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1. Introduction
GR.\ITFS is ,ii interpreter ftr a (iOA-RItrcted PIMduction Systemi language. I hi doCcument is intended

to allow ithe user to create and tIe (;R.\lS piotgiiii 'i\lrOnmentso il oi-dr LO iCCoinplish god-diiected

tasks. [lhe G,RAPS ineipretr is built oil top ofI ral/ IISP enironineni and therelore a hasic fimiliarity

with soniC dialect of I ISP is assumed. Ike_ i'ios kno,. ledge of'a production ssstem language (such as OPS5) is

helpful, but not essential.

Users of the GRAIPFS interpreter do not really write programs, instead, the must create program

en\ ironments. A G RAIt-S program environment consists Of three major pieces. Ilhese are:

Working Memory Ihis part of the program enVironmrlent holds what, in most high-lcel prograriming
languages, would be considered programT data.

A Goal Structure This provides a great deal of the control structure within tie program en\ ironment, and is
basically a means of letting the system know what tasks it is supposed to accomplish.

A Production Set This part of the environment is the part which most people would recognize as doing most

of the work while the sstem is running. Each production in the production set is a
miniature program which can test against and operate on working memory and the goal

structure %hile the GRAPES system is running.

Although the three pieces of the GRAPES program environment are dependent on each other, each is a

separate entity. For this reason, each of the pieces will be described in its own section within this document.

Section two describes the working memory structure, section three describes the goal structure, and section

four describes the GRAPES production set. Section five describes the recognize-act cycle, including

GRAPES's conflict resolution strategies. Then, in part six, a section is devoted to a special set of functions

designed to allow the user to write GRAPES productions more easily. Section seven describes how to use the

GRAPES interpreter in order to execute a program environment. Section eight is devoted to the GRAPES

debugging mechanisms. In section nine three special i/o packages are introduced. Finally, in section ten, the

GRAPES learning mechanisms are explained. A sample run and a glossary of commands can be found in the

appendices, as well as a syntactic specification of'GRAPES productions.

LL_ _ _ _ _ _ _ _ _
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2. Working Memory
Working inenlor is thit pirt of the GRAl S progian enm ironmnCet k hich stores dat, I elements. The user

may initiali,'e v%,orkilg em1nory so that it ContCains Solle d;.Ita a the Sart of sySteLml cXCt l1111. Al so, data

items may be inserted or deleted during s.stcm execution.

Each data item in working memory is called a working memory element. Each \orking memory element is

a list structure . and can hae an arbitrary length and complexity. For examIe. the following structure is a

legal GR ,\PS working memory element:
(IF listl HAS-RELATIONSHIP relationl TO (list2)

THEN either (listl HAS-RELATIONSHIP relation2 TO (list2))
OR ((list1 HAS-RELATIONSHIP relstion2 TO (list3))

AND
(llst3 HAS-RELATIONSHIP relationl TO (list2))))

However, working memory elements can be much simpler. For example, this is also a legal working

memory element:
(IS-A argumentl ATOM)

The following are not legal working memory elements:
working-memory-element Not a list.
(IS-A (item) a (list))) Unmatched parenthesis.

Thus, it can be seen that fairly complicated data structures can be represented in working memory. The

most important constraint is that working memory elements should contain information which is relevant to
the task at hand. Also, the user may want to adopt some kind of concntion in forming working memory
elements, since this helps in writing production sets which work properly. For example, some conventions

which might be used are:
(HAS-RELATIONSHIP <iteml> <relationship> ( <list-of-items> ))

or
(IS-A <item> <type>

1
see section seven

2in the sense of a L.ISP list structure
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3. The Goal Structure
I he (GR.\I'lS goal ,[ructture is that prt of the prograin en\' irolneut l hich t.lls the A.,tcm what tasks it is

supposed to be accomplishing at ,in. given tnle. Ihe user must Start the slstcin oT vitl ,in initial goil. cailled

the op-,'a. I he ma1in ohj.ctie o1'" the s ,teIII is tO succeed wSith the top-goal: once the top-goal is succssful.

the system stops running.

As the system runs, more goals are created and inserted into the goal tree. For example, a goal (let us call it

goal-I) may get inserted as a subgoal of the top-goal, and then two other goals (goal-2 and goal-3) may

become subgoals of goal-1, etc. As each new goal is inserted into the goal tree, the system tries to accomplish

that goal. [his process continues until the system finds a goal which it can sol\ e: this goal becomes successful.

A goal is successful when a production explicitly declares it to be successful 3 , or when all of its subgoals have

been successful.

At the beginning of each cycle. GRAPES does a depth-first search on the goal tree. looking for a goal

which has not already been successful. If there is no such goal 4, then the system stops. having accomplished

its top-goal. Otherwise. the resulting goal is declared to be the current-goal. When the system first begins to

run, the top-goal automatically becomes the current-goal.

Thus, at all times, the system is operating in the context of a current-goal. This goal is important. since all

productions must fire in the context of the current-goal. The user will find that this gives the system a

well-defined control structure, while still retaining the flexibility of other production system languages.

3.1. Goal Format

All goals are specified by a set of parameters,each of which is an attribute/value pair. Each attribute must

be an atom ending in the character ":". Values.may be any legal symbolic expression. There is no restriction

on the number of pirameters which a goal may have, or on the names of the attributes, except that every legal

goal must have an "action:" attribute.

For example, the following is a legal format for describing the top-goal:
(top-goal

(action: write-function
name: functioni
arguments: (argl erg2 arg3)
output: resultI)

3
see section six

4that is. if every goal in the tree has been successful
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In this example, the "action:" of the top-goal is "w rite-tunction". I'he other attributes defined for die

top-goal are "name:". "argunents:". and "output:". Note that valties given to attrihutes can he either tomS

or lists.

The following examples are not legal descriptions tor a goal:
(top-goal

(object: goal-i
argument: argi) ) This goal has no action:.

(top-goal
(action: some-action "argument" is not a legal
argument argl) ) attribute- there is no

3.2. Creating an And-Or Tree
The goal trce that the system constructs is, by default, an and tree. Fach branch must be executed in a left

to right manner. An or branch can be achieved by firing a production at a goal which failed, or through the

use of the *redo command. If either of these techniques is used, the given goal will be an or branch, and the

state of the goal tree will be preserved while the new goal is inserted.

For example, it the goal tree is:

top-goal

goal-I

and

goal-2 goai-3

and we did a (*redo goal-i) then goal-i would become an active goal. If a production fired at goal-I and

inserted a new subgoal, goal-4, then the goal tree would look like this:

top-goal

goal-i

an"an or*.

goa1-2 go;1-3 g;al-4

where goal-4 is now an or branch and will be the only subgoal recognized be the interpreter. Future

implementations make make use of the old goal information 5. Or branches can also be made when a goal fails

and another production fires at the goal. At each failure, the system will try to find any applicable

5attachcd to goal-2 and goal-3 in the example
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producetions, but it' no such prodUctionS Mre totind, dIle t'aiIlure %%ill Continue11 il) thle [INe to thle top goal.

IProdle LionS C.11m IICl h aIIuSL a g~oal or a No c k of --oalk, am '. here in thle goal tree. 1in addition. goals call

lie inserted at any place Ii the tr-e. One It .I Une1 or' aS a %N hole Unit. Ih Ill's e\s thi le I\ IhI~t nee~ded tfor

ifltdellimg hiolhk dculnrdim! cognitike tasks, A hcrc subjects do not neces arnl% folo airict depth -tirst

search strategy. See section 4 Cor a more dcuijied description of goal matching.
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4. The Production Set
Ih e G RA.PI S prIoduct Ion [Ic is thev [ma oft thec prioi-aiwi cn% it onrnent kk hlit: ch teIs the I wim~hn mnd hI I

Elhe rest of the proiran Cfl\1ronmentIC lfay chanlgQ. [K*,ich produ~ction inl thc prodLIutio SCt IS if) itsClf A

in iiiiatu re p rg rim dese ription.

4.1. Production Format
Fach production has t'~o major portions. I'lhe first piece is CahlcCIdIeCf-htdsd of the pr'oduction, and is

hasicall ai description of the conditions A h ich must he true inl the GR .\ PS en rotiment inl oidcr tobr that

production to fire. [he other piece. called the riigii-Itand side of dhe production, is a description of M hat

actions are to be taken Ahen that production tires.

Productions ire defined using dhe GRA\PHS funiction r). The two hakes of thc production are separated hy

the symbol = =X. Also, each production must he -,iven a unique name, Ahich must be a non-nil atom haing

no Franz LISP function definition. Thus. the s% ntcax for a production definition is:

(p <productlon-name>
<left-hand-side>

<right-hand-side) )

Or more specifically:

(p (production-name>
action: <value>
< other parameters>

S<tests:)> <working-memory tests>
< goal tests> ]
S<function calls)>

(<working memory additions>2
[<goal tree additions >2
< function calls>2

The remainder of' this section describes in detaill the formats of each of the sections of a production. For a

precise syntactic specification for GRAPES productions. see appendix eight.
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4.2. The Left-Hand Side
H ie icit-hin11d Ijc I 11th1t Imut ol. a lodUCi~toli % Iltdl 'h' he1 0)undutnn1s '.-tICh Iltu't heC tILit) the

GRI(IS ~ieir i~tuIict n (urdr tr i ol0'piodu'.1iolit) 111'hu I eItt11,1iid )Idc of i dctoi iVt'

speit'e a1 e:onlet hi(Jh [Ile 'o1CI steu It~s ht: uLijt ildcl It ti 1',i tC'. IciOt Ohe d~t.L i \ koi k~ng

memni,, and Ina\ tes.t uatut the contents; ofthei goal tree.

4.2.1. Pattern Matching
T he tests on the 1e f-hand side are accomipished through a prrcess k no~kn rs p11cm rit-r I his means

that each test is a pallernt. MprainetertN/ed dec'riptionl (it' v% ha.1 somICth ig- muLSt ok like 1 A Ii ch m aIstt olah/I

.ie~inst some data itenm in A orking rnemor% I in the gzoal tree

Sine patterns are of major importance \%hcri Aritinp GRZ.\P[B'S produlctionls. the% wI~l he described First.

Then. a feA sections ill be de' oted to explaining ho%% these patterns arc uscd to Form tests on] the c -hand

side of a production.

4.2.1.1. Constant Patterns
[he simplest type Of pattern is a single constant. Constants spccif exactly the data item %Nhich is to be

matched. An ordinary atom (that is. an atomi %khich is not a %ariable) is b default dcfined to be a constant.

For example,

has-relationship

is a leal GRAPES pattern A hich onl matches against the data1 item:

has-relationship

Patterns can be constructed by forming a list from other patterns. tFor example. the follo~king arc also legal

GRAPES patterns:

(Is-a LISP programming-language)

(LISP has-functions named (car cdr cons))

tihe left-hanid side must contain a spcci ficatiof of the currc.nt-goai

thecse items must fit the given description



4.2.1.2. Variable Patterns
1

1
.Ittetli\ %ou~ld not be %ci% i.~t' (1hC% kco(ld 011k C'nttjkiI eomaau ' 1"i\ )0[~' e.~ o the a.

P.1 tcrtlt t'Ile jpentitited to :oltiot . ible'hl. N t be1~tl.i dii tll~; t i v.l~i eat

Nd O C the ctc do .intl~~ ot: hpct\e ort\ the malclied data tentI look": rutdlde% til

th1C User to &1<c11bC .1 Clav1, 011 data rtenmI- \%hth %IIl ich to I p'ttern. \ aruhies cain miachl to .tn, lezal

-%mhohc expression. I-or exampIle. the fOllokking is a legal G R\I T S pattern:

-something

k hich \k ill mal'tch to 'Ink of Ohe f~llom ng data items:

some-cons tant
(a list)
(a more (complex) ((list-structure)))

Variables can tic part of a1 larger pattern. For eXampJle, the pattern

(has-relation *Brgumentl -relation -argument2)

%% Ill match to anr of the follov, ing data items:

(has-relation listl first (listi list2 llst3))
(has-relation listl same-as listi)
(has-relation green (some physical-property) (gross crayons etc)).

4.2.1 .3. Variable Bindings
Variables ha c a vecry importaint property. During thc match process diey become bound to the data item or

portion ofa data item %%hich they match to. The kalue kkhich a \ariahlc becomes hound to is called its biding.

For evinmple. k lieni the pattern

(has-relation oargumentl -relation -argument2)

is matched against the data item

(has-relation green (some physical-property) (grass crayons etc))

the variable = argunicnil becomes bound to the atom gree?, die katiable = rviattn becomes bound to the list

(some phjysical-propcri) and the variable =argutneni2 becomeis bound to (gra7ss crayons etc).

When the same variable occurs more than once in the same pattern (or. as A~e shall see later, in the same

production), it must hind to the same data item each time. Thus, the pattern

(has-relation -argi same-as -orgi)

will match to the data item

(has-relation listi same-as listi)

but not to any of these data items:



(has-relation listi same-as 11st2)
(has-relation listl same-es LISTI)
(has-relation listi same-as (listi))

4.2.1.4. String Variables

Patterns nia aso contain another ty pe 01 sariaihie. cailled a wroi xvah:'t (r a wg'ii 1,ar!ab/c). A s~rii2

ariablc is an itom Mich beg-ins %ih di te charaicter 'S". Siring aible-s are ,iiiar to rceiulmr sariahles.

except that tie,, hin rit) a serios of I ,ro or mnore) ex pressions %Ni thini a &~Li it in. String a lriahl) es AN a~ s hind

to a list (or nil). but this list appar 1pcc ssohii die data1 ternT (that is. a .icl Ii 'enieiit :ii die binding of a

string \.u able is a1 the sameI depth of lis't structure as tIle siirrounding termls mi tiec data. Item).

For example, %k lien the pattern

(has-relation &rgi first (argi Sremainlng-Items))

is matched against the data item

(has-relation argI first (argI argZ arg3))

the string sariable "Sremaining-iems" becomes hound to i te list '(arg2 arg3)Y.

String Nariables arc meant to be used to matched pieces of a list. They will only match zero items when tic

list is non-emptx. 'Nlatching against nil can be done %Nith calls to 1.151 (explained in section 4.1.5).

Note that Sometimes String variables may introduce ainbiguity into a pattern. However, this is often

desirable. For example, if the pattern

(Slisti -term Slist2)

is matched against the data item

(argI arg2 arg3),

then there arc three possible sets of variable bindings which result:

1. Slistl bound-to nil
= term bound-to argi
$iist2 bound-to (arg2 arg3)

2. Slistl bound-to (argi)
= term bound-to arg2
$list2 bound-to (arg3)

3. Ulsti bound-to (argI arg2)

= 

ter 

m i 
b o u n d -

t o 
a r 

g 3
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4.2.1.5. Patterns Returned from Functions

I here is one ctmoaning pe of entity \Ahich Inai occur ithin a GRI(.\I'IS pattern. [his is an external

flunction call. l'xternal tunction Call', III he deSriled in detail iII section th\e. I Io\eer. as an ex.inple if the

top-goal has no ,,uhgoIs. then the pattern

(Is-e (Osubgoals top-goal) empty-list)

will match to the dat item

(is-a nil empty-list)

4.2.2. Production Parameters

Production parameters specif tie context skl ich the system is nper:tting under. F.ach prcducution fircs in

the Context L)f the current goal. Production pirameters are attrihute/%alUC pairs,. entircl] analogous to those of

the goals in the goal tree, except that the \altcs can be GRAPES patterns (as described ;n sctuon 4.1.1). Each

production must have an action: parameter, whose ',aloC is a non-nil atom. All other parameters are optional.

For a parameter match to be successful, the current goal must hae that parameter's attribute and the

corresponding value must match the specified pattern. Ho\e.cr. the current goal can hasc other attributes

not specified in the parameter list, and the parameter patterns will still match. For example, if

(p p-1
action: make
object: =thing
tests:

(is-a =thing good)

(make =thing)

was a production in production memory, and

(goal -4
(action: make
object: cake
color: brown))

was the current goal, then p-1 would parameter match to goal-4. After parameter matching would come

working memory matching and goal matching. If all of these tests passed, then the production would be

placed in the conflict set8 .

,fe section rive
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4.2.3. Working Memory Tests
All GRAPIS \\olk ing inir\r tests arc in the '.s: Sctionl ofl'C hepoduIction. IhliS Net sanl Optional

part ot'a (;R\PIS production. OfIten the coal context alone k a Sufticient precconditon lIar the production to

tire. G RAT .\H \vscrkirug miemory tes.ts are inipi\ patterns, as described in section 4.1.1. Ihese I pa Lin re

imatched against wo rk ing niem t r . I he oril rest incti i n o krk ino ini rrir tests is ti t tic e iv in. ot heg n

v dite constants goal, subgoal. or .supergoal. and the% rna% not make references to external I'Liuctiolis which

arc not defined (howcxer. the user canl alwa~s define his own external functions).

Ilhesc recxamples of legal working memnory tests:

(has-relation -var -relation (Sargset))
(has-color (*pattern -dog (*length Scolorset)) -color)

Thesc are examples of illegal Asorking memory tests:

(goal pick-up -block) Begins with a goal-word
(has-relation ('make-pattern -this)) Undefined function'make-pattern

4.2.4. Goal Tests
Lake working memory tests, GRAPES goal tests are in the tests: section of the production. GRAPES

maintains the goal tree internall). Many features have been added to miake goal matching as flexible as

possible. A goal specification is a pattern of the Corm:

<type> [ <of-goal> [ <name> 3
<parameters> [ <goall> [ <goal2> ... 3

<type) Either goal, subgoal, or supergoal

<of-goal> A goal name (not valid for type goof), which specifies that tie search for suibgoal or
supergoal begins here.

<name> The name of the goal with thc given parameters.

(paramecters> The list of goal parameters. For example:
(action: write
function: -name)

<goal n> if given, each is a nested goal specification.

Specifying a type goal in the goal test means that any active goal may try to match to this specification

Specifying the type supergoal means that any active goal which is higher in the goal tree than <Of-goal> may

be considered for matching. Specifying the type subgoal means that any active goal which is loweor in the goal
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trec th,,1 <ofg- x> may he c nsidecied I'r matching.

4.2.4.1. Nested Goal Tests
I'he goal name <of-goa1l> dcftilts to the curitct g1 iin outer evCel goal test. I f a g ,l test is hei og nested

the t'ollowing rules speciticy the the default .aluc of (o'-goal>:

1. Type goal - an inmmediate suhgoal of the enclosing goal specitication.

2. Typc subgoal or supergoal - the goal matched by the enclosing goal specification.

Note that if any rested goal test fails, then the entire test fails.

4.2.4.2. Goal Test Parameters

The parameters are analogous to those described in section 3. They consist of attribute!value pairs. Fach

attribute must be an atom, but the values may be arbitrary GRAPES expressions (however, they must

cvaluate to a non-nil atom or list). Parameters are optional.

If the goal tree were as follows:
top-goal (action: recognize object: ball)

(action: decide) goal-1 goal-2 (action: decide)

goal-3 goal-4 goal-5
(action: move (action: go (action: recognize
object: ball place: house) object: room
place: left) area: house)

and the current goal was goal-2, then the following would be legal goal tests:
: MATCHES:

(goal agoal top-goal
(action: recognize goal-6
object: -object))

(supetgoal top-goal
(action: recognize
object: (bind -name ball)))

(subgoal top-goal -name goal-I
(action: decide) with subgoal goal-3
(goal

(action: move
object: $objects))

(goal
(action: decide
reason: -reason)) no matches

ii ,
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Ilce tlllo ing %okuild he Ilcea, t,,'I g .igaiit the goal Irec:
TESTS: REASON FOR ILLEGALITY:

(top-goal top-goal not a legal type
(action: recognize
object: ball))

(supergoal -goal -goalZ Illegal format
(action: move)
(object: ball)
(place: -place))

(goal -of -name <of-goal> should not be
(action: go present in type goal

place: =placel))

4.2.5. Left-Hand Side Function Calls

'here are a %ariety of external tunction calls available to the GR,\Pt'S User. I'he% can be arbitrarily nested

in the patterns (as above), or may be used on the outer level as in:
(*success -goal)

%%hich would return t or oil depending on whether the goal which bound to = goal Aas successful at the time

this condition was tested, or whether the goal was not successful. If t is returned, the other conditions of the

production continue through the matching process. If nil is returned, the production fails.

Function calls can be built-in GRAPES *functions like *pattern and *current-goal, or they can be user

defined *functions loaded in as a special module9. In addition, regular LISP functions can be used on the

left-hand side. If an atom begins with "*' and does not have a function definition. GRAPFS calls the

function without the "'. This can be used quite effectively when matching. For instance: (*not (*equal

=resultl = result2)) \ill match only when = resultt and = result2 bind to different values.

There are two types of outcr-level function calls: those that return a boolcan value, and those that return a

pattern. If a function call returns a pattern, it is matched against working memory. If it returns a boolean

variable, the production will fail when the boolean value is nil. Function calls are described in more detail in

section five.

4.2.6. Negative Tests

Ifa left-hand side pattern is preceded by a "-" symbol, then that pattern is taken to be a negatiN e test. If the

pattern is a working memory tests, this means that the given production will match only if no elements in

working memory match to the pattern. If the pattern is a goal test, then the given production will match only

9see a description or the lISP module in appendix seven
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it' ChCre e, no .oa i n (lie - Iw no iUpcigI il Q or uihgial. depending on the g', d . pC) " hich inaich s the

,pCC Ifc, I ion. I the piitern is in ouicii -l ¢ l ltiction icall \khich docsn1'l ICRtun-r1 I p,l[tna l . thCn the p1 oduLctin
,ill imath tnih ii'the. call retu-ns nil.

As al example:

(p p-2
action: get-tense
word: =word
tests :

- (is-a =word plural)

(is-a =word singular))

which sa.s that if there is nothing in ncmor %hich sa.s that the Aird is plural, then it is singular.

4.2.7. Partial Matching

If a left-hand side pattern is preceded by a "' symbol. then that pattern is matched as a positi c test. If the

matching succeeds, the variables are treated like they arc in a positi e test. If the pattern does not match, the

pattern is considered to be a negatie test, and those variables only mentioned in the pattern are not given

bindings. This facility can be used to produce partial matching and ordering of productions based on their

degree of match. In addition, the partial match test can be used in conjunction with right-hand side patterns

using the same variable. For instance, if use-name were a production:

(p use-name
action: get-name
tests:

(name-list $names)
? (has-name =object -name)

(object-list Sobji =object $obj2)

(*remove 1)
(name-list Snames =name) )

it might add the name of an object to a name-list. If the object already had a name. it would use that name

and if the object did not have a name, a new name would be made. See section below for information on how

a new name is made.

4.3. The Right-Hand Side

The action side is an ordered list of zero or more GRAPES expressions. Once conflict resolution has

picked one instantiation of a particular production and all the variables on the left-hand side have bindings,

that production's right-hand side is evaluated from top to bottom. The right hand side can put elements into

working memory, put goals into the goal tree, or execute LISP functions. Thcse are each described in the next
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4.3.1. Additions to Working Memory
11', Ui(RAITS polk-rnl 1, tOunId0TI Ithe ngi-idcidO ol a p-oduIction.. ond its tirstL clemnent I, not .1 ,oIl-itori

lsprSxlsugoal. goal) or a unction all,l then it 1, Cealuatcd and storcd in wkork inu mrnr ir All \ariablcs

in tie pattern wich had bindings onl the left-hand side, arc e .aluat[cd accordingo to those hindings. If a

%ariable w as not hOLImud Onl the lefit-hand Side, Lthen J binding is made for thc %aritihle. and It is hOn nd uIsing

the *hi nd funcwtionl( . [he newA al Lic looks like the \,riabic but is. LguaralIteed to he Un~iqie. F-or instance, if

the %ariablc =%ar %%a f1 oun d on the riht-hand side WithOut1 a bindintg, then a '%aluc Mhich looks something

like @ \art I old he bound to thaL variabic.

4.3.2. Additions to Goal Memory
All rightL-hand side patterns beginning With a go~al-w.Aord are added to L1hc appropriate place in the go0al trcc.

The goal patterns look %very similar to the patterns \khich match to them. E-ach goal is, of the form:

<type> [ <of-goal> [<name> 3
<parameters> [<goall> [ <goal2> ...

,,type> Either goal, subgoal. or supergoal.

(of-goal) A goal name which will have as a new supergoal or sujbgoal.

(name) The dlefaUlt Value is the current goal or the goal specified above, if it is a nested goal
specification.

<name> Thc name of the goal With the given parameters.

<parameters> [rhe list of goal parameters. For example:
(action: wr'ite
function: -namne)

<goal n> if given, each is a nested goal specification.

-However, the goal words are interpreted differently. If the goal <t~ pe> is goal or subgoaL. the new goal is set

as an immediate subgoal to (of-goal) or or an immediate subgoal to the current goal if <of-goal> is not

specified. If goal specifications are being nested. (of-goal> defaults to the goal above the goal specification

being defined. If the goal type is supergoal, the goal is set as a new SUpergoal to (of-oal>. Fxamples of

lsee section 6
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Iliscitim- -Io.1 S. ikM ,I%~ ell below.

Inserting a subgoal

top-goal top-goal

goal-i < --- of-goal --- > goal-i

goal-2 goal-3 goal-2 goal-3 goal-A <--- now goal

Be~fore .Ifter

Inserting I supergoal

top-goal top-goal

goal-i <(--- of goal goal-4 <(--- now goal

goal-2 goal-3 goal-i < --- of-goal

goal-2 goal-3

Before . Iter

Withi any goal, if the goal (name> already exists, anl or node is pushed onto the supergoal of (name>. That

is. the old goal and its SUbgoal1s arc repled by the ncw one. The or node "ill bc a new goal which has as its

subgoals all of the old SUbgoals (thus preserving the old state of the goal tree through this ncw nodc).lhis

enables the svstcm to remembher its prc~iouls rno\cs and act accordinegv. Puiting goals into various placcs in

thc goal tree can sometimes alter the status of already successf-I goals. For instance.wAhen insertirg a subgoal

(see abo\e), the of-goal " ould become an activ e goal c\ en if it v as prev ioulsly Successful. The new goal adds

additional contraints to the satisfaction of the of-goal. A\ll subgoals of a giveon goal must be successfill for the

goal to be successful. For more infCormiation on the goal structure see section 3.

4.3.3. Right-Hand Side Function Calls
If a GRAPFS pattern has a *fuunction as cts first element, then that function is evalu.ited according to the

bindings of the current instanitiation. If that function yields a working memory elemnent, then that element is

stored in working memory. -['ic function may ako return a boolean '.aluc. If the value is nvpi-ni, Lhe rest of

the right-hand side is evaluated. If the \alue is nili. the rest of the right-hand side is ignored"1 . Right-hand

thsdocs not mean the production won't match, since matching has already taken place
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SIdC Il thnctOns. hl 1Icti-h~lld side 1.Xiiict01S. CAm bC dct'cd Ill I ASP~ Or IISer dcfInIcd2

1scsction 4.1.5



5. The Recognize-Act Cycle
%% henl run~IIIIuLt. (lhe N'aei "(,:II ai icli le )ICC, Frc 0 1,% - L cs. Inicc o1 thle '\t o CC

throug te l ig tes

1. (iRAl'S look,;IIs thoulh thie -'o, II trece and t'inds a1 lii,iI'l ich it %%all(I to sole. 'I hII, eoal becoljiCs

thle foicus of attention dol'ing this :% Ci. and is called the C'Urremutla.

2. G RAPES looks throuh its production set and. based oin the contents ol' ,%orking niemor%. thle

current goial. and thie renuinino goals in the goal tree. chooNs a SLuhSet ot'Lthe prodUCtions1 A hich it

thinks is relevant to sol\ ing thie curretCI-goal. I[his suh',ct is called the canflic set.

3. A process known as confict resolu1'!on is applied. M hose purpose IS to ileI out one production

from Elic conflict set Muhch %ill be used to Lr and solie the current-goal. It' thoec is flo such
resltcing production. then GRAPES decides that It cannot solb le hicrrent-,goal. and we go hack
to step 1. Otherwise, the resulting production is called the current-produciion.

4. GRAPES -fires the current-produIction. If we take the view that each production is a miniature
program, then this means that GRAPES runs the current program. When this happens, many
changes in the program ens ironmentL can ocQUr. D~ata can be added to or deleted from working
memory, and new goals may be inserted into the goal tree.

5. GRAPES goes back to step 1. be-inning a new cycle in thie context kof a new program
environment.

Each of these steps is treated in detail in the next few'sCeions.

5.1. Finding the Current Goal
The current goal is always the deepest anti left-most node in the goal tree which has not yet reached success

status. The current goal reaches success status when:

F 1. All of the current goal's subgoals havec reached success status, or

2. A production explicitly states that the goal is successftil.

The current goal is matched against the patterns in the production's parameter list using the matching

algorithm. T]he current goal must have an action which is an atomn identical to that of thie production action

attribute. In addition, all of the attributes specified in the production must be present in the goal, also.



5.2. Matching - Determining the Conflict Set
111 liG RAITS IIttClIIuiI) 11--lliitll IN h'INieCull ,1, i-!' \pe. Wieiilici Compiled. Ceach elt 11 iiid sidc

pattciii likeN . ttI i~t JlI1iittoli. ( lICS Itilicifl dJ:'lI[IkIIti 11 'C lC to ii1.1iChi 2.iils \O kill'- icliit'l\

Alid the oil fee. Iheiic~ 111,01 ir[ ok IN '-' 1"'! ~rI II tile Ne': i i shi( ;ttri tie's no(t iciui\ ?Iiaicd

duirin- thie uiaitehing pairr ofi[he CNCIC. I lic ,nLIuNe d0one Ae~eh~n.hen 'wikig niem r itici wloal

ITemor\1' lire heinti dIcfiiied. [hei matches trOr each paiteIt ar uprdlaed each [line an Itenm iN put it \%rkIng

inemor\ or goal neinor, lhisitern f!01though121 [lCiematch itet ork creiti ng ,rihlc hi idinps ts it goes.

AIt the match part of thie production Ccle. thle rf.macs of each paittern are inal> ied to Nee if ,he\ are

consistent 'Aith goal1 rICmo1r% and A~oik ino iiinor\ . \1llpoductions1 patterns ire exaim ined at this tine, thus

the productions are being tested in parallel. Some C RA.\IS patterns require hiaamicwiiiig3 .[hat is,

their possible matches cin't be determined arhead or' ime. A\ll I iSP runction caills aind some goal tests hase to

bc matched dlnamically.

When all marching is donc. a mien production ma have matched in secral \%ais each of these possible

produIction possibiliries is an :115S/1anon. The process of deciding amiong these instantiations is called

con]1li resoluiion.

5.3. Conflict Resolution
GRA\PES uses five basic rules to dccide among competing instantiations. Goal memory makes the first nilc

possible. The second rule is a heuristic used to make the sysein more efficient. The third rule comes from the

working memvory structure. T he flexibility offC RAPES patterns makes the fourth rule possible. The final rule

is used only as a last resort.

These rules for ordering instantiations are done in sequence. Those that follokk the action test are passed on

to the refraction rest. Those that pass that test arc sent on to the next test, and so on. In the end, one

production instantiation remnains (thus GRAPES has no parallelism in its Firing mechanism). The rules are

listed in order below.

5.3.1. Action Specification
Each production must have an action. Only instantiations of productions with the same action as the

current goal can apply. This restriction can be used by a GRAPES programmer to isolate productions into

subroutines groups of productions which apply to a particular task. If all actions are equal. GRAPES will look

13see sction 4
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,I[ 'Ill the pitJuctWWi. I lic " ~~iit I 'UiibiiInCN & :,II !'C e "0 ill \tiktC11 ow~ r. AdiO'lrent '.LJiMIi

tortd .1.h pio icn \%oiild 111A,: LhC cont11ict NCt 1 CCli, tille. I il' ~WIld Alltoiocctn r~~~ ,~ci

5.3.2. Ref raction
I ach production. Once used '1t 1 particulair goal. cainnot ire- A~ ih die ',AM:c ,,a]T bini112, ( 11 Sdi I 20nt 1va.

Flits I,, to pie'. nt the 1xsei rOM gettinsO AntO oneC pr-odLuction 100oN Ithough lonlger ltoop a:.lesae possible).

5.3.3. Recency
HaLh ms ikno nmot ele:mc n ind -,oxil element has .I ,.,e ioa' vssociatcd %%ih it %hich deni'teS.he it

S j5l ptIn to wNork inz memior-. [hose nll'Illatisn M h1ch athdto tdie mnost reccit korkm nrmry

elements are prcttzrred. \lhuhC R.\ IS cn at t'ThIS time. nio deca'i o!C'. orking mem.or. .!cments. Jiis

insuintiation ordering utatco\ appro\ximaes dtca to s OmeI eXtent. Fl1emCntIS most reCenly enteLred into

memor% prohably haxe more relex arcce to the problem at hand.

5.3.4. Specificity
Each GR.\PFS pattetn h1M d spCihity associated A ith it. The produIction goal1 parameters and die tests*

against wkorking and goal memrrorr are all considered Cor resi-lution onl a basis of speciflecity. A fewA simple rules

-ire folowed wheni deciding die specificity:

1. .\ list is more specitic than a constant.

2A constant is more specific than a \ariable.

3. A reguilar ( =) variable is more specific than a segment variable.

Specificity allows the more spccific productions to apply Ahen in competition with more general

productior- Since productions are never removed from p~roduiction memory, this can be a \ec-y important

ordering strategy 4

1this bccomP even more important when a2 system includes learning mechanisms like tJhc next version of GRtAPES
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5.3.5. Randomness

5.4. Firing a Production Instantiation
ti l)I I"n m TLstanitit 1 at partcL I.r pr du ction is chosen. theC r( ~'~ pairI of thc cle !os o)N er.. ind thc

s~ stem p-crtrnms acruons. % iriotis wtwns can he pcifrtbrmd:

1\dditins ito %orkin acmory

2. dnloin [o zoal MC!1O1% OsUbgoals or inberted Poais)

3Rcm1Okkl CrOmn Aorking immorv

-4. Calls :o Cr-eie uncuons inpuit Andi output :JII Undcr this cateeory)

5. Calls to I ISP (user defined fuinctions ,,r I [SI3 prrnt. c "unctuons)

FEach )C these icts ;is described in more detati :n section 4 on prcduction i iht hand side actions. It must be

stresd that GRAPES productions* right hand sides are not exccutcd inl parallel. [he sequences of actions is a

hincir d,,iription Of what theC S\ stem should do.

5.5. Continued Processing
[he rccornie-act c cle is performecd again and igain until the S:.stcrm is expijcitl halted. or urn-

top-goal's StatuIS is determined. At each ckycle a nev% enuronment is formed 'Ahich the skIstcm must odut..

The essential parallel nature of production s~stems is partially avoided in GRA\PES, khcrc goal structure

plays a key role. Proper use of the GR.\PES control structure can make programming in a nroduction system

language much easier.



6. User Functions
0 I S 1.1 j N-hic:h lid [1k: IlCI III 'A.1:tr l'I )] )idLIAIIii I k: u Ac~ h

\Ii1 fill[ A' nI& I IiYt fur:hc tii . [ td .IC

AI iNNIT iilpcio\II

6.1. General Functions

:0 hQ ~lter-le'* el :miction caiill.

Thind
! orn: ('11nd =%\.,r \.IIu.2

args: = %dir> A. ariihenam.
aJlue: .A 'ip cxprcsNhln. -IN'ib )nti~ining CR\PF'S

aralenmcs.
s% no psis:

CreateCS an2 inie.Ifte'.CTen ariahic is

Unboun11d. then its hiing is let to the giiven %alue. If the
ar-inlehi has alread% hCcn bou~nd to the Pk\en \aluc then

noth inc hippons. Nit the biding oper-ation is still considered

to he NuICcIStll. If the %.irnable hab ilhread, b.c n bound, but
to a iiff-rcnt %,IILue. thCn1 the binding is unISIICCCSSfUl.

returns:
T he specified value. if the binding NINLS SuICCCSSful If the
bindinga IS unsuccessful. and Ale are on the richt-hand side of
a produIction. then "nil" is returned. An unsuccessful binding
on the left-hand side of a production causes that production
instantiation to fail.

side effects:
The gi'.en %ariable becomes bound if the binding
was successful.

Scurrent-goal

form: ('current-goal)
args: none.
synopsis:

Gets the name of the current goal.
returns:

The name of' the current goal.
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aie I I-, op( It I~ 1 I'i.l I I I I Ii~i he 11\ Cx p IC.ssioni.

CI C.11CS .1 IN t'! 1 I LIII 1 'a Li 11 1,1111 I lie ntiiiicr of

pilsscd to thdict:' I hts] :ctll n1 COnIJtInICl II' AIth dhe

p ,Iel-11 111d "intMCli functions.

reto rim:

A\ !IsL o inbound ,arabC nlames.

As~ an cxanlple. if the \arlable "Sargsct- is bound to the list

I(re re ira 3Y' then the call:

%%u(ld retUrn something like

\O=%O00l = VU002 =V0003).

.match

Orn. i naitch pattern cxprcssion)

args: ;'atiu:r n: An e xpression containing constants. %ariablcs. etc.
e xprcssion; An\ expression.

5 nopsIs:
I ries to match the agien pattern to the giv en expression.

returns:
t. if the match IAJS SUCCessful. Otherwise, returns "nil".

side effects:
I f dhe m1Ach %k. as succeISSful, then all %ariables in the
,1% .I i pattern '.%hichl kkrc pre% IOUSly Unbound are now given
bindings.

*neCw

form: (*new = symbol)
args: = sy mbol: A variable name.
synopsis:

Crcates new symbols. The = symbol given should be an unbound
variable name.

returns:
A\ new atom which looks like the given symbol name. For
example. "(*new =arg)' might return "@argl".

side effects:
The givecn variable is bound to the new symbol, using
the *bind function.

*pattern
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forni: patternCII j.rg] arg2 ...I)

anirs: Fach 1) 1" optIon'll and 1Li he ifi% :xpression.

110iopsis:

CI eatcs I pattern1 t'i oi the list ot, Its Ii~ins Ihis is
LIStiJll\ Ui'sd III CoI I)LIIktI0I \ ith die *11it'JI un11Ction.

returns:

A pattern., %Nhich 1i, LISuIll, uIsed to do a *miatch. For
example. if 'Sarasec" is hound to the list "iargi arg2)'. then

die call:
(*pattern ( *length 5,1gSet) I[-r (*Iengthl SargSCe))

would return somnething like
(= V000 1 - 0002 - ar \0003 = 0004).

*subgoals

form: (*subgoals g oal -name])
args: =goal-namec (optional): The name of a goal in die goal tree.

synopsis:

GJets the list Of suIhgOilS orf the speci fied = goal -name. If no
goal name is giN en. setsS the list of subgoals of the current

goal.
returns:

A list of subgoals. or "nil".

*SU pergoal

form: (*supergoal, I= goal-name])
args: = goal- name (optional): The name of a goal in the goal tree.
synopsis:

Gets the name of the supergoal of the specifiedl =goal-name. If
no goal name is given, gets the supergoal of the current goal.

returns:
The specified supergoal. or "nil".

6.2. Left-Hand Side Functions
These functions are usually used on the left-hand side of a production, since they test for properties or

conditions existing during the execution of a GRAPES program.

*gnicthod

form: (*gmethod (goal [varli)
args: goal (optional): The name of a goal in the goal trec.

var (optional: goal must be specified if var is specified): A
variable name.

synopsis:



G'ets~ the i lethiid Issoclited %ki the i'enol.If flk poal

~ cI" id it Is Iss~iillCd It hC the curr1entl col f ai" is
01cil. (.hell (he iucwfiok of die ',peCIfi1cJ -coalli hounld Ito '''.Ar'

I uisinea the hi iid funtioun).

I hle method L.i ssocia~ted ithj thle spcedtfled ol.or "nil" if

there is nlo associaed method.

*rmethodp

6orm- menthodp jgoall =method)

args. = o ptional): Ilhe namne otla goal in the goal[ tree.

=method: \n espression Mhich is a icgal miethod or a goal.

snopsis:
NlatcheN against the -nethod of a goal. If no = goal is specified.
thenl it i,, assumned to be the current goal.

returns:
t' If the method avsociated %kith the gi'. en goal matches the

,I~nepression, otherwise, returns "nil".

*Sucese

form; (*success = goal)

args: = goal: [he name of a goal in the goal tree.
synopsis:

Tests for Success Status of a goal.
returns:

Ili" if die the named goal has been successful: otherwise
(if the goal has failed or is Still currently active) returns
"nil".

6.3. Right-Hand Side Functions
These are functions which arc used on the right-hand side of a production, since they perform actions

which alter p ropertics of the GRAPES program environment.

*inpUE

form: (*input [argi arg-2 ...)
args: Each ar, is an arbitrary expression. See below.
synopsis:

Reads datm from the terminal. Each arc, is treated as
they are for *output. except that unbound GRAPES variables
are given values which Must be input by the user.

returns:
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loI IW: (*I I I a l, ' 1 ist = n.Ii "-.i C, I goAl" ec)

, , x ,11: .\ \,ill l. : inm e.
lix,[: \ lix.i otalt biuiix. C \plCN"iiRilS.

e-- ",tl huii' tilil): \ .atl able nlatle.

i -,1p,, ,11 \ go.al ,peclficiAt1ii. 11 thC .XItIQ tOlIll JS goal

,peclicattonl vould tirdiltti.,1 11)par oil the RIIS of

a production,

sy nopsis:
InserS a list of goals into the -o.d tree. "= x ar" is bound

successix ek to each inembcr of the ix en list. One goal
is creaIed (according io the gix en goal spcciticaition) on each
IteratIon: thus, It ix usually desired to haxe "= .ar" appear

somiem here xithin thc goal specitlication. If"= result" is

specified, dhen the list ot* he names o the goals created
is bound to it using the *bind function.

returns:

'mapstore

form: ('Mapstore list)
args: list: .\ list of expressions.
synopsis:

Each expression is stored in wkorking memory. ach such expression
should be a list: any xhich are not lists are ignored.

returns:
"t

*method

form: (*mchod [goal] expression)
args: goal (optional): The name of a goal in the goal tree.

expression: An arbitrary expression.
synopsis:

Sets the methud of the given goal to be the given expression.
If no goal is given, it is assumed to be the current goal.

returns:
.. C.

'output

form: (*output [argl arg2 ...
args: Each arg is an arbitrary expression which is treated

as specified below.
synopsis:
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laCh arg(i) is treated according to the t oIlov ing

speci lications:

I If the Arg is a string, it is printed.

2. If the ar is a list, then eery element it) the list is "output"ed.

3. If the arg is an integer, then de next arg is "'output"ed that number of times.

4. If the arg is "/". then a carriage return is printed.

5. If the arg is "#". then the next arg is an expression which evaluates to an integer, and a tab to that

cursor position is performed.

6. If the arg is "@". then the next arg is evaluated and its result is printed.

7. If the arg is a GRAPES variable. then it is evaluated and its result is printed.

8. All other args are just printed.

returns:

t

*pop

form: (*pop [status])

args: status (optional): Either "success" or "failure".

synopsis:

Controls die flow of the program through the goal tree by

explicitly setting the status of the current goal. Goals
can be declared to be a success or a failure. If no status is

specified. it is assumed to be "success".

returns:

*redo

form: (*redo goal)
args: goal: The name of a goal in the goal tree.

synopsis:

Specifics that the given goal is to be redone. This is done
by rcmoving the previous status of the goal and declaring it

to be active.

returns:
lt.l
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t'0n1: * ,ento~e TO

Rei': I ),N III an ICI element Inon \orking il nt, I Ie !ic ' IIII I % king

meIir\~o elemenCt (,is seiedOn 11he let !1in1d \idC kit [lhe

prodLIUctio tr1-11g IS the OneC %'k h1Ih IS remo. e\eeat C

w ork inv, memnor\ test,, and "'2 tests 'A hIch t'h led dO not1 COuntI
(Since dlQe' id not match).

returns:

*replace

form: (*replace =new oldI ist oldHeinent. new Hlement)

aras: = new: AnI tinbound 'aii~ihlQ To huld the niew list

oldi ist: A list.
old~lernen: \n expression in old[ ist.

new Element: A\ new expression.

synopsis:

This is the GRAPES substituite function. It binds = new to list
which is the same aS Oldl iStLexcept th1,t exery OCCUr-ancc of
oldElemenL is replaccd b new Flecent. This rcplaccment is done
over all levels of the list.

6.4. About Function Calls in GRAPES
Any atom which is in the function position of a list. and which begins with the character ".is considered

to be a call to an external LISP function. This function call may be one of those w hich haic cen pre-dlefined

by the interpreter (as outlined in the previous three sections), or they may be uscr-deht'ned LISP tunctions

which have been slurped in by the user. B~oth types are treated the same by GRAPES.

6.4.1. Calls to Common LISP Functions
When GRZAPES sees a function name of the form ',jane, it looks for a definition of the fuinction called

*namne. If there is no Such fuinction definition, then it looks for the function called name. Thus, the user can

use most LISP functions (those which are defined in Franz L ISP) inside productions by attaching a "' to the

beginning of the function name. For example. the following is alegal function call in GRAPES:

(*not (*equal *llstl (ecdr *list2))).
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6.4.2. Defining Your Own Functions
I Ihle in teripreCter.i~ ii llex 111.11 i exteiCm I I ii !Oils a rc % rittc i ill SLICh a %%I t i tha 11 argo nienI 15aIC

C'.aUa ted: that 1S. 01h. c11y ' ini xe deilied aI ,bdajcj om!'pr. or IMaCT r n m ch ex paniid to J'an tis or Ii'xpr.

Ils manS thait [l\ Canl he t"111l1% enceral Cunnetion del-Initionls. 'I hc\% k:11 hie kc.Illcd ilal v. ithinl productions

or frmi %N ithin other function definitions. I he user can lso 0Use any'of' the pr-c-dehtned GRAPF.S tfunctions

fromn %k~ thin his o%% n runction definitions.

Writing '.our own user runctions to be used by GRAPES is easy: they are s impl Aritten is if they were

going to be used b any LISP program. D~on't "orry about passing GR..\IS .armables to I ISPI tFnctions: die

CR.\PFS interpreter does some pre-processing before functions are called so1 that this will work. For

example, the function call
(*not (*equal -listi (Ocdr *list2)))

,,ill be pine-processed so that. at the time the call is actually made, it will look something like:
(not (equal '(a b c d)) (cdr '(b c d))

One convention used in pre-processing is that all GR:\PFS \ariables which are bound at the time the

function is called are replaced by their bindings duiring pre-processing. Uinbound GRA PES variables.

howexer. are not replaced by anything1
. This allows a variable name to be passed to a user function. Then, a

Msind = var xalue) may be tised from within the user function in order to create a new variable binding.

A few final words of caution are in order here. First, be careful with fuinctions that do not evaluate their

arguments (like nlainbdas) and with functions that evaluate their arguments in special ways. For example, it is

a bad idea to use the following tyne of function call from within a GRAPES production:
(*or (8eq -listl *ll1stz)

(Osetq *listl -som.-value)).

In general. setqs may give problems, since assigning a variable a [ISP valuc does not affect thc value which

GRAPES knows about. To get around this, use the *binid function. Finally, be careful not to use functions in

the w~rong places. For example, using a * maps: ore on the left-hand side of a production will not necessarily

cause an error, but will have some very strange side effects.

1no (*new = symbol) is generated
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7. Using the Interpreter
Ihc (AR.\P.IS inteipreter is onil, to the I ISP inteipreter that it is eihedded within. [he GR.\PI'S

interprcter illo s o l. coimImlaids IR.h irc dclincd Mi the to) level' m . CaIls to r tltions not deid l if)

GRA\ITS result in in error. If the usel would ike to e.ecuteC I ISlP comnunds in additi,n to (R.\P.S

c.omnands, he st t\ pe {l IF 1 I 1or Q1 I -El!! to the (APF.lS monitor, . Ihis ill make alnmost all ran/

Lisp commands a ailahile (though the interaction s still through the GRAPES interpreter). QL I mode is

used to load in IASP iles for auxiiillary ,stems not defined as modes

GR.\PlS Commands hich take no argtments can sinpl. bc typcd as an atom. For inswrnce:

(ptroce)

can be typed as:

ptrace

with the same effects. This feature is also available in QUIET mode. However. only GR.\PES functions can
be typed this way.

First a number of commands useful for defining a production environment will be described, then a

function for actually starting the system is given. Mechanisms for stopping the s~stem and exiting GRAPES

are looked at next. followed by a description of commands to reset initial conditions. Finally a group of useful

pretty-printing functions are described, which make the GRAPES productions, goals, and working memory

accessible to the user.

7.1. Defining the System

These functions help to set up a GRAPES programming environment.

slurp
form: (slurp (file name] (file name] ...)
arguments: Each file contains GRAPES productions or system commands
synopsis:

The slurp command will define the produWtion set found in each file.
The default file extension is ".grp", so that (slurp junk) will
define productions fotund in the file "junk.grp". If no file name

16these are listed in appendix 1.

17,1his may be the default, depending on what version you are using

18Sce mode command, section 7.1

L]
-. 110 - -
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is 0C11 nOF the tile ei ncinthc opened, ,hImp %N Ill prom~pt or

ainotlici file 1n.111e. I lie file iiia1 coki c11ll' to other stetti

C0111h11.iitdS .11, \%Cl. It IS 011Ch LINctfl ',o k:011(,1l11 CI', (0 "'cgOdi" Anid

.. stml11l" hi a ".aIp tile, "o thaii thc% %% ill he defineld

AitiOUIIC,111% l\ ~el the tfile is ,lurped Ini.

returns:
"Production Fmironmnlt D efined."

ubr:(comment>

Sno I tic (3R.\IS cotlinlent charaicters. .\ll Jiaracters heccn the curl.

brackets Aill not lie read b hinterpIreter.
returns: noth)IMi

setgoal
form: (sctgoal *(,ction: <aiction>

<other parameiters)) )

argument: MIust be a legal goal.19

F-or examuple. a legal call is.

(setgoail '(action: write

argl: arg-list
result: result-list))

synopsis:
The setgoal command sets the value of the "top-goal". The top-goal
is the default goal used to start the system.

returns:
A inessage concerning the Success or failure ofthc call.

setwm
form: (setw~m '( (listl) <list2> (list3> ...)
arguments: Each argument is a list representing

one working memory element. 20

synopsis:
Setwrn sets the contents of working memory, erasing any elemnrts
currcntly there. Setwnm expects a list or lists. Each list is stored
as a single element in working memory. If sctwm is goiven an atom to
store, it simply makes a list containing that atom.

returns:
"Working memory defined."

19 see swcin 3.

20sce section 2
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hA ich &rt IRi~(l \PI S irtcf!1,1 kiio' lCJL C of, I ISI

p~ r I IrrI II I-. I cr10 [1 ' of the II It,:rprctcI C R le nin PI1C11111.411OdLI IQ,

decilihed Ini lirer seCctions. hii %ciririn 5. [I' 111C orInvid

(Ncl "11ii m ~ ', issuecd. (:roii> Ill

beC01Ifit ',he reIs lk 11f, 0e''hl %eXteiI ackages. I lie learning

nodUle IS on1e Mih MOkILi!, hOich ha' CCn Idded.

return s:

7.2. Starting and Stopping the System

StI
form: (start [goail [horking-mcrrrorr fl)
arguments: The gZoal defaJults to thle op-goal and wAorking memory

dcraults to nil, Mlitch ISSuIMCS the current working memory.
synopsis:

The start command begins running the production Set in thc context
of the 6i'en gzoal and wilth the givrcn \korking memory. 'lle goal may
he an% '20al Ah ich has been defined b\ the s% stem (or thc
top-gial). If thc _ri\ en goal is a list, then (sctgoal goal) is

performed au.tomnaticallk. If vwm is non-nil, then (set\%m win) is
performed automnaticlly.

returns:
An error indicating that the top-goal \kas ne'er defined or (after
running the production s\stem) a mnessage indicating the Success
or failure of the top-goal.

stop
form: (stop)
arguments: none
synopsis:

Stops the production sNv tem fronm, running and returns the user to
the top level of the GRAPE'S interpreter.

returns:
nothing

2 1TIbi function does a Iran; lisp (rcscz)
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eit(

Ii'uint: , o ne

I he i,,t ,,1 1,1d 1 lic'd to, 1:,I\ the \IG S P.,dtci. I hi,, ci11ti,f1d

1U,L hc t,. pCd It th. t Ql,.,el

returns:

nothing ( it 1e' er returns)

7.3. Restarting the System

gresct

form: (greset)

arguments: none
s' nopsis:

The 2reset command clears the goal structure and sets the top goal

to that A hich Aas giv en in the last call to setgoal.

returns:

\ message concerning the success or failure of the call.

wmreset
form: (wmrcset)

arguments: none

synopsis:

he Amreset command sets the contents of working memory to that
gli enc in the last call to setm m. If no call to set m has ben given,

then \orking memory is cleared.

returns:
"Working memory defined."

preset

form: (preset)

arguments: none

synopsis:

The preset command deletes the current production set. ro start

another production run, the slurp command must be used.

returns:

"0.K."

clear

22not dunng a production run - use stop (ot that purpose
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7.4. Printing Useful Information

pp
to(rm: (pp 1production- namne])

Acmns .\ gal GRAPES prOduiction namecurrently dellnedl ,o the s stcm

Or no irgurnents.

Sy fopsis:
Prztt., prints a produIction .o the termlinal. The for-m Used in pretty

printing is the torrm Mi hich the s'%stemn is internally using (not

simpl% a copy of the input production specificaition). [ his function

is usetul to new GRAPES users Mio are not familiar " ith CiR.PES's

sunidard produIction form1a. ProduLc' ionls do not have to be in this
form. hut [he\ are much easier to read. and the\ make it easier for
interaction bctvkeen GRAPES progrmmrs [is fucin il rn
Out all1 of the productions Curren tly defined if -ix en no arguments.

Retuirns:

The pretty printed production(s).

ppwm

form: (ppwrn)
arguments: none
synopsis:

Pretty prints the contents of working memory in the form:

"WORKING MEMIORY: "
<contents of working mnemory>
"END"

returns:
EN D

ppctirrentgoal
form: (ppcurrentgoal)
arguments: none
synopsis:



Ilrci. III III', thc: nII I-Cnt go'll.

rctunsin

llrctt% ptl nt the top ooal.

returns:

toni pgoai (goal j)

ranrcnts: lne or a goal name

mnopsis:

Prc:,, prints tlie gi\ e , l I: no -oal --i cn n. ,mmser tries
t o rimt theC :Urre-nt col no :urrcnti! W s ef~nd, Jimn it

then ain err-or :s returned and no ;s asprinted.
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8. Debugging

u'eI~ldeiiciieii~ Iis.\hcn I ied InI ciluIn"l %% Iti the tiac ILCk. se-. pI Iu:: s1IM.1s ,l he

'\tC I SI\ C docuIMen ttI0on 171 1i1 hlpI 'A hI I el M1 to keep a Ile Kn IhL 2 fi CC. I he C GIPI.S ) i I IC n. Im n

ChJa raCes e C lie h' hr rai:cs I I.\M JI.IrCICPs founJ~d hMetCI Jc -,CI Of hurl -,ickct,, . il he sPnored b%

Ohe GRA\lI[S interpreter.

8.1. About the Monitor and QUIET Mode
I-le C R.\PIS mTonitor I,, enitered %heni dhe C P.\ 1S -,.sterris11 ILuadCd intO IASP. [hc s,tem runs

embedded in die Fraini H SP enm ronmnt.Fini . the monitor tripN ill commands, ind checks to sec if

ilhe:. are leg;i GR.\PIS function caills (these are listd Il .\ppcndi\ 1). 1 2zal CRA\IS C ,imands -Aith no

arculments can be t ped as atoms' 3ThIle QLIFI fUnction turns, off function checking so thatL LISP Commands

can be used. Some GRANPIS :ommands gzo b- the same name as, cert..,m LISP functions. 'Ilhese functions

cannot be accessed. For instance. u'!p gIscs help On GRAPES not On LISP. I 00d Must be used instead of

slutp and o/d-pp!! muLst be used instead of pp 24

8.2. Breaking
At an% time the user can type contiol-C. This is handled as an interrupt and can be continued "i~ ithWe

command go. The uiser canl break from a break, and so on. Each sutprLoe.S is stored. The last subprccess to

break from is Whe subproeess wvhich is restarted Alien go is ti ped.

Breaking can be used extensively in debugging, Mhen goals, -working memory. and productions might need

to bc printed in the middle of a production run. Breaking can also be set autoatOM1ic,1lr ih The trace package

(see section 9).

23see section 7J 24i(his command is used for productioni preity pninting
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8.3. GRAPES Debugging Commands
\l 1 G~ I I dchwbIt i-, co IT fnnds ire (unct ions \% it h :ioirgumiients.2

I~ his unITction return1 Th,[Ie Ccrt coiilict -,QL ( in lis I'Omr). I lie confilict set is a list of thle

!1.iiicS or, [Ile iiistLintlitiofn, kik ill UnderiLO o illiCt iSOIliitioi. 11 1 Pd11Lltili

prodiiclion 11.1d iltore than one po~sible ii1i'itiatiofl. esr copies Of thie production

name Timielit b~e in the list. [hle Cset co17mand( is izood for 111i11\/IIIQ hlt. piodiictiofls

competed br a mtIIch Et thecurrenit \(irkinig memor\ and goalmeny'6

resolve This funlctionl traces the conflict resolution process responsihle for picking tile Current

production. If recenc% Aas used in deciding im110o Com1peting prIoductions. the reccnc of

all thle orking! m emorx items matching eaich production s ill be pretty printed. If

speciffcity \has alSo used, thle sumnmed specificity Of c.Ich production w ill be displayed. If

neither strategy singled out one production. a message is printed say ing that the conflict
-7wAas resol~cd through a random choice

bindings When a particular instantiation is decided Upon. its bindings can be displayed using the

bindings comnmand. T"his prints the list of Narables in the production folliimcd by the value

which the \ariable matched. During the matching process, the \arible may have bound to

several possible configurations of values. Only the final bindings of the variables arc

shown.

25thus they can bc t) ped without the parenthesis

26see section 5

27section 5 has more details on the conflict resolution strategies
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9. Special Packages

. !Ild2 i.A Atu.' 11' 1 i " c :i.. .1 e L~chr I lien. ,lie photo poockge

9.1. Tracing and Breaking
Blothi joals 11nd pi ,1dWC1IoIIs 1 I)C traced. 'IhIe pr-OdL11io1S are traced A hen the% tire. and the goals arc

traced MI dltc\ e in the uricnt goal. A .,ampIQ trace is ,ho %n on Lh l~ in page.

I hIl tralce ' ho'.ks a lI pouttcal Production riln in A ich both gold tracinlg Ind pr1oduIction1 tracing aIrC Used.

I hie "I I" s' miols indicate the depth In the 11oal trec. '5'* is the tiring nuLmber: t- Ls-hand-codine-

know ledeec is the name of the1 current productiOn, and "Loal- I is the name of Jie currec goal, All tests

agaminst Aorkingz mcmor and oal memorv ire show n. w ith the ameLIs the\ "oind to. L ISP calls on the

left-hand side are \hL'w n 1,cfore e. 1luation. The rit hand side actions ire also ,hov.kn. Methods atached to

goals are gn. n. \ddoitions Ind deletions from A.ork ing mcmor% are also) hown. The C\ a1lations of user

functons are show n if theY return a GRA\PES ttern. otherv. ise Jh~ o not show~ 'Lp on the tracc. Goals

inserted into random places in the tree are listed separately from 'ordinarY subgoal01s. The immediate

stipergoal and tle immediate subgoals of each inserted go) are also lited. If a goal is redone. thec tracecr show s

the zoal tree strticture leading to that goal. The goal parameters of an:. goal are also u-aced (in the example

these w ould be "action' and 'aroument". All %ariables are replaced M~ the ,lucs to w-Ihich they bound.

9.1 .1. Starting the Trace
Trhe default trace includes only the Firing number, the production name, the goal name, and the depth

markers. All other options can be set with the following two commands:

ptrace
form: (ptrace [ /switchlI [ /switch2 .... 1] [pnamelI [pnarne2 ..

argumnents: A set of sA itches and a set of productions
synopsis:

Performs a production trace on the given prodtuctions. If no
productions are given. then all productions are traced. Switches
arc optional and apply to all prodtiction namnes \%hich follow them.
Switches can bc made to apply to only selected produictions by

enclosing the switches and the production in parenthesis.

2simply ihe numibcr of produciions Ahichi have fircdlso rar
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goal-I
action: solve-by-hand

arg: @refined-resultl
endGoal

5) use-hand-coding-knowledge
TESTS:

(has-relation resultl (all path-from) (start))
METHOD:

hand-search.
INSERTED into wm:

(has-relation terml member (listl))
(policy (avoid-repeats refined-resultl))

REMOVED from wm:
(has-relation resultl (all path-from) (start))

SUBGOALS created:
(goal-5

(action: make-by-hand
arg: list2
value: (start)))

(goal-6
(action: repeat-until-failure
condition: @goal2
do: @goal3) )

INSERTED into goal tree:
(@goal2

(action: find
arg: terml
constraint: (not tried)))

Subgoal of: goal-6.
(@goal3

(action: perform-operations
args: (@goal4 @goal5)) )

Subgoal of: goal-6.
Subgoals are: (@goal4 @goal5).

endProduction

Figure 9-1: A Sarnpe Production Trace
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Ifa production iceh Is Inl Cftlet. all illi0ilitionl about dhe

pit ductin(s) is p~rinited.
returns:

A list tal Pioduct lolls being2 traced.

gcraice

form: gtracc I /s~k itch I I/sw itchQ .. 1 [acutin [.iction2 ...

alratments: A set of s\N itches and set of goal actions,

synopsis:

Performns a co~al trace onl all goals kith LIhe 2i\ en ltCions, I f no
actions arc gi\ en. then all goals ic tralced. Sv. itches are treated
the same a as in produIction trac ing. If a goal trace is in
affect, all in formation about ]he goal(s i~s printed.

retLUrns:
A list of all goal actions being traced.

9.1 .2. Stopping the Trace
If tracing is no longer desired, it can be turned off \with dic following commands:

puntrace
form: (puntrace)
arguments: none
synopsis:

Returns production tracing to die default mode (only production
names and Firing numbers printcd).

returns:
A Compact list of all productions untraced.

guntrace
form: (guntrace)
arguments: none
synopsis:

Returns goal tracing to thc default mode (only goal names and depth
markers printed).

returns:
A compact list of all goal actions untraccd.

untracc
form: (untrace namel jiname2 [namc3 ... 11)
arguments: Each name is either a production name or a goal action.
synopsis:

Untraccs select goals and productions.
returns:
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9. 1.3. Trace Switches

ccr tain ti.i :e and %khen Ito petr ni . bleak.

1)hreik I
I )oes I hrkeak JuI1t Ibefohe I prodUCtio'l fires. A message like:

Mteak before production <pnanie).
I P1C 'Lio) tO contiue.

[IIRF\K (nj

,AIll be printedl. %Vherc <pnamie) i,; die production h)cing traced, and <n>
IS thle Current break ec\cl (see seciion 8.2). Lich tie the given
pr(IdUCtion or productioTIs ire, am break is exccutcd.

/brcak2
lDoe, a break just after a production fires. It is used the Same \&ay as the
/break I switch. A mnessage A Ill be printed like

Btreak after production (pname>
ty pe *go* to conti nue.

[BIREA\K <0)I

/break
Sets break-points at the given goals if a "gtracc' is being done. Sets
break-points both before and after the given productions if a "ptrace"
is being done.

/after
The /after switch is i sed to state that tracing is not to begin until a given
production has fired. For example,

(ptrace /after pS)
will trace all productions, but only after p5 has Fired. If the argument
to /after is a list, then tracing will begin after any one of the given
productions has Fired.

/until
The /until switch is similar to the /after switch, except it specifies
that tracing is to halt when one of the given productions Fires. It is
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Useti IllI I[ Co11.1i M l it)~i [I %dlt)1 the /I IIM '%% itch.I l"Or eXanile.0

qztraice l.ifter p5 /uiitil (1p7 p8))

ill ti.,!Ce 1 ast soil IN [) tre5 dud \k Ill d c itl ti trcilng

% hen either p7 or p8 tires.

9.2. Photo

The photo package records a C RA lTlS session. The Photo tile All 0It nin 111 interaction w ithi C RA. S

from the time the photo' command is issued ito thc time die unplowo commaind is issued. The photo1 File is

autrmacal termnted ien C R.\ 1S is exited. Nested photo sessionis are not all)ocd ie Photo

commnatids are given here:

photo'
form: I photo [fflenamclextf)I

areument: A\ legal file name
s) nopsis:

Writes all outpUt to the gi% en File. The default File extension is
".log", and the default file name is 'phIoto'. For example.

(Photo test)

would send all output to a file named "test.log".

rcturins:
"PHOTO recording initiated: (filename)"

unphoto
form: (unphoto)
argumencrts: nonc
synopsis:

Stops recording the GRAPES session.
returns:

"PHOTO recording terminated."

The trace package and the photo package interface nicely, so that traces of production runs can be recorded

in full detalill.
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10. Learning Mechanisms
I III,, "AIloii of 111t: doh'11nmvnt d,,CI\L l l, it) hI, ilk (jlR \lIlS Lnn11 1111- iit 'ict.11.ile

prod LCtit) 11. I hi licihi dis o nl% offereod in (,RAIIl S %ci,;ion 5.

1 here tre tio t\ pes (if leairning- meChalikiris CurreIT110 J%,1Ilahle to ( R.\ITS I~r~ IIC, JI-Cc a(OPOSUiOl

and proccdu rahi:atnti. ( .ntiPoS11uoo in o I Cs collapsinrg p rodutions whIich fi red .it goalIs in . CSCI i.,e eton of

the goal tree. ProceduralijClUion i cduICCS the number of long-termi memory rctrie\ als made onl a production

left-land side. logeth cr composition and proccdUraliiation form cooipilatmi. Ih is section does not intend to

co\C1 all the ISpCtS Of the GRAPHS learning miechanisirs. Uiowe~er. rMn\ Lsetlil learning production ,CtS

Canl hC w iIttcn with [Ihe material presented here, 9

10.1. Proceduralization
Fhe GRAPHS proccdUraliization mechanism follows John .\nderson's A.CT model quite closely. In

GRAPF.S, as in ACT. knowledge is found in two separate aind fuindamcntally differcnt forms. The first ,ype of

knowlcge is declarative kiiowledgc.knowledgc about facts, which is stored propositionally. The second type

of knowledge is procedural knowledge, knowledge about processes, which is stored as production rules.

Declarative knowledge can be in long-term memory or in working memory. In the A\CT modcl. working

memory is the active part of long-term memory. In GRAPES. thc memory elements do not have associated

activation levcls, so the user must specify e-(acily what propositions are in long-term memory and which arc in

working memory. [he items in long-term memorvy arc a subset of the items inl working memnory. Productions

can only add to working memory and goal memory. Long-term memory items are added using the "setvm"

command. Long-term memory is not destroyed between production runs, so knowledge can be 'accumulated,

making learning modelling easier.

10.1.1. Interpretive Productions
When procedures have not been encoded as production rules, they reside in memory in the form of

declarative procedures. Productions which access declarative procedures are said to be interpretive. Trhese

interpretive productions work over a large range of circumsuwices and tend to be very general. However,

long-term memory retrieval is very Slow, SO using iterpretive productions can be costly in any information

processing system. Proceduralization provides a way of redticing a production's access to long-term memory

by building Jie long-term memory information into the production directly. In the Current implementation,

proccduralized productions are matched before other productions, producing an obvious speedup in

2scappendix three for a more detailed description of thc learning parameters

kg1EcELD1.G pAN BLUE4-NOT mosci
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CXCCLItioln 11111. InI additioll. pi'lOCCddili'd pr1OduIons01' tastci. to mlatch sInco thex% coiit'in less, left-han11d side

tcests tinl tlteil :clell! iiltelpietne \(1 CilisSIC tha piocediii.ilied productions, %%III 1,1re in) place ut,

the 0I:'HIIIiii 1)[OdLucti01ii 1,udrcl tipI prat cireiilllstallces. I okCQr, the origl,_11 Iiterlli\ C piodtic~ioli

ar. Still ,Iailjhlc to thC sei inl sltIiI)s here [10 plocdUr['Ii led 111c' Ire IjPlic~ihle.

10. 1.2. Finding What to Procedu ralize
ilhe C RAIT1S proCCL1durahiation mchlanismn is in oked AutLOrnatic.alr Alhen the parameiter !earn tug- nolis

set to tI .\11 productions xx ichl access long-term rnemnorx tall prcy to the piocedUra'iiaion) mIchanlism. A

production is mit procedU rai/ed i t ix lx~oC es settin g oals xxhoSe action specifies plannfing. I hose g-oals which

mx oh . planning mnust he JeFined hr the user I thou,1-h1 soIme detaultI %alLIC exist). Ini GRA\PES it is aSSUmed

that productions Axhich set goals to plan are funidamentalir i nterprctixe in natuire and should not be

procedUralizcd.

10.1.3. Forming Special Case Rules
If a production has been chosen to be proccduralized. its last successful instantiation is retriexed and

searched for tes&, against. long-term memory. Each xariable which bound to a proposition in long-termn

memorr or part of a proposition in long-term memory is replaced by the object that it bound to. This

incorporates the inforniration contained in the instantiation directly into the new production. A host of special

case rules can be formed this way. Note that variables are replaced on both the right-hand and left-hand sides.

10.1.4. Production Strength
GRAPE.S %ersion 5 possesses siren gth classes. Each production has an associated strength value (whose

default is 1.0). Productions in the highest strength class are matched first. If none of these productions match,

the next strenigth class is considered. This procedure is repeated until all successful matches within a strength

class have been found, or intil there are no more productions left to match. When a production is

proceduralized, its strength becomes greater.

10.2. Composition
Tlhe GRAPES composition mechanism collapses pieces of the goal tiree to form a plan for doing sonie large

action. The user has control over which pieces of the goal tree he wishes to include in the composition process.

Before loading a production set, the user must set some learning parameters which tell the system which

30lbis is th, do raultvalue



49)

productions to compose .ind Mihen t0 o inpose themT. Ilic~e IxiIrmiceters :.II he set 1sing tlhe scl, co~nmnd

(see section oil Parameters).

10.2.1. When to Compose
I lie !crmi'u1015paranieter hlolds a1 iist ol actions %% hich tell GR.\l'S Micii to stunr composin-. \k hent a

gzoal with a /carnMg wu'lon is Popped aS a1 suLcceSs. G RA PFS exam nes the goal tree hcnecadh the goal for

possible comfpositions. If a leartibn '!(PI g'oal is declared StiCCessful. it sign ifies tile completion of I problem

or a Subproblem.

10.2.2. Where to Start
The jhu-actious parameter is set to a list of actions i ich tel GRlAN)'-S ii here to swi ciomposing. Goals

with flag aotons specify a task \Nhich needs to be accomplished. I hese goails are called C0MopoS1/uon he'iders.

The grouIp of productions wkhich fired at goals heneath Uhe composition hleader form a macro-operator fior

performing the specified task. The composition mechanism kill combme this group of productions to

produce a single rule wNhich has thie effect of the grouIp and therefore accompilshes thc insk.

10.2.3. Where to End
Trhe non-!earned-actions parameter holds a list of actions %khich tell GRA\PES Ahce to stop composing.

rhesc goals often involve checking and re- examining, so dlcy are ILIIOMAiCall set as subgoals on the

right-hand side of the composed production.

GRAPES must have a Aay to link the macro-operators togethecr to accomnplish a sequence of tasks. The

composition mechanism sets each composition header goal as a subgal on the right-hand side of the

preceding composed production. In this wAay, one macro-operator can set a goal \khich will be performed by

another macro-operator.

10.2.4. The Composed Left-Hand Side
Productions which have been chosen for composition can have various pieces of their left-hand sides

included in the Final composed production. All tests against working-memnory are included unless they

matched against an element inserted by another production in the grou~p being composed. Likewkise, all goal

tests are included tunless they match to goals in the group being collapsed. [his group of goals is called the

goal block. User function tests are only included in the left-hiand side of the composed produiction if their

component parts are not part of any working-memory element added by productions Ii the gr1oup being

composcd. Parameters for the composed production arc exactly those which matched the specification for thc
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collipo"i ll i ede ol

10.2.5. The Composed Right-Hand Side
Ie I lt tl: r~ si'I of 0lic ':iiitp sCd t6i111iicriIi ia Ii ll .iuis ec.r co~E llilinie ilic 1t,k

additions to th1e -oal trcQ calls to I ISP .ae not included. .\ _oal .dditioii Is Includcd if' it Ns miiinr Ioa

01.1 speciticaitlon otfi ne" task, both described abo\ e. Coals hIjch % erc ilnscrtetd outside of(lie -goil block are

Allso included.

Funictioni c.1lls re iiicluided in the coinpotied production iri fhe EiCloil is onl te ,'/0h tl-UO~OiL.0i list.
311 heSe tuLIIoInS L\1ialI\ perlori operi-LOnIS onl an external niefliorv

If a production's action is .1 MCInher of the pl!~g:~o ist. its right-hand side Is not included in the

comnposcd pi oduction's right-hand side. Planning productions are onl\ concerned t in erldi reSUlts.

nlot crucial to) the iction offthe macro-operator.

10.2.6. Changes in the Production Appearance
1 hec composition process mnakes some changes in the patterns v% hich are finally included in the macro-

operator. String %ariables arc replaced b\ cqLui3(lnt sequences of regulfar ariables. Variables arc renamed in

aI consistent %ay across elceints in the composed produIction's left-hand side. A \ariablc is replaced by its

binding if die binding appears as a constant in another match element. On the action side of the composed

production. *mapstcre and 'mapgoal's are replaced by sequences of v orking-!meinory and goal elements.

Finally, if cornpilation is taking place, proceduralization will take effect before composition. delctin some

elements from consideration before composition begins.

Successful use of die GRAPFS learning mechanisms is dependent on how Acll die component productions

are %ritten. and how intelligently the learning parameters are set. If both are done elnew and useful

production rules result.

1sce %rite in ippendix seven
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10.3. An example of learning

I \ fl p .1 pIc g 1 11 cc Mnd ":t t ;,I j' t :1 Iw c 1 Lo pi I nid

Ile oal lice:

top-goal
action: write
function: second
args: list3
output: listi

goal-i
action: code-relatlon
function: second
arg: listi

goal-2 goal-3
arg: lisl arg: listl

Pic orking-icmory:

(has-relation listi second list3)
(calculated-by first car)
(calculated-by end cdr)
(isa list3 function-argument)

The long-erm memory:

(calculated-by first car)
(calculated-by end cdr)

The parameter settings:

flag-actions • (code-relation)
learning-actions * (write)
non-learned-actions ()
planning-actions ()
physical-user-functions ()

The productions:
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(p write-function
action: write

function: -function
args: -arg
output: -output
tests: (has-relation -output -function -arg)

(goal
(action: code-relation
relation: -function
arg: -output)))

(p find-second

action: code-relation
relation: second
erg: -ls
tests:

(has-relation -11s second -result)

(has-relation -lis first -lis2)
(has-relation -l12 end -result)
(goal

(action: get-function
erg: -lis2))

(goal
(action: get-function
arg: -lis)))

(p see-car
action: get-function
arg: -arg
tests: (has-relation -erg first -result)

(calculated-by first -function)
(calculated-by -result -expr)

(calculated-by -erg (-function -expr))
(*pop success))

(p found-cdr
action: get-function
erg: -erg
tests: (has-relation -arg end -lls)

(isa -lis function-argument)

(calculated-by end -function)

(calculated-by -erg (-function -11s))

(Opop success))

The GRAPES run of this en' ironment. using die learning mechanisms:

[1 (mode learn) : The learning module must be
: !oaded before the production set

O.K.

[] (slurp example)

write-function
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WVorking~ md I.,)ng, I crin \Ic1hrmocs &'med.

Plar nncte :(,) Sci.0.

Produictin Ii~ronnienc D efined.

[]piracc

xrite- function

find-second
sec-car
found-cdr

P1gtrace

write
code- relation

gct- function

[]start

top-g-oal
*action: write

*function: second
* args: list3
*output: listd

endGoal
I1) write-function. [1]

r ESTS:
I*(has-relation listi second Iist3)

ISUBGOALS created:
-(goal- I
I. (action: code-relation

relation: scond
I* arg: listl))

IendProduction
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2) rilnd-seCcond. [11

I FLSFS:
IM(iS-rel~itjn listi second list3)
l\SFRl 11:) inlto %&m:

O ias-rel.iton listi tirst ((' lisi
I (i'-rcqjiion ((' lisl end list3)

SL KGO %(.S created:

(action: gct- runction
arg: ( is) I

II (g~oal-3

I (action: gct- function
I Mg: listi))

e ndProdUCtion

IIgoal-2
Xbcton: get-function

I I g: (('lisI
IendGoal

3) found-cdr. III

IIITESTS:
III (has-relation @(lisl end lisE3)

(isa list' fuinction-argumcnt)
III (calculated-by end cdr)
II INSERTID into win:

* 1l I (calculated-by @qlisl (cdr listi))
* I I ndProduction

IIGoal successful.

IIgoal-3
II.action: get-function

* I . arg: liStI
* I IendGoal

III4) see-car. [11
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11 11 1 l'l IllS (IIiSI

(CIc.culIate-h\ listil (car (c:dr IiSL3)))

I ndProdUCtiOn
G oal SUCeSStuL.

IGoal successful.
Goal SUCCeSSful.

lV'nu ProcedU rallied Productionl:
prc-foUnd-g-2- 1:

(p prc-Cound-g-2-l. 2.0
action: gct-function
arg: =arg
tests:

(has-rclation =arg end =lis)
(isa = lis function-argumcnE)

(calculated-by =arg (cdr = lis))

(*pop success))

Defining Proceduraijied Production:

prc-scc-g-3-2:

(p prc-see-g-3-2 2.0
action: get-function
arg: = arg
tests:

(has-relation = arg first =result)
(calculatcd-by = result =expr)

(calculatcd-by =arg (car =ecxpr))
(*pop success))

Defining Composed Production:
comp- find-g- 1-3:
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(p omp- lld-og- 1-3 2.0
1100io c~ de- relation

r-elAtion: Sconld
m:= hs2

tests:
Ims-relaition = lis2 Second = Iesuili

(is.a = reslt LI l t~onio-JIrgunIICnt)

(has-relation =lis2 first = @ lisi 1)

(has- rclacion =(cl(isl I end = resull )

(CalCUlated-bY = lIsl 1 (cdr =Ireslt I))

tcailCUla[ed-h% =lis,2 (car tcdr re-sulltl )))
(*Pop Success))

FsNI)-- Fop Goal Successful.

Notice that the Last rule is acompiled rule. 'Ihle CRAPFS learning mechanisms do compilation, rather than

pore composition as a defaiult learning stratcgy. The compiled rule ahmoe states that if y'ou want to get the

second element ofa list and the list is a function argument. use die wkrof the cdr- of the list32

32in many LISPs this function is called cadr
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Appendix I
Summary of System Commands

Cniiand .. nj..giiiflits I )Cst Ii I) Iiol

bindings 0 1 ispla~ s the .iriahic hindings
thri (lhe current production

instant jation.

clear 0 Rcmo\ es production set anld clears
working iand goal memories.

csct 0 D ispla~s the namecs of productions

Inl the Current conflict set.

grcsct 0 Resets the top goal.

gtracc n Traces A goals Awith the
specified action [All goals].

guntrace 0 Turns off all goal tracing.

help n D~isplays hielp on the given topic.
If no arguments are given,
a menu is displayed.

mode I Loads in thle module associated
with the gi~etI name.

photo 1 Records a terminal session.

pp 1 Pretty prints the given production.

ppcurrentgoal 0 Pretty prints the current goal.

ppgoal 0 or 1 Pretty prints the given goal.
[current goal - top goal].

pptopgoal 0 Pretty prints the current top goal.

ppWm 0 Pretty prints thle present contents
of working memory.
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preset 0 I)Ctes the C1l1CuI t p)',odtITiOn sCt.

pnrace lracCS he gCn pl'odlctionS.

pLntrace 0 Turns off production tr.cin'g.

rcsolve 0 I)isplaS the strategies uscd
to decidc on the

current production instantiation.

setgoal 1* Sets the top goal.

sctwm 1* Sets working memory to
the argument list.

slurp n Reads in a set of
production filcs. [promptsl

start 0,1,or 2" Starts the system with
the given goal [top goal]
and the given working memory
[present wml.

stop 0 Stops the current GRAPES nin
and returns to the top level.

unphoto 0 Terminates the current
photo session.

untrace I .. n Stops tracing the given productions
or all goals with the given action.

wmrcsct 0 Resets the current working memory

to that given in the last "setwm".

Summary of Trace Switches

Switch Arauments Descriotion

/after n Sets tracing to begin after a
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prodtLctio or pro duction list.

/break Sets hreakpoints heflore and after

,I set o0" productions, or
at ,Ill goals %% ith a i% el action.

/break 1 11 Sets breakpoints before
a set of productions.

/break2 n Sets breakpoints after
a set ol productions.

/until n Sets tracing to stop after a
production or a production list.

NOTE: n specifies that any number of arguments can be given. "[ ]" indicates a default value. "" indicates

that function evaluates its arguments (;inctions which take no arguments are not '" 'ed).
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Appendix 11
Summary of User Functions

Commiiand Antument ~ LLJC )ecito

*binld (var aluc) L.& R Fxplicitly hinds <var>

to <value).

*Cuirrent-goal none L. & it Gets the name of the
Current goal.

*gmethod ([goal [varn]) L Gets the method of (goal>

and binds it to <var>.

*input n R Binds cach arg. to data

read in from thc terminal.

*length n L. & R Creates a list Wn long
of unbound variables.

*mapgoal (var list R Successi ely binds (var> to

[res goal-spec) (list>, creating goals
according to the
(goal-spec>. Binds result

to (res>.

*mapstore n R Stores each expression in

working memory.

*match (pat expr) L &R Tries to match

<pat> to (expr>.

*method ([goal] expr) R Sets thc method of

(goal> to <expr>.

*methodp ([goal] method) L Matches the method

of (goal> to

(mnethod>.

*new (sym) L &R Creates a new symbol

which looks like (sym>.
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*output f R Pritslt n0 fornmatiOn

tL) LIC [C l te hial.

*pittern 11. & R Creates pattern out of" i[

argurn ents.

*pop (Satus) R Sets cUrrent goal%., status to

<status>.

*redo (goal) R Declares <goal> active.

*remove n R Remo% cs the working

meniory clernt from

memory which matched
the <n>th positive

pattern on the LHS.

*subgoals (goal) L & R Get's the subgoals

of <goal>.

*Success (goal) u L Tests if <goalYs status

is success.

*supergoal (goal) L & R Get's <goal>'s immediate

supergoal.

Note: Default values are not given here. See section 6. for a more complete description. Optional

arguments arc given in "[ ]", while function arguments are given in " Y" when referred to in the descriptions.

n means that one or more arguments are possible. I, means that the function can be used on the left-hand side

of productions. R means that the function can be used on the right-hand side.
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Appendix III
New Functions and Changes

A noi IIIhIoI h dn,- esh, bee I) Inide Io 0) C In I I lne I I It Ion of ( I~ RAIPI S \ ei'ioti 4. 11hce',d mhnues do not

ct'kct th[Il ini~ te s~sten on oidGCRA\IT-.S piou.mis. I hle 1ol1o\k ing fliictioll ic ,I illlpl imply

added ftatureS Of die nev. G RAINFS interpreter:

setwm
,NoN in aiddition tolhaing iaaAork ing nicmor . CR All :s hais alonig-terml
mecmory. on-term rilernorN consists of copies of working memory items which
ha'~e been defined b thc uiser to he of long-term status.
1o pLIt some~thing intLo long-termi inemnory one simnpl precedes it %kith
d"',Mvhen doing the SetwmII commnd. F~or example: (setwmi *((has- relation

j ohn fither rob) * isa john man))) Awill load the First proposition
into working mrnor\ only and the second proposition into working

memory and long-termi memcrory. L ong-tenn memory is kept between
calls to setwAm. Long-term imernor\ can only be reset by doing
(clear) or (exit) commands.

pp
When the command "(pp learned)" is given, all learned productions arc
printed to the terminal.

mode
Learning is invoked by issuing the command "(mode learn)". Ilis
will set some default parameter Values. See the parameter list for
these defaults.

show
(show <parameter>) shows a parameter and its current value.
(show) prints all parameters and their associated values.

setp
(setp <parameter> (valuec>) Sets the value of a user-accessible parameter.
Some amount of type checking is done.

ppLtm
Prints the contents of' long-term memory.

comp-p
(comp-p [goal [filefl) Shows a production composition at a given goal and
prints results to a file. The goal defaults to the top-goal and the
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111lC defaiih, 10 the tIci imnal. Ih 11C 110 pi-oduction is, not dcflned
to thle te.

pt-c-p
p-pIul[t"ilch) Slio%%l J prudIuCtuonl lpiocedLIali/aiouI atL A 211%C1i

"oatl and E' pes rQsults to a file. the 1oal 11 &Iaulth Eto the top-goal and thle
tile detau'ltIs to EIle LQ'T1111nal. I hie nc% produIction IS not defincd
to the o. stem.

def-Comp
def-conip [goal [file]]j) I )oes a produIction composition at a1 given

goatl and prinits the rCSults to a file. Ihle goal de'AultS Eu thle
Lurrent -coal aid the fIle defauts to the terininal. 'Ihle new
production is defined to the system.

def-pre
(det'-prc [goal [File]]) D~oes a Production proceduraliiation at a given
goal irnd prints the results to a File. [lie goal defaults to the
Current goal and the tile defaults to die terminal. The new
Production is defined to the system.

cmpl-p
(cmpl-p [goal [filchl) D)oes a procedurali/ation at all goals beneath
a given goal and composes the reCSults. The final production is
send to a file. 'Ihe nev~k production is defined to the system though
none of the intermediate procedurali/ations are defined.

*compose

(*compose [goal (file) goal .. )Does an explicit production

composition from the right hand side of any production. Composes at
each coal in thc argument list. When a list is encountered, it sends
the compositions at each (itthe goals following to the file name in
parentheses. All goals must exist in the goal tree and all Files must be
able to be opened or an error results. The goal defaults to the
current goal and the file defaults to die terminal.

*procedUralize

(*proceduLraiz.e [goal (file) goal ...1) Does an explicit
proccduiralization from the right-land side of a production.
Proceduralizcs the productions which Fired at each goal in the
argument list. When a file name is encou~ntered, it sends tie
procedluralizations at each of the goals following the file name
to the given file.File names must be in parenthesese. All goals
must exist in the goal tree and all files must be able to be
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oe oi m~ crror resuits. I lie "o'l dcl"IiIs to ldic C111-1-011 "o.11

aind the Ijic do"jItls LO 111C LCinI,1.



Appendix IV
User-Accessible Parameters

spec jal -modules

:*\ I SP ass ciation list Mlose kc% is thie 11,1111C othe module
and s hose data IS the ICCCs.-pMth to that nodule. 'I Ilc defalt

alue is eurrcntl% (I earn .\S~d~ce[arl~op
izicarnA)o) (l isp ."S Ss'. sdeic ce:[ farreIIl.Cornpigisp.o")).

CI d I t-screng th
A real number representing the Strength for the
productions N% hose strength is not gi en. [he default
is 1.0.

c~cdc-trace
This is a list if three possible values, w hich specifies
what conflict resolution information Should be printed
every cycle. When "recency" is included in the list and recency
was used in conflict resolution. time tags of matching
working memory elements are displayedi. If "specificity" is
included in the list and specificity w as used to decided
what production to fire, working inemory and goal specificities
will be displayed. If "randomize" is 'in the list and a production
is chosen at random, a message w ill be printed which tells that
a random production was chosen. The default value for this
parameter is "nil", which means that no conflict resolution
informiation will be printed on every cycle.

user- access ibie-p ara meters
This parameter is a list of the currently
accessible parameters. The default value is:
"(plan n ing- actions special-modtles faig-actions
non-learned -actions learn i ng-actions
uscr-acccssiblc-parametcrs physiCica-user- functions
lcarning-now production-ceation-trace
decfault-strength uiser-function-check cycle-trace)".
,Notice that user-accessiblc-parametcrs is itself
available for change. This facility is available
so that the user can givec himself access to more

i1LECLD1A PAGE~ BLANK-NOT Fl bl



parlifnctcers. I ( lie( (cr Jell it.N a rlc~k jII cc %k hich

I I, I sO I C 2101),11 \ I, ii lI C I% li In nceed it he set.
thenI he c,1n ',CL thi0 c \ait 111)~si ( IR\Il S euiiimin11ds.

\ h\ i 111this p~ia it 11,1' tha e ',,itl "', n1c's prodLctUns %ill

hie pi Int~ed as the% irc dcuined. I t hh lid[ie %altic "111"
theN %Ill 1ot hie pritetd. I hie lcirninU no1dule JSien1s thiS

paramieter .1a~ d It %J a Le Of" C

p lan itIn ne-actions

\ lIII, otCtLions % hose richt-haind sides \A ill not he Included

in .lhe C 011p051 non p n cess. I h ese a re A so actions

,A hich Lag a produeIC'.n1 as fuindarnent ull% Interpretive.

Planning goals ofteni in ol\ e adding in terme1diatc reCSUltS

to wNorking memor%. and often maich on loniz-tenn in formation

not directlr connected to facts in thc task do)main, It is

precisel% these goals. ss hich when colla;psed into other goals
and compiled make a usetful plan tbor Ichie\ Ing a given

action.

uISer- function-check
[his parameter is to protect the user. When set to "T"

all illega2,l GR..PFS commands generate an error. When set
to 'nil". the user May use LISP commands als6. The default
%alue is dependent on the version and site.

physical-user- functions
A list of right-hand side user fuinctions which will always

be included in the composition process. Usually such fnrctions
inx olve making a change in an external memory. 33

non-learned -actions
Alist of actions for goals which will not be included in

the composition prnccess. These are usually goals which
involve checking, which must be done all of the time.
The compiled production will set a goal with dic
"1non-learned" action. [hItIS, this goal should be
a terminil goal in the piece of the goal tiree accessed
by the comnposition mechanism. That is, goals beneath

33Sec tie section on the LISP package for an exaniple of an external mcmnory.
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the L!oJIil l OW th 1-IJ he ii Iici d JIL 1011 A IIl 110t

11C 1inlJded ill the irpIe podIIUtio.

\ 1"t ot jcth(11 tol .ui c 01 , L II ll he ( po hw

:ica~Iirv (-,iompwithn hIwderN irc iioilN %0 ich are the

top oIll i the cOmpIIOSCd blOCk o' [lhe goal tree. *1hey
signal ok here to S1.11 :onI posing.

lear ning-aIctions

.list of actions oh 1 ch tell the S\ tem %% hen1 to beginl Composing.
\hen I Loal %kith a lering111T1 action is popped as a success,

the:1 Co'ino1t1o mIcC1,a1nis li ietiWEacd.

learning-now

['his paraincer becomes 't" Mien the learnine module
is loaded. When set to "nil". the s~stemn k ill not learn.



Appendix V
A Sample Production Set

I h~e Illo%%In ifs . I plodiLtion iC Io[i i h I o'%%Cr or I I.1noi 11iohicinI. I he goil1 recuilitni \trtes dr~ead

COded HILO Lhe GR\I TIS .II'ChI1CJLIIC. ,() 1.1i, oud hookkeeping. pro'(duCtIins fie MoA ncc~dcd. \tiu!CC 014o

hecause or (IR.\PISS perfect lnemloi; t!r pijopotions. the LNo error checkinsl produc[ionIs are IOt uISCd. If

G3RA\ITFS produced %kork ing mentor\ t*.ilu res %hi Ic doing this prohlem. th1e last (Y- oproduLctMis ,ould help

keep the sicste from makint, incorrect ino\ es.

(This production fires when a single disk cannot be moved. The goal
must be broken up Into Subproblems.

(p make-subproblems
action: move
object: objectl
to: 'pegY
tests:

(has-part -objectl 'parti -partZ)
(on *partZ .pegX)
(smaller-than *partl -part2)
(isa *pegz peg)
(*not (Oequal *pegZ 'pagX))
('not (*equal -pegZ -pegY))

(goal
(action: move
object: 'parti
to: .pegZ))

(goal
(action: move
object: *partZ
to: 'pogY))

(goal
(action: move
object: *partl
to: *pegY)))

{This production moves a disk. It assumes that all single disks can be
moved.)

(p move-disk
action: move
object: objectl
to: 'pegA
teats:

(on 'objecti 'pegS)
(isa 'objectl single-disk)

('remove 1)
(on 'objectl 'pegA)
(*pop succoss))

k ztECJ.1NG PAM3 BKANK-k4T MILJAW



( This production is optional. It makes sure that we are not moving
a disk which Is not the smallest on the peg. Note that conflict resolution
will favor this production over the simple move-disk if a move is wrong.)

(p cannot-move-disk

action: move
object: -objectl
to: -pegA
tests:

(on -objectl -pegB)
(isa =objectl single-disk)
(on =object2 -pegB)

(smaller-than *object2 =objectl)

(*pop failure))

This production is optional also. It makes sure that we are not placing
a disk on a peg which already has a disk on it which is larger. This
production will also be preffered In conflict resolution if a move is
Illegal. )

(p illegal-move
action: move
object: -object1
to: =pegY
tests:

(on -objectl =pegX)
(Isa -objectl single-disk)
(on *objectz -pegY)
(smaller-than =object2 -objectl)

(*pop failure))

( The top goal is to move pyramid-A from where it is to peg-3. I

(setgoal
'(action: move
object: pyramid-A
to: peg-3))

( The facts about pegs, disks, and pyramids are encoded in working memory.
The initial situation is also coded In working memory, though GRAPES allows
one to access auxillary memories on the left and right hand sides of
productions using LISP functions. }

(setwm '((has-part pyramid-A pyramid-B disk-A)
(has-part pyramid-B disk-C disk-B)
(isa peg-1 peg)
(isa peg-2 peg)

(isa peg-3 peg)
(isa disk-A single-disk)
(isa disk-I single-disk)
(isa disk-C single-disk)
(smaller-than disk-B disk-A)

(smaller-than disk-C disk-A)
(smaller-than pyramid-B disk-A)
(smaller-than pyramid-B pyramid-A)
(smallor-than disk-C pyramid-B)
(smaller-than disk-C disk-8)
(on disk-A peg-1)

(on disk-B peg-i)
(on disk-C peg-i)))
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Appendix VI
I A Sample Run

I his is an ACtUl G RAl ITS phioto file mnade %% oh thle "photo" comman111d. I lie productions \rpdire

listed in ippendix 4.

PHOlO' recording initiated: ghanoi.log

[](slurp -hanoi) l he default extension is .grp

make-subproblems
mo~ c-disk
can not- movc-disk
illegal-mnove

***op goal defined.

Working memory defined.

Production En% ironmcnt D~efined.

1*1 pptopgoal ;Print the top goal
top-goal

action: move
object: pyramid-A
to: pcg-3

endgoal

[ppwm :Print working memory
WORKING MEMORY:

(has-part pyramid-A pyramid-B disk-A)
(has-part pyramid-B3 disk-C disk-B)
(isa peg-i peg)
(isa pcg-2 peg)
(isa peg-3 peg)
(isa disk-A single-disk)
(isa disk-B single-disk)
(isa disk-C single-disk)
(smaller-than disk-B disk-A)
(smaller-than disk-C disk-A)
(smaller-than pyramid-f13 disk-A)
(smaller-than pyramid-Il pyramid-A)
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(silaller-thlan disk-C p'~ amid-Il)
SMwAllelm-0tha1 dis.k-C disk -II

(oil disk-A peg- I)
(oil disk-It peg-I)
(on disk-C peg-I)

FNI)

1ptracc Trace productions tiring

make-siub pr blcms
nove-d sk
c n not- move-disk
illeal- movc

[*] gtracce Trace goal in formation

move

[start :Start the system. Trhe top goal and current working memory
arc thc defaults.

top-goal
*action: move
*object: pyramid-A
*to: peg-3

ciidGoal
I) make-subproblems.
I ESTrS:
I.(has-part pyramid-A pyramid-B disk-A)
I-(on disk-A peg-i)

(smaller-than pyramid-B disk-A)
I-(isa peg-2 peg)
I.(*not (*equal peg-2 peg-i))
*(*not~ (*equal peg-2 peg-3))
SL U GOA LS created:

I*(goal-i
I* (action: move
* object: pyramid-B
* to: pcg-2))

I*(goal-2
- (action: move
I* object: disk-A
I to: peg-3))
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(goal-3
(aIction: move
obt~ject: p>N raiid- 11
to: peg-3))

end I 1'rod iction

Igoal-i
*action: move
*object: pyramid-Il
*to: peg-2

IendGoal
II2) inake-sobproblcms.

TE ISTUS:
(has-parc pyrimid- 33 disk-C disk-13)

II (on disk-Il peg-I)
If (smaller-than disk-C disk-B)

I*(isa pcg-3 peg)
(*not (*equal pcg-3 peg-I1))

II (*no(t (*equal peg-3 peg-2))
ISUBGOALS ceated:
II (goal-4
I. (action: move
II object: disk-C

to: peg-3))
II (goal-5
I (action: move

object: disk-B

I to: peg-2))
(goal-6

I* (action: move
I object: disk-C
II* to: pcg-2))

IIendProdUCtion

goal-4

*action: move
II object: disk-C

*to: pcg-3
IIendGoal
113) move-disk.
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I ITIIS'lS:
(oil disk -C peg-I1)

I(isa disk-C single-disk)
I II ISl:.R I:1 into will:
III (on disk-C peg-3)
I I RFMOVI:l) roim win:
I (oil disk-C peg- 1)

IendProductio'n
IGoal SUCCCSSfUl.

IIgoal-5
IIaction: move

1 object: disk-Il
*to: peg-2

IIendGoal
1 4) move-disk.
IIITESTS:
III-(on disk-Il pcg-1)

disa disk-li single-disk)
III-INSERTED) into win:
III.(on disk-B peg-2)

IIREMOVED from wm:
I (on disk-B peg-1)

e ndProduction
IIGoal successful.

Igoal-6
. action: move

I I .object: disk-C
I.to: peg-2

IIendGoal
II5) move-disk.
III.TESTS:
III.(on disk-C pcg-3)
II*(isa disk-C singlc-disk)
II*INSERTED into win:
II.(on disk-C pcg-2)

I II *REOVEI) fromn win:
III.(on disk-C peg-3)

I ndilroduction
IIGoal successful.

IGoal successful.
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goal-2

action: move
object: disk-A

to: peg-3

endGoal

6) ie-disk.

TESTS:

(on disk-A peg-I)

(isa disk-A single-disk)

INSFRTIl) into win:
(on disk-A peg-3)

l REMOVEI) from win:

(on disk-A peg-1)

endProduction

Goal successful.

goal-3

action: move

object: pyramid-B

to: peg-3
endGoal

7) make-subproblems.

TESTS:
(has-part pyramid-B disk-C disk-B)

(on disk-B peg-2)
(smaller-than disk-C disk-B)
(isa peg-I peg)

(*not (*equal peg-i peg-2))

(*not (*equal peg-I peg-3))

SUBGOALS created:

(goal-7

(action: move

object: disk-C

to: peg-,))
(goal-8

(action: move
object: disk-B

to: peg-3))

(goal-9

(action: move

object: disk-C

to: peg-3))
endProduction
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IIgoal-7

I object: disk-C
to: peg- I

IendGoal
3 ) move-disk.

IIITESTS:
( oil disk-C pcg-2)

II (isa disk-C siiiglc-disk)
IINSFRA HD into wrn:

III (onl disk-C pcg-1)
I-RF.,%IOVFI) from win:

III (on disk-C pcg-2)
e ndProduction

IIGoal sLICCCSSftl.

IIgoal-8
. action: move

I I object: disk-B
I-to: peg-3

e ndGoal
III9) move-disk.
II TESTS:

I (on disk-11 pcg-2)
I (sa disk-13 singlc-disk)
IIIINS ERTED) into win:
I (on disk-B pcg-3)

II REMOVED from win:
III-(on disk-B pcg-2)

I ndProduction
Goal successf'ul.

IIgoal-9
. action: move

I I objctc: disk-C
II to: peg-3
e ndGoal

III10) movc-disk.
IIITESTS:
III (on disk-C peg- 1)
III-(isa, disk-C single-disk)
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II (on disk-C pcg-3)
RI .0 1 IIV:1) from win:

III (on disk-C peg-i)
Iendl'rodLICtion

IGoal successful.
C oal suIccessful.

Goal successful.

I-'N )-- lop Goal Successful,

[*I pwm
WORKING 10FMORY:

(has-part p> rarnid-A pyramnid-1B disk-A)
(has-part pyramid-13 disk-C disk-13)

(isa pegI peg)
(isa peg-2 pcg)
(isa pcg-3 pcg)
(isa disk-A single-disk)
(isa disk-B3 single-disk)
(isa disk-C single-disk)
(smaller-than disk- 13 disk-A)

(smallcr-thaii disk-C disk-A)
(smaller-than pyramid-B disk-A)
(smaller-than pyramid-B pyramid-A)
(smaller-than disk-C pyramid-Il)
(smaller-than disk-C disk-B)

(on disk-A peg-3)
(on disk-B peg-3)
(on disk-C peg-3)

END

[]unphoto :This execution was recorded using GRAPES photo package

PHOTO recording terminated.
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Appendix VII
The LISP Module

lhe GRAtIFS I ISP module is a set otf top-level aId uSCr funCLons iich ,Ire loaded ,utoma1ticall Alhen

the command (motde /isp) is issued while it te top-leel. The .1SP package defines a set of con enicnt

unctions for modelling expert and novice LISP programmers. This module could also be used to form the

basis for an automatic I.ISP programming System.

When the package is loaded, all goals with an action to write are examined. These goals should have the

name of the function being written as the value of a function attribute. the argument list as the valuc of a args

attribute, and an atom representing the output relation under a output attribute. All goals in this format will

produce a Franz LISP lambda definition. A <?> will represent the code for the body of the function.

VII.1. Top-level commands

Itrace
form: (Itrace)
arguments: none
synopsis: Starts tracing LISP code as it is being written by the system.

luntrace
form: (luntrace)
arguments: none
synopsis: Stops tracing all functions currently being written by the system.

savef
form: (savef file)
arguments: file: the name of a legal output file.
synopsis: Saves in file all function definitions which were

defined by the system.

showtable
form: (showtable)
arguments: none
synopsis: Pretty-prints the contents of the LISP module's symbol table.

All function names, arguments, and local variables for each
function currently defined are shown. Also, each s rmbol is
displayed along with its expansion.

hI-AEiD1UG PAUL BLAMC-Z4T flJA
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VII.2. User Functions

ILef-I hand Side Iunctions

*usep
for: (*usCp name template)

arguments: name: The name ofZa function CutrncIhl defined.

template.- A list consisting of a template name followed

by its arguments34 .

synopsis: Returns 't" if function name uses temphe for its

body definition. Otherwise it returns "nil".

*writep

form: (*w ricep ten mtethod)

arguments: term: A LISP atom which has an entry in the s% mbol table.
melhod. An expression.

synopsis: Returns "T' if term is written in terms of method in the
symbol table.

*lvarp

form: ("larp vars[goa)

arguments: vars.- The name of a local variable, ora list of local

variables.

goal: A goal which specifies where to begin the search
for the function A ith the specified local variables.
This goal defaults to the current goal.

synopsis: Returns "t" if iars are all members of the local variable
list of the finction found.

*gvarp

form: (*gvarp vars[goal])

arguments: vars: The name of a global variable, or a list of global
variables.

goal: A goal which specifies where to begin the search
for the function with the specified local variables.
This goal defaults to the current goal.

synopsis: Returns "t" if vars are all global variables associated with
the function found.

Right-hand Side Functions

*define

34see section on templates
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areun11TIets: !!,m: %n auIt~l rkpicsentineo a function nanlie.

that It is gi to he %\ ilten h'. tlhe p)l'diLtiilct I hi,, function iS

Li-,i.1hl\ tiSe~ to dcfuuuc hliI)1le tunctions and Itniwon', M hch are
subhproblems.

un11det'ine
lorl *unldefi ne namne)

aretiiflnclts: 1pIano: ie nlame o af ICurrentl\ dc Fined function.
., rnopsis: RCTTO% CS a function 11a1me frorn t11 li t ot functions

CUrrcntl\ hei ng A. rurienl. Ihqui\ alent to erasing the
funcetion definition troml the Symbol cable.

*Use

form: (*use name template)
arguments: name: [he name of a function Currently defined.

temp/ale: .A list Containing a template followed by its argu1.ments.
synopsis: L scs the gi\ en template to writc the body of namne. A list

of templates is given in dhe next section.

*exam ine

form: ('examine exrpr)
argumecnts: ex)cr .A LISP expression.
synopsis: ILooks at ex)pr and determines its properties. 'mnapstore

Can 1e used to store each property as a l ist in working memory.
The properties currently examined are: member, first, end, list,
atom, dotted-pair, and length.

*eval
form: ('ev al test- name expr)

arguments: test-name: An unbound variable.
exvpr. A LISP expression.

synopsis: Evaluates expr and returns a list describing the
result of the evaluation. If thle evaluation ields a result,
the list: (rsult-of test-name is = result), If the
evaluation results in an error, one of the following work ing- memory
elements is returned:

Error Result

1. Unbound variable (reslt-of test-name is
lisp-error unbou nd- variable)

2. Undefined- function (result-of test-name is
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i. Other crr-ors r10'41t-01' IL'S-?1cP1(' I, lisp-error

rn isc-err-or)

*wrIite

fbrill (* 1 ite fermn 'neiod)

areu'LmentLS: it';: *\ I ISP atomi in the Smhol table

'u'ioal An expression representing the expansion oft wri.

sx nopsis: M\akes a ne% Qntr\ in the s'.mbol tAle. Generally, tertin

kill kill be a symbn ol " hich has no concrete code isso~ciated with it.
% rite kill expand tern; in to the more concrete terms yi\ en

b% 'ncilwd. In this ka% - the bod% ot'a L -ISP tb nction is written

in terms of \arious s~ rnbols representing major parts its body. These
pieces arc in turn v ritteni in terms of other pieces, and so on.

Ih)lse pieces are of Iten intimately linked to tie coal structure.

See the sample function and s~mbol table for the Powerset function.

lIvar
form: (*Ivar i'arsfgaalj)
arguments: vars: The name of a local variable, or a list of names

of local variables.
goa!:A goal w hich specifies where to begin the scarchi

for the function which v, ill acquire the new local variables.
defaults to the current goal.

synopsis: Creates any number of local variables for a function. The
function is retrieved by searching the actions of successive
supergoals of goa/ for an action to write. If Such a goal
is found, then the fuinction name can be found as the value of
the flinction attribute.

*gvar
form: (*gvar 'urs [goal])

arguments: rars: The name of a global variable, or a list of
names of global variables.

goal. A goal Which speciices where to begin the search for
the function which Will use the global variables.
Decfaults to the current goal.

synopsis: Creates any number of global variables to be used in a Function.
The function is found in a search identical to that done when



R~ight-h~and~ or I cft-haiiid -Side ILIIctioIIs

ar-2-zUMICnt : \AII~ lja ~incL'ccic, MIC h!0 t)CII deine wearch f'or

thle 11nt1 o 11111 hic 11, 11 I I usce Clo saIMI Iriables.

I hle goal detalts) to the current Loal.
A it 'an hO L uNd'aabe

Ss nlopsIN: Bln" " rs o dhe listi of alobal .ariies associated

'AIth Lhe 'faoinon found.

rc\'airs
torm: (rgs ~ars [ bri iiiJ

argumnents: ;ahx he name of a global arable. or a list of

namnes oC alobal %ariables.

goal: A\ goal \A h ich specifies i here to bcgtn the search for

the fuinction Nhich hias the alohal ajriables.

Defaults ito the current goal.

s~ nopsis: Remro. es the global ajriahles in tar!isi from the list of

global .ariables associated A all the function found.

getlvars.
form: (gt.ars [goal (varlisilj)

argumnrts: go'i: A\ goal \Ahich specifies \%here to begin Lhe search for

the funettuon k hich has dhe local v ariables.

The c1oal dfauIls to the current goal.

var.: SI: An Unbound %ariahlc.

synopsis: Binds = arlisi to the local %variable list of the function

found.

rivars
form: (*rlvars [goal [rorlisill)
arguments: goa: .A goal which specifies where to begin the search for

the function .. hich hais the local variables.
The goal defaults to the current goal.

= varlist: An unboW.1d v ariable.
synopsis: Remnoses the local variables in varlist from function's

local variable list.

35 se .1var command



thel II IC: Io ItnM

IrIll- i ioe aerithi look" It "kiCL.> 11i1 -'iieo,lls Or

g'o,;i I lok ill for t goa I hI ose aiction is -% rite". If
-,ucli a -,ioal is tOunld. tliie 15ll ofisi ol'')i 111trlbule

IS, hOiiitd [0 =nante.

*lisp
t',rTu t

I Sp 1,vpr)

re-timents: *i<e xpr:) A\n% expres~sion.
S. nlopsiS: Rcturn1S "'It' if o;'r is I lSIP code. It MtiSt he itanumber,

a string, or a li ,% ith a function call as its first clement.

I ISP templates

c;itcraioin

aoim: ('ttrto 1 ' ist repeat)

arc-uments: 'tsl: \ list to map o\ er. taking SuACCCS~i Q cdr's.
repeal; A piece of code representing the operation
to he performed on eChL1 iteration thrOLIgh1 the loop.

s\ nopsis: Fis [emplate represenits a schematxic %ka> to do
..n iterati\ C pricedure in IA.SP. The hasic structure
of an iterati'.e process is often the same. This code
template captures the similarities betv' een most of thc
iterativeC procedures used in basic L.ISP, leaving the
differences to be filled in as variables.
It creates a local variable to hold the
result list. Whenever a local '.ariable is used, a LISP
prog structure is automatically created.

result:
(prog (it-var)

loop (cond(( not i1st) (return it-var)))
(setq it-var (appendi it-var repeat))
(setq list (cdr list))
(go loop))

%occr-recursion
form: (%ocdr- recursion test' ternn result)
arguments: test: A test which will tenniinate the recursion.

temi: An action for the terminating condition of tie
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n Hll. I i I e I " I,I\C e SIQ

S. ItopsIs: I hiN tiCiiplIac repI cNcit- sc IchI] IIc ', %N1, to do II 1 CcurS ie

proI-.cedrLel (INInl' th ilnLthod ofcdr or tLil recurs, ion.

result:

(Cond((not It) "Ic rm)
(t re'suiI)

fornm (%fra l/-iahd.L-tfu nc to ija mi,ie Jrghst body)

arilmlTiCInc: PUPPIs t." \ I'bLnction l naTe.

ar ;.k's;.: \ st f'iargnuments fir the Cuntction.
boI.I: 1he hod. o! the function.

s. nopsis: Creates a Fran/ I ISP Laidal dfintion. This template is

used by tie I ISP 'nIodulC to define func:ions specified

bh, goals i ith the action "w rite".

result:

(Jef name
(lainbda (arglist)

bod>y))

%code-in-loop

form: (%cod-in-loop expr)
arguments: etpr: A piece of LISP code.
synopsis Creates a looping structure with cxpras the loop

body. An? local %ariables A hich are used with be placed as
arguments to the pr0g surrounding the loop.

result:
(prog <local- variables>

loop expr

(go loop))

VII.3. A Sample Symbol Table

The s inbol table proides a way of representing and manipulating the I.SP code written by GRAPES.

Each symbol is stored and then expanded into the code found in the function definitions.

These two functions:
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(del' powerset

(cond ((not listi) '(nil))
Ct
(append (powerset (cdr listi))

(@functionl (car listi) (powerset (cdr listI))))))))

(del' @f'unctionl
(lambda (@eltl @resultl)

(cond ((not @resulti) 'nil)
(t
(cons (cons @eltl (car @resultl))

(@functionl @eltl (cdr @result1)))))))

weivc produced Croin die following sy iboi tablc:

function args body local vars

powerset (listi) Mfodyl none.
@functionl (Oeltl Sresultl) @fBody2 none.

symbol expands to

SfBodyl (%cdr-recurslon listl @term-condl list2)
list2 (append @r'esultl @te.-ml)
@resultl (powel'set @result2)
Qresult2 (cdr listl)
@terinl (Ofunctionl @eltS Orosultl)
@fOody2 (%cdr-recursion Oresultl *term-cond2 Sterm2)
@altl (car' listl)
Bterm2 (cons @term3 *result3)
@term3 (cons @eltS @elt2)
Selt2 (car @resulti)
@result3 (@functionl @eltS @result4)
@result4 (cdl' @resultl)
@terrn-cond2 nil
Sterm-condi (nil)
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Appendix Vill
Formal Production Specification

Hli I 1 im)It) lg is a1 f101 I ', \ ltaictic spcCciti iof tor ~RA PlI: S I) oddic tit)ns.

gi'en it i inodilled Backus-Nauir formi:

production "(p " p-niame left-side " > " right-side"
p-name ::=ATOM
le Cc-side ::=goal-context / goal-context test-part
goal-context action-parameter / action-paramecter othcr-paramctrs
action-parameter "action: "COINS \NI
othcr-paranicers =parameter / parameter other-parametcers
parinmeter = attributeW Value
attribute ::labelled-atom
value :: = pattern

test-part ::= "tests: lhs-tcsts
lhs-tests = lhs-elt / hs-elt Ilbs-tests
lhs-elt :: =lbs-tCe-type / match-type lhs-test-typc
match-type :: + " / "- / "'? 1

ths-test-typc : win-test / goal-test /function-call

win-test :: = list-pattern
fuanction-call. :: ="( " funiction-body
function-body ::=function-name / function-name function-args
function-args ::=pattern-elts

goal-test :: = "(goal-header goal-body")
goal-header ::=goal-type / subgoal-type / supergoal-typc
goal-type :: = "goal "I/ "goal "g-namc
subgoal-type : = "subgoal '" "subgoal ' g-args
supergoal-typc :: = "supergoal " / "supergoal " g-args
g-args :: = g-name / of-goal g-name
g-nainmc CONSTANT / variable /function-call
of goal ::=CONSTANT / variable /function-call
goal-body g -paraineters / g-parameters nies ted -goal -specs
g-parameters :: = "( " parameiter-list " )

parameter-list :: = action -parameter other-parameters / other-paramecters
nested-goal-specs :: = goal-test / goal-test nested-goal-specs

righi-sidc = rhs-clt / rhs-elt right-side
rhs-elt win-inscrtion / goal-insertion / function-Lall.
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w Ilinsertil = Wil-test

goal-insernon goal-test

pattern = pattern-clt / list-pattern

pattern-elt = CONSIANI' / variable / scgment-ar function-call

pattern -elts pattern / pattern pattern-elts

list-pattern :: "( " pattern-elts " )"

labelled-atom (CONSTANT 0) "action") & '7
variable ::= " & ATOM

segment-var = "S" & ATOM
function-name = "'" & ATOM

AfOM is any LISP atom, except "nil".

CONSTIANT is any LISP atom whose first character is not = ", "$", or
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