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ABSTRACT

This paper degscribes a uetnod for
construct 11 eupert systeus in which

control 1nror¢ation i3 automatically built
froa tne actions of an expert trainer.
This control information consists of
seguencing and [oal information which is
siztracted frow tiae treiner by a 'planning
izpert?, and seneralized by a
seneralization expert?', A set of
cuiteusions to the 0PS5 systen 1s descriosed
whicn facilitates the impleuwentation of
{ approach witiain or3s5. These
xtensions permait the use of meta
roductions co erfect the conflict
PGDOlUuiOn procedure; he coutrol
inforuwation is expressed as a set of such
Prelininary experiments
are described.
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uowr to

the outstandiug

texpert!' prougraas 1s that of
Ltract the anecessary inforuwation
Frem  a huaan expert, Following; Howalski
[3], we wview this iaformation as @naviag
twe components, & logic cowponeat dlu
control couponent; for couputer desi
for eua.uaple, the first would iasclude the
axiows and theoreuws of boolcan aljebra and
the specifications of the available chips,

provleus in
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winile tile second would iunclude the desi

techuigues contained in & texbook on
ioical desin. Tote that tnis 1is a
different ”"Le sorization froa  the aore

trzditionu
distinction,

best viewed as

declarative/procedural
since the logic couponent is
declarative speciflication

a

of procedural iaformation. In generel, it
se=ius toat tne problew of dealla; with
lozical inforaation 1s likkely to be wore
tractable than that of dealiang witn
control inforwation. Accordiagly, ian our

worik we have concentrated on T proble.
of extractin; rrow the huwtan the essential
components of nis control cupertise,.

In previous work oa thais problex [7,0],
[#] This work weas supoorted Dj 05!
contract nuuaber H00014-75=- 571.
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ue epresanted control iaforus
descriptions of execution traces

been seneratced by thne expert. Thes

used to coastrain the search space ie
way sSiwmilar to tiat discussed by Usorgelf
[2}. With tuis techunique, we were abdble (o
construct descriptions which reflectod
surprisingly accurately the structure ol
the wsolution enerated Dy the expert.
However, thesc dascriptions were 1ia s3soue
cases too ri;id, and did aot  degrede
gracefully wnen the situation wos wot
identical to previocusly couintered
situatioans, In particular, the progra.u
had wno notion of @siwilaricy, and vLs
unable to recognize parts o1 Luae
Gescription waich were really instoaces of
a wmore penercl d ordu to
iaprove this droaca, e
necded to poweriul
description mecnanisa, ince tie

computational probleund Gi analy
seguences are extreue (at least 0P
seneral) aveln in the
aon=-probaovilistic case, it
would be necessuary to wake
inforuaation about tane scyuecunces,
sources of additional iaforuation
production rules theuselves,
cupert, z tuis paper we concentrate
the prodlew of extracitia, wore inforwation
expert, particulariy woout tine

frow tae
plaaning impricit ia nis solutiovn.
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2.0 OVIZRALL SYSTZ.. ORGAUIZATION

In order to peruit the cupert

trainer

Lo provide not only detailed iaforaation
about producition seyucnces, but also
slauning iaforuation, tae systeil wust
grovide sone fraJdework ror npecifyln; s3Uciz
iuforuation, In <¢ue syste described

ltaowled e of Lue following

velow, taere i3
kinds:

1. il elewents and  productions walch
peruic thue possible kiands of actioas
witlen the systeu ust be able to do.
e rerfer to these as tane taction!
systed.

2. Wil eleuments aud productions wnich
descripe the socal structure used by
tue sysbteu, Soue  of tnese are
douain-incepzndent, such as staundard
soal-tree operations for propasatiag

solved or uunsolvable uarkers; otiners
are douain-dapendent, suci a8
productions wunicih descrioe uocw Joals

are eipaaded or solved,

3. lieta productions which specify
order 1.  walch the action or
sroductions are executed.

tew counstiruccs
produccioas aad

gur sys

soal tite neta

tne
soal

tne douwain-dependent
productions

frouw tne advicee of the expert trainer.
2.1 Coustruction And Generalization OF
Plaus
‘“he stew consists of  two eunert
aodules, PLZX  and GETSK. PLEX 1is  a
wvaich iateracts Wluh the

ity s
Goiled is a
re

planning edlpert,
nullai o

Lene

alization

dJuteh is 'pon 1bLe for

;:uerali”ia soal and weta productious
provided Dy

The overall flow of the systel is «s

follous. At euch  eycle the (uuman)
cupert is presented dita cae set of
applicavle  Joal Hruuuc;ions, rainiced ia
vraer of the prosrea's prei'erence. I the
cupert chooses the top-reniicd cholice, it
is euzcuted and the progran continues, il

PLJ“

o

e  cuooses a lower~raunged cnoice,
nodiffies tue systed by either constructir
a  new ueta oroduction, or ocdifying &

previous the

rejeets

produccion,
a2ll tihe choilces

eup

ere

construcis,

<] PLII
in response to directions frow the cupert,
e oaed ozl aua £ aew meta produccions
taese produccions are caded to tue systel,
[ Y is involied, GRHEX ua" wale
icat s ii appropriate, aslzing: for
aints frow  tne expert i deCE‘“dPJ, and
for tae expert's approval for @iy

catioas,

woditfi
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PLEL is a plaauia 2upert i
contains a .aodel or _Joal iateraction.
o trainer wuisihes to coastruct o new souad
sroduction during a traiuing session, 2Ll

asks tag traiaer Jor tae suooal
structure, aund ask jucstions 1r

co detcruine the paraueters zud aL ribuces
off tae supgoals. For egauaplc, if
trainer iadicates ctaabl an action
seyuence of zctions is to be repeated,
inte r*uce agias questious Lo wrtroct
in:fr vion necessary to  obuild a RI

of nui
votn

ror dcetails
inforwation i1acludes

low

e action to be repecated

itself iluvolve repetition), and

tie ondi ion for teraination of tue
repetition

The intersuce then ;rauslat*v che

trainer's input iato au S5 produccion

righat-haad side, ana  adds th new  jouli

Jsroduction to the systen's production sct,

Ly rehearsing tue lelt-hand side (uasied
consists of the soal to oe ezpaudcd and
its paraweters), PLIE caus tinis  agu
pvroduction to enter the COAL;lCt set, aad
be fired Dy O0OP35. In addition, Lihe
currcnt state of i ion
with the contflict set

tuce left-nand sid

production,
con

The l"lgu
structed

newly

a

Thne “enceralization component,
nerclizes the nmeta productioans aloag the

lines of Yaitehill [101].

In construciting new ueta productions,
tie eupert i3 given sowe rlewionility ia
Living naawes to  subgoals; these nauc
will suvsedguently occeur 23 elenents ol
.eta  productioas, DU PLLN  and
initielly attach no otoer uLluutly

3isnilficance to theu. initially the na:cs
of _Jouls arc restricted to a predicate zad
paraseters, in a forin such as:

(GOAL “itype build)

(GOAL=-PARALL Ttype wpile “valiue odge).

tnese

ey subseguently geacralise

ellpresslions.

The production syste. ve are

0Ps5  [1], wmodified as deseribed velow Lo
perait meta productions to uake tae
conflict resolution decisiouns.

The original OPS3 systea does not s
the capability to access its couilict oo
as data for tne productions. Our versioa
of 0P35 allows rules to test tie conflict
set for a particular iustantiation of a

production. Furtoeraorc, 4 rule can cause



set for a particular instantiation of =a
production. TFurtinernore, a rule can cause
an instantiation of azn action production
to fire. The wechanism to realize thias is
a3 follows:

1. Uil is assuuwed to contain goals of the
following foruw which specify possible
elenents of the action systewu's
conflict set:

(EZZCUTE “pnaue === “pid ==~

“ownid <n> "“father --=-
“status =--- “brother ~--~) together
witih one or wore parameters:
(Z5MCUTE=-PAXALL "class === "ati ===
value === “ownid <n> )

2. After any change to the tasug
elewcnts in Ui, 0P335 autowatically
links Uil eleuwents of the above forn
wita iunstantiations in the conflict set

dowmain

wihich have class~attribute-value
triples correspondin to the
instantiation information in the goal's
para.eters,

3. An OP355 user function
is provided that
instantiation in the

fire-production
causes a particular
conflict wset to

fire,
4. 'ne system distinguishes awmong four
kinds of productions: executive

productions, mnmeta productions, soal
productions, and action productions;
ve have adopted the conveuntion that the
naaes of all action prouuctions begin
with ta', the nawes of all soal
productions begin with '3', the nanes

of all meta productions begzin with 'u',

and the nawes of all executive
productiovins  Dbegin with rat. The

confiict-resolution process has Dbeen
wodified to chouose executive
productions over weta productions, An
euzccutive produccion wiailch is souethiag

lilke:
( p x TURCUTE “pnawe <p> “pid <ar)
-

(call fire-production <a>))
is used to fire action productions.
OPS5's norual couflict=resolution
process is used to ciioose  anony the
excecutive productions.

Yorually, when a production 1s added to
0Ps5, it is not possible for it to entcer
the contflict set iuanediately, as the
procduction-uatehiag aetwori is wodirfied by
changes to working melory, not to
production iieuory. licwever, our version
has been alitered to allow a new producticn
to be instantiated ilamediately.
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3.1 Systei Structure

dith tais capavility, the tasks werce
structured in tne following wanner 10
order to take advautage of the access (o
the conflict set.

Goal trees in workia, wuweuory contuin
two types of nodes: those wihich represent
abstract soals, which a&are treated in a
purely syantactic fashion; and nodes wailen
express the goal of firiug a perticular
groduction to affecct the doaaia, The
various gjoal types are represented in tne
Wi by OPS5 elewcnts of the following foru:

(GOAL <Ktype> <id> <son>
<brother> <father>)
(GOAL-PADRAY <type>
<value)> <id>)
where the jgoal type can  be: SYECUTE,
REZIPIAT, SEQ(uence), AlD, or OR. The
type-value pairs specify information waich
the particular type of _Loal needs, such as
the terwnination nformation for QEPZAT

e
i

goals, or which iastantiation to fire for
LNLDCUTE goals. The son, brother, and
father values are integers waich point to
the zoals which are

below, adjacent to,
and above a given joal node ia the tree.

The action productions anipulate tae
dounain, and cannot access the goal tree.
Iin tue modified OPS5, an action production
iz not allowed to fire by itself, but
instead must be activated by tne presence
in the goal tree of an ZIECUTI goal wuich

requests tie firiag. The action
productions are a couiplete sct  of

low=level dowmain manipulations.

The douain-dependent productions and
the control productions that manipulate
the goal tree are implemented as goal
productions and neta productions,
respectively. leta and goal productions
nay access the [oal trece or the domailn
information, and also tne conflict =set.
Tous, soals can be sct dependiag on waich
actions are fireable and which goals seeu
attainable or unattaiaable.

Domain-independent rules that contain
inforiiation relevant to the structuring of
the goal tree are impleucnted as executive
vroductions. This information mnay be
nigh-level, along the lines of Uilensky
[11], or merely housekeeping inforuation.
An exauple of the foruaer is detecting joal
overlap, wiiich  could be represented in
OP35 as:
(p x25

(EXZCU
(CXECU
-
(make GOAL “type briang-into-cs
“pnaume <p>))

TE “pnane <p> “ownid <id1>)
TE “pnane <p> “ownid {<> <id1>})

This production detects the
two diltferent

presence of
instances of the EXECUTE



goal, whicnh are both attempting to cxecute
production <p>, but are different by
virtue of their differing 'ownid' 'ields,.
Instantiation inforuwation is also included
in BEXECU soals, but 1is not showan Tror
siuplicity and space.
An exauple of a nousekeeping executive
production is:
(p x4
(OR “"status active “ownid <x>)
(KKEZZCUTZ GOAL AUD OR>> “status done
“father <x>)
-=>
(modify 1 “status done) )
This passes zoal satisfaction data back up
to an OR node.

Iteration in the goal tree 1s handled
by RUPZAT wnodes. A REPEAT node requires
the goal iunediately Dbelow 1t to be
repeatedly seatistied until sowe condition
is wmet. This is implewmented by deletiug
the subtree uander the goal under the
REPEAT, and rebuilding it as long as tae
condition is not uaet.

The deletion of tie subtree is done by
a set of productions which include the
followiny two executive productions:
(p =x10
(delete-this “id <id1>)
(GOAL “owaid <id1> “son <s>
“brotuer <b>)

-=>

(reuaove 1)

(rewove 2)

(wake delete~this “id <s>)

(waite delete-this “id <o>) )
(p =11

(delete~-tais
-

(reuove 1) )

“id nil)

3.1.1 Handliang Of REPIAT liodes -

A RIPEAT node is a node wailch specifics
that a particular s“quencm of actions, or
a particular joal, should Dbe repeatedly
satisfied until a siven condition is wet.

Svery HEPIAT node contaius a pointer Lo
tiie goal suotree wiaichh is to be repeated,
and a pointer to a subtree wiieh
represents the condicion Tor teruinating
thne repetition., In addition, the REPUAT
nede way contain fields indicatiug thne

atus of tue REPIAT  soal (tdone! or
tactive'), and tne standard pointers to
the fetner and drother joals.

Tne portion of the Joal trec that is
under the REPIAT jzoal can be reaoved after
each iteratioun, wnd rejenerated, This
yould ve done to allow each iteration to
be accowwlisaed by different .acans,
necessary. This reaoval 1s nandled at the
psroduccion level,

e
=y

The terwiuaticn condition oi’ =&

node is represented by & subtree co
or AlD, OR, aana 0T aouws, The leaf
test whetae a particular iastentiat
a produetlon is in the conflice

tree regresents the logical
tnose instantiations tuaat ust
pe) in tue conflicti set at the
of" the joal subtree under
Zvery @anode in the logical tree
'doruant!

tne REPLAT

status. This orevents

ciuecuticn of the logical tree duriug tue

-

JVCUElOH of tone QOdl
coumpietion of the
represcnted by

the logical tree

is warked ‘'done'. Thus tue RIP

corresponds to a 'RUPLAT-ULTIL' construct.

For the purpose of
testing of tue logical condition
handled Dby productions. This
involve many productiouns, and
cyecles. Instead,

tree. At

is Ctested.
If tne condition is true, the REPIAT noue

efficliency

consuie
Jiaen a daro AT con

goal trece, the coundition

, tie

S nov

Wwoulu
daiy

dition

is first testeaq, the <trec Traversed
Wwitnout evaluatioca, aund converd inctoe a
corresponding s-eilpression by tiue systed.
This s-ciupression is then avaluated to

deteruiine vuether tune repetition

continues

or aoct. This s-cxprassioca io theua saveda
a 1list, and is used waensver ¢his
ZAT node is coupletead ailii.
The following ciauple illustretes tuc

above features,.

(p L=waru=up=roou

(go0al “type wari-up=-roo. “id <id1>

- T A i :
son nili Tstatus active)
(soalnuaver “no <:>)

-
(uake repcat ather <id1> “status
active Townid¢ (coapute <:>+1)

“son (coupute <5>+2)

“teruinate (coupute <I>+3))
(Ma\h soal "tyse ralise-one=-dejsrec

“status active
retaoer (cowpuve < >+1
“owuid (c'uputc <u>w2)
(.akte erscecutie

~

)
)

”paaa; “—Luupcra;ure-cogforcabla

“ownid (couwpuie < >+3) “fPather

(cowpute <;»+1) “status dorwant)
(wodiiy 1 "son (co.pute < »>+1))
(wodify 2 "no (co.pute < 2»+3)))

1en toe goal of wur.iug up &
establisired 1in  tine _oal tree,
poal productiocn estavliisues taat
be accowplisued by repeatedly raisiy
.-pqtury one d rec until toe
ta-teuperature~co
conilict set. This vrod

enters tuc
isnt avpear as:
perature~-coufortan

ceraturc “vaius [ >
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ilote that this production has a null
sht-hand side. It serves aerely to
e¢nse coucitions. 'f the trainer =states a
conulLion for winich no sensing production
eiis PLEX asits thie trainer to define
the property Dby creating a new sensing

production,

ri

S,

4,0 Al DEANPLE

constructed to
kind of goal and meta
productions waich would be useful in
practice. The exauple used was a
nondeterwuinistic production system which
solved a Jjigsaw puzzle siunilar to that in
[¢]. ilhen left to rua with no goal or
weta suidance, the system repeats the sane
iuence of productions, and accouplishes
nothing. However, when goal productions
the form described above were used to
impleuwent a simple strategy, the systen
procesds directly to the solution. These
soal productions were not generated by
PLEX and GIKLEX, but added direcnly 0y the
trainer,

An exaunple was
feel for the

set solle

[o )

fied oy
a piece

the trainer
with an edge
puzzle, then
puzzle, This
soal tree in

The strategy
siuply to i

satehing one already in the

place this piece 1in the

adavice transforued into a

several cps

speci
fiaa

Was
Wao
st

that this
first

edge,

traianer stated
soal could be accoumplished Dby
finding the piece withh the mateching
ﬁnd then placing it into the puzzle. The

stew constructed a soal production o
Lr>"tb a 350 nodes a SEQ node specifies a
sequence of subgoals necessary to solve

che parent goal.

First, tae

Lext,
weant by
edge. The
was taat
puzzle with
pisce in
puzzle with

the trainer defined what
finding a piece with a matching
statement of this defianition
"there wmust be a pilece in the
a certain edge value, and a
tiie heap of pieces not in the
the saue edge value." This
definition was turned into an action
production that would matech such a piece.
This action production had no rig xnd
side, and thus served as a ‘"sensing®

nroduction. This type of production is
uaed by the systeu to enbody gefinitions
aind conditions.

was

I (D L\‘;
[

sint-na

Then the
plece in
treiner,
of a
froa
this

the
the
isted
chosen

secona subgoal of putting
the puzzle was clarified by
wiio declared that this cons

specific sequence of actions
the set of action productions. Jith
information, the systew proceceded to
follow the optimal path to sclution of the
puzzle. Other strategies, such as putting
all the pieces of one color in the puzzle
at a tine, could also be impleuented.

Jith these rules, the system 1is able to
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solve

newu puzzles without additional

training.
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