~ f o r a l l  i < ITARGET ; F

NATCH , NONMATCH :•
NU LL FLAG :- f a l s e ;
CLCT : —  omega;

/0 These two variables are used globally in FIX—UPS and ar e
passed to other routines. NXTONE is used for calculating
the DNF expressions for al ternatives. * ,‘
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NX TONE : TAR GET( i+1 I  [11;
SE Q : T A R G E T ( iJ ;

1 (— forall j <= IDE;

/ 0  FIND—FI RST—SEQ finds the first occurrence of the seconti
argumen t sequence in the first argument sequence . It returns
a vec tor of information. The first element is the beginning
loca tion of the sequence that was found . The second element
is the posi tion in the first sequence where it ended and the
third element is the merged sequence combining the second
argumen t and the matching p,~!- tion of the first argument.
It uses a scan with repeated calls to EQUIVSEQ . The code is

not shown. 0/

LOC : FIND—FIRST—SEQ(DE (jJ,SEQ);
it LOC [l) — 0 then

NU LLFLA G : true;
NONMAT CH : N ONMATCH + ( j } ;

e lse
MATC H : MAT CH + { j } ;
HOLD : DE (jl [l;LOCI2fl;
DEIj] : DE [j]ILOCI2I+l :);
CLCT : CLCT + <H OLD > ;  —

end if ;
end fora ll j ;

/0 The following rou tine will handle the recursive calls to
this routine after computing the appropriate prefixes from
the non—matching descriptions. FINAL will be assigned values
by FIX—UPS. */

F IX — U P S~~~ ;
end tor ah I;

/0 We have to remove the tag f r o m  FI NA L .  */

F I N A L  : FINAL(1:#F INAL—l J ;
re tu r n  FIN A L ;

end ALTERNATIVES;

COMMON(DES ): procedure;

DES : sequence of descri ptions.

MAX : maxinteger;
DES : sort—b y— length— increasin g (DES);
HLD , TARGET : DE SI1] ;

/0 The f o l l o w i n g  loop will find a target description by
continuall y removing subsequences f rom the target that
are not common to all descri ptions. 0/

2 < f o r ah l  i < IDES ;

/0 TARGET will be adjusted to hold a sequence of
subsequences found to be common to ULD and DES Li !
by COM—SUBSEQ. Notice that < is sent as a function
for the comparison in the routine. The subsequence
wi th the least WEIGHT is necessarily the subsequence
coismon to all descriptions. See COM—SUBSEQ. •/
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COM—S UBSEQ(HLD ,DES (i3 ,~. );
i f  TARGET : omeg a then tetUrn omega; end if;
HL D  : omega ;

1 <— for all j ~~ ITARGET;

/~~ 
The following jus t concatenates all

of the subsequences creating one sequence .~

HL D : HLD + TARGET IjI ;

end foral l j ;  
-
:

end torall i;

re t u r n  TA RGET ;

end COMM ON ;

BEST-COM-SUBSEQ(X ,Y): procedure;

X ,Y :  I—SEQUENCE;

-~~~ We ret u r n  the common subsequence with greatest WEIGHT. ~~~-

re tu rn  CO M— SUBS EQ (X ,Y ,- ) ;

end SEST-COM -SUBSEQ;

COM— SUBSEQ(X ,Y ,CFUNC): procedu re , value (X, Y) ;

X ,Y: I—SEQUENCE;
CFUNC : Boolean f unc t ion ;

INIT : 0;
LOCALWT : 0 ;
LOCALTARGET :~~ omega;

repea t whi le(X \— omeg a and Y \ omega) ;

1 ‘ f o r a l l  i < IX;
LOC : FIND— FIRST—SEQ(Y ,..X t i l > ) ;
if LOC t 1) \~~ 

0 then
INI T  : i;
s top f o r a l l  i ;

end i f ;
end f o r a l l  i;

if INIT — 0 then return LOCALTARGET; end if;

/0 FIN D-MAX-LENTH uses EQUIVSEQ to find the maximum length
subsequence common to its two sequence argum en ts(first and
third) rooted at the positions passed as second and fourt h
argument. It is a simple scanning and counting rou tine
and is no t shown. *7

LEN : F I N D - M A X - L E N T H ( X , I N I T , Y , LOC ( l ] ) ;
MERGE : EQU IVSEQ(X ,IN I T ,Y ,LOCI1),LEN ,LASTY);
LOCALTARGET : LOCALTARGET + (MERGE ’-;

/0 WEIGHT is a heuristic weigh ting f u n c t ion w h i c h c a l c u l a te s
the relative size of a sequence as follows: 

~~



Each S—un it con t r i bu tes  1 , each R—unj t  co n t r i b u te s
2 + the WEIGHT of its C—SE~) ar - ,~um ent and A—units
contribute 5 each .
The routine is a simple scann ing function and is not

sh  ~w :~ - 
0 /

LOCALWT : L L ) CA IW1 + WE IGHT(M ERGt ~) ;  
—

y Y I LA S T Y + 1 : J ;

/0 ADVANCE is discussed in REPEATS above. 0!

X : XIADVA NCE (X ,LOC )l)+LEN ):);

end repeat ;  - - -

* Now we use the compare f u n c t i o n :  K is used for COMM ~~\
and for BEST—COM-SUBSEQ. 0/

if CF UNC(LOCALWT ,MAX ) then
MAX : LOCALWT ;
T A R G E T  : LOCALTARG ET;

end i f ;

end COM-SUBSEQ;

FIX—UPS () : procedute ;

HL D  ; omega;

/ 0 This  rou ti ne wil l  compute the appropr iate p r e f i x e s  for the S i
r e c u r s ive ca l l  to ALTERN AT IV ES by c a l l i n g  S U B — S E L E C T I O N S  and
then it w ill assign the appropr iate values to FINAL.

A l l  v a r i a b les krio~rn in ALTER NAT IVES a re  known he re .
NUL LFLAG is t r ue  if there  w e r e  d e s c r i p t i o n s  not match ing
wi th the current TARGET subsequence. 0/

if NULLFLAG then
I~LD : SUB— SELECTI ONS( DE ,CLCT ,N ONMA T C H ,MA TC H, N X T~~N~~) ;

end i f ;

/~ If  there were non empty prefixes of the descriptions
ma tching the cur ren t  TARGET subsequence , we a l te rna te  them
recursively. 0/

i f  CLCT \. omega t hen
FINAL : F I N A L  + ALTE RNAT IV ES ( ( CLC T[ i )  I

1 ~~ fo ra ll  i ( I CL C T 1) ;
end if ;

/* If every descrip tion had a subsequence matching the cu r r e n t
TARGET subsequence , we append th e TARGET subsequ enc e t~~ F I ~~A
O t h e r w i s e , we append an ALT—uni t to FINAL. This un i t is an
al ternation between the leading prefixes of the non—matches
with the curren t target subsequence , or , an al ternation of
the current target subsequence with the null sequence
depending upon whether prefixes were compu ted or not. 0,

FINAL : FINAL + (if \NULLFLA G then SEQ
else if HLD \— omega then

COALESCE (HLD + (S EQ’ - )
else COA LE SCE (~.SEQ, onieg a’)
end i f

end if) ;
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end FIX-UPS;

SU B — S E L E C T I ~~N S ( ~~E ,CL ,N~~N ,MA T ,!KXF): pruc edui. -;

lIE: set of I—SEQUENCES; / 0  Descr i p t i o n s .  0/
CL: sequence of I—SEQUENCES; /~ Leadin-j  p r e f i x e s  of the

matching descrip tions. 0/
NC 1N: set  of i n tege rs ;  / 0  Indices of the nonmatches.
M A ! :  set of Integers; -~~~ Indices of the matches. 0/
NXT: I—unit ; /‘ First unit of the next target subsequence. */

This rout ine computes the set  of p r e f i x e s  of rIo- n on- rj t - l i - ~-
d e s c r i p t i o n s  w h i c h  a r e  t~ be used for t b -  r e c u r s i -~~- csi I
A L T E R N A T I V E S .  ~~/

HLD : omega;
FLAG : false;

if CL \= omeg a then

f o r a l l  i in N- ) N ;

1 s = f o r a l l  j ‘- = ICL;
U N I ~~ : C L ( J )  L * C 1 - [~~ )
LO/  : F I N D — F I R S T - - S E ~~ ( t D E [ i j , - / N i r > ) ;
if L OC [ 1 ]  \— 0 then

CL : CL +~~ -D E ) i ) ) l : L /~C ) 1 ) — 1 ) ’ ;
DEW : D E t i j [ L O C I 1 I : ) ;
NON : NON — ( i } ;
cont inue f o r a l l  i ;

end i f ;
end f o r a ll  j ;

end to r a h  i;

end i f ;

f c r al l  Ic in NON ;

f o r a h l  j in MAT ;
UN I T  : D El i )  [1]
LOC : F I ND— F I RST — SE Q ( D E I k )  ,-~UNIT’ )
if L O C [ l )  \— 0 then

HLD : HLD + K D E [ k ] L l : L O C [ l ) — 2 ] ’ ;
DEIk) : DEfk)jL0C~~l J — l : J ;
continue fo ra ll  Ic;

end if;
end fora h l ];

FLAG : true ;

end f o r a l l  k;

~~ If we cou ldn ’ t compute a p r e f i x  for  one of the non—matches
we use the null p r e f i x .  ~~-

if FLAG then
HLD :~~ H L D  + <omega);

end if ;

return HLD;

end SUB-SELECTIONS;
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COALESCE (DESC) : procedure;

DESC: sequence of I-SE~~~EN/E ;

* This routine cicates new ALT -uniti ; . *i

-~~~ The conditionals for each alternative is compute d I i r s t .

TOTALS , SUBTO-r : omega;
CLCTR U S : omega ;

1 c — f o r a l l  —~~ I DE S C ;
it DESC~~i J  - omeg a then

- LCTRUS L 1j  : U;

els e
CLCTR LJS) i J  :~ F I N D T R U E S ( D E S C ( i j l l ) ) ;

end if;
end fota l l i ;

I .~~ tora h ‘ #~~LCTf~L S ;

1 -— f o r a h l  j  ~~— ICLCTRLIS , i \~~ 
i;

T OTA L [ i ]  : TOTAL [iJ + C L C T R U S ) j ) ;
end f -~r al l ;

end f o ra h l U

4 1 ( t o r a H i ~~- *~~LCT NUS;
C L C T R U S [ i )  :=  C L C T R U S ) iJ  — T~~- r A L t i I ;

end f o r al l  i ;

NEWUNIT ~ — he aptALT-uni t; ;

-
~ 1 ~~ f o r ah l  i s IDESC;

NEWUNIT .CON D[ i ] .C — S EQ : D E SCj i J ;
NEWU NIT .CO ND) i)  .DNF CLCTR USIi )

end f o r a l h  1;

return KNEWUNIT’;

— 
end COALESCE;
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2 .3.3.6 Meta—Rule Construction

Construction of the meta—rules is based on the transition

ot: the PS env i ronmen t when f i r i n g a ru l e . The f i rst type

of rne ta-ru le  is concerned wi th  how rules are activated .

From the trace we can determine whi ch rules may activate

other productions when fired by computing the set differ-

ence of the new environment with the old. Similarly, for

the second type of meta-rule (how rules are inactivated),

we compute the set difference of the old environment with

the new . The Cur ren t l y— active type meta-rule is constructed

by copying the environmen t in which a r ule wa s f ired , and the

Just-fired type is constructed from the sequence of rules

fired.

All meta—rules so constructed are collected in sets

MADE-ACTIVE , MADE-INACTIVE , ENVIRONS and JUST-FIREDS ,

respectively. They are represented in the set by a pair

<L , R~~, where L is a set of product ion names corresponding

to the argument of the LHS fun ction and R , the RHS. Details

appear in Figure  2 . 7 .
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CONSTRUCT—N—RULE (LUNIT, RUNIT) : procedure;

difnewold , difoldnew : set of atoms;
pair : tuple of sets;

/ ~ Construction of meta—rules according to the definitions. */

difnewold : (RUNIT.TRUE—PS + (RUNIT.PNAME)} -

(LUNIT.TRUE—PS + {LUNIT .PNAME});

difoidnew :~ (LUNIT .TRIJE—PS + {LUNIT.PNAME .~) -

(RUNIT.TRUE—PS + {RUNIT.PNAME )j;

/* The first element in the pairs corresponds to the LHS of
a meta—rule , and the second to the RHS. *1

/ ~ Type 1 me ta—rule ... *1

if exists pair in MADE—ACTIVE such that
pair (l1 difnewold then
pa ir [2 1 :~ pair (2) + (LUNIT.PNAME} .

else
MADE-ACTIVE : MADE-ACTIVE +

(<difnewold ,{LUNIT .PNAME}> };
end if;

1* Type 2 meta—ru le.. .

if exists pair in MADE—INACTIVE such that
pair ill = difoidnew then
pair(2 1 := pair (2j + {LUNIT.PNAME};

else
MADE-INACTIVE : MADE-INACTIVE +

{<difoldnew ,{LUNIT.PNAME}>J;
end if;

1* Type 3 meta—rule ...

if exists pair in ENVIRONS such that
pair [l] = LUNIT .TRUE—PS + (LUNIT.PNAME ) then
pair [2] := pair (2) + {LUNIT.PNAME};

else
ENVIRONS : ENVIRONS +

{<LUNIT .TRUE—PS +{LUNIT.PNAME ),{LUNIT.PNAME}>};
end if;

/ ~ Type 4 meta—rule... */

if exists pair in JUST—FIREDS such that
pair (11 = {LUNIT.PNME~ then
pair(2) := pair [21 + {RUNIT.PNAME};
else
JUST—FIREDS : JUST—FIREDS +

{({LUNIT.PNAME},{RUNIT.PNAME}>J;
end if;

end CONSTRUCT-N-RULE ;
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3.2 Execu t ion with Train ing

The entire trairt in~i session took several hours of

connect time (mostly for bookkeeping) and 9 minutes of Cpu

time running t he’ system on a CDC 6600 under UT LISP. The

session was organized into a series of training sessions

each intended to solve some subproblem of the overall

problem. This allowed the human expert to experiment and

decide on the most reasonable approach for demonstrating

the solution of the problem. Furthermore , the limi ted

resources available for the pattern recognition algor ithms

p r o h i b i t e d  the an alysis of solu t ion sequences whose

leng ths were greater than 100 cycles. Each of the

sequences produced from the shorter sessions were serially

analyzed and the resulting descript ions conca tena ted to the

CRAPS description contained in Appendix 2. Section 3.3

contains an abbreviated copy of the descri ption.

The statistics produced by the PS interpreter for the

comp lete training session is contained in Fi gure 3.1.

Some of the statistics are concerned with the matching

network prod uced by the PS interpreter from a compilation

of the LHSs of the production memory . The output generated

for this session is too large to reproduce here . However ,

we have included an abbreviated session of the fourth

experiment running under CRAPS control in Append ix 3.
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Figure 3.1 Tra ining session statistics
= = = = = = = = = = = = = = = = = = = = = = = = = = = =

(END -- EXPL ICIT HALT )

33 PRODUCTION S IN SYSTEM
127 300 NODES
391 i’~ ODU CT I ONS F I R E D
34 90 PRODUCT IONS INSTANT IATED
18)8 WM TRANSACTIONS (8795 NODE ACTIVATIONS)
65 200 TESTS P ERFORMED
129 MA X I M U M  WM S I Z E
9-~. 2~~83 1 MEAN WM SIZE
33 MAXIMUM CS SIZE
12.12788 MEAN CS SIZE

•1 173 MAXIMUM NUMBER TOKENS STORED
113.75703 MEAN NUMBER TOKENS STORED

I
9.0 MINUTES CPU
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3. 3 Genera ted CRAPS Descr i ption and Meta-Rules

The CRAPS descri ption (see Appendix 2) generated from

the t race in Append ix  1, consists of 75 concatenations and

15 repetitions; no permutations were discovered , and no

alterna tions were possible since only one sequence was

anal yzed. The DAG which was constructed contained many

forward arcs which were correctly identified and discarded.

An abbrevia ted version of the description is shown in

Fi gure 3.2.

The fact that no permutations were generated may indi-

cate the rather limited usefulness of such a construct.

However , it appears more accurate to say that the solution

presented to the sys tem was produced from an environment

in wh ich parallelism was unlikely to occur. That is, the

limitations of the communication channel between man and

machine was not conducive to demonstrate parallel sequences

of actions. At any one time a limited amount of information

was displayed on the CRT screen and so the problem solution

demonstrated was forced to be more narrow or localized

decreasing the chances of parallel flows of information

(while increasing the likelihood of short repeating sub-

sequences). The problem of jigsaw puzzles would also appear

to make limited use of parallelism since most of the activity

is limited to a few puzzle pieces at any one time . However ,

many problems seem to require such a construct. For example ,

it is clear that an industrial robot with 2 (or more) arms

operating on an assembly line would be required to perform
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cort.iizt functions in a strict sequential fashion . However ,

i ts productivity would increase . sicin ifica ntl y if its arms

WCUe’ controlled concurrently.

0
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~~ IREPEAr (WHILE NIL
(UNTIL F! I C E — F I T S —  t N — P L ’ ~~~ t I
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( U N  I ’ I L  ~~~~ ~ F M i 3 E R E D — u i 3 J E C T — I N - V I F ~ I
c c  R E P E A T  ~ H~~~ F N I L )

C ( P I E C E — H A S — C L J H R F L : - C C L ~~P~~)

~R F P E ;~: ~~H I L F ;  ) F o R ~~I:r-COLOR—OF—PIECE
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It is interesting to see exactly what heuristics dr~

encoded by this description . The first 5 units:

LOOK-AT-PIECE-IN-HEAP
PICK-OBJECT-IN-VIEW
MAKE—A—PILE
[REPEAT (WHILE (LOOK-AT-PIECE-IN-HEAP))

(UNTIL (EMPTY-HEAP))
<LOOK-AT-PIECE-IN-HEAP
PICK-OBJECT- IN-VIEW
PUT-OBJECT-IN-PILE>)

ENPTY-HEAP

have the effect of ordering tF~~pieces in the heap. It does
I

so by picking (arbitrarily) a piece from the heap, pu tting

it in a pile (MAKE—A-PILE), and repeating the same for the

remain ing pieces . Since the piles are in fact queues, the
I

first piece placed in the pile will be the first piece to

be viewed from the p ile. The initial arbitrary selection

of a p iece in the heap is a source of error as we shall

see shortly.

The next part of the sequence ,

REMEMBER-CURRENT-PILE
LOOK-AT-FIRST-IN-PILE
REMEMBER-CURRENT-OBJECT
LOOK-AT-NEXT-IN-PILE

has the effect of initializing the pile for an ordered search.

The first piece in the pile is tagged by REMEMBER-CURRENT-

OBJECT and then placed at the end of the pile by

LOOK-AT-NEXT-IN-PILE so that when it comes into view later ,

we will know that we have scanned the entire pile .

This is the point at which an error is introduced by the

heuristics specified in the initial segment. The actual

__________ 
_ _ _ _



rccon~i ions o kL~• 1LMbi~F~— CtJ i~R E N T — U H J E C T  (see A~ p .~~. ’: ix  2

Les that P[LCL— A~
’— . ’lRAlGI1T— I;li~;I., th at is , t he  I 1  r:-;t

object ~n ‘he ~‘jlc ’ , wh ich is the  I irst I:leOc’ f l O r l t - l  ~r ur .

• he h e . i ;  must have t s : i i  h t  e~i : v .  T h e r e f or e , t h  i n i t i ~~l

Sc lt’C t ion a ~~~~~~ f r o m  the hua~ ’ s h o u l d  not  be . i r b i t  r a r y ,

‘I I t  i n S t  c a d  sho~:l ~i ~~e one  w i t h  a s t r ai g h t  ed&ic . T h i s

!‘ l 1 t ~P~ c o u l :  h. ’,’t• f e f l  (Vo ided  w i t h  a d d i t i o n a l  t r a in i n ~

Sod .;t ’ I ’ .Ce5  f o r  t h e  i n i t i a l  subsequence and u s i n g  the  al~ c m i -

L L O r I  r o i t i n c  ‘ .~~ s p t ’ c i i v  a l t e r n a t i v e  a c t i o n s .  These e r r o r s

‘I r e  h t n i 1~ oI 1 ’ .’ t h e  : r ’t i — r u l e  m e c h a n i sm .

‘~h, next i~~~r t  “ t  t he  descr i p t i o n ,

pici-~--oi~J):cT—:-’~~~”. -pILr
i~ i~d i T — C L  Hi ~1’ N’L - PILE

I’ ) IGI. ’:’ — c t. ’RI-d:N ’r — P 1 i~E
P I~~K—A — P h i’
I. . ~ — A T — F  I RST— — p

[ R E ~~EAT ( ;~~~I L E  N i l )
( U L J L I .  ( P I E C E - I i A I - ~— S T R A I G H T — E D G E

REME~~~LP PD—OBJECT— I~~—V IE~~)
< I ~i P l ; A i  ( W H I L E  N I L )

(UNTIL ( P I E C E - H A S — S T R A I G I I T — E D G E ) )
LOO P—Al—N V X T —  I N — P I L E ~ I

[REPPAT (IcIIILE (PIECE—HAS—STRIGHT-EDGE))
( U N T I L  ( R E M E M B E R E D - O B J E C T - I N - V I E W ) )

PICK-OBJECT-FROM-PILE
F O R G E T - C U R R E N T - p  ILE
P I C K - A - P I L E
P U T - O B J E C T - I N - P I L E
F O R G E T - C U R R E N T - P I L E
PICK-A-PILE
LOOK-AT-FIRST—IN—PILE>]~~]

PICK-OBJECT-FROM—PILE
FORGET-CURRENT-PILE
PICK—A—PILE
P U T - O B J E C T - I N - P I L E
FORGET-REMEMBERED-OBJECT

has the of  oct  of creating a second p i le composed of a l l  of

the pieces with stra ight edges. The initial pile is
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c ~~ t t ~ )lv scann ed (until t h e  t~iu q e d  piece is s e e n )  and

f or  e ac h  t i c - c e  I f ~ v i e w  w~ . i ch  ha s a s t r • i g h t  edge , the r iece

is r er~ov t -d  f r n t ’~ t h e  f i r s t  p i le  and p laced  in  the second.

The J t I ) : ) r ~~n r i a t  t-  c . n d i t  ions ar e  encoded by the  w h i l c -  and

u n t i l  componen t s  of t h e  r ep e t i t i o n  u n i t s .

;~~~‘ r e ~ h i v e  one L i l e  of i nd a s t i n g u i s h e d  pieces and a

second cortc osed of a l l  t h e  st r a i g h t  edge p ieces .  (‘~e can

I ’I ’) w  ~~- . ‘ :i n  t h e~~ a z z l e  b~ b u i l d i nc  the  o u t s i d e  edges f i r s t

fr o n  t r e  n i ec e s  ir .  the second p i l e  u n t i l  i t  is e x h a u s t e d .

The f o l l c w i n r j  subse ’ luence  p e r f o r r r s these  a c t i o n s .

h . p — A l — P 1 RST— I h — P I L E
P I C K - O B J E C T — F R O~~- PI LE
.~‘i ’API’ — P U Z Z L E
L O O K — A T - F I R S T - :N - P I L E
[ R E P E A T  (~c k i I L E  ( L O O K - A T - N E X T — I N — P I L E ) )

( U N T I L  N I L )

~~[REPEAT (;;IIILE NIL)
( U N T I L  ( P I E C E — F I T S - I N — P U Z Z L E )

:~~)QK AT N E X T IN P I L E~~]
[REPEAT (WHILE (LOOK—AT-NEXT—IN-PILE

P I E C E — F I T S - I N — P U Z Z L E ) )
(U N T I L  N I L )

<PICK OBJECT-FROM-PILE
F I T - P I E C E - I N - P U Z Z L E
P I E C E — P U T — I N - P U Z Z L E

L O O K — A T — F I R S T — I N — P I L E > ] > ]
P I C K - O BJ E C T - FR f l~~- P I L E
FIT—PIECE—IN-PUZZLE
P I E C E - P U T - I N - P U Z Z L E

Attention is now turned to the first p ile. The f o l l o w i n g

rather leng thy procedu re is repeated until the first pile is

exhausted in which case all of the puzzle p ieces will have

been placed in the puzzle.

If you s tudy a ch i ldren ’s puzzle , you will observe

that (usually) all of the pieces with the same average
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color are connected , and further , each color g r o u p  ~s

connec ted to the edge of the p uz z l e. This su’~~ests the

following proce dure which was used by the trainer.

We look at the f i r s t piece in the f irst  pi le , note its

color , tag it and p lace i t at the end of the pile.

Then we scan the e n t i r e  pile , removing those pieces with

the same average color and place them in a separate pile ,

called the color pile. This procedure is repeated until

we encounter the tagged piece, which is removed and placed

in the color pile. We then exhaustively scan the color
I.
’

p i l e , se lec t ing  the pieces tha t f i t  in the p u z z l e  and

p lac ing  them in the p u z z l e . The connectivity property of

children ’s puzzles insures that this pile will be exhausted

and no in finite loop through the p ile is possible. Once this

is accomplished , attention is turned back to the original

pile , another color is selected and the entire process is

repeated until the puzzle is finished. The following

subsequence encodes the above heuristics.
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‘I’he [ t o u t  i st i cs spec  t t  l O t !  i n  t lii ’ p r e ’~~t ’d t i ; q  } 0 l c ~~’ :; ar t ’

1101 ~~t ’ 1 1 0 1 , 1  1 0110 I~~j I i  t o so 1 Vt ’ i’Vt  ‘ I ’ ~’ I I S~tW ptt 1 0 • The Ii urna ii

e x p e r t  i ;ntdi ’ col t a i l l  155uI111 ’t  ioiis t h a t  ~s’ t ’ I t ’  10’ 1 oct  tO! I l l  I [ i i ’

CVAI’P  d t 0 ; C t  i pt  l o l l . h i  part i c t i l  a t ’ , W!1O!1 p I ’eSotl t to! W i t  h a

p ;t ’ • I c  wli  I t ’l l  ;iee;; n ot  h av e  t h e  C O l I I t t ’c ’t i V i  t\’ p t ’ o}o’I ’t y , i t  is

j ’e;;S t i ’ ie I hat  t i i t ’ ;1 st ~‘rn wont d t a i 1 I 0 I i tid a s o t  u t  1011 .

V ‘w~ - vei  , t tic d s c I 1 1 t ton I ( ;  i a St ol t owa I d t tic sO I U t 1 011

dt ’iuoiist t at t ’~~ by I ho e xp or t  al i t !  so would cxl i  ib i t I li t ol  I I ‘j c ’ l it

b o h a v  1 0 K  W I l e l l  
~~
‘ I 0 s en t  t ’d wi t h the appi o p r i  at e  i two I s .  :\ 1110 I t ’

qen~~t’a 1 sd titxori wool d he poss 1 h I  o by condu c t  I i l c i  111010

I I a I i i  l i~ I St ’5S t OI l S , pe rhaps  wit ti d i  I fo l ’ t’ll t I ni I no t ; ; , a n d

in; n q t ho a i t  0 m a  I l o l l  o~~~i ’ t a t  o r  ci t he mot  a — r t i  i~’ Iiit ’c hat i  I sm.

‘l’tie 1110 1 a — r u l e s  encode t e , i s o n a b  i t’ h o ur  I st  i os a l i t !  cot I’ect

S t  at  i’Iili’li I S 0 t c ’011 t fl) I i l l  11105 t 0,1St ’ S . ‘l’ht ’v a t o  vi’ my ~I i I I t ’reflt

I t orn t h OSt’ dos  c i i bed b y da v t ; ~ .1 lid K i b 1 or  whose 1 0 rm~i 1 i srns

j l’ i ’ hi i q h ly cia t a — do~ ;en~Ie u t  . Ri v i ‘ mcI a — t’ u l o s  j mc at~c1 U t  I t ’d

OX )’ I I C i t I v 1 1 0111 • l  t i  uiti5in 0 Xpt ’ I t  ,l I ic!  a I t ’ coniposod 0 1 p m t ’d i C at  OS

app  I t e d  1 0 1 ho dat  a in  W~’I . Ni b l o t —  ‘s met a — N i l e ; ;  Spec I I i l l

o I 1 oct ‘ C at  a — I ow 1 i n k s  ‘ bet Wet ’ i i  r til t ’S , a tid , i  l’ t ’ comp I l ed

sI a t  I ca I 1 V t F O u l  pt ’oduc  I I OI l  11101110 my  by a l l  ~iI i a  i vs j  s c t  t t ie

cont  ou t s  ot  t he PUP ~‘i nd R1IS 0 !  I t i l e ; ; . ‘I’ I i ’  t tiles we h,ivt ’

cons t t tic t ed  at’ i’ dependen t  o n l y  on t he  c ’oti t 1 1 Ct  s et  01 1 tiles

and t ho dv uiam c be has ’ I or of t ho p moo t a r n . ‘Ph i 11,1 ;; t he

0 t 1 oc t  c’ 1 1 i ni l  t t n t )  the” S t i t ) q t ’s t od m t i  l os  t o  t hos ’ t h a t  wore

t; s,ol in .1 so I ut  t o r i  . A I a  I t l e  ut inih e 1 01 s nob mu Ii ’s a I t ’ prodt ic’ed

boc.itise c I t,hi’ 1 a uoie nunibe r of pess i hit ’ coot  1 to t Si’t S coii t 51t  llt ’d

i n  I: he’ so I ti t tOll :0’t l  I I t ’ l i ct ’
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The meta-rules that have been defined here are flawed

by the i r  l im i t ed  scope or context . The LHS of the meta—

rules interrogate only the current conflict set or the previ-

ously fired production . In several similar situations ,

the rules MAKE-A—PILE and PICK-A—PILE are suggested with

equal weight because of this limited scope. In this case ,

an arbitrary selection is not adequate and a deeper analysis

of the situation is required to make the correct choice.

More context within the solution sequence should be used

to disambiguate the situation . We view our meta-rule

construct as a starting point from which to analyze and

understand the use of this type of mechanism. It is our

belief that such rules exhibit adequate behavior when used

in conjunction with the CRAPS descriptions. The primitives

defined were derived from insights gained from several

preliminary experiments with CRAPS . In view of the perform-

ance of the jigsaw puzzle PS , more research into the

automatic construction of meta-rules is highly desirable.

These points are discussed further in the following sections.
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3.4 Exocut ~on with Hi— ur i st l o s

The oi i j  i f l J  1 }f l 1 Z . ’ It’ W~lS casi  l y solv ed i t r i ~ !~~- r

con t t o  1 iii ‘~ . UI i - l i  U t  OS w i t hi tiO lilt ’ t. a — ru 1 o ca I I s . ‘rho

a dd  .1 t i cii a 1 t irne l Ot)  U ji ’ O~1 was LI no t o t h i ’ C RAPS i m p  i t  ‘f l it  ‘ n t  ~l t 1 i i

wit hi ii t he i n to  K - Fi ’ t O F  . 
‘ 

-

A socotid ~ u ; I t ’ d i f  f e r o n t  puz i t ,’ was sd \‘ t ’d in  10 . -
‘ mx n u t  0;;

b u t  me~ U t  red 5 met  a — r u l e  cal is . ‘l’ho sit oat  ion dt ’s~’r i1o~~)

1 :i I ho j - r e v  ~ous  sect  ton  ( t l i t ’ t I rst p 1 oco pi ck o~I front t hi”

h eap  t s  ret)ui r ed  to have a st ra i qht eslqt’ ) d C C t i I  F ’~ ci , in d

was c c i i o c t  l v  h a n d led  by t hi ’ mot  a — r u l e s . The f i r s t  ~~~~ Ot ’i’ i n

t ho  p i  lo , a I t h o uqh  it  d i d  not have a st ma i tiht eds~e , w as

t a~~~ed ant! e~’ont ua l  l v  p h aced i n  t he n ’  j o wi t hi t he st i a  i ~i l i  I

Os! t~ I O C O S  . As t ho o u t  S ide e dq t ’~~ of t. hi ’ I U ~ I 0 WO F c’ he

b u i l t , when the I ,ioood p 1 t ’CO was o i icount  o t e d  and f o u nd  t o i t

i n t o  t he pi i :~ it’ , t ho mo t a — ru los s U s1s1O S ted th i ~i t i t  be ; ‘ i , i C ;~~~i i n

the  pin ’ ~‘ Ic. S UbSeL luOn t  ly , t h e  C R ’LP S doscr  i pt i on wo ~kt’sI

co r r e c t  lv.

The foilowinq statist ics  wer o  produ cod f o r  t h i s

expe ri ment .

(END —— E X P L I C I T  HALT )
-— ME TA R U L E  CALI~S)

33 PRODUCTIONS IN SYSTEM
127/300 NODES
416 PRODUCTIONS—FIRED
3776 PRODUCTIONS—INSTANTIATED
1880 W~’HTRANS ACTION S ( 7 0 6 0 5  NODE A C T I V A ’ l ’ I O N P )
(69801  ‘I’l-~STS P E R F O R M E D )
( 137 MAXIMUM WM S I Z E )
(107.32692 MEAN Wit S I Z E )
(35 MAXIMUM CS SIZE)
(13.12740 MEAN CS S I Z E )
(181 MAXIMUM NUMBER TOKEN S STORED )
(117.b 6587 MEA N NUMBER TOKENS STORE D )

10.5 MINUTES CPU
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The thi rd puzzle failed to be solved because of an

inco rrect choice specified by the meta-rules. After 193

cycles , it had succeeded in orderinq the heart and bui ldinq

the pile of straight edqo p i e c e s .  The same situation

occurred as descr ibed  in t h i t ’ second e x per i m e n t  t ’xcopt  t h ~i t

this t inie the t aqqod e lement  d id  i ic t  f i t  in t h e  p u z z l e

when the ou ts  idt ’ edqes were b e i n q  b u i l t .  A t that point ,

the sy stem looped t h r o ugh  the Pt 10 c o n t a i n  i nq  t he Si flO i~ ’

aq ~~od p1 ece ( a l l  o f  t he  St ma i qht ed~~e p t ecos had been

placed in  the  pu.~~le)  . The m op et  i t  io n  u n i t , w h i c h  r ep e a t e d

1.00K—AT—NEXT—IN—PILE w i t h  the t ’ond it  ion u n t i l  P I E C E — F I T S —  I N —

P U Z Z L E  n e v e r  t e r m i n a t e d.

The f o u r t h  p u z z l e  worked  p rope r l y . As you w i l l  n o t e

in A p p e n d i x  3 , a v e ry  s i m i la r  s i t  oa t ion  occur i’ed as t h a t

de sc r ibed  above . Th i s  t i m e , the second piece in t h e  p i It ’,

which is the focus of a t t e n t  ion of t he  P 1 C K — O B J E C T — F R O M — t ’ I I . E

uni t followinq the REMEMBER—CURRENT—OBJECT unit , is also

requi  rod by the pr’econdi tions to have  a s t r a i g h t  OtIslO .

In t h i s  cast’ i t  d id  no t .  R a t her  than  p1-ac in q  t h i s  p iece i n

the p i le  of s t r a i g h t  od~io pieces , the n i et a— r u l e s  suqqes ted

the L O O K — A T — N E X T — I N — P I L E  p r o d u c t i o n . This  led to the  cor rec t

choice of a 1-’i eco f rom the  I-t i l e  (w h i c h  had a st r a iq h t  edqe)

and subsequent ly the CRAPS desc r i pt ion  worked corr~’c t1y.

A f i f t h  p u z z l e  was run  w i t h o u t  the  CRAPS de scr ip t  ion

and w i t h  t he  m e t a — r u l e s  a lone .  A f t e r  73 c y c l e s  and a pp r ox i  —

mately  2 .  5 m i n u t e s , i t  had S0000SS f u l l y  or d e r e d  the  he ap by

L .  ~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



piling the pieces . Immediatel y afterwards , the i s l e

at tempted to build a pi le of s t r a i ght edet’ n ieces . At
this t~~rne , both MAKE—A—PIL1~ and  PICK-A—p IJ ,E ! ‘o c a n n  e q u a l ly
l i k ely candida tes. The wrong choice was nn~i d - , and the

program proceeded to arbitrarjj~’ make piles in an almost

hysterical fashion.

I
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CHAPTER 4. CONCLUSIONS -~~~

4.1 Major Results

It is believ ed by many researchers that an important

q u a l i t y  of intelligent behavior is the ability to improve

performance  w i t h  exper ience , and t hat  g e n e r a l i z i n g  a concept

is a critical aspect of learning . In CRAPS , a form of

generalization occurs when a repeating subsequence is

collapsed into a repetition unit. Although quite restricted

in scope , CRAPS shows how a system m i g h t  l ea rn  procedures , a

form of learning which is believed to be very important .

Although there are a nuniber of very difficult technical

problems , it seems to us that with more powerful pattern

recogni tion techniques and more powerful generalizations of

control statements , this approach could be very fru itful.

With less ambitious designs , CRAPS can be viewed as a

programming aid for the designer and implementer of a large

A l problem-solving knowledge base . One of the most error

prone and difficult tasks in the development of an Al-

problem-solving system is the fine-tuning of the system

with heuristic controls to minimize search times through a

large data base of facts. The CRAPS approach might be

useful in fine-tuning a declarative knowledge base as

opposed to ‘hand-compiling ’ control elements to effect

competent perforriance in such a system .

_ _ _ _ _  ~~~~~~~— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



The power of the descriptions produced is limited by

both the expressive power of the CRAPS pr im itives , and the

level of sophis ticat ion of the pattern recognition

algori thms that have been developed. For example , during

repetition detection no notion of similar subsequence is

used ; furthermore , i t is not poss ible f o r  al terna tion to

appear within repetitions . Despite this , the algori thms

are powerful enough to detect interesti ng patterns and

subsequently interesting heuristics.

Our experiments suggest that this approach will have

the best chance of success when the encoding of the

knowledge of the problem domain is such that on any execu-

tion cycle a small number of productions and only one

instantiation of each production is applicable. For

example, the initial segment of the CRAPS descript ion for

the jigsaw puzzle problem (see Appendix 2 ) specifies

repeatedly picking a piece from the heap and placing it in

a pile. In actuality, the number of instantiations of the

LOOK-AT-PIECE-IN-HEA P production during this cycle is equal

to the number of pieces currently in the heap. The CRAPS

description does not ~.pecif y which instantiation to choose ;

but only the name of the production to choose. This affects

the subsequent ordering of the pieces in the pile , and

possibly the preconditions of the units which follow in the

description . This is demonstrated by the REMEMBER-CURRENT-

OBJECT simple unit following the EMPTY-HEAP simple unit.
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The j r t ’- ’ondit ions  f o r  the u n i t  s p e c i f i e s  t h a t  the  piece to

remember ( t he  f i r s t  in t h e  p i l e)  should have a s t r a igh t

edge. But  t h i s  depends on the f i r s t  piece which  was

picked up from the heap , that is , the instantiation of

L ICK-U P-OBJECT-IN-VIEW that was selected . This suggests

one way in which CRAPS could evolve: the execution traces

Should in clude not only productions but also instantiations

of productions. Furthermo re, the i n i tia l  s egm e n t a t i o n  of

the trace sequence into subsequences (or subproblems)

s p e ci f i e d  by the human expert  is not e x p l i c i t  in the  f i n a l  L

CRAPS descrip tion , and t h e r e f o r e  c o n t e x t u a l  or goal  in fo r -

m a t i on  should be i n c l u d e d . However , recogni:~ing p a t t e r n s

in  such sequences is a much more d i f f i c u l t  p r ob l e m . The

approach outlined in this thesis i s viewed as an initial

step in the understanding of this more general problem .

The meta-rule construct we have defined seems quite

effect ive . Although lim i ted in scope , the meta—rules

contain quite accurate and useful contro l information.

The suggestion of a single rule in the RJIS of a meta-rule

eftects a limited or local modification . More substantial

statements of control can be effected by allowing

arbi trary CRAPS descriptior~~in the RI-IS . However , a

correspond ingly more sophisticated analysis of both the

Solution sequence ard CRAPS description would be required .
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4 . 2 u t i t :  t Research

‘l’he re are ma nv LI i roe  t i en s  in  wh i oh t l i t ’ r e s t ’ n i t  w o r k

can r O Ct  - LI  . at to r n - 1 vs i s r s a 1 c’n~n st ,i : iLl in e x - oh 1 em

wh eli O b V I L U S  lv st i eu  1 . 1  be a coni t i u sed u t - s t a r c h  en d e a vor .

The tt ’ch :i i es~ ’~~; out 11 nit -d n t h i s  t l ies  i s  l e a v e  mu c h  r o om  or

evement and e x t  ens ion . The con t r ol  l a ng u a g e  should b~-

rode x nod t o  a 1 low mon t ’ power f ul cent rol p: imi t i yes

Cen t a in i no cent ex t  ua 1 or ~ oa l  - subgoa  I I n f o r m ~r t ion . An
4

i n t e r e s t  in -.: - ;s~-st ion is the ef~~ec t n~ira1le l machine

architectures could have on the kin d of analysis n e rf o :  mt -d r.
i n  t h i s  t h e s i s .

The meta — n- ule c o n s t r u c t  reou x res more research i n

a l l o w i n g  ~e: more n o w e r fu l  s ta t e m e n t s , such  as CRAPS

d e s c  r i p t ens in  t h e  RIL S and  - e l  h ap s  da ta—dep enden it cond i —

tionis in the LILS. ‘rhe i mp l en i e n ta t i e n  of  the :rieta—ru les ,

and  in  ~‘articu 1ar t he  s e l e c t i o n  a l L l o r i t hm  f o r  ‘ su q o s t o d ’

rules can be i mpr eyed siqni ~ i cant ly by a 1 l c’w i no f o r  back-

track m o  and o the r  ordered sear- ch x- eg ime s

‘- \ l t h  more nowertul me t ,i-ru le s , the co r r ec tnes s  of the

c omp l e t e  CRA PS d e s c r i p t i o n  would  be less c r i t i c a l ;  we m i g h t

t h e n  hope to ge t  s u c c e s s f u l  p e r fo r m an c e  w i t h  n i et a — r u l e s  a lone ,

a~ sugges t ed  by t he  p a r t i a l  success on the f i f t h  p u z z l e .

However , this would probably r e gu ir e  more undc ’r s t and in- i  of

some difficult context and control problems .

The existing system could be extended along the lines

all uded to earlier. The utility and importance of both
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counter-examples and da t a 5eL~ U eflCe S ( p r o v i d in g  more sped f i c

k n ow l e d g e  about  the problem doma in )  has been not iced by

many r e s e a r c h e r s .  l’he CRAPS sys tem could be extended to

inc lude both types of information . Further , the ex is t i ng

sy s t e m  does not inc lude the riuman engi neering aspects of

the  type  i l l u s t r a te d  by Davis ’ system , and should be

extended in this direction .

In Angluin [2,4 ]  , it has been shown that the pattern

recogniti on problem attempted in this thesis i~ NP-complete .

We have attempted to provide a good heuristic approximation

f o r  these problems. A theoretical basis of the feasibility

of a more general approach is obviously needed . For 
r

instance , what is the necessary power (i.e. context free ,

regular expressions) of both the control language and the

underly ing knowledge representation model to effect

competent performance in ill-defined problem domains

(including problems for which no algorithmic procedure is

known , such a computer vision) .

In conclusion , the scope of the problems outlined in

this thesis are of paramount importance to the field of

artificial intelligence . Any small step made in solving

the more general problems of course is significant for the

entire field. We do not claim to have provided a solution ,

but we have identified a starting point, and a direction

in which to proceed towards the solution of this

enormously complex problem .
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FINEI -COLOR-OF-F’ IECE
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REMEMBER-CURRENT-OBJECT)
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FORGET—CURRENT—PILE
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REMEMBER-CURRENT -OBJECT)
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FORGET-CURRENT-FILE
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F O RG ET -R E ME M I ’ t f- I L I- - O b J E C T
RE M E M B E R E D - O t t  II C 1 - I N-V I I  ~- I

(C LO SE -E ’IES
F I N I I - C O L O R- O F - F I I C I
F IC K—OEI J EC T I kI lN F III
FORGET-C URREN T-FIL I
[IESTROY—A— FIL[
REME M E 1EF - CU S - R INT - - l l u l  -~
R E M E M [ t E I t L L I— F I L I -  ib- l Ilk I t I  UI
FOk - GE T-R EMIM I’ E REI’ - I ILL El
REMEMBER-CLIRRF NT-O II IF FT - .

FORG E T — F s E M I  MI- i 1sf 0 1- it I 1 ) 1 )

CREFEAT (WHILE (FORGET—COL I 1l - -i ll - I  l I E U
F 1 E C E - H A S - C L I k - k E N I - - C u L O F ’ ’ )

(UNTIL (REMEMEIEREII-OB JE C I — I N - 1 IE W ) 1
p

(hIC k—OBJECT-FROM-FILE
(OR.*
( CL  OSE —E Y E S

F I NE l— COL OF- — OF — P 1  ICE
F O R C ’ ET - C O L O R - O F - F I E  CU
F I E C E — H A S - C 1 J R R E N l - C O 1 u~~
F I E C E — F I T S — I N — F L I Z Z L I
FO R G E T — C U R R E N T - F I L E
[IE S T R O Y — A — F I L E
L O O N - A T - N E X T - I N - F I L E
R E M E M B E R - C U R - R E N T - P I L E
REM E M B E R E D — F I L E -  IS-CL I RI tE NI
F O R G E T - R E M E M B E R - E D- F I L E
REMEMBER-CURRENT—OBJECT
FORG ET- REMEM B ERE [ ’ -OB ~lE C 1 )

( C L O S E — E Y E S
F I Ni l—COLOR—OF - F- I  ECE
F ORGE I-COLO R- OF-F IECE
P Z ECE-HA S-C URRE NT -CO LO R
FORGET - C U R R E N T- P I L E
D E S T R O Y - A — F I L E
L O O N -A T - N E X I  - I N -P I L E
RE M E M B E R - C U R R E N T- P I L E
REMEM B ERE D- F’ I LE - I S- CU RRE NT
FORGE T - R E M E M B E R ED- P I L l
REME MB ER- C U RRE NT- OBJ EC I
FORGET—R EME M B E R E D- O B J E C T  I))

(FORGET-CURRENT—FILE
( O R .*
(CLOSE—EYES
OB J E C T - I N — H A N D - I N - V I E W
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PINI1-COt OR’ -EiF-F- lFCL
FO F5’G F T  COL OR-OF F’ IEC E
PIECI  - H A S - C U R R E N T -C O L O R
I I I  Ut  - I I T S — I N — F UZZII. 

- -
F I I — F l E C f - I N — F - U Z Z L I
F’UT- O B J E C T - l N- F ’ I L f
l ’ESTFuO’ l - A — F  11. 1
L O O k - A l - F I R S T - I N - F I L I
REMEML4E Fs ’ CIJFs’kUNl l i l t
R EM EMI4 Ek -UL l F I L I — I S - - C U k k I N r
F O RG F T - R I M E M E i ER E II  1 1 1 1
REME MBI R- -CUR- R- I N I -OT I J IC1
FORGE 1 -RITMF MEtE k-F 11-014 11 C i )

( C L O S E— E YE! -
O B J F C 1 - I N - HA N I I - ] N - V I F W
F IN II— CUL O k - — O F  — F I E C I
FORGET --COt Ok -OF-b - I[ CF
F’ IECE-HA S--C URRINl  --C DL (JR
F I l T — O EtJ ICT— N-IlL 1 4D E S T R O Y — A — F l 1  F
LO OPs — A T - F I R S T - I N - C U t  -~~~ 

-

R F M E M B E R - C I I R R - F N T - F I L  I
REMLM IIE F-u t I’ - F I L E —  IS—CUR - RI  NI
FORGE i - R I M [ M I I E R E [ I — f - I L I
k- IM[M14 1R-C UR- k- I .  N T -  O1IJE UT F
F ORGE T-REMEM BE R-I Ll-O14 ,iI C T ) ) )

( P I C k — A — F ILE
( Ok . *
(CLOSE—FYI ’ - 

- -
0 14 J [ C T - IN- I4 A N [ , - I N - V II U
F I NIl--C OL OR - OF — PIE 1
FORGE T ’ - C OL (J R-OF- F I IC [
F’I IC I I - HAS-- CU Fs’ RENT-C OL OR - 

-

F I E C E- I l l s  I N — F U Z Z L I
F I l - C 1 E C E — I N - F U Z Z L E
MAK E -A - F  IL  I
FORGE T-REMEMB ERED -F -IL F
REMEMBER-CURRENT-OBJECT
FORGE T -  RIMEMB EREII -O BJ ECT)

( C L O S E — E Y E S  Ps
OBJEC 1-I’- . HAN II -IN-VIE W
r IN I’ - C O LoR- -OF-F - I ECE
FORGET -COLOR-OF-PIECE
P I E C E - H A S - C U R R E N T - C O L O R
MANE-A-F - ILL 

- -
IORC’ ET -REMIMIiEREII-PILI
REME MII I R— C U RR- E NT-O Bj I  II
FORGET-REMEMBER - I l l - O B J E C T ) ) )

( F - u i — O B J E C T  I N - F I L E
( O R . *
(CL O SE -EYE S
OB JECT - IN -HAN D-IN -VII 1.1
FINI’ -COLOR-OI  - P I E C E
F OR-GEl - - C O L O R - O F - P I E C E
I 1 t U E  HAS-CURRENT- COLOR -
FORGE T-CURRENT -PILE
D E S T R O Y - A — F I L E
L OO K -A l FIRST-IN-F-ILL
R(MlMIt1R --CtjR-R’ENT-F’IL (
F O FsG( T—RL ME M B FREI I- F - IL E
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REMEMBER-CURRENT -OBJEC T
FORGET -REM EMBE RC( i -OL t J ECT)

(CLOSE -E Y E S
O B J E C T - I N - H A N D- I N- V I E W
IINEI-COL OR-OF- F- IECL I -

FORGET-COLOR - -OF-PI E CE
F’IECE-HAS-CUFIR- INT-COLOR-
FORGET-CUS’RE .NT--I ILE
FILE—IS-EM PTY ‘

D E S T R O Y — A — F I L E
REMEMB E R - C U R R E N T - F I L E  - -

~
FOR - GET-REMEMBE R- El I - F ILE
REMEMBER- CliR- RENT-OBJECT
FORC ;ET— R- EME M BEk- ’E t l- OBJE C I)

(CLOS [ - - EY E S
OIIJE CT-IN—HAN D - IN-VIEW
FINL I- CO L O R-OF—F ’ IECE
FORGET-COLOR -OF-F’  IECE
PIE CE-HAS-CURRENT-COLO R
1 1 1 C C - F  ITS-IN—FUZZLE
r I T - F ’ I E C E — I N — I - U Z Z L E .
FOR- C .ET- CURR ENT- F ’ I L E A
ilI .SIR-OY—A —FI LE
L 0 O k — A T — F I R - S T — I N — F I L E
REM LMB ER- CUR R- E N1-F I LE
FORG ET -R EMEM BE R EE I- F I LE
REMEMBER- CURRENT -OBJECT
F OR - O IT - R E M E M B E R E L I— O EIJ E C T ) ) )

(FORGET-CURRENT—PILE
((1I.*
( CLOSE - EY ES

F I N I 1—C OLOR — O F—F ’ I ECE
FOR - GET -COLOR -—OF- P IECE
F- IECE-HAS-CU RR’ENT-COLO R
DESTRO Y — A - - F I L E
R E M E M B E R - C U R R E N T - F I L E
FOR-SE T-Fs’EMEMBERE Il-F’ ILL
REMEMBER -CURRENT -OBJECT
FOR GE T -R EMEMBERED — OBJECT )

(CLOSE -E YES
V I  ND— COLO R-OF—F ’I EC E
FORGET-COLOR-OF-PIECE
F-I ECE -HAS-CURRENT -COLOR
PIECE-F ITS- IN-PUZZLE
D E STR OY— A -Fl LE
LOON--Al -F IRST- IN- F- ILE
F.’EME IIBER-CURRENT -F’ILE
FORGET—R EM EMB EREL I’- F ILL
RCMEMBER -CIJRRENT -OBJEC I
F O R G E T- R E M E M B E R E D - - O B J E C T ) ) )

(l i C k - A — F I L E
(OR • *
(CLOSE- EYES

FIND-COLOR ’-OF-F’ IECE
F’ORGET-COLOR-OF -F’ IECE
PIECE— HAS -CURRENT-COLOR
F-IECE—FITS- IN—PUZZLE
FORGET-REMEMBERED -PILE
REMEMBER-CURRENT -OBJECT
FORGET-REMEMBERE (l-OEIJECT)
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(CLOSE-EYES
F IN I I_ COLOR _ OF_ F .IEC I
F O R G E T _ C O L O R _ O F  

~F iE CE
F ’ IECF — HA S -- CU F - -R -E N T .CO L O R
FOR -GE I -REM EMB ER - I [I -P IL E
REMEMBER _CUR -RE NT- OBJEC 1
FOR-GET _ REM EM I( ER EII_ OBJ ECT ) I )( L O O N — A  F- F IRST-IN -FILE

(OR- • a
(CLOSE- E Y E S
F I N E I_ C O L O R -_ O F_ P I E C E
F O R G E T _ C O L O R_ O F_ F I E C E
PIEC E-HAS

~~CUR R ENT_ COLO R
F’ I E C E_ F IT S_ I N_ F . U Z Z L [
FO RGET -CU R- R- E NT_ FI L [
DE S1R -O F—A -F - ILE
REMEMB E R_ CURRENT _ FIL E
REMEMB ER -EL I_ F ILE_ IS_ CURRENT
FORGE T- REMEMBE REII_ PIL I  

—REMEMB LF, _ C U R R E N T_ O B J E CT
FORG E T -R EM EM B EREEI_ O BJECT )( CLOSE — E Y E S
U I N L I ~~CQ L OR - _ O F _ F I E C E
F OR’ GE 1~~C O L O R _ O F _ F I E C E
F ’ IE C E_ HA S

~~CU RR ENT_ CO LOR
FORGET -CU R-R . ENT_ F. ILE
[‘ES T R O Y — A — F - I L E
REMEMEIER’_ C U R R E N T . F I L E
REMEMB ERE[ I_ F- ILE_ I S—CURR ENT
FORGET_ REMEMBER E L’~ F- lIE
REMEMBE R_ CURRENT _ OBJECT
FORG ET_ REM EM B EREE I_ OB JECT )) )

:7

:7
(FORGET_ REMEMBER EC I OB JECT

(OR.*
(CLOSE- EYES

F I ~~~~~~~~~~~~~~~~~~~~
FORGE T_ COLOR -_ OF_ PIECE
PIECE -HAS-CURRENT -COLOR-
PICN-OBJ ECT

~.FROM_ F.ILE
FORGET-CURRENT PILE
DESTROY _ A _ p IL E( 
LO ON— AI —NEXT _ I N_ F . I LE
REMEMEIER_ CURRENT_ FILE
REMEMB EREEI_ F- ILE_ IS-CURRENT
FORGET_ RENEMBE REII_ FILE
REMEMBER_ CURRENT_O BJECT
REMEMB EREI I_ O BJEC T_ IN_VIEW)

(CLOSE- EYES
FINII_COLOR_OF PIECE
FORGET_ COLOR_ OF_ PIECE
PIECE

~~HA S_ CURRENT_ COL OR-
PICK-OBJEC T -FROM-PILE
FORGET_ CURRENT_ FIL E
DESTROY -A— F-ICE

ILE
REMEM BERE II_ PILE_ IS-CURRENT
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FORGET-REMEMBE R- El i— F-ni
REMEMBER-CUR -RENT-OBJECT
REMEMBERED—OBJECT-IN—VIEW)))

( P I C K - O B J E C T — F R O M — F - I L L

( C L O S E — E Y E S
F INII—COL OR-OF -FIECE
FORGET—COLOR-OF -F ’IECE
F ’ I ECE— HAS—CUR R ENT - COLO R
F ’ I ECE— FIT S - IN—F ’ UZZ L E
FOR-GE 1 -CURRENT-F ILE
l ’ES TROY—A— F ’ILE
LOO K -AT-NEXT—IN-PILE
REMEM B ER-—C URRENT-F - ICE
REMEMBERE D - PILE—IS-CURRENT
FORGET-REMEMBERE D—F-ICE
REMEMEILF i-CURR’ENT— OBJECT)

( CLOSE—EYES
F IND— COLOR-OF-PIECE
F ORGET-COLOR—OF—PIECE
F IECE-HAS— CUR R- ENT-CO LO R
FORGET-CURRENT—F - ICE
D E S T R O Y — A - F I L E
REMEMBER-CURRENT-PILE
REMEMBERED-FILE— IS-CURRENT
FORGET-REMEMBE R -E li—F- I LE
REMEMBER-CURRENT—OBJECT )

( CLOSE—EYES
F I Nil —COLOR -— OF — F- I E CE
FORGET —COLOR-OF -PIECE
F l ECE -HAS-CUR -RE NT —COLOR
II ECE- FITS-I  N-F’UZZLE
FORGET-CURRENT-F - ICE
IIEST FiOY—A- F- ICE
REMEMBER-CURRENT - F- ICE
REMEMBERED—PILE—IS-CURRENT
FORGET-REMEMBERED-F- ICE
REMEMBER—CURRENT-OBJECT)))

(FORGET—CURRENT-F- ICE
(OR-.*
(CLOSE—EYES

OBJECT—IN—HAND- IN-V IEW
FIND-COLO R-OF—F ’I ECE
FORGET -COLOR — OF—F ’I ECE
F-I ECE—HAS- CURRENT—COLOR
F-UT-OBJECT—IN—F - ICE

• DESTROY—A—FILE
LOO Ic—AT-F IRST- IN—F ’ ILE
REMEMBE R-CU RRENT— F’I LE
REMEMBER -El i-F’ ICE - IS-CUR-RENT
FORGET-REMEMBERED—F -ICE
REMEMBER-CURRENT-OBJECT )

(CLOSE-EYES
OBJECT-  IN—HAND- IN—VIEW
FIND—COLOR-OF-PIECE
FORGET-COLOR-OF-PIECE
F-I ECE-HAS-CURRENT-COLOR
PIECE—FITS-IN—PUZZLE
FIT—PIECE—IN—PUZZLE
PUT—OBJECT—IN—F -ICE
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DESTROY-A- Fit F
I 00k— A T — I  IR- -~;l - IN-  F I L E
REMUMB ER -CL1RR- I NI - C II F
REMI M Et E R - E li I i t t  — 1  S~ CUFS F~L N i  

*F UR - L I LT--RI ME MIt ER- Il l l I L t
RIMFML1Ek- -CLlR- R[ Nl -OE ,J [C1 I

(CIL1SI I Yl
111)1 1 1 -  IN-HANII- I N - V I E W
F IN7I C O L o R  O F — F i t  i~IF UR GE 1- -CO L OR- Lip-I  l U C t
F 1 L C E - H A S - C t l F - ’ R F W T -- COI Il ls
F L i T - O B J E C I -  IN F I L l
IiE~~T R t l ~~—A F - I L L
F l i t  — I S — E M F - l ~
RIME MIIER-CIIR-R[Nl F ILl
RLME M IIE R CI1 - - F IL I  — Ii- 1 11k- k- I Ni
FORGET - REME M B E k-I I’ - F I L E
REMEMBER-CURRENT - O B J E C T ) I I

I l I C k — A -  h - IL  I

FL ulSl - f l I S
()IIJEC T - I N - H A N L I - - I N - V I EW
I INI’ COL OR - OF - I L L  il
FORGET- - COLOR - Ill —PIEC E
Ill Ut - I IA S-CL IR- RENT -CO L OR
MAK E - A - P I L E
F O RGE T-REMEM BE R- E L I  F I L E
REME M B ( R -C U k - - R E N I- O I J I  C T )

(CLOSE - E Y E S
OI IJE CT- IN— HANI I - - IN - V IEW
F I N D- C O L O R - O F - - C I t  Ut —
F O R G [ T - C O L O R - -OF- f - I (C E
FI E C E-HAS-C UR- - RE NT -COL OR
M A N E - A - - P i L E
FOR- C .ET— REPIFMBERUI I -FIL I
I I E C E - F  I T S -  IN - -PUZZLE
F IT - F  IECE - I N — P U Z Z L E
REMEMBER-CURR ENT-OBJECT

I l - L I T - O B J E C T — I N — F I L E
OR- .*
(CLOSE-EYES
OBJECT- IN-HAND - [N-VIEW
F IND-COLOR-OF-PIECE
FOR -GET-COLOR-OF-PIEC E
PIEC I--HA S-CURR E NT-COLOR
FORGE 1- C U R R E N T - F I L E
Lit ~;1R-O’l - A — P I L E
L O O N - A T - F I R S T - - I N - F I L F
REMEMBER-CURRENT - F i L l
FORGET -k[NEMBF RE[l-FZ L I
R( M E M E* FR- CU RR - [ N 1- O I IJ I  U T
CLOS E- -EYES
OBJECT- IN -HAND- IN -V I EW
F IN II-COLOR -OF-PIECE
FORGE T-COL OR-O F-p I(C[
PIECE -HAS-CURRENT-COL OR-
FORGET-CURRENT-F- ICE
DESTROY-A-P ILE
PIECE-F ITS-  IN-PUZZLE
n T-P IEc E-  IN-PUZZLE
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[(Ril- AT F I R - ! - l — I N  F - I t t
F-ut Pit P1*1 k- ( ( i R k - I  Ni I il l
F OR-G E T  -R I  MI M1’( RI Ii F I L E
NI MI M itt k CIlIsNI NT -OBJ I C 7 i l l

IR E F I •~l IWII IL I I I 1111k A l  F 1k !- i IN F - I L  I
( UNT IL * 1  I L l  — I S  EMI l~ )I

L (lilk - A l  I 1 R-~ ’ l - EN l i lt
• $

((I IJ~-L I T I  I-
F IN t l — l o t  (ll-, 1lI I I I  L i
I ()RDF 1 iL1L (1k-- Ill I- I t  I t
F it i t  —F I .~S ( (i1-Rl NT ((l( (1I
I l i i i  —F I i F -  iN  I I’ _’ _ ’ l 1
F Ok- G E T  C U R - k - t N T  I I L L
Lit Sikii ) — A — F I L E
RI MLM III R-- C IJ RR - LN I  - F 1 L E
FORGE I - R E M E M B E R E D- F I L L
REM EMBER- (‘OR-Ri NT-OB J I C T )

( F O R - L i t 1- C U Fu l -uL N I -  I iLL
[I IFTR (f l  — A I I I  1
RE MIMI-I k - ( (1k-RENT - F - I L  F
I I I R L I I T - F s I M i M I I t R L tl F I L E ’ ’ )

( 1 1 1 K  I l l-Jt IT — F R I l l )  F i L E
((11, • *
I U 1 O S E E~~ES
I INI1-COLOR- - OF I l ICE
FO R- G i l - C o o  i lk--OF - P I E C E
PIECE -HAS -- CU FsRE N I - CIII OR-
F- l I C E — F  i T S - IN-F-u::L1
FOkGC T --CUR~ i N i -Fit I
E I ISTROY -- A — l  ill
1 11(1K A l  N[X l  I N - - F I L L
kt.M EM 1IR-C U RRE NT - - F1L  t
F OR-GEl - R - E M [ M I I E R E L I - F I L  I
R EME MBE R--CU R- R I NT - Olij i CT 1

~CLOSE-E YES
F I N I I - C O L O R - O I  C l i i i
FO R 6 I T - C O L O R - O I  - P I E C E
PIECE-HAS- CL IR’RE NT-COC OR
PIECE—F IT s — I N— F - U : : 1  i
FOR -SET-CUR RENT-F - ILl
L I S TROY— A — F  ILl
REPi EMBER-C URR’ENI - - F I L E
FOR - GET-REMEMBERED -  F I L E
R EMI M BIR —CU RR -E N I-OEtJ EC T I I I

( F  11-  F It I I —  IN--F’ UZZL L
(OR.*
( C L O S E - E Y E S

OBJECT- -  l N - HA N I- 1 N -V I IW
FIND-C OLO R- OF-F ’ IEC E
FOR-GE T-COL QR-QF-F’lECE
PIECE -HAS-CURRENT -COLOR -
PIECE-F ITS-IN-PUZZLE
F-UT-OBJECT- IN-FILE
FORGET-CURRENT -PILE
DESTROY-A F I L E
LOON-AT-F IRST-IN- F ILE
REM EM B ER-CUR RENT--F - IC E
FORGEI- REMEMB ER-El i  F I L E
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RI ME MDI Is CLJ IsR-t Ni - (l Et it ( i
( I L  OSI —l 11 F
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1 1 NI’ CLII  Ills II) l i t  I
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Il 1 1 ( 1  F I l l iN - F (‘.~~ t I

C L O S t  I l l F
(1ILIE Ci  - IN HAN I’ IN - V I t  U
I INt l 1 (11 (1k Ill F - t i  I
F Ok - Li t  i ( ( 1~ Ilk- il l l i lt  1
I l l  i t  —I I .’i’ - (ilk -k-I Ni COL Ilk
I I I  I I  F 1 1 5 - iN F I l _’ . k  I

1 2 1  111 ii IN I I1. ’l F - -

F- ill Il l _ It II - IN I IL I
I ORG L I - CI II ,k t  N i  I IL I
Ii[ST R- O~ A C II I
L O O K - - A l — F  Ik-~~l IN I- Ill
R L M LM B E R - C I I R -R IN I  C I I I
F ORGET -RI MEM L4 IF5E[l F IL l
RIME MIl t : R- CL IR- REN1 -OBJ I  C T ’

(CI  1151 — E T L S
I)l, J I C I — I N - - H A N [ l — I N -V I IW
F INII- CI1L Ilk- OF - C I EC E
F OR- GET L ilt Ilk- (iF I IL I L
CII CE-HAS-C1 ’-RE N 1 1 1 1 1 OR
F IEC I  F I T S - I N  PU~~~[ 1
F IT  - E l E Ct  - IN-F’ UZZ L I
F L I T - O B J E C T — I N - F - I C E
FOR GE1- CURR [NT - F I L E
PILE — I S — E M F I T
LTE ST RO ~ — A — P I LE
Fut MEM BER --CU RR- ENT-PIL I
FORGET -- R E M E M B E R E D - F I L E
R E M E M B E R - C U R R E N T - O B J E C T ) ’ )

( 1( 1 k - L i E  I— C U R - k E N T  F Itt
IP ILL - I S - I M F I Y
D E S T R O Y - A -  l ICE
REMEMBER-CURRENT F ILE
PUZZLE- IS-FIN ISHE Ii
F O R G E T - R E M E M B E R E D - F I L E ) )

[REPEAT IW N I L E  (F’I Ck-A-F IL E F O R G F T - R E M I M ItLRLI’ F I L l 1 ’
(UNTIL (THERE - - A R E — N O - F I L E S ’ ’

( P I C K -A - F I L E
( PUZZLE IS F INISHEIT
F O R G E T - R E M E M B I R ( P - P I L F I 1
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A F ’ FEN DIX 3

FOURTH FUZZLE EXF’ ERIMENT

71*1 UT LISP - V E R 4 . 1  ( 7 8 / 0 4 / 1 0 > .
(1*1 F ROS rF SUL IS iSTEM 1.1 (7 9/ 0 4 / 15 ) )
(1*1 CRAP S CONTROL * * * )

*** EXPERIMENT 4 SPACE 51(11 PUZZLE * * *>

iN IT i A L  W O Rb ING MEMOR T
( NUMBER- -OF-F - IL  CIS 2 4 )
(NUMBEK--I N--HI At 24)
( IIUMBLR-OF-F’lLES 0)
( N-F’UZZLE NO1HING)
(CURRE NT-COLOR - NOTHING)

HULLIING NOTHING >
(COOKING-AT NOTHING )
(CUR- RENT-FILE NONE )

R[MEMBEFs’ELi-FICE NONE ) 4

( REMEMBE RED—OBJECT NONE)
(ALL—FILES)
(IN—HEAP (F’IECE 22 R E E l ) )
( I N — H E A P  ( F I E C E  23 B L A C K > )
(IN-HEAP (PIECE 12 B L A C K > )  L
(IN—HEA P (FIECE 13 BLACK) )
flN-HEAF (PIECE 14 BLACK ))
(IN—HEAl (PIECE 15 BLACK))
( IN—HEAP ( P iECE 24 R E D ) )
( IN-HF AE (PIECE 25 B L A C K ) )
( iN—HEA l  ( P IECE 32 B L A C K ) )
(IN-I-lEAF (F’I ECE 33 REEl ) )
( IN-HEAP (F’Z ECE 34 S I L V E R ) )
( IN- HEAF’  ( F ’ I ECE 35 S I L V E R ) )
(IN—HEAP (F-IEEE 42 BLACK))
(IN-HEA l (FIECE 43 BLACK ))
(IN-HEAP (PIECE 44 SILVER - ))
(IN-HEAF (PIECE 45 BLACK ))
(IN- HEAF’ (PIECE 52 BR -OWN ))
l IN -HEAF ’ (FIECE 53 BROWN))
(IN-HEAt (FIECE 55 BLACK))
(IN-H EA F (FIECE 62 BROWN))
(IN- F -lEAF (FIECE 63 BROWN ))
(ZN-HEAP (F’IECE 64 BROWN ))
(IN-HEAP (F-ICCE 54 BROWN))
(IN-HEAl (FIECE 65 BLACK))
(C 22 0 RED)
(L 23 29 BLACK)
(T  23 30 BLACK )
(R’ 23 —36 BLAC K )
(B 23 -40 BLACK )
C L 12 0 BLACK )
(T  12 0 BLACK )
CR 12 23 BLACK )
(R 13 —24 BLACK ) I’
(B 13 —30 BLACK )
(1 14 24 BLACK )
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(1  14 0 BLACK )
CR 14 31 BLACK )
(R 15 0 BLACK)
(B 15 38 BLACK )
(C 24 36 RED)
C T  24 42 BLACK)
CR 24 — 44 BLACK)
(L 65 108 BROWN )
(1 65 104 BLAC K )
(Ii 24 46 RED )
(C 25 44 BLACK)
CT 25 -38 BLACN
( R  25 0 BLA CK >
(Ii 75 47 B LACK )
IL  32 0 BLAC K )
C T  32 -35 BLACK>
CR 32 52 BLA CK )
CB 32 —53 BLACK)
CC 33 —52 BLACK )
(T  33 40 RED)
CR 33 54 RED)
<B 33 -55 BLACK)
C L 34 — 54 RED)
( 1  34 —46 BLACK)
CR 34 56 SILVER)
<8 34 -57 SILVER)
(C 35 —56 SILVER)
CT 35 —47 SILVER)
( R- 35 0 BLA CK )
CB 35 60 SILVER - )
CL 42 0 C—BLACK )
CT 42 53 BLACK )
CR 42 —68 BLA CK )
(T  44 57 SILV ER)
C C 64 107 BR - OWN )
C T  64 — 103 BROWN)
CR 44 76 SILV ER- )
CB 44 —77 SILVER)
(C 45 -76 BLACK)
(T 45 -60 BLAC K)
CR 45 0 BLAC K)
C E * 45 82 BLACK )
(C 52 0 BROWN)
CT 52 —69 BLACK )
CR 52 -86 BROWN )
<8 52 101 BROWN )
CL 53 86 BROWN )
C T  53 74 YEL LOW )
(B 12 -27 BLACK )
CL 13 —2 3 BLACK)
C T  13 0 BCACK
CR 53 87 BROWN )
<B 53 -102 BROWN )
(C 55 88 BLACK- )
(1 55 82 BLACK )
CR 55 0 B LACK )
(B 42 69 BLACK)
CL 43 68 BLACK )
(1 43 55 BLACK)
CR 43 —62 SILVER )
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Ci-  43  -64 B L A C K )
(C  44  ‘ ‘  S I L V E R )
( B 55 -104  B LAC K )

B L A C K )
t k  .‘ . , “ RIL i )
II- . 35 R Et i )

~L ~~ - 0 BROWN )
~I 8 ’ - l v i  Bk- hU N)
II ~-2 b e .  I’kI’W N )
( B o7 (I t’R IJWN ’
(L 63 — i C e  BROWN )
I.! e l  l O ~ BROWN )
CR o~ I C ’  BROWN ) 

-~~

‘ 1 -  :3 )) BROWN )
R e 4  100 BR-OWN )
& 64  0 BFu 0~JN

l i t  14 —4 2 BCA CN )
IL 15 —31 B L A C K )
( 1  I~ (~ BL. .~

L 54  - - 8 - ’ I’I U~~N)
1 •~.-l ~~~ S I L . E R )

- I ,  54 (1” BR-OWN )
‘ I -  ~~.i I C I  BROWN )
k c~~- C B L A C K)

Ill e-~ - 0 BLACK)
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1*1 BEGIN RUN III

1 • L O O K - A T - P J E C E- I N - H E A F
2. F’I CK -UF’ - O B J E C T - I N - V I E W
3. MAK E — A - F I L E
4. LOOK-AT-F -IEEE—IN-HEAP
5. F I I K - U F- O BJ E C T — I N - V I E W
6. F- UT-OBJECT-IN-PILE
7. L O O K - A T — P I E C E - I N - H E A P
8. P I CK- - Ut - O B J E C T — I N - V I E W
9. F U T - O B J E C T - I N - F I C E

10. L O O K -A T - F IE C E — I N — H E A F
11. F’I CK- UF’ — O BJ E C T - I N - V I E W
12. F U T — O B J E C T - I N — F IC E
13. COO K — A T— P I E C E — I N — H E A F
14. F’ICK—UF ’— O B J E C T — IN — V IE W
IS . PUT—OBJECT-IN—F - ICE
1:-. CO (IK-AT -F ’I (CE- IN—HE A P
17. F ’ICK—U P- OB JE CT- IN -V IEW
18. F- UT- OBJECT- I N-F ILE
19. LO O K - A T — F I E C E - I N - H EA F

20. PICK-L IF - O BJECT - I N-V IEW r.
21. F’UT-OE IJECT— IN— F’I LE
22. LOOK-AT-PIECE—IN-HEA P
23. FICK-UF-OBJE C T- JN -V IEW
24 .  F - U T — O B J E C T — I N — P I L E
2 5 •  LOO K-AT -F’ IE CE- IN .-HEA F’  - -
26. F ’ ICK - U P—O BJECT- J N-V IEW
27 .  l O T — O B J E C T - I N — F I L E
28. LOOK -AT -F ’ IECE-IN-HEAP
29. PICK-OF- — O B J E C T — I N — V I E W

30. F ’ UT - O B JE CT — IN- F ILE
31.  LOOK -AT- F’ I ECE-IN- HEAP
32. F’Z C K - UP—O BJECT -I N—V IEW
33. F - U T — O B J E C T — I N — F - I C E
34 .  COO K -AT - F IECE- IN-H EA F
35. F’ICK-UF’ —OBJECT - I N-V IEW
36. PUT-OBJECT—IN—F - ICE
37. COOK -AT -P IECE— IN— HEAP
38. P ICK— UP-OBJECT- IN—VIEW
39. PUT-OBJECT-IN-FILE

40. LOOK-AT—PIECE—IN—HEA l
41. PICK-UP—OBJECT-IN-VIEW
4 2 .  F U T — O B J E C T — I N — F I L E
43 .  COOts -AT-F’ I ECE IN—HEAl
4 4 .  PICK-UF’ -OBJECT - IN-V IEW
45.  PUT—OBJECT—IN—PILE
46. L OO K—AT — F ’ IECE- IN—HEAP
47.  P ICK—UP—OBJECT—IN—VIEW
48. F’ UT-OBJ ECT— IN— PZLE
49.  LOOK-AT—PIECE—IN—HEA l

50. PICK-UF’ —O BJ ECT- IN—V I EW
51. PUT-OBJECT—IN—PILE -

- 
-

52. LOOK-AT-PIECE-IN-HEAP
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53 .  I IC K-- LIC L ) B J I C T - I N — V I [ U
5 4 .  PUT -Oit !I C T — I N - F ILE
S T .  L L 1 U K -- A l  F I E C I — I N - H t  e l

• 111 r - Il) — O b J E C T — I N — c l E W
P U T - O B J E C T - I N - F I L E

T I - . LOL1I-, Ct ) 1-1( 11 — IN—F-- lEAF
~~~. F I C b - U F- O B J EC I - I N - V I EW

c - C .  I ~ 1 - O B J E C T  - I N- I - I L L
c - i .  LOL1K - C t T — F I L L I  IN—H EA l

• P I C K  - ( ‘ F - -O BJECT  — I N - - c l E W
- I . I L I I -  l I L - J E C I — i N - - F  R E
c- -I • LC Ir Ct1 - F  It C F -- IN-HI C t F

I II K — U F — O isJ i  LI-  I N — V U  W
cc- . I u 1 — l J f J [C T — 1 N — P I L I

I FLIK - A l  l I C E — I N — H E A l  - -

cO. F ICI’.-UC- O E J E C T - I N - V I E W
6~~. I h I T — OB_ I L C T — I N— P IL E

;~~‘ . L O U K — A T —  II C l - I N - H EA l

W (lR-K I NC MI N( l~-

I ( r4 ( l r l I - t  1.— I l l  - F  I LLI  C - 4 )

( N UM BER IN-I-I( A t 1’
(NUMI’E R U F F I L E S  1)
( I N  ~ U.~ ’L L NOTHING )
( C I l R F . F N~~- C O LO R-  NOTHING )
IHL1L IIINL, NOTHING )
t LOOK ING-A T ( P IECE 2 R E t ) )
( C L I k - k - L N T F IC E 1)
t R E M E M I - E k - El i - F I L E  NONE )
( R E M E M B E R - EL I -OBJECT NONE )

~ A L L  - P i L E S  1’
I N — H E A l  i F 1ELI  _ 2  k- E l ’ ’ )

( F I L E  1
t F  IECE e.5 BLACK 1
(PIECE 54 Bk -OWN )
,F I E C E  64 BROWN )
(111CC 63 BROWN )
(PIECE 62 BROWN )
(F’IECE 55 BLACK )
(P IECE 53 BROWN )
( F I EC E  5 BROWN )
I F I E C E  45 BLACK)
( F I E C E  44 S I L V E R )
( F I E C E  43 BLACK)
(PIECE 42 B LAC K )
i F T I C E  35 SILVER )
( F 1 E C E  34 S I L V E R )
(PIECE 33 REt’ )
(PIECE 32 B L A C K )
(PIECE 25 BLACK )
(PIECE 24 REt’)
(PIECE iS BLACK )
(PIECE 14 BLACK )
(PIECE 13 BLACK )
(PIECE 12 BLACK )
(PIECE 23 BLACK )))

~ l . PICK-UP-OBJECT-IN-VIEW
‘2. PUT -OBJECT—IN-F - ICE
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73. EM F T Y - H E A F
74. R E M E M B E R - C U R R E N T - P I L E

C O O K - A T - F l R - S T - I N - ’ I L [
76.  REMEMBLR- CUk- RENT-O IIJ E L I
7 7~~ LOW -- A T — N E X T — I N — F I L L

lIME T A - k U L E S — I A L L L I * *

U N I T
(F ICK- O1 t J ECT - FR- UM-P I  LI

( C L O S E — E Y E S  F I N L ’— C O L O R— l l F  — 1 1 1 1 1  . . ,

WANT A C T I V E
F I E C L- HAS- ST RA IGHT - E I IG E

WANT I N A C T I V EF - j
CURRENTL Y A C T I V E

C IC K - (J B J FCT — F RO M - - F I L E
I C IU K -A T - NE X I  — IN—l ILE
REMLMLtLR -C UR- RENT-O BJ EC I
F 1N I ’ - C O LO R - O F — P i ( L E
CLOSE- EYES
Ill S T R O Y — A — F I L E
F Ok -GET-REMEMBER - ELI-OBJECT
REMEM BER- ELI—FILE -  IS-CURRENT
REM EMBER-- CU R- k- EN T - F- ILE
FO R G E T - R E M E M B E R - E E l — F I L E
FO R - G E T - C U R R E N T - F I L E

T R Y  L IS T
FICI’ - OBJECT -FROM—FILE
L O O K — A T — N E X T - I N - P I L E
C O O K - A T — N E X T - I N - F I L E
l ICK-OBJECT-FROM—PILE
L O O I ’ -A T - - N L X T - I N— F ’ I C E

78.  L O O K -A T - N E X T — I N — F T LE
79. P I C K - O B J E C T - F R O M — F I L E

80. F O R- G E T - C U R R - E N T F IC E

WORKING MEMORY
( ( NUM ICR-OF-F’ IECES 2 4 )

( NUMBER-OF—F - ICES 1)
( IN- PUZZLE NOTHING)

CURRENT -COLOR NOTHING )
<HOLDING (PIECE 64 B R O W N ) )
( LOOKING-AT  ( F IE C E  64 B R O W N ) )
(CURRENT-F ILE  NONE )
(REMEMBERED-PILE 1)
(REMEMBERED-OBJECT CF ’ IECE 65 B L A C K ) )
(ALL—PILES 1)
( F I L E  1

(F’I ECE 63 BR - OWN )
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(I It  S I  ~~~ t lR(IWN ) 
~ ~~~~~

i l it i  I - T -  Dl . 1 1 K ’
t I  I I I I  T I  Ilk-IIWN I
II 1 1 1 1  T - _ Ilk-OWN ’ —

~I h i t  4• - IlL A I R ’
( 1 1 1 1 1  4 4  C I I Vt k - I
I I L I I I  4 1  Iii A I R ’
tI l i i i  4 , Ii ( A IR  I
ii Il l I 1 ~;ii 1.11 I )  - -
i l l I  I I  (4 s l &  c t I~~)
(F l il t  (.1 k- t I’ )
i F t I l t  i_’ itL , \ ) Y I

i i  P i t t  .‘• - III A ( F ~
ii 1 1 ( 1  . 4 l~ t I’ I
, F i t  ( 1  I T -  ill A Ct- , ’
iF L I  CI 1 4 I’i Ah’h ‘
t I l l  I t  I I  BE ~IC R ’
iI 1 1( 1  1_ ’ HE A ( K  1
l i l t  I I  23 141 A ’K
IF l i l t  _ ‘$  hi I’ ’
( F i t  I I  c. ill A I R  I
t i l t )  t .4 1’RI)WN 1 1 1

5 1 1 • MAR t A I - I t t
112 . F Oi-,-I;t 1 ( Uk--k- I Ni i - l i t
(51 . 1 1 1 K - A- F - I t t
1)4 • 1. (10K - A l  - I 1k -C I IN P I E  I

• 1 ICK (IBJI Cl I k-ElM I l It
is - F ORGI 1- -CU R -Ri N l - F - l i t
C ’ . l ICK A - F - I l l
051 . ILl  I I~t’JI I I  — IN F - i l l

• I III,iiI I -CUR-k- I Ni —I l i t

YC. C I I I ., A-  F I L I
“ 1 • 1 (((iN A l  - I  1k- C l  IN F l i t
Y ,~~ 1 1 1 K  O B J EC T  I k-ON F- I l
Y,I. I tlki;I I I UR -R t NI F R  I
V 4 .  F I l K  A - - P i t t

• F I l l  - -Ol4 J t C l — IN CII t
Ye- • F ilk-Cl I 1 11k-RI N ) F I L l

- . P I C K -  A F i l l
Y(I , t i) (YK A l F IR~~l IN li lt
YY , 1 1 1 K —  1111 ,11 Cl F k-ElM F - i l l

1 1,10. F Ok--i;t 1 ( ‘ tS R-RI NI CI I  I
101 • PICK A F - i t t
It ’.’ . F E l l  —ll Ii _ It I I  — IN - (‘ i l l
(01 . I OR-lit I CUR-RI NI - l i i i
104.  P 11K A - F i l l
t O T ’ . 1 (111K A T  I t k C l  iN 1 1 1 1
I (‘ ,~ • 1 (111K A l  NI ~ I I N  F - I t  t 1’

1 0 .  l iCK OlI JI 1 1  I k-tiM F i l l
lO ll • F Ok-u i 1 CURR( N I  - Fl It-
tOY . PICK A PiLl

1(0 .  PIll — E) BJI UT IN 1 1 1  I —
I l l .  F ( iRU i I — CUIiRt Nl P I L E
I t ’ . P i C k - A — F l i t
11 3. L O O k -A T  I l k - C l — I N - P I l l
1 1 4  • PICK tJltJt Cl  I RUM Cl i  1
I 1 - . l (Pk- l .t l - CUFCRINI P ILl
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116.  F - I C R — A — F - I C E
117 .  F ’ U l — O I IJ E C T— I N- F I L [
118. FOR GET—C Uk - ’R EN i -F - ILI
119.  F I C K — A — P I L E

120. L O O K - A T — F  Is - S T — I N - F - i C E
12 1 , L O O K - A T - N E X T — I N — F I L E
12 .’. L O O K -A T — N E X T - I N - P IL U
123 , F ’ICK -OB JE CT-F ROM— FIL[
124. FORG E T -CUR R -E N T-F ’ILE
121-.  PI C K — A — F - I C E
126. F Ul— O B J IC T - IN - F I L E
12 7. FO RGE 1- CURR ’ ENT - P I I l
12U. P I C K - A - P I L E
129. LO O K - - A l - F I R - S i - I N- F I L L

130. F IC K — O B J E C T - F R O M - F ’ I L E  - -

131.  FOR-GET-CURRENT-F - ICE
132. F I C K — A — F I L F
133. FU l—OI I JECT—IN — PIL E
134.  FOF- G E T — C U R - R E N T - F I L L
131. . lI C K - A - F I L L
13~,. L O O K — A l - F IRST - - I N — F I L E
137. L O O h - A l - N [ X T — I N - F I L E  r
13h. L O O K — A T - N E X T — I N — F I L L
13 9. FIC K—O I IJ IC T -- F R O M - F I L E

140. FOKLT E T—C Uk - ’RE P .IT -F - IL E I..
141. P I C K — A - F I L E
142. F U T - O B J E C T - I N - F I L E
14 3 .  F O R G E T - C U R R E N T - F I L E
144. F ’IC K—A — F ’ILE
14’,, L O O K - A l - F I R S T - I N — F - I C E
146. PICK—OBJECT-FROM-F - ICE
147.  FORGET-CURRENT- F ILE  C
148. PICK -A-FILE
149 . P U T — O B J E C T - I N - P I L E

150. FORGET - C u k ’R ENT - F - IC E
151. F I C K — A — F I L E
152 . LOO K -AT— F IRS T— IN—F ’ILE
153.  L O O K - A T — N EX I - I N - F ’ I L E
154 . PICK—OBJECT-FROM-F -ICE
155 . FOR-GET-CURRENT-F -ICE
156. FICR—A- F ’ILE
157. PUT—OBJECT-IN—PILE
158. FORGET-CURRENT-F -ICE
1~~~. PICK-A-PILE

160. L O O k - A T — F I R S T — I N — P I L E
161 • PICK-OBJECT-FROM-F - ICE
162. FOR-GET-CUR -RENT-PILE
163. PICk-A-PILE
164.  PUT-O BJE CT- IN—F i LE
165. FOR- GET-CURRENT-PILE
166. PICK—A-PILE
167. LOOk -AT- F IRST- IN-P ILE
168. PICK-OBJECT-FROM-PILE
169. FORGET-CURRENT-PILE
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I ~‘ . C I l K  A I lI.(
1 1 .  F U l - O B J E C T — I N - F l i t
1 ‘2. FOk’GI I— C U R -RE NI- F’ IL I
Ii . i 1 I N - A - F i L i
1 ‘4. L O O N - A l - F -  IRI; 1 - i N - P i L l
171 , . P IC K - U B J I C I - F K O M - - C I L I
I - ’ c.. F O RG I T - C U R R E N I - - f I l i
1 ‘‘ . F - I C R - - A — P i L L
1 0 .  PU I - O B J t I 1 - I N - } - i 1 i
I - .’. . IL I k E , i l - -CUFI I . I [ NT — F ILE

1(1(1 . l I C K  A I UI
LUI • L OOK .11 - - I l k C T  - I N — F I L l
102 • LOOK A )  Ni \ i  — I N- F - I l l
1U 3. I 1 C N - O I I J E C 1 - F R C I M  11 1 1
104. FOR -GE T - ( Uk-R E N T  - PIL l
185. P ICK- - A - F l i t
18c. . F’ U l -O B J i C T—IN—F’IL[
ill ’ . i ORGE1--CLI k-F.,- I N )  l iL t
lOll , l I C K  A - F i L E
10’ • COOK - - A T  F IRS) - i N  P i L l

l’c (,l . F- ICK- UIIJ LCI F F-l ull Pill
191. F Uk -G1 )-- C U R - k -ENI - F L C I
1 . 2 .  l I C K  A F ILE
lY 3 ,  F-Ui - LI1(JI (’ l - I N — F i t  I
19 4 .  F O R G U T - R E M E M H E R - E I I - O B J E C T
1Y1, . C O O R - - A l - F I F t ’S l- IN-PIL[
196 . F- ICK -OB JEC I - F R O M - P I L E
19 ’ . S 1A R T - F U 7Z LI
19U, LOOh-A T — F 1 R - S T — I N — F I I I
iVY . PICK-- O 1IJEC I F R O M - F I L E

200 • I I T  - lii i t  IN 1 112 ~TI  F

WO RKING MEMORY
1 (NU MB E R - -OF -PIECES $4)

NUMBER --OF-F ’ICES 21
I I N - F ’ L IZZLE iF - IECE 64 BROWN’ )
(CUR ’RLN l -COLOR NOTHING)
i HOL (’ING (F’IECE 63 B R O W N 1 )

~CO O KI NG -AT  PIECE 63 B ROWN ) )
CUR F .iLNT -F ’ILE 2)
RFMIML1ERE LI--PILE 1)

(R -LMEM BE R ’EI I-OBJ E C T NONE )
(A L t -- F ILES 2 1 )
C 1LE I

( P 1 E C 1  54 PR-OWN )
(F ’ IECE 53 BR -OWN ’
PIECE 44 SIL V E R - )

(FlEd 43 BLACK )
(PIECE 34 SILVER )
(PIECE 33 RED )
(PIECE 24 RED )
(P1ECE 23 B L A C K ) )

(P ILE  2
(PIECE 62 BROWN )
(PIECE 55 BLACK I
(PIECE 52 BROWN )
( F I EC E  45 BLACK )

_ _ _  ~~~~~~~~~~~~~~~~~~~~~~~
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(F’ IECE 42 BLACK )
(PIECE 35 SILVER )
( P I E C E  32 B L A C K )

(PIECE 25 BLACK )
(PIECE 15 BLACK )
(PIECE 14 BLACK )
(F’IECE 13 BLACK )
(F’IECE 12 BLACK )
(F IECE 22 s-ELI )
( F ICCE 65 BLACK))

(N UMEER -- IN— F -UZ ZLE 1)
(JOINELi ((L 64 107 BR -OWN ) (R 63 -107 PR-OWN)))
(BEING—F -UT—IN—PUZZLE (F’IECE 63 BROWN )))

201. PIECE-PUT—IN-PUZZLE - 
--

202. LOOK—AT-FIRST-IN-PILE
203. PICK—O B JECT—FROM—PILE
204 . FIT— PIECE- IN- FUZZL E
205 , P IECE—PUT —I N— F ’ UZZLE
2Cm . L O O K — A T — F I R S T — I N — F - I C E
207. C O O K — A T — N E X T - I N — P I L E
20U . PICK-OBJECT-FROM-FILE
209. l- IT—l -’ IECE—I N— F’ UZZLE

210. F ’ I EC E-F IJT — IN—FUZZLE
211~ LOOK-AT-FIR -ST—IN—PILE
212. LOOK—AT—NEXT-IN—PILE -

‘

213. F ’ICK-OB JECT—FROM— PICE
214. FIT— P IECE—IN—PUZZLE
215. PIECE-PUT—IN-PUZZLE
216, L OO K-AT — FIRST— IN- P ILE
217. COOK-AT-NEXT-IN-PILE
210. FICK- OB JECT—FR -OM—F ’ILE
219. FIT—PIECE—IN— P UZZLE

220. F- IECE-PLJT- IN-PUZZCE
221. LOOK-AT—FIR - ST- IN—PILE
222. LOOK—AT—NEXT — IN—P ILE
223. LOOK—AT—NEXT—IN-F - ICE
224 . LOOFc—AT - N~ XT- IN-F’ICE
225. LOOK—AT—NEXT—IN—PILE
226. LOON-AT-NEXT-IN-PILE
227. PICK—OBJECT—FROM—PILE
228. FIT—PIECE—IN—PUZZLE
229. PIECE—PUT-IN—PUZZLE

230. LOOK-AT-FIRST —IN-P ILE
231 • PICK-OBJECT-FROM-PILE
232 . FIT-PIECE— IN- PUZZLE
233. F’I ECE-F’ UT-IN-PUZZLE
234. L O O K — A T — F I R - S T - I N - F I L E
235. PICk—OBJECT —F ROM—FIL E
236. FIT—PIECE— IN—PUZZLE
237. PIECE- F’UT—IN—PUZZLE
238. LOOK—AT-F IRST—IN—FILE
239 . LOOK-AT-NEXT-IN-PILE

240. LOO k—AT—NEXT — IN—P ILE
241 • LOOK-AT-NEXT-IN-PILE
242. LOOK-AT—NEXT-IN—PILE

— 161 —

:~~~~~~
-
~~~~~~~~ ---

-~~ ~~~~~~~~—



7

243.  L O O k - A T - N E X T - I N - P I L E
24 4 .  L O O K -A T - N EX 1 - I N - F - I L E
245 .  F I C K - O B J E C T - F R O M - F ’ I L E
246, FIT-- P IECE-IN- PUZZLE
2 4 7 .  F’ iECI -F Ul - iN - F ’ UZZL E
248.  L O O K - A T - F I R S T - I N — F - I C E
249. L OO N-AT - NEX T - I N - F - I L U

21.0. L O O K -A l  — N E X T — I N - P i L E
251 . L O O K - A l - N E X T — I N — F I L E
252.  LO O K - A T - N E X T - I N — F I L E
253. L O O K - A T - N E X T - I N - F I L L
254 .  F I C K - O BJ EC I - F R O M - F I L E
255 . F 1T - P 1 LC E - I N- F U Z Z C I
256. F I E C L - F ’ U T - I N— F ’ U Z Z C L
25- . L o o K -A T - r I Rs T - I N - F - 1 L L
:“ ll . C O O K -A T - N EX T - I N — P I L E
259. LOOK-A1 - NEX1-IN—F’ILE

2e’O. L OO h-A l - - N LX 1 - IN - F IC E
26 1. L O O K-A T - N E X T - I N — F - I L L
262.  F- I C R - O B J E C T — F R O M - F - I C E
2o3. F I T F I E C E — IN — F ’U Z Z L I
264 .  F I E C E — F ’ U i — I N — F U Z Z C E
265. LOOK —AT-FIR - ST—IN-F - ICE
266. LOOK- A T — N E X T — I N - F I L E
267.  L O O K -A T - N E X T - I N - F I L E
268. L O O K -A T — N E X T — I N - P I L E
269. F- ICR-OBJECT-FROM-F - ICE

270. FIT-PIECE—IN—PUZZLE
271.  PIECE-PUT-IN-F-UULE
272 .  L O O K — A T - F I R S T - - I N — F I L E
2 73 .  LOOK-AT-NEXT-IN-PILE
2 7 4 .  L O O K — A T - N E X T — I N — F I L E
275.  F’ I CK -OBJECT -FROM-PICE
276.  F IT—PIECE- IN—PUZZLE
277. P I E C E — F U T — I N — P U Z Z L E
278.  LOOK -AT-F IR -ST - IN -P ILE
279. LOOK-AT-NEXT—IN-PILE

280 . PICK-OBJECT-FROM-PILE
281. F IT-P IECE- IN-PUZZLE
282. PIECE-PUT-IN-PUZZLE
283. L O O K - A T - F I R S T - I N - F I L E
284.  PICK-OBJECT-FROM-F - ICE
285 . F I l— P I E C E — I N — P U Z Z L E
286. F ’IECE-PUT- IN -PUZZLE
287 FORGET -C UR- RENT— PILE
288 . PiCK-A-PILE
289 . L O O K - A T - F I R S T - I N - P I L E

290 . REMEMBER-CURRENT-OBJECT

WOR K ING MEMORY
((NUMBER --OF-PIECES 24)
(NUMBER-OF-PILES 2)
(IN-PUZZLE (PIECE 64 BROWN ) )

~IN— PUZZL E (PIECE 63 BROWN ))
( IN-PUZZLE (PIECE 62 BR -OWN ))
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( IN-PUZZLE (PIECE 52 BR - OWN ) )
( IN—PUZZLE (PIECE 42 B L A C K ) )
( IN-PUZZLE (PIECE 32 B L A C K ) )
( IN-PUZZLE (PIECE 22 s - EL I ) )
( IN— PUZZLE (PIECE 65 B L A C K) )
( IN-PUZZLE (PIECE 55 B L A C K ) )
( IN- FUZZLE (F’ IECE 12 B L A C K ) )
( IN - PUZZLE  (PIECE 13 B L A C K ) )
( IN-PUZZLE (F’IECE 14 BLACK) )
( I N — P U Z Z L E  (PIECE 15 B L A C K ) )
( iN-PUZZLE (F’IECE 25 BLACK) )
( IN—PUZZLE (PIECE 35 S I L V E R) )
( IN— P UZZLE (PIECE 45 B L A C K ) )
(CURRENT-COLO R’ NOTHING )
(HOL DING NO1HING )
( LOO K ING-A T  (PIECE 54 BROWN ))
( CURRENT—FILE 1)
(REMEMBER -El i—P ILE 1)
(REMEMBER -Eli-OBJECT (PIECE 54 BR -OWN ))
(A L L - F I L E S  1 2)
( F I L E  1

(PIECE 54 BROWN)
( FIECE 53 BROWN ) C

(FIECE 44 SILVER - ) P
(F’IECE 43 BLACK )
(PIECE 34 SILVER - )
(F IECE 33 REEl )
(PIECE 24 s -EL ’ ) —
(PIECE 23 BLACK ))

(PILE 2)
(NUMB ER-i N-PUZZLE 16)
(JOINED ( ( C  64 107 BROWN ) ( R -  63 -107 B R - O W N ) )

( ( L  63 — 106 BROWN ) ( R -  62 106 BR - OWN ))
( ( T  62 -101 BROWN ) (8 52 101 B R O W N ) )
( ( 1  52 -69 BLACK ) (B 42 69 B L A C K ) )
((1 42 53 BLACK ) (B 32 —53 BLACK ) )
( (1  32 —35 BLACK ) (El 22 35 RED) )
( ( R  64 -108 BROWN ) (C 65 108 BROWN ))
(IT 65 104 BLACK ) (B 55 -104 BLACK ) )
( ( 1  22 27 BLACK ) (8 12 —27 BLACK ))
((R 12 23 BLACK ) (L 13 -23 BLACK) )
((R 13 —24 BLACK ) (C 14 24 BLACk ))
( ( R -  14 31 BLACk ) (L 15 —31 B L A C K ) )
((B 15 38 BLACK > C T 25 —38 BLACK ))
( ( B  25 47 BLACK ) (T 35 — 4 7  S I L V E R ) )
( ( 8  35 60 SILVER - )  (T  45 —60 B L A C k ) ) ) )

291 * FINL ’—COL OR-OF-F’IECE
292. LOOk-AT-NEXT- IN-F ILE
293. FICFs -OBJECT -FROM -PILE
294.  FORGET-CUR - RENT-F - ICE
295. PICK-A-F- ICE
296. PUT-OBJECT -IN—FIL E
297. FORGET-CURRENT-PILE
298 . P ICK—A-F ILE
299 , LOOK -AT-FIRST-IN-PILE

300 . LOOK-AT—NEXT—IN—PILE
301 • LOOK -AT—NEXT—IN—PILE
302. LOOK—AT—NEXT — IN—PILE
303. LOOK-AT-NEXT-IN-PILE
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304 . LOOK-AT -NEXT- IN-PILE
305. LOOK -Al--NEXT—IN-PILE
3C~ - . FORGET—REME MB ERE E 1-OB JE C 1
307. F- ICR - OBJECT -FROM-F - ICE
308. FOR -GET-CUR -RENT-FILE
309. F-ICR -A-PILE

310. F -UT-O B JECT-IN-FILE
3 1 1 .  C O O K - A T - F I R S T - I N - F - I C E
312. F’ I CK -OB JECT -FROM-FI LE
313. F I T — F - I E C E — I N — F UZZLE
314. PIECE-F ’U T— IN— PUZZCE
315 . LOOk-AT-FI R - ST-IN-FILE
31 6. PICK -OBJECT -FROM-PILL
3 1 7 .  F I 1— P I E C E — I N - F U Z Z L E
318.  F ’ I ECE—F ’ UT- I N- PUZZLE
319. FORGET-CURRENT-FILE

320. PI C k— A - F I L E
321 .  LOot ’ . -AT—F Is -S i— 1N— F- 1C E
322. REMEMBER --CU RRENT -OBJECT
323. FIND—COLOR -OF- PIECE
324.  C O O K - A T - N E X T — I N — F i L E
325. LOOK—AT—NEXT—IN—F - ICE
326. PICK-OBJECT-FROM-FILE
327. FOR-GET-C URRENT-PILE
328. P ICK—A-PILE
329. PUT-OBJECT -IN-F- ICE

330. FORGET-CURRENT-PILE
331. PICK-A-FILE
332. L O O K — A T — F I R - S T — I N — P I L E
333. L O O N— A T - N E X T — I N - F I L E
334 • COON-AT-NEXT— IN-P ILE
335. COOK -AT -NEXT- IN-F I LE - -
336. FOR-GET-REMEMBER -El i-OBJECT
337. PICk—OBJECT—FROM- FILE
338. FORGET-CURRENT-PILE
339. PICk-A-PILE

340. PUT—O BJECT -IN-PIL E

WORKING MEMORY
((NUMBER-OF-PIECES 24)
(NUMBER-OF-PILES 2)
( IN-PUZZLE (PIECE 64 BR - OWN ) )
( IN-PUZZLE (PIECE 63 BROWN ))
(IN—PUZZLE (PIECE 62 BR- OWN ) )
(IN-PUZZLE (PIECE 52 BR -OWN))
( IN—PUZZLE (PIECE 42 B L A C K ) )
( IN-PUZZLE (PIECE 32 BLACK ) )
( IN-PUZZLE (PIECE 22 RED) )
(IN-PUZZLE (PIECE 65 BLACK ))
(IN-PUZZLE (PIECE 55 BLACK))
(IN-PUZZLE (PIECE 12 BLACK ))
(IN—PUZZLE (PIECE 13 BLACK )>
(IN-PUZZLE (PIECE 14 BLACK))
(IN—PUZZLE (PIECE 15 BLACK ))
(IN—PUZZLE (PIECE 25 BLACK ))
(IN-PUZZLE (PIECE 35 SILVER -))

— 164 — 

-~~~~~ -~~ - -- --~~~~~~~~~ 
-—



( IN—F ’ UZZLE (PIECE 45 B L A C k ) )
( IN— PUZZLE (F’ IECE 53 BROWN ) )
( IN-PUZZLE (PIECE 54 BROWN ) )
(CUR-RENT-COLOR SILVER - )
( HOLDING NOTHING) - 

-
(LOOKING—AT (F’IECE 44 SILVER ))
(CURRENT—PILE 2)
(REMEMBER -El i—F ILE 1)
(REMEMEIERErI-0EiJECT NONE ) - -

(ALL-PILES 2 1)
(PILE 1 (PIECE 43 BLACk ) (FIECE 33 s-Eli )

(PIECE 24 RED) (PIECE 23 B L A C K ) )
(F- ICE 2 (F’ IECE 34 SILVER - )  (PIECE 44 S I L V E R )>
(NUMBER-IN—PUZZLE 18)
(JOINELI ((L 64 107 BR -OWN) (R 63 -107 BR -OWN))

( ( C  63 — 106 BROWN> (R 62 106 B R - O W N ) )
( C T  62 —101 BR-OWN ) (B 52 101 BROWN ))
( ( T  52 —69 BLACK ) (B 42 69 BLACK ) )
( C T  42 53 BLACK ) (1’ 32 —53 BLACK))
((T 32 -35 BLACK ) (B 22 35 RED))
( ( R -  64 —108 BROWN ) (C 65 108 BROWN ))
( (1  65 104 BLACK ) (B 55 —104 BLACK) )  ‘-1
((1 22 27 BLACK ) (B 12 —27 BLACK ))
((R 12 23 BLACK ) (C 13 —23 BLACK ))
((R 13 —24 BLACk ) CL 14 24 BLACK))
( ( R  14 31 BLACk ) (C 15 —31 BLACK ))
( ( B  15 38 BLACK ) (1 25 —38 BLACK ) )
( ( B  25 47 BLACk ) (1 35 —47 S I L V E R - ) )
( ( B  35 60 SILVER- ) (1 45 —60 BLACk ) )
((R 52 —86 BROWN ) CL 53 86 B R O W N ) )
( C T  63 102 BROWN ) (B 53 —102 BROWN ))
((R 53 87 BR -OWN ) (L 54 —87 BROWN ))
( C T  64 —103 BROWN ) (B 54 103 BROWN ))
( ( C  55 88 BLACK) (R 54 —88 B R O W N ) ) ) )

341. LOOk—AT—FIRST- IN—PILE
342.  PICk—OBJECT-FROM-FILE
343. FIT—PIECE—IN—PUZZLE
344 • FIECE-FUT- IN—PUZZLE
345.  LOON—AT-FIRST—IN—PILE
346. F’ICK —O BJ ECT—FRO PI—P ILE
347. FIT-PIECE-IN—PUZZLE
348. PIECE-PUT—IN—PUZZLE
349. FOR-GET-CUR-RENT-PILE

350. PICk—A—PILE
351 • LOOK-AT- FIRST-IN-PILE
352. REMEMBER --CURRENT-OBJECT
353. FIND—COLOR —OF-P IECE
354. LOON—AT—NEXT-IN—PILE
355. LOOk—AT-NEXT—IN —P ILE
356. LOOk —AT—NEXT —IN—P ILE
357 • PICk-OBJECT —FROM—PILE
358 . FORGET-CURRENT-PILE
359 . PICK—A—PILE

360. PUT—OBJECT—IN —PI LE
361. FORGET—CURRENT—PILE
362. PICK—A—PILE

- - 363. LOOK —AT— FIRST— IN—PILE
364 . FORGET—REMEMBERED-OBJECT

p
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365. P ICk -O BJECT -FROM- FILE
366. FORO EI-CURRENT-F ICE
367. P I C K - A - F I L E
368. PUT—O B JECT-IN-FILE
369. LOON -AT-F IRST -IN-F -ILE

370 . F IC K — O B J E C T — F R O M - F - I L E
371.  F I I - C I E C E— I N — F - U Z Z C E
37 2. f I E C L — F ’ L I T — I N — F U Z Z L L
373.  L O O K - A T - 1 I R - S T — I N — P I C E
374.  F- - I C R — O B J E C T — F R O M - P I L E
375.  F I T — P I E C E — I N — P U Z Z L E
376.  PiECE-PUT- IN— PUZZLE
377.  FORGET-CUR - RENT-PILE
378. P I C K- A — f I L L  - -
379 ,  L O O K - A T - F I R S T — I N - F - I L L

360. REMEMBER-CURRE P4T-OEJECT
381. FINI1-COCOR-OF-FIEC U
302. C O O k - A l - N E X T - I N - P I L L
303. PICK-OBJECT- FROM-F- iL[
384 . FOR - GET-CU R- RENT- P ILE
3 135.  l I C K — A - P I L E
38~- .  PU1—OBJECT- IN- FILE
30?. FO R- GEl -CU R- RENT-F ILL
3138. PICK-A-F ILE
389. LOON-AT-FIRST-IN—FIL E

390. FORGET -R EM EM B EREEI-OEJECT
391.  FIC N-O BJECT-FRO N-FIL E
392.  FORGET-CURRENT—F - ICE
393. PI CK — A — F I L E
394. F-UT—OBJECT—IN—F -ICE
395. LOOK -AT- F IR-ST- IN-F - ICE
396. PICK-OBJECT—FROM-FILE
397.  F IT— P IECE—IN—PUZZLE
398. PIECE—F’ UT- IN-PUZZL E
399. LOOK - ‘T — U I R S T — I N — P I L E

400 . F ICK -O BJECT - FR-OM -F ILE
401. FIT-F ’IECE- IN-PUZZCE

WORKING MEMORY
((NUMBER-OF-PIECES 24)
(NUMBER-OF-FILES 2)
( IN-F’ UZZLE (PIECE 64 B R O W N ) )
( IN-PUZZLE (F’IECE 63 BROWN ) )

- 
- ( IN—PUZZLE (PIECE 62 B R O W N ) )

( IN—PUZZL E ( P IECE 52 BROWN ) )
( IN— PUZZLE (PIECE 42 B L A C K ) )
(IN-PUZZLE (PIECE 32 BLACK))
( IN—PUZ ZLE (PIECE 22 RED))
(IN—PUZZLE (PIECE 65 B L A C K ) )
( IN-PUZZLE (PIECE 55 B L A C K ) )
( IN-PUZZLE (F’I ECE 12 BLACk )
( IN-PUZZLE (PIECE 13 BLACk ) )
(IN-PUZZLE (F’IECE 14 BLACK ))
(IN—F’UZZLE (PIECE 15 BLACK ))
( IN-PUZZLE <PIECE 25 B L A C K ) )
( IN-PUZZLE (PIECE 35 S I L V E R - ) )
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( IN-PUZZLE (PIECE 45 B L A C K ) )
(IN-F ’UZZLE (PIECE 53 BROWN ))
(IN-F’UZZLE (PIECE 54 BR -OWN ))
(IN--F’UZZLE (PIECE 34 SILVER - ))
( IN-PUZZLE (PIECE 44 S I L V E R ) )
( IN-PUZZLE <PIECE 23 B L A C K ) )
( IN-PUZZLE (PIECE 43 B L A C K ) )
( I N — P U Z Z L E  (PIECE 24 R E D) )
(CUR -KENT-COLOR s-Eli )
( HOLDING (PIECE 33 s - E l i ) )
<LOOKING -AT (PIECE 33 s- E l I>>
(CURRENT —F ILE 2)
(REMEMBER -El i— FILE 1)
(REMEMBERED-OBJECT NONE )
(ALL-PILES 2 1)
(PILE 1)
(PILE 2)
(NUMBER—IN—PUZZLE 23)
(JOI NEI1 ( ( C  64 107 BROWN ) (R 63 -107 B R O W N ) )

((L 63 -106 BROWN ) CR 62 106 BROWN))
( C T  62 -101 BROWN ) (B 52 101 BROWN ))
((1 52 -69 BLACK ) (B 42 69 BLACK ))
((T 42 53 BLACk ) (8 32 -53 B L A C K ) )
((T 3 —35 BLACK ) (B 22 35 REEl>) 

- 
-

(CR 64 -108 BROWN ) CL 65 108 BR -OWN ))
( C T  65 104 BLACK ) (B 55 —104 B L A C K ) )
(C T 22 27 BLACK ) (8 12 -27 BLACK))
(CR 12 23 BLACK ) (C 13 —23 BLACK ))
( C R  13 —24 BLACK ) (C 14 24 B L A C K ) )
( C R  14 31 BLACK ) (C 15 — 3 1 BLACK ) )
( ( B  15 38 BLACK ) (T  25 —38 B L A C K ) )
( ( B  25 47 BLACK ) C T  35 —47 S I L V E R ) )
((I 3~- oO SILVER ) (T 45 — 60 BLACK ))
((k 52 —86 B R- OWN ) (C 53 86 B R O W N ) )
( I T  63 102 BR-OWN ) (B 53 -102 BROWN ))
(CR 53 07 BROWN ) (C 54 -87 BROWN ))
( ( T  64 -103 BROWN ) (B 54 103 BROWN ))
( ( L  55 08 BLAC k) ( R -  54 —88 B R O W N ) )
( C L  35 -56 SILVER) ( R- 34 56 S I L V E R - ) )
( ( B  34 -57 SILVER) (T  44 57 S I L V E R - ) )
(CT 54 77 SILVER) (B 44 —77 SILVER))
((L 45 —76 BLACK ) CR - 44 76 SILVER))
((8 13 —30 BLACk CT 23 30 BLACK ))
(CR 22 —29 RED) CL 23 29 BLACK ))
(CR 42 —68 BLACK ) CL 43 68 BLACK))
((8 14 —42 BLACk ) CT 24 42 BLACK ))
(CR 23 —36 BLACk ) CL 24 36 RED ))
((1 34 —46 BLACk ) (B 24 46 RED))
(CL 25 44 BLACk ) CR 24 —44 BLACK ))))

402. PIECE— PUT—IN— PU ZZLE
403. FORGET-CURRENT—PILE
404. PICK-A—PILE
405. DESTROY-A-PILE
406 . PICK—A-PILE
407. DESTROY—A-PILE
408. PUZZLE—IS—FINISHED

(END —— EXPLICIT HALT) L
(1 -- META RULE CALLS)
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33 PRODUCT IONS IN SYSTEM
127/300 NODES
408 PROIIUCTIONS-F IR--E[I
3642 PROI IUCTI ON S—INSTAN T IATE [ I
1831 WM -T RAN SACT IONSC6B7 62 NODE A C T I V A T I O N S )
(68035 TESTS PERFORMED )
(131 MAXIMUM WM SIZE )
(101.62990 MEAN W M S IZL
( 33 MAX ~~M(i~i C S  S IZ E )
( 12 .96324 MEAN CS S IZE)
( 1 7 7  MAXIMUM NUMBER TOK ENS STOREI1
(11 7.18382 MEAN NUMBER - TOKENS STORED )

11.5 MIN L ITES CF-U

p

I
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ABSTRACT: During the last few years a number of relatively

ef f e c t iv e ’A1 1 p rog rams  have been written incorpcratin~

considerable amounts of problem specific kIl ed- ic. - . C c i i s c —

quently, t h e  prob l em of en c o d i n g  Suc h knowi  t d ~~C in ~i USC ful

form has eruer ’qe~ as one of the central proble~ns of Al . ‘ In

particular , deciara~ ive representations have attracteLl :~~uc~
-i

attention p a r t l y  because of t he  relative ease with which

knowlcd qL’ can be communicated in t h i s  form . Unfort un~it l v ,

St rai qht for~~a rd imp1en~en t at ion of dec~ ar at  i ve l y  spec f i  ~-d

knowledge corr~ ponds to a nondet e :ui nist ic p r e r am w h i c h

incurs enormous computational co~-ts . :

This  the s is inv est i~~a te s  one w ay  to l im i t  t~~ts co s t.

‘the ~p~~r~~~eh we t a-k~~- ± s  to d e \-c i o p  control heuristics for a

f a m i l y of prob lems f r on ~ t r a ces  of sar .ple  s olu t i o n s  ~ic:~ei- at e d

during a trainin q session w i t h  a human expert . A ia o r it h ms

are presented wh ich recoqni~ e a set of p a tt t Srn s  in t he

sequence of ‘ know l i -dq e a~~p l I cat  i ens • and  w h i c h  ccimpi le

descrip t ion s of these pa tte rn s in a con t ro l  lanquo~ e, called

CRAPS. Mor e specifically , patterns of repeating, parallel

and common sequences are cons ider ed ~n the an~~1ysis.  The

analysis also produces a set of meta— rules which a id  t h e  CR7’d’S

description in the event the sequencing it specifies is

inappropriate . The CRAPS descriptio n and meta-rulcs arc’

then used for guidance in solvinc’ subsequent problem s.
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