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1. Introduction

GRAPES is an interpreter for a Goal-Restricted Production System Linguage. This document s intended
to allow the user to create and use GRAPES program environments in order w accomplish goal-directed
wsks. The GRAPES interpreter is budt on top of a Franz LISP environment and theretore a basic familiarity
with some dialect of LISP is assumed. Previous knowfedge of a production system lunguage (such as OPSS) is

helptul, but not essential.

Users of the GRAPES interpreter do not really write programs: instead, they must create program

environments. A GRAPES program environment consists of three major picces. These are:

Working Memory This part of the program environment holds what, in most high-level programming
languages, would be considered program data.

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

A Production Sct This part of the environment is the part which most people would recognize as doing most
of the work while the system is running. Each production in the production sct is a
miniature program which can test against and opcrate on working memory and the goal
structure while the GRAPES system is running.

Although the three picces of the GRAPES program cnvironment are dependent on cach other, cach is a
separate entity. For this reason, cach of the picces 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. Secction five describes the recognize-act cycle. including
GRAPES’s conflict resolution strategics. Then. in part six, a scction is devoted to a special set of functions
designed to allow the user to write GRAPES productions more easily. Scction seven describes how to usc the
GRAPES interpreter in order to exccute a program environment. Section cight is devoted to the GRAPES
debugging mechanisms. In scction nine three special i/0 packages arc introduced. Finally, in section ten, the
GRAPES learning mechanisms arc cxplaincd. A sample run and a glossary of commands can be found in the

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

—




Working memory is that part of the GRAPES program enviromment which stores data elements. The user
may initialize working memory so that it contains some data at the start of system exeeution! . Also, data

items may be inserted or deleted during system exceution,

Each data item in working memory is called a working memory clement. Each working memory clement is
a list structurc™ . and can have an arbitrary length and complexity. For example, the following structure is a

legal GRAPES working memory clement;

(IF 1ist1 HAS-RELATIONSHIP relationl TO (14st2)
THEN either (11stl HAS-RELATIONSHIP relation2 TO (11st2))
OR ((14st1 HAS-RELATIONSHIP relation2 TO (11st3))
AND
(11st3 HAS-RELATIONSHIP relationl TO (14st2))))

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

memory clement:
(IS-A argumentl ATOM)

The following arc not legal working memory elements:

working-memory-element s Not a 1ist,
(IS-A (1tem1) a (11st))) ; Unmatched pareanthesis.

Thus, it can be scen that fairly complicated data structures can be represented in working memory. The
most important constraint is that working memory clements should contain information which is relevant to
the task at hand. Also, the user may want to adopt some kind of convention in forming working memory
elements, si'ncc this helps in writing production sets which work properly. For example, some conventions

which might be used are:
(HAS-RELATIONSHIP (item1> <relationshipd> ( <list-of-items) ))

or
(IS=A <item> <type> )

1 .
sce section seven

2in the sense of a LISP list structure




3. The Goal Structure

The GRAPES goal structure is that part of the program environment whiich tells the system what tasks it is

supposed to be accomplishing atany given tme. 'he user must start the system off with an initial goal. called
the rop-goal. The main objective of the system is to succeed with the top-goal: once the top-goal is successful,

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-1) may get inscrted as a subgoal of the twp-goal, and then two other goals (goai-2 and goai-3) may
become subgoals of goal-1, c1c. As cach new goal is inserted into the geal tree, the Systcm trics to accomplish
that goal. This process continues until the system finds a goal which it can solve: this goal becomes successful.
A goal s suceessful when a production explicitly declares it to be successful® . or when all of its subgoals have

been successful.

At the beginning of cach ¢yele. GRAPES docs a depth-first search on the goal tree, louking for a goal
which has not alrcady been successful, [ there is no such goal“. then the system stops. having accomplistied
its top-goal. Otherwisc, 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 tlexibility of other production system languages.

3.1. Goal Format

All goals are specified by a sct of parameters,cach of which is an attribute/value pair. Each attribute must
be an atom cnding in the character ":", Values may be any legal symbolic expression. There is no restriction
on the number of parameters which a goal may have, or on the names of the artributes. 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 arg2 argd)
output: resultl) )

3 L
see section six

"thnl is, if cvery goal in the tree has been successful




of the top-goal is “write-function™. The other attributes defined for the

In this example, the "action:’

top-goal are “name:”, "arguments:”. and “output:”. Note that values given to attributes can be cither atoms

or lists.

The tollowing examples arc not legal descriptions for a goal:

(top-goal
(object: goal-1
argument: argl) ) ; This goal has no action:.
(top-goal
(action: some-action ; "argument” 1s not a legal
argument argt) ) ; attribute- there 1s no ":".

3.2. Creating an And-Or Tree

The goal tree that the system constructs is, by default, an and tree. Each branch must be exccuted in a left
to right manner. An or branch can be achicved by firing a production at a goal which failed. or through the
usc of the *redo command. If cither of these techniques is used, the given goal will be an ur branch, and the

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

For example, if the goal tree is:

top-goal

.

goal-~1

. and .

goal-2  goal-3

and we did a (*redo goal-1) then goal-1 would become an active goal. If a production fired at goal-1 and

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

top-goat

goat-1

. and . or .

goal-2 goal-3 goal-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®. Or branches can also be made when a goal fails

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

S:machcd to goal-2 and goal-3 in the ecxample




productions. but if no such productions are found. the failure will continue up the tree 1o the top goal,

Productions can match against a goal or a block of zoals, anyhere in the goal tree, In addition. goals can

he inserted at any place m the tree, one ata ume or as a4 whole unit, This aives the tlexibility necded for
modelting highly demanding cognitive tasks, where subjects do not necessanly follew o sirict depth-tirst

search strategy. See section 4 for a more dewiled description of goal matching.

LSy




4. The Production Set

Ihe GRAPES production setis the part of the program environment which tells the sistem when and how

the rest of the program environment may change. Fach production in the production sct is in itself a

mintature program description.

4.1. Production Format

Each production has two major portions, ‘The first piece is called the fefi-Aand side of the production, and is
basically a description of the conditions which must be true in the GRAPIES environment in order for that
production to fire. The other picce, called the righi-hand side of the production, is a deseription of what

actions arc to be taken when that production tires.

Productions are defined using the GRAPES function p. The two halves of the production are scparated by
the symbol = =>. Also. cach production must be given a unique name. which must be a non-nil atom having

no Franz ISP function definition. Thus. the syntax for a production definition is:

(p <production-name>
{left-hand-side>
.e)
{right-hand-side> ).

Or morc spccifically:

{p <{production-name>
action: <value>
[ <other parameters> ]
[ <tests:> [ <working-memory tests> ]
[ <goal tests> ]
[ <function calls> ]

]
wa)

[ <working memory additions> ]
[ <goal tree additions > ]
[ <function callsd> ]

)

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

precise syntactic specification for GRAPES productions. see appendix cight.
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4.2. The Left-Hand Side

[he Teft-hand side s that part ot o prodaction winch J- onbes the conditions which must be true in the
GRAPES program envirommnent in order for that production to e The lefchand side of o producton always
specitios o context which the system must he operating under” C1Emay also st against e data i working

memory . and may st agatnst the contents ot the goal tree.

4.2.1. Pattern Matching
The tests on the fett-hand side are accomplished through a process known as patrern maictoig. This means
that cach test is a paitern (0 parameterized deseription of what something must “look hike™) which must march

. . . i
against some data item in working memory or in the goal tree’ .

Since patterns are of major importance when writing GRAPES productions, they will he described first,
Then. a few sections will be devoted o explaining how these patieras are used to form (ests on the lefi-hand

side of a production.

4.2.1.1. Constant Patterns
The simplest type of pattern is a single constant. Constants specify exactly the data item which is to be
matched. Any ordinary atom (that is, an atom which is not a variable) is by default defined to be a constant.

For example,

has-relationship

15 a legal GRAPES pattern which only matches against the dat item:
has-relationship
Patterns can be constructed by forming a list from other patterns. For example, the following are also legal
GRAPES patterns:

(1s-a LISP programming-language)
(LISP has-functions named (car cdr cons))

6 . .
the left-hand side must contain a specification of the current-goal

7 . . .
these items must fit the given description

Ml




4.2.1.2.Variable Patterns

Patterny would not be vers usetud of they could only contam constants. Fhis, howeser, s not the case.
Patterns are pormitted o contan sarables. A varabie (actoadly - an ordinary vaceeley iy atem which begins
with the character = Varnbles o not speaity evacty how the matched data item lookss mstead. they enable
the user o desenbe a class ot data items wineh will maich o o pattern. Varables can match to any legal

symbolic expression. For example. the follow g is a legal GRAPES pattern:

=something

which will match to any of the following Jdata items:

some-constant
(a 1ist)
(a more (complex) ((1ist-structure)))

Variables can be part of o {arger patern, For example, the pattern

(has-relation eargumentl =relation sargument2)

will match to amy of the following data items:

(has-relation 11stl first (1istl 11st2 113t3))
(has-relation 1istl same-as 1ist1)
(has-relation green (some physical-property) (grass crayons etc)).

4.2.1.3. Variable Bindings
Variables have a very important property. During the match process they become bound to the data item or
portion of a data item which they match to. The value which a variablc becomes bound to is called its dinding.
For example, when the pattern
(has-relation =argumentl erelation =argument2)

1s matched against the data item

(has-relation green (some physical-property) (grass crayons etc))
the variable =argmnent! becomes bound to the atom green, tie variable = refarion becomes bound to the list

(some physical-properiy). and the variable =qrgument? hecomes bound to (grass crayons etc).

When the same variable occurs more than once in the same pattern (or, as we shall sce later, in the same

production), it must bind to the same data item cach time. Thus, the pattern

(has-relation =~argl same-as =argi)

will match to the data item

(has-relation 14st1 ssme-as 1is3tl)

but not to any of these data items:




(has-relation 1istl same-as 11st2)
(has-rglation 1istl same-as LIST1)
(has-relation listl same-as (1istl))

4.2.1.4. String Variables

Patterns muay also contatn another type of variable, coled a strore varabie (or a segment variable). A string
variable is an atom which begins with the character 787, Stnng vanables are simudar o regular vanables,
except that they bind to aseries of (zero or more) expressions within a data item. Strmg varables always bind
to 2 list cor ), but this list appears spirced within the data item (that s, cach olement i the binding of 4

string varable is at the same depth of st structure as the surrounding erms i the data item),

For example, when the pattern

(has-relation argl first (argl Srematning-1items))

18 matched against the data item

(has-relation argl first (argl arg2 arg3d))

the string variable "Sremaining-items™ becomes bound to the list "(arg2 arg3)”.

String variables are meant to be used to matched picees of a list. They will only match zero items when the

list is non-empty. Martching against nit can be done with calls to ISP (explained in section 4.1.5).

Note that sometimes string variables may introduce ambiguity into a pattern. However, this is often

destrable. For example, if the pattern

($11st1 =term $14st2)

1s matched against the data item

(argl arg2 arg3),

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

1. Slist] bound-to nil
=term bound-to argl
Slist2 bound-to (arg2 argl)

2. Slist] bound-to (argl)
=term bound-to arg2
$list2 bound-to (arg3)

3. Slist] bound-to (argl arg2)
=term bound-to argl
$list2 bound-to nil




4.2.1.5. Patterns Returned from Functions
There is one remaining type of entity which may oceur within o GRAPES pattern. This is an external
function cail. External function calls will be described in detail in section five. However, as an example if the

top-goal has no subgoals. then the pattern

(is-a {*subgoals top-goal) empty-1ist)

will match to the data item

(is-a nil1 empty-1ist)

4.2.2. Production Parameters

Production parameters specify the context wl ich the system is operating under. Fach preduction tires
the context of the current goal. Production parameters are attribute/salue pairs, entirely analogous o those of
the goals in the goal trec. except that the values can be GRAPES patterns (as deseribed in section 4.1.1). Each
production must have an action: parameter. whose »alue is a non-nil atom. All other parameters dre optional.
For a paramcter match to be successful, the current goal must have that parameter’s attribute and the
corresponding value must match the specitied pattern. However. the current goal can have 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)

"
"
v

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

placed in the conflict sef .

8st:e section five
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4.2.3. Working Memory Tests

AT GRAPES working memory tests are in the ests: section of the production. This scction s an optional
part of a GRAPES productuon. Often the goal context alone is a sutticient precondition tor the production o
fire. GRAPES working memory tests are simply patterns, as deseribed in section 4.1.10 These patterns are
matched against working memory. The only restricion on working memory tosts is that they may not begin
with the constants goal. subgoal. or supergodl. and they may not make references o external tunctions which

are not defined (however, the user can always define his own external functions),

I'hesc are examples of legal working memory tests:

(has-relation =var =relation ($argset))
(has~-color (*pattern =dog (®length $colorset)) =color)

These are cxamples of illegal working memory tests:

(goal pick-up =block) : Begins with a goal-word
(has-relation (*make-pattern =thts)) :; Undefined function*make-cattern

4.2.4. Goal Tests
l.ike working memory tests, GRAPES goal tests are in the tests: section of the production. GRAPES |
maintains the goal tree internally. Many features have been added to make goal matching as flexible as

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

( <type> [ <of-goal> [ <name> ]]
<parameters> [ <goall> [ <goal2> ... 1] )

{type> Either goal, subgoal. or supergoal.

<of-goal> A goal name (not valid for type goal), which spccifies that the scarch for subgoal or
supcergoal begins here.

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

{paramctersd The list of goal parameters. For example:

(action: write
function: ename)

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

Specifying a type goal in the goal test mcans 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-goald> may

be considered for matching. Specifying the type subgoal means that any active goal which is lower in the goal




tree than <of-goal> may be considered tor matching.

4.2.4.1. Nested Goal Tests
The goal name <otf-goal> detaults o the current goal in an outer Tevel goal test. T a goal test s heing nesled,

the tollowing rules specificy the the detuult value ot <ot-goab:

1. Type goal - an immediate subgoal of the enclosing goal specification.

2. Type subgoal or supergoul - the goal matched by the enclosing goal specification.
Note that if any nested 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). Paramcters are optional.

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

: : |

(action: decide) goal-t goal-2 (action: decide)
goal-3 goal-4 goal-§
(action: move (action: go (action: recognize
object: ball place: houss) object: room
place: Teft) area: house)

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

JESTS: MATCHES:
{goal =goal top-goal
(action: recognize goal=-6

ohject: =object))

(supergoal top-goa)
(action: recognize
object: (*bind =name ball)))

(subgoal top-goal ename goal-1
(action: decide) with subgoal goal-3
(goal

(action: move
object: Sobjects)) )

(goal
(action: decide
reason: e*resson)) no matches
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Ihee following would beallegal tests against the goal tree:
TESTS: REASON FOR ILLEGALITY:

(top-goal top-goal not a legal type
(actton: recognize
object: ball))
(supergoal =goal =goal2 Il1egal format
(action: move)
(object: ball)
(place: =place))
(goal =of e=name <of-goal> should not be

(action: go present 1n type yoa/
place: =placel))

4.2.5, Left-Hand Side Function Calls
Fhere are a variety of external tunction calls available to the GRAPES user. They can be arbitrarily nested

in the patterns (as above), or may be used on the vurer leve! as in:
(*success =goal)

which would return ¢ or nil depending on whether the goal which bound to = goal was successful at the time
this condition was tested. or whether the goal was not successtul. If £is returned. the other conditions of the

production continue through the matching process. Izl is returned. the production fails.

Function calls can be built-in GRAPES *functions like *pautern and *current-goal, or they can be user
detined *functions loaded in as a special module’. In addition. regular LISP functions can be used on the
left-hand side.  If an atom begins with "*" and docs not have a fuaction definition. GRAPES calls the
function without the ™*". This can be used quite cffectively when matching.  For instance: (*not (*equal

=resultl =result)) will match only when =resultl and = result2 bind to different values.

There are two types of outer-level tunction calls: those that return a boolean value, and those that return a
pattern. If a function call returns a pattern, it is matched against working memory. If it returns a boolcan
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
If a left-hand side pattern is preceded by a

symbol, then that pattern is taken to be a negative test. If the
pattern is a working memory tests, this means that the given production will macch only if no clements in

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

gscc a description of the 1.ISP module in appendix seven




it there is o goal i the goal-tree or no supergoal or subgoal. depending on the godd G pe) which matches the
specification, Hthe patern iy an outer-level function call which doesn’t return o pattern, then the production

will match only if the cadl returns il

As an example:

(p p-2
action: get-tense
word: =word
tests:
- (is-a =word plural)

[
]
v

(is-a =word singular))

which says that if there is nothing in memeory which says that the word is plural, then itis singular,

4.2.7. Partial Matching

If a left-hand side pattern is preceded by a """ symbol. then that pattern is matched as a positive test. If the
matching succeeds, the variables are treated like they are in a positise test. If the pattern does not match, the
pattern is considered to be a negative 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-1ist Snames)
? (has-name =object =name)
(object-1ist Sobjl =object $abj2)
3=>
(*remove 1)
(name-1ist $names =name) )

it might add the name of an object to a name-list. If the object alrcady had a name. it would use that name
and if the object did not have a name, a new name would be made. Sce section below for information on how

a ncw name is made.

4.3. The Right-Hand Side

The action side is an ordered list of zcro or more GRAPES cxpressions,  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 ¢lements into

working memory, put goals into the goal tree, or execute LISP functions. These are each described in the next

O L e s
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three sections.

4.3.1. Additions to Working Memaory

IFa GRAPES pattern s tound on the right-side side of a production. and its first element is not a yoal-word
supergoal, subgodl, goal) or g functon calll then it is ovaluated and stored in working memory. Al variables
in the pattern which had bindings on the lett-hand side, are cvaluated according to those bindings. If a
variable was not bound on the lett-hand side. then a binding is made for the sarable, and it is bound using
the *bind function'® . The new value looks like the variable but is guaranteed to be unique. For instance, if
the vartable =var was found on the right-hand side without a binding, then a value which looks something

ke @ varl would be bound to that variable.

4.3.2. Additions to Goal Memory
All right-hand side patterns beginning with a goal-word are added to the appropriate place m the goal tree.
The goal patterns look very similar to the patterns which match to them, Fach goal is of the form:

( <type> [ <of-goal> [ <name> ]]
<parameters> [ <goall> [ <goal2> ... ]] )

<type> Either goal, subgoul. or supergoal.

<of-goal> A goal name which will have as a new supcergoal or subgoal.

<namc> The default value is the current goal or the goal specified above, if it is a nested goal
4 specification.

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

{parameters> The list of goal parameters. For example:

(action: write
function: =name)

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

However, the goal words are interpreted differently. If the goal <typed is goal ot 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 st as a new supergoal to <of-goal>. Examplces of

1oscc section 6
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msertimg goals are given below,

Inserting a subgoal

top-goal top-goal
goal-1 (-=-- of-goal =---> goal-1

goal-2 goal-3 goal-2 goal-3 goal-4 <--- new gosl

Before After

Inserting a supergoal

top-goal top-goal
goal-1 <--- of goal goal-4 <{--- new goal
; goal-2  goal-3 goal-1 <--- of-goal

goui-z go;l-3

Before After

With any goal, if the goal <name> already exists, an or node is pushed onto the supergoal of <name>. That
is. the old goal and its subgoals are replaced by the new one. The or node will be a new goal which has as its
subgoals all of the old subgoals (thus preserving the old state of the goal tree through this new node). This
enables the system to romember its provious moves and act accordingly. Putting goals into various places in
the goal tree can sometimes alter the status of alrcady successt™. ! goals. For instance.when insertirg a subgoal
(see above), the of-goal would become an active goal even if it was previously successful. The new goal adds
additional contraints to the satisfaction of the of-goal. Al subgoals of a given goal must be successfil for the

goal to be successful. For more information on the goal structure see scction 3.

4.3.3. Right-Hand Side Function Calls
If a GRAPES pattern has a *function as its first clement. then that function is evaluated according to the
. bindings of the current instantiation. If that function yiclds a working memory clement. then that clement is

stored in working memory. The function may also return a boolean valuc. If the value is non-nil, the rest of

the right-hand side is cvaluated. If the value is nil. the rest of the right-hand side is ignored!! . Right-hand

11this docs not mean the production won't match, since matching has alrcady taken place
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side functions, like lett-hand side funcuons., can be detined i LISP or user defined =

l2sce section 4.1.5




5. The Recognize-Act Cycle
When runmmg, the sestem goes theoueh aoseries of recogmze-aer aveles. Inocach avdde the system goes

through the tollowing steps:

1. GRAPES looks through the zoal tree and finds a goal which it wants to solve, This goal becomes

the tocus of attention during thas cvele, and is called the current-goal.

tJ

. GRAPES looks through its production sct and. based on the contents of working memony, the
current 2ol and the remaining goals in the goal tree. chooses a subset ot the productions which it
thinks is relevant to solving the current-goal. Uhis subscet is called the conglict set.

3. A process known as conflict resoiution is applied. whose purpose is to single out one production
from the contlict set which will be used o wy and sobve the current-goal. 1t there is no such
resuiting production. then GRAPES decides that it cannot solve the current-goal. und we go back
to step L. Otherwise, the resulting preduction is calied the current-production.

4. GRAPES fires the current-production. If we take the view that cach production is a miniature
program, then this means that GRAPES runs the current program. When this happens, many
changes in the program environment can oceur. Data can be added to or deleted from working
memory, and new goals may be inserted into the goal tree.

5. GRAPES gocs back to step 1. beginning a new cycle in the context of a new program
environment.

Each of these steps is treated in detail in the next few seetions,

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

status. The curreat goal reaches success status when ;

1. Al of the current goal’s subgoals have reached success status, or

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

The current goal is matched against the patterns in the production’s paramcter list using the matching

algorithm. The current goal must have an action which is an atom identical to that of the production action

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




Al

5.2. Matching - Determining the Conflict Set

The GRAPES matching algornthm s basicadly o darasrlon topes When bemg compiled. cach ot hand side
pattern makes 4 tunction detimton, These function detimtions are used oo match agamst workimg imemon
and the goal trees The match network s prescomnpr’ed i the sense hat most paterns are notactuedly matched
during the maichimyg part of the oycle. The marching s done betore-hund, when working memory and goal
memory are bemng detined.  The matches tor cach patern are updated cach ume an item s put into working

memory or goal memaory, Fhis item flows through the match network creating variable bindings as it goes.

At the match part of the production ¢ycle, the matches of cach pattern are anabyzed o see if they are
consistent with godal memory and workimg memory. Al productions patterns are examined at this tme, thus
the productions are being tested in parallel. Some GRAPES pauterns require dviamic nm/chmg” . IThat s,
their possible matches can't be determined ahead ot time. Al ISP funcuon calls and some goal tests have to

be matched dynamically.

When all matching is done, a4 given production may have matched in several ways cach of these possible
production possibilities is an mstantianion. The process of deciding among these instuntiations is called

contlict resolution.

5.3. Conflict Resolution

GRAPES uses five basic rules to decide among competing instantiations. Goal memory makes the first rule
possible. The second rule is a heuristic used to make the system more cfficient. The durd rule comes from the
working memory structure. The flexibility of GRAPES 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 follow the action test are passed on
to the refraction test. Those that pass that test are sent on to the next test, and so on. In the end. one
production instantiation remains (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 ¢qual. GRAPES will look

13sec section 4
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atatl the productions, The possibidity of subroutines can be taken to an ovtieme, however, A difterent cciion
tor cach producton would miake the contlictset Tevery tmes s would an uiimgeresting production sysiom

TOr mosgappiications,

5.3.2. Refraction
Fach production, once used at a partcular goall cannot fire with the same same bindings w the same goal.

I'his iy to prevent the system from getung :nto one production loops (though longer leop oveles are pussibic),
) £ 8 p 2 2 i

5.3.3. Recency

Fach working memory element and goal clement has a sone fag associated with i which denotes when it
was put into working memory. Those mstantatons which matched o the most reeent working memory
clements are prererred. Athough GRAPES contais, at this time, no decay of working memor: clements. this
nstantiation ordering strategy approximates decay 0 some exeent. Eloments most recently entered into

memory probably have more reicvance t the problem at hand.

5.3.4. Specificity
Fach GRAPES pattern has a specificity assoctated with it. The production goal parameters and the tests
against working and goal memory are all considered for resofution on a basis of specificits. A fow simple rules

are followed when deciding the specificity:

L. A fist is more specific than a constant.
2. A constant is more specific than avariable.

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

Specificity allows the more specific productions to apply when in competition with more gencral
productior.,. Since productions arc never removed from production memory, this can be a very important

ordcring stratcgy“ .

4 - . . . . . .
this becomies even more imporiant when a system includes learning mechanisms, like the next version of GRAPES




} 5.3.5. Randomness
I it applving all the ordering rules o the prodection msiantiations, o st ot possibic imstntiations ~ell

rermtains, the sustmm picks ene at random.

5.4. Firing a Production Instantiation
When one mstantiation of a partucular production s chasen, the recoynize part of the ccle s over. and the

system pertforms actions. Various actions can be pertormed:

LoAadditions to workima memory
2. Additons o geal memaony (subgouls or mscrted goals)
3 Removal from working memory

4. Calls o pre-defined funcuons tinput and output full under this category)

wn

CCalls o 1 ISP tuser denined functions or ISP primits e functions)

Fach of these acts is described 1in more detail in section 4 on preducton ight hand side actions. It must be
stressed that GRAPES productions’ right hand sides are not executed in parallel. The sequenees of actions is a

lincar deseription of what the system should do.

5.5. Continued Processing

The recognize-act cyele is performed again and agatn untl the system s explicitdy halted, or ur: . -
top-goal’s status is determined. At cach cycle a new environment is formed which the syvstem must agjust .
The essential parallel nature of production systems is partially avoided in GRAPES, where goal structure
plays a key role. Proper use of the GRAPES controt structure can make programming in a ~“roduction system
language much casier.




6. User Functions

GRAPES has g sct o presdetined

v

wtens winch ud the user i writime productions, The natmes of cach

o dese Tucrens e w il T Character Vi toms whch are e st ctament ot o it and have a7 0

st chaaadter e sane wee consederad to e calls b ovternad ISP funchons, N sammars of user

nctions s oappendic tL

6.1. General Functions

Fhese Tuncnions are goneral purpose functions and can be ased oither on the left-hand side or on the

eht-hand side o a production. Nisoo thes can e nosted withim workimg memory tests, et thes Jo net nee

w0 he outer-lev el runcuon calls,

*hind
rorm: (*hind =sarvalug)
argss =var A variable name.
value: A lsp expression, possibly contaiming GRAPES
variable names.

SYA0PSIS:
Croates variable hindings, [Yihe given variable is
unbound. then s binding is sct to the gnen value. [f the
vartabie has already been bound o the aiven value, then
nothing happens, but the binding operation is still considered
to be successtul. 1f the wanable has alrcads b :n bound. but
to adittarent value, then the binding is unsuccessful.

rewrns;
The specified value. if the binding was suceessful, If the
binding 15 unsuccessful. and we are on the right-hand side of
a production, then "nil” is returned. An unsuccessful binding
on the left-hand side of a production causes that production
instantiation to fail.

side effects:
The given variable becomes bound if the binding
was successful.

*current-goal
form: (*current-goat)
args: nonc.
synopsis:
Gets the name of the current goal.
returns:
The name of the current goal.
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' *length
torme ¢leneth b arg P
args: Fach wetn s optonal and may be any expression,
SYNOPSIS
Croates a st o anhound sanable nures, The number of
vartanles e the Inges the same as the number ot arguments
passed to the functon. Thns s asetul i conjunction wath the
*pattern and *match functions.
returns:
AIstofunbound variable names.
As an example, if the varable "Sargset™ 1s bound to the list
“largl arg2 argd)”, then the cail:
(*length Sargset)
would return something like
(=\V0001 =Vuo02 =Vv0003).

*match
rorm: LY match patern expression)

4rgs: patiern: An oxpression containing constants, variables, etc.

SXPressIon: Any eypression. |
SVRIOPSIS!

I ries to match the given pattern to the given expression.
returns;

"t the match was successful. Otherwise, returns “nil".
side etfects:

11 the match was successtul. then all variables in the

2iven pattern which were previously unibound are now given

bindings.

*new

form: (*new =symbol)

args: =symbol: A variable name.

Synopsis:
Creates 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 cffects:
The given variable is bound to the new symbol, using
the *bind function.

*pattern




ts
-

form: t*pattern fargl arg2 L]

args: Fach argany s opuonal and gy be any expression,

SYOPSIS:

Creates a pattern from the list of its argwinents. This is
ustally used i comunction with the *muateh tunction.

returns;

A pattern, which 1s usually used o do a *mateh. For

example, if "Sargset” 1s bound to the list "(argl arg2)”, then

the call:

(*pattern (*length Sargset) =var (*length Sargset))

would return something like
(=V0001 =V0002 =var =VOU03 = \V0ooa).

*subgoals
form: (*subgoals { = goal-name}])
args: =goal-name (optional): The name of a goal in the goal tree.

synopsis:
Gets the list of subgoals of the specified = goal-name. If no
goal name is given. gets the list of subgoals of the current

goal.

returns;
A list of subgoals. or "nil".

*supcrgoal
form: (*supergoal [ = goal-name))
args: = goul-name (optional): The name of a goal in the goal tree.

SYnopsis: .
Gets the name of the supcrgoal of the specified =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 propertics or

conditions existing during the execution of a GRAPLS program,

*gmcthod
form: (*gmethod [goal [var]})
args: goal (optional): The name of a goal in the goal tree.

var (optional; goal must be specitied if var is specified): A
variablc name,

Synopsis:




Gets the method asseciated wath the aiven goal. 1T no goal

v specitied. it s assained o be the current goal IF " var™ 1s

gnven, then the method ol the specitied zoad s bound o "var”
tusing the *hind tunction).

returns:
1 he method assoctated with the specitied goal, or "nd™ if
there s no assoctated method.

*methodp
torm® (*methodp [ = goal] =mcthod)
args. = goat topuonal): The name ofa goal in the goal tree.
=mcthod: Any expression which s afegad method for a goal.
SYROPSIS!
Matches aganst the method of a goal. It no = goal is specified,
then itis assumed to be the current goal.

returns:
"t it the method assecrated with the given goal matches the
gnen expression; otherwise, returns “nit™,

*suceess

form: (*success =goal)

args: = goal: The name of a goal in the goal tree.

Synopsis:
Tests for success status of a goal.

returns: )
“t"if the the named goal has been successful: otherwise
(if the 2oal has failed or is stll currently active) returns
"nil".

6.3. Right-Hand Side Functions

These are functions which are used on the right-hand side of a production, since they perform actions
which alter propertics of the GRAPES program environment.

*input

form: (*input [argl arg2 ...])

args: Fach arg is an arbitrary expression. See below.

SYnopsis:
Reads data from the terminal. Each arg is treated as
they are for ®*output. except that unbound GRAPES variables
arc given values which must be input by the user.

returns;
"t",




*mapgoat
form: Cimapeeal = var list| = vesult] goal-spec)
argst =vars \varable name.
HaG N Bist ot aritrany expressions,
= rosulttopionab): N carable name,
soal-spec: A goal speaitication, i the same form as a goal
specttication would ordinarthy appear on the RHS of
a production,
SYNOPSIS:

Inseres alist of goals into the goal tree. " =var™ is bound
successively to cach member of the given list. One goal
is created (according o the ghen goal specitication) on cach
steration: thus, 10s usually desired to have " = .ar” appear
somewhere within the goal specification, If ™ = result” is
speciticd, then the list ot the names ot the goals created
is bound to it using the *Hind function.

returns:

"

*mapstore

form: (*mapstore list)

args: list: .\ list of cxpressions.

SVNOPSIs:
Fach expression is stored in working memory. Fach such expression
should be a list; any which are not lists are ignored.

returns;
"t

*method

form: (*mcthod [goal] expression)

args: goal (optional): The name of a goal in the goal tree.
expression: An arbitrary expression.

Synopsis:
Scts the method of the given goal to be the given expression.
If no goal is given, it is assumed to be the current goal.

returns;
"t

*ontput
form: (*output [argl arg2 ...])
args: Each arg is an arbitrary cxpression which is treated
as specificd below,
synopsis:

29
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; Fach arg(i) is treated according to the tollowing

[ specitications:

—_—

CAfthe argis astring, itis printed.

[ )

Atthe arg is atist, then every element i the listis "*output”ed.

Afthe arg is an integer. then dhe next arg is " *output"ed that number of timcs.

(")

CIfthe arg is /7, then a carnage return is printed.

4

CAfthe argis " # . then the next arg is an expression which evaluates to an integer. and a tab to that

wh

cursor position is performed.,

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

~J

Ifthe 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 the flow of the program through the goal tree by
explicitly sctting the status of the current goal. Goals
can be declared to be z success or a failure. If no status is
specifted. it is assumed to be "'success”.
returns:
"t

*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 removing the previous status of the goal and declaring it
to be active.

returns:

ntu'




fremove
torm; (*remove n)
JEESD T\ integer.

SYHOPSISG

Remaoves an clement from working memaons . The "nth™ werking
memon clement as specitied on the ettt hand side ot the
production) which actualhy matched durng the current
production tiring 1s the one which s removed. Negatine
working memory tests and "7 tests which faled do not count
(since they Jdid not match).

returns:

e

*replace

form: (*replace = new oldlast oldklement new l:lement)

args: = new: An unbound sanable t hold the new list

oldList; A list.

oldFlement: An expression in oldl ist.

newElement: A new <xpression.

Synopsis:

This is the GRAPES substitute function. It binds = new to list
which is the same as oldl.ist except that every vecurance of
oldElement is replaced by newElement. This replacement 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

which have been slurped in by the user. Both types are treated the same by GRAPES.

6.4.1. Calls to Common LISP Functions

31

.18 considered
to be a call o an external ISP function. This function call may be one of those which have veen pre-defined

by the interpreter (as outlined in the previous three sections), or they may be user-defined LISP tunctions

When GRAPES sces a function name of the form *name, it looks for a detinition of the function called

beginning of the function name. For example, the following is a legal function call in GRAPES:

(*not (®equal =1{stl (*cdr siist2))).

*name. If there is no such function detinition. then it fooks for the function called nanie. Thus, the user can

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




)

6.4.2. Defining Your Own Functions

The interpeeter assumes that atl external functions are written in such o way that &l arguments are
cvaluated: that . they must be detined as Lkonbdus or lexprs, or mucros which expand o famnbdas or lexprs.
Ihis means that they can be tarly general function definitions. They can be called Trom within productions
or from within other function definitions, The user can also use any of the pre-defined GRAPES functions

from within his own function definitions.

Writing your own user functions to be used by GRAPES is casyv: they are simply written as if they were
2oing to be used by any LISP program. Don't worry about passing GRAPES variables to 1 ISP functions; the
GRAPES nterpreter docs some pre-processing before functions are called so that this will work. For

cxample, the function call
(*not (®equal =»1istl (®cdr =11st2)))

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

Onc convention used in pre-processing is that all GRAPES variables which are bound at the time the
function is called arc replaced by their bindings during pre-processing. Unbound GRAPES variables,
however. are not replaced by anything15 . This allows a variable name to be passed to a user function. Then, a

(*bind =var value) may be used 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 functions that do not evaluate their
arguments (like nlambdas) and with functions that cvaluate their arguments in special ways. For example, it is

a bad idca to use the following type of function call from within a GRAPES production:

(*or (®eq =11stl =11st2)
(*setq =1istl =some-value)).

In general, setgs may give problems, since assigning a variable a LISP value does not affect the value which
GRAPES knows about, To get around this, use the *bind function. Finally, be carcful not to use functions in
the wrong places. For example, using a *mapstore on the left-hand side of a production will not necessarily

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

15no (*new =symbol) is gencrated
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7. Using the Interpreter

e GRAPES wierpreter s simlar o the TISP interpreter that it is embedded within, The GRAPES
mterpreter allows ondy commuands which are defined at the wp fevel™ . Calls w0 functions not defined in
GRAPES result i an error, 11 the user would like to exceute T ISP commands in addition to GRAPES
commands, e must pe (QUIE T or QUIT T o the GRAPES monitor’ . This will make almost 4l Franz
Lisp commands available (though the interaction is stll through the GRAPES interpreter). QUIFT mode is

used to load in LISP Rles for auxillary systems not defined as modes'? .

GRAPES commuands which take no arguments can simply be typed as an atom. For instance:

{ptrace)

can be typed as:

ptrace
with the same effects. This feature is also available in QUIET mode. However, only GRAPES functions can

be typed this way.

First a number of commands uscful for defining a production environment will be described, then a
function for actually starting the system is given. Mechanisms for stopping the system and exiting GRAPES
are looked at next. followed by a description of commands to reset initiat conditions. Finally a group of useful
pretty-printing functions are described, which make the GRAPES productons, 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 production set found in cach file,
The default file extension is ".grp™. so that (slurp junk) will
define productions found in the file "junk.grp”. If no file name

16(hese are listed in appendix 1

17'I‘his may be the default, depending on what version you arc using

18S«:uz mode command, section 7.1
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is anven or the tile given cannot be opened. sturp will prompt for
another file name, Phe tile may contam calls o other system
commands as welll fUw otien usetul to contam calls to "setgoal™ and
Usetwm withinn a arp™ files so that they will be detined
automancally when the tile s slurped i,

returns:
"Production Environment Defined.”

{1
form: { <comment> }
synopsis: The GRAPES comment characters. Al characters betw een the curly
brackets will not be read by the interpreter.
returns: nothing

setgoal
form: (sctgoal (action: <action>
<other parameters>) )
argument: Must be a legal goal.lq
For example, a legal call is:
(scrgoal “(action: write
argl: arg-list
result: cesult-list))
Synopsis:
The setgoal command sets the value of the "top-goal”. The top-goal
is the detault goal used to start the system.
returns:
A message concerning the success or failure of the call.

setwm
form: (sctwm '( <list1> <list2> list3> ..} )
arguments: Each argument is a list representing
one working memory clement.

synopsis:
Scrwm sets the contents of working memory, crasing any clements
currently there. Sctwm cxpects a list of lists, Each list is stored
as a single element in working memory. [f sctwm is given an atom to
storc, it simply makes a list containing that atom.

returns:
"Working memory defined.”

19sce section 3.

2osce section 2
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muode

torm: tmode <special module named)

arguments: A predetined spectal module

SMVITOPSISS
1 oads na spectal module, GRAPES sersion S otters a ISP module,
which contans GRAPES S internad anowledge o' ISP
programming, Verston S of the mterpreter ofters g learnmg module,
described i Later sections, fnoversion 3 the command
(setp special-modudes Smodiaes2) s issued. <Kmodades> will
become the new fist ot accessible external packages. The learning
madule s one such module which has been added.

TCLLNS:

"0.K."

7.2. Starting and Stopping the System

st
torm: (start {zoal [working-memony]})
arguments: The goal deraults to the rop-goal and working memory
detaults o nil, which assumes the current working memory.

SYnopsis;
The start command begins running the production set in the context
of the given goal and with the given working memory. The goal may
be any goal which has been defined by the system (or the
top-goal). If the ghven goal is a list. then {setgoal goat) is
performed automatically. 1f wm is non-nil, then (setwm wm) is
pertormed automaticlly.

returns:
An crror indicating that the top-goal was never detined or (after
running the production system) a message indicating the success
or failure of the top-goal.

stop

form: (stop)

arguments: none

synopsis:
Stops the production system from running and returns the user to
the top level of the GRAPES imcrprctcr.21 .

returns:
nothing

21This function docs a I'ranz Lisp (reset)
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rorm: exit or {exit)

.H'ngHL‘H[\': nHong

SYHOPSIS:
The oxttcommuand s tsed o leave the GRAPES s steme This command
must be typed at the u‘p-lc\cl‘! .

returns:

nothing (it never returns)

7.3. Restarting the System

aresct
form: (greset)
arguments: none
SYNOPSis:
The greset command clears the goal structure and scts the top goal
to that which was given i the last call to setgoal.
returns;

A message concerning the success or failure of the call.

wmreset

form: (wmreset)

arguments: none

Synopsis:
The wmreset command scts the contents of working memory to that
aiven in the last call 1o setw m. [f no call 1o sctwm has been given,
then working memory is cleared.

rewurns;
“"Working memory defined.”

preset

form: (presct)

arguments: none

SYNopsis:
The preset command deletes the current production set. To start
another production run, the slurp command must be used.

returns;
“O.K."

clear

22not during a production run - use stop for that purpose




J N e

forme: (clear)

Arunents: none

SYNOPSIN.
Fhe clear conymand removes the production set trom the cnvonment,
atnd Jdeleres beth the oal structure and workonz memony, This
command does ot disable groset or wmreset from sahvazing the
previous wp goal or workimg memory.

returns:
okay

7.4. Printing Useful Information

pp
rorm: (pp [production-namel])
arguments: A egal GRAPES production name currently detined o the system
or no Jl‘gUl’ﬂCﬂ[S.

SYIIOpSis:
Protey prints a production w the terminal. The form used in pretty
printing s the torm which the system is internally using (not
simply 4 copy of the input producton specitication). This function
15 userul o new GRAPES users who are not familiar with GRAPES's
standard production tformat. Productions do not have to be in this
form. but they are much casier to read. and they make it casier for
interaction berween GRAPES programmers. This function will print
out all of the productions currently derined if given no arguments,

Returns:
The pretty printed production(s).

ppwm
form: (ppwm)
arguments: none
Synopsis:
Pretty prints the contents of working memory in the form:
"WORKING MEMORY: "
{contents of working memory>
"END"
retusns:
END

ppecurrentgoal
form: (ppcurrentgoal)
arguments: none
Synopsis:




Prett prnts the current goal.
relurns:

" “
CH\!‘:'(MI

pptopeoal
rorm: (pptopgoat)
AFZUMCHIS: none
SYDOPSIS.
Pretty prints the top goal.
returns:

endgoal

Ppgoal
torm: (ppgoad {goal])
JTEUMCHLS: n0Ne OF 4 2oal name

SYNOPSIS:

Pretts prints the gnven goal, Bno zoal s znven, the system trics
o prnt the current goal. I no current geal o detined, then it

will i o it the top zoal. [T he wop zoal s not defined,
K 1 H oo =

then an errer s returned and no goal s printed.
TCLurns:
“endgoal”




8. Debugging

Productiion sety aie rarely wintten correctly the tist time through bor tus reasons GRAPES Tus atew

uselul debugzging mechansmss When nsed i conunction with the trace package, producion sasicms can he

mteractn ey debugaed wath the mechamsms given,

Extensive documentation may help when tryimg w keep a0 ssstom bug free. The GRAPES comment
characters are the curly brackets 11 Any characters tound hetween aset of curly brackets will be sgnored by

the GRAPES interpreter.

8.1. About the Monitor and QUIET Mode

The GRAPES monttor s entered when the GRAPES svstem s loaded into LISP. The sistem runs
embedded in the Frans LISP environment. However, the monitor traps all commands and cheeks to see if
they are legal GRAPES tunction calls (these are listed in Appendix 1) 1 egal GRAPES ¢commuands with no
arguments can be typed as atoms™ . The QUIET function turns off function checking so that LISP commands
can be used. Some GRAPES commands go by the same name as certain LISP funcuions. These functions
cannot be accessed. Fornstance. selp gives help on GRAPES not on LISP. [ oad must be used mstead of

. . . hl
siurp and old-ppt! must be used instead of pp“4 .

8.2. Breaking
Atany ume the user can type control-C. This is handled as an interrupt and can be continued with the
command go. The user can break from a break. and so on., Fach subprocess is stored. The last subprecess to

break from is the subprocess which is restarted when go is typed.

Breaking can be used extensively in debugging, when goals. working memory, and productions might need
to be printed in the middle of a production run. Breaking can also be set automatically with the trace package

(see scction 9).

23scc section 7

2) : . . -
2 tus command is uscd for production pretty printing
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8.3. GRAPES Debugging Commands

A GRAPES debugging communds are functions with no arguments.

csel

resolve

bindings

25

Fhus tunction returns the current conthict set (n list form). Fhe contlict setis a list ot the
names of the mstantiations which will undergo contlict resolution. If a particula
production had more than one possibie instantiation, seseral copies of the production
name might be i the list. The eset commuand is good tor analyzing what productions
competed for a match to the current working memory and goal mcmory.:(’

This function traces the conflict resolution process responsihle for picking the current
production. if recency was used i deciding among competing productions, the recency of
all the working memory items matching cach production will be pretty printed. If
specificity was also used, the summed specificity of cach production will be displayed. If
neither strategy singled out one production. a message is printed saving that the conflict

. Y
was resolved through g random choice?’.

When a particular instantiation is decided upon, its bindings can be displayed using the
bindings command. This prints the list of variables in the production followed by the value
which the varnable matched. During the matching process. the variable may have bound to
scveral possible configurations of values. Only the final bindings of the varables are
shown.

25

thus they can be typed without the parenthesis

26scc section §

27

section 5 has more details on the conflict resolution strategies




9. Special Packages

The GRAPES erpacter madades wotnace packaze o break pachaee and a phato package. Since the broak

packaze and e raes pochaee are ised woeether ey w1 be descnibed together Then, the photo package

will be mnoduced.

9.1. Tracing and Breaking
Both goals and producoons can be traced. The productions are traced when they fire. and the goals are

traced when they hecome the current goal. A sample trace 1s shown on the tollowing page.

Ihis trace shows a hypotetical production run in which both goal tracing and production tracing are used.
The "1 " symbols andicate the depth in the goal tree, "S™ s the firing number-? . "Use-hand-coding-
knowledze” is the name of the current production, and “goal-1" 15 the name of e current goal. All tests
agamnst working memory and goal memory are shown, with the values they hound tw. LISP ¢ails on the
lefti-hand side are shown betore evaluation. The right hand side actions are also shown, Methods attached to
goals are given. \Jdditons and deletions from working memorny are abo shown, The evaluations of user
functions are shown 1f they return a GRAPES pattern, otherwise they do net show up on the trace. Guoals
inscrted into random places in the tree are listed separately from “ordinan ™ subgoals. The immediate
supergoal and the immediate subgoals of cach inserted goal are also hsted. 1f o goal is redone, the tracer shows
the goal tree structure leading to that goal. The goal parameters of any goal are also traced (in the example

these would be "action™ and "argument”. All variables are replaced by the valucs to which they bound.
~

9.1.1. Starting the Trace
The default trace includes only the firing number, the production name, the goal name. and the depth

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

ptrace

form: (ptrace [ /switchl [ /switch2 ... ]] [pnamel [pname2 ... }})

arguments: A set of switches and a sct of productions

Synopsis:
Performs a production trace on the given productions. If no
productions are given, ticn all productions arc traced. Switches
are optional and apply to all production names which follow them.
Switches can be made to apply to only sclected productions by
enclosing the switches and the production in parenthesis.

28simmy the number of productions which have fired so far
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goal-1

action: solve-by-hand
arg: Qrefined-resultl

endGoal
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5) use-hand-coding-knowledge
TESTS:

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

METHOD:
hand-search.
INSERTED into wm:

(has-relation term! member (1istl))
(policy (avoid-repeats refined-resultl))

REMOVED from wm:

(has-relation resultl (all path-from)

SUBGOALS created:
(goal-5
(action: make-by-hand
arg: list2
value: (start)) )
(goal-6
(action: repeat-until-failure
condition: @goal2
do: Q@goalld) )
INSERTED into goal tree:
(@goail2
(action: find
arg: termi
constraint: (not tried)) )
Subgoal of: goal-6.
(@goall
(action: perform-operations
args: (Q@goald @goals)) )
Subgoal of: goal-6.
. Subgoals are: (@goal4 @goals).
endProduction

Figure 9-1: A Sample Production Trace
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It 0 production trace s in effect. all information about the
production(s) is printed.

rerns:
Alist of all productions bemng traced.

glrace

form: {gtrace [ Zswitcht [Z7switch2 ]} laction? [action2 .. )

arguments: A sct ot switches and set of goal actions,

SYnopsis:
Performs a goal trace on all goals with the given actions. If no
actions are given, then all goals are traced. Switches are treated
the same way as in producton tracing. 1t a goal trace is in
affect, all information about the goal(s) is printed.

returns;
Aldist of all goal actions being traced.

9.1.2. Stopping the Trace

If tracing is no longer desired. it can be turned off with the following commands:

puntrace
form: (puntrace)
arguments: none
Synopsis:
Returns production tracing to the default mode (only production
names and firing numbers printed).

returns;
A compact list of all productions untraced.

guntrace
form: (guntrace)
arguments: none
synopsis:
Returns goal tracing to the default mode (only goal names and depth
markers printed).

returns:
A compact list of all goal actions untraced.

untrace
form: (untrace namel [name2 [name3 ..J})
arguments: Each name is cither a production name or a goal action.
synopsis:
Untraces sclect goals and productions.
returns:

43
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9.1.3. Trace Switches
Fach tace commuand can set a number of switches, These switches tell the trace 1 ctire when o perform

certam traces and when o pertorm a break.

/breakl

Does a break just betfore a production fires. A message like:

Rreak betore production <pname>,

Iype "gu’ to continue,
[BREAK <n>)

will be printed. Where <pname> 1s the production heing traced. and <n>

15 the current break fevel (see section 8.2). Fach ume the given

producton or productions fire, a break is executed.

/break??
Does a break just after a production fires. {tis used the same way as the
/break ] switch. .\ message will be printed like

Break after production <pname>
Lype 'go’ to continue.

[BREAK <nd]

/break
Scts break-points at the given goals if a "gtrace” is being done. Sets
break-points both before and after the given productions if a “ptrace”
is being done.

/after
The /after switch is used to state that tracing is not to begin until a given
production has fired. For exainple,
(ptrace /after pS)
will trace all productions, but onlv after p5 has fired. 1f the argument
to /after is a list, then tracing wil' begin after any one of the given
productions has fired.

/until
The /until switch is similar to the /Zafter switch, except it specifies
that tracing is to halt when one of the given productions fires. It is
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usctul m congunction with the Zatter switch. For example,
atrace Zafter ps Zuntl (p7 pi))
wilt trace all goals as soon as p3 fires. and will discontimue tracing

when cither p7 or p8 tires.

“ 9.2. Photo

The photo package records a GRAPES sesston, The photo file will contain all interaction with GRAPES
from the time the piero commund is issued to the time the wnphoro command is issucd. The photo file is
automatically terminated when GRAPES s exited. Nested photo sessions are not allowed.  The photo

commands are given here;

photo’

form: (photo [filename].ext]])

argument: A legal file name

SYnopsis:
Writes all output to the given file, The default file extension is
“log". and the default file name is "photo”. For example,

(photo test)

would send all output to a tile named "test.log”.

returns:
"PHOTO recording initiated: <filename>"

unphoto
form: (unphoto)
arguments: none
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 detail.
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10. Learning Mechanisms

Ihis section of the decument describes how o use the GRAPES Jearming mechanisins o acquire new

productions. This tacthty s onhy oftered m GRAPES sersion S,

[here are two types of learning mechanisms currentdy avatlable 10 GRAPES users. These are composition
and proceduralization, Composition involves collapsing productions which fired at goals in a given section of
the goal tree. Proceduralization reduces the number of fong-term memory retrievals made on a production
left-hand side. Together composition and proceduralization form compilation. This section does not intend to
cover all the aspects of the GRAPES fearning mechanisms. Howeser, many usctul learning production scts

. . hl
can be wntten with the material presented here™?.

10.1. Proceduralization

The GRAPES proceduralization mechanism follows John Anderson's ACT model quite closely. In
GRAPES. as in ACT. knowledge is found in two separaie and fundamentally different forms. The first tvpe of
knowledge is declarative knowledgeknowledge wbout facts, which is stered 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 ACT model, working
memory is the active part of long-term memory, In GRAPES, the memory ¢lements do not have associated
activation levels, so the user must specify exactly what propositions are in long-term memory and which arc in
working memory. The items in long-term memory are a subsct of the iems in working memory. Productions
can only add to working memory and goal memory. Long-term memory items are added using the "setwm”
command. Long-term memory is not destroyed between production runs, so knowledge can be accumulated,

making learning modelling casier.

10.1.1. Interpretive Productions

When procedures have not been encoded as production rules, they reside in memory in the form of
declarative procedurcs. Productions which access declarative procedures are said to be interpretive, These
interpretive productions work over a large range of circumstences and tend to be very gencrai. However,
long-term memory retrieval is very slow, so using interpretive productions can be costly in any information
processing system. Proceduralization provides a way of reducing a production’s access to long-term memory
by building ihe long-term memory information into the production dircctly, [n the current implementation,

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

29scc appendix three for a more detailed deseription of the learning parameters

}HECEDING PAGE BLANK~-NOT F1imED
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exceution ume. In addition, proceduralized productions taster to match simee they contain less lett-hand side
tosts than thetr corresponding mterpretn e versions. Note that proceduralized productions will tire in place of
the ongmal producuons goder the approprie circamstances. However, the ongmad imterpretive productions

aresull avalable o the system m siations where no proceduratized rules are applicable.

10.1.2. Finding What to Proceduralize

The GRAPES proceduralization mechanism is invoked automatically when the parameter fearimg-now is
setto "t Al productions which access long-term memory tall prey to the proceduralization mechanism, A
production is nor proceduralized i1 it involves setting goals whose action specitics planning. Phose goals which
imvohve planning must be defined by the user (though some detault salues exist). In GRAPES it is assumed

that productions which set goals to plan are fundamentally interpretive in nature and should not be
2 ) P

proceduratized.

10.1.3. Forming Special Case Rules

If a production has been chosen to be proceduralized. its last successful instantiation is retrieved and
scarched for tesi, against long-term memory. Each variable which bound 1o a proposition in long-term
memory or part of a proposition in long-term memory is replaced by the object that it bound to. This
incorporates the information contained in the instantiation directly into the new production. A host of special

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

10.1.4. Production Strength

GRAPES version 5 possesses sirength classes. Each production has an asscciated strength value (whose
default is 1.0). Productions in the highest strength class are matched first. If none of these productions match,
the next strength class is considered. This procedure is repeated until all suceessful matches within a strength
class have been found, or untl there are no more productions left to match. When a production is

proceduralized, its strength becomes greater.

10.2. Composition
‘The GRAPES composition mechanism collapscs picces of the goal tree to form a plan for doing soric large

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

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

3o'nﬂs is the default value
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productions to compose and when o compose them. Phese parameters can be set using the serp command

(S0C SeCtion on parmeters).

10.2.1. When to Compose

The learnimg-actions parameter holds a list of actions which ell GRAPES when to start composing, When a
goal with a fearmng action 1s popped as a success. GRAPES examines the goal tree hencath the goal for
possible compositions, 1f a learning action goal is declared successtul. it signifies the completion of a problem

or a subproblem.

10.2.2. Where to Start

The flug-actions parameter is set 0 a list of actions which wll GRAPES where o start composing. Goals
with flag acrions specify a task which needs t be accomplished. These goals are called composit:on headers.
The group of productions which tired at goals beneath the composition header form a macro-operator for
performing the specified task. The compositon mechanism will combine this group of productions 10

produce a single rule which has the cffect of the group and therefore accompiishes the ask.

10.2.3. Where to End
The non-learned-actions parameter holds a list of actions which ell GRAPES where to stop composing.
These goals often involve checking and re- examining, so they are automatically sct as subgoals on the

right-hand side of the composed production.

GRAPES must have a way to link the macro-operators together to accomplish a sequence of tasks. The
composition mechanism sets each composition header goal as a subgual on the right-hand side of the
preceding composed production. In this way. one macro-operator can sct a goal which 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-mcemory are included unless they
matched against an element inserted by another production in the group being composed. Likewise, all goal
tests arc included unless they match to goals in the group being collapsed. This group of geals is called the
goal block. User function tests arc only included in the left-hand side of the composed production if their
component parts are not part of any working-memory clement added by productions in the group being

composed. Paramecters for the composed production are exactly those which matched the specitication for the
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S0
composition header poal.

10.2.5. The Composed Right-Hand Side

(he czhchand side of the composed production contatns all actions celevant o performmy the sk
specttied by the compositon header zoal o general, all additens o working memory are indluded and il
additions (o the goal tree calls 10 TISP are notincluded. .\ goal addition s included i o soneCcarned goal
or a specification of 4 new task. both described above. Goals which were inserted outside of the goal block are

also meluded.

Functon calls are included in the composed preduction it the function is on the pin sieai-usertunctons list.
3

Fhese functions ustially pertorm operations on an external memory~ .
If 3 production’s action is a member ot the planning-cctions tist. its right-hand side is not included in the
composed production’s night-hand side. Planning productions arc only concerned with intermediate results,

not crucial to the action of the macro-operator.

10.2.6. Changes in the Production Appearance

The composition process makes some changes in the patterns which are tinally included in the macro-
operator. String variables arce replaced by equivalent sequences of regufar variabics. Variables are renamed in
4 consistent way across elements in the composed pmf.hmion's left-hand side. A variable is replaced by its
binding if the binding appears as a constant in another match element. On the action side of the composed
production. *mapstere and *mapgoal’s arc replaced by sequences of working-memory and goal clements.
Finally, if compilation is wtaking place, proceduralization will take effect betore compuosition. deleting some

clements from consideration before composition begins.

Successful use of the GRAPES learning mechanisms is dependent on how well the component productions
arc written, and how intelligently the learning parameters are sct. If both are done well. new and useful

production rules result.

n

see *write in appendix seven




! 10.3. An example of learning

Ihis exampic shows hew o simple goal tee and set of prodestions can be used o preceduralize and

commle nes productons.

the goal tree:

top-gcal

action: write
function: second
args: 1ist3
output: listl

goal-1

action: code-relation
function: second

arg: listl

goal-2 goal-3
arg: 811s1 arg: listl

I'he working-memory:

(has-relation 14stl second 11stl)
(calculated-by first car)
(caiculatad-by end cdr)

(1sa 11st3 function-argument)

The long-term memory:
(calculated-by first car)

(calculated-by end cdr)

The parameter settings:

flag-actions »  (code-relation)
learning-actions - (write)
non-learned-actions - ()
planning-actions - Q)
physical-usaer-functions = 0O)

The productions:




(p write~function
action: write
function: =function
args: =arg
output: =cutput
tests: (has-relation soutput =function =arg)
aa)
(goal
(action: code-relation
rglation: =function
arg: eoutput}}))

{(p find-second
action: code-relation
relation: second
arg: =lis
tests:
(has-relation =1{s second e=result)

(has-relation =11s first =11s2)
(has-relation »11s2 end ~result)
(goal

{action: get-function

arg: =11s2))
(goal

(action: get-function

arg: =11s)))

(p see-car
action: get-function
arg: =arg
tosts: (has~relation =arg first =result)
(calculated-by first =function)
(calculated-by =result =expr)
-e)
(calculated-by earg (=function =expr))
(*pop success))

(p found~-cdr
action: get-function
arg: e=arg
tests: (has-relation =arg end =11s)
(1sa =1is function-argument)
(calculated-by end =function)

aa)
(calculated-by =arg (=function =1is))
(®*pop success))

The GRAPES run of this environment. using the lcarning mechanisms:

[*] (mode Icarn) ; The learning module must be
. loaded before the production sct
OK.

[*} (slurp cxample)

write-function
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nnd-second

wesear

found-edr

o Top goal detined, o

*** Working and Long erm Memones detined., ***

*** Parameter(s) Sct. ***

Production Favironment Detined.

[*] ptrace

write-tfunction

find-sccond
see-car
found-cdr

[*] gtrace

write
code-relation
get-function

[*] start

top-goal
action: write

function: second
args: listd
output: listl
endGoal
| 1) write-function. [1]
| . TESTS:
[ . (has-relation list] second list3)
| . SUBGOALS created:
| (goal-1
| . (action: code-relation
] . relation: sccond
| arg: listl))
| endProduction

ey

"
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coal-1

Coaction: code-relation
relatton: sevond
arg: listl

cndGoal

[ ) find-second. [1]

| . TESTS:
b thassrelation list] second list3)
| INSERTED into wm:

b thas-relaton listd firse Gelisl)
[ . thas-relation @ lisl end listd)

| . SUBGO I S created:

| . (goal-2

| (action: get-function

| arg: @lisly)

I (goal-3

| (action: get-function

| . arg: list]))

| endProduction

I

. action: get-function
arg; @lisl

| 3) found-cdr. {1}

| . TESTS:

| (has-relation @lis1 end list3)

| (isa list? function-argument)

| . ({calculated-by end cdr)

| . INSERTED into wm:

| . (calculated-by @lisl {cdr list3))
| endProduction

Goal successful.

goal-3

. action; get-function
arg: listl

endGoal

| 4) sce-car. [1]




r

. TESTS:

thas-retation Tist] tirst @ List)

(N

bl

[ 11 teafculated-by tirst car)

| 1 teddculated-hy @ hisledr st
P INSERTED o wim:

J 1) (calculated-by Tistl (car (cdr list3)))
11 endProduction

| | Goal successtul.

| Goal successful.

Goal successtul.

Derining Proceduralized Production:
pre-found-g-2-1;

{p prc-found-g-2-1 2.0
action: get-function
arg; =arg
tosts:
(has-relation =arg end =lis)
(isa =lis function-argument)
(calculated-by =arg (cdr =1is))
(*pop success) )

Defining Proceduralized Production:
pre-sec-g-3-2:

(p pre-see-g-3-22.0
action: get-function
arg: =arg
tests:
(has-relation =arg first =result)
(calculated-by =result =cxpr)
(calculated-by =arg (car =expr))
(*pop success) )

Defining Composed Production:
comp-find-g-1-3:




(p comp-tind-g-1-3 2.0

action: code-relation
rehation: seeond
arg: =lis?
tosts:
(has-relation =1is2 second = resultl)
tisa =rosult] function-argument)
(has-relation =hs2 tfirst = @listl)
(has-retaton =@ list i end =rosuled)
tcatculated-by =@ hsl (edr =resultl))
(calculated-by =1is2 (car (¢cdr =resultl)))

(*pop success) )
END-- Top Goal Successful.

Notice that the last rule is a compiled rule. The GRAPES learning mechanisms do compilation, rather than
pure composition as a default fearning strategy. The compiled rule above states that if you want to get the

second clement of a tist and the list is a function argument, usc the carof the cdr— of the list32.

nin many LISPs this function is cailed cadr
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Summary of System Commands

Command

bindings

clear

csct

greset

gtrace

guntrace

help

mode

photo

PP

ppcurrentgoal

ppgoal

pptopgoal

ppwm

\rguments

Oorl

Deseription
Displays the varable bindings
for the current production

mstanuation.

Remaoves production set and clears
working and goal memorics.

Displays the names of productions
in the current contlict set.

Resets the top goal.

Traces all goals with the
specified action [All goals].

Turns off all goal tracing.
Displays help on the given topic.
If no arguments arc given,

a menu is displayed.

l.oads in the module associated
with the given name,

Records a terminal session.
Pretty prints the given production.
Pretty prints the current goal.

Pretty prints the given goal.
[current goal - top goal].

Pretty prints the current top goal.

Pretty prints the present contents
of working memory.



preset
plrace
puntrace

resolve

sctgoal

sctwm

slurp

start

stop

unphoto

untrace

wmresct

Summary of Trace Switches

Switch

/after

1#

1‘

0.1,0r2*

Arguments

Detetes the current production set.
Traces the given productions.
Turns off production tracing.
Displays the strategics used

to decide on the

current production instantiation.

Scts the top goal.

Scts working memory to
the argument list,

Reads in a sct of
production files. [prompts]

Starts the system with

the given goal [top goal]

and the given working memory
{present wml].

Stops the current GRAPES run
and returns to the top level.

Terminates the current
photo scssion.,

Stops tracing the given productions
or all goals with the given action.

Rescts the current working memory

to that given in the last "setwm”,

Description

Sets tracing to begin aftera
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production or production list.

/break n Sets breakpoints betore and after
Jasetof productions, or

atall goals with a given action.

/breakl n Sets breakpoints before
a sct of productions.

/breakl n Sets breakpoints after
a sct of productions.

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

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

that function cvaluates its arguments (unctions which take no arguments are not **" ‘ed).
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Appendix Il
Summary of User Functions
Comunand Arguments Lse Description
*bind (var value) .L&R Explicitly binds <var>
to <valued.
*current-goal none L&R Gets the name of the
current goal.
‘ *gmethod ([goal [var]}) L Gets the method of <goal>

and binds it to <var.

*input n R Binds cach arg. to data
read in from the terminal,

*length n L&R Creatcs a list <n> long
of unbound variables.

*mapgoal (var list R Successively binds <var> o
[res goal-spec) <lis., creating goals
according to the
{goal-specd. Binds result
to <res>.

*mapstore n R Stores cach expression in
working memory.

*match (pat expr) L&R Tries to match
<pat> to {expr>.

*method ([goal] expr) R Sets the method of
<goal> to <cxpr>.

*methodp ([goal} mcthod) L Matches the method
of <goal> to
<method>.

*new (sym) L&R Creates a new symbol
which looks like <sym>, h




*output n R Prints information
to the terminal,

*pattern n L& R Creates a pattern ot of its
arguments.
*pop (status) R Sets current goal’s status to
dstatus>.
*rcdo (goal) R Deckiares <goal> active.
*remove n R Removes the working

memory clement from
memory which matched
the <n>th positive
paticrn on the [LHS.

*subgoals (geal) L&R Get's the subgoals
of <goal>.
*success (goal) u L Tests if <goal>’s status '
1s success.
*supcrgoal (goal) L&R Get's <goal>’s immediate
) supcrgoal.

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

arguments are given in "[ ]", while function arguments are given in "< >" when referred to in the descriptions.
n means that one or morc arguments arc possible. /. 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 1l
New Functions and Changes

A number of changes have been made o the implementation of GRAPES version 40 These changes do not
otfect the pertormance of the system on old GRAPES programs, The following functions are simply imply

added teatures of the new GRAPES interpreter:

sctwm
Now in addition to having a working memory, GRAPES has a long-term
memory. Long-term memory consists of copics of working memory items which
have been defined by the user to be of long-term status.
To put something into long-term memory one simply precedes it with
""" when doing the setwm command. For example: (setwm ‘((has-relation
john father rob) * (isi john man))) will load the first proposition
into working memory only and the second proposition into working
memory and long-term memory. Long-term memory is kept between
calls t setwm. Long-term memory can only be reset by doing
(clear) or (exit) commands.

pp
When the command "(pp lcarned)” is given, all learned productions are
printed to the terminal.
mode
l.carning is invoked by issuing the command "(mode learn)”. This
will sct some default parameter values. Sce the parameter list for
these defaults.
show
(show <parameter>) shows a parameter and its current value.
(show) prints all parameters and their assocjated values.
setp
(sctp <parameter? <valuc>) Sets the value of a user-accessible parameter.
Some amount of type checking is done.
ppitm
Prints the contents of long-term memory.
comp-p

{comp-p [goal [file]]) Shows a production composition at a given goal and
prints results to a file. The goal defaults to the top-goal and the




064

e defaules to the ermimal. The new production is not detined
1 the system,

prc-p
(pre-p |zoal [Hle]p Shows a production procedutalization at a given
goal and G pes results to a fife. Phe goal detaults to the top-goal and the
1o detaults to the wrnminal. The new production is not detined
to the system.

def-comp
(def-comp [goal [1110]]) Does a production composition at a given
goal and prints the resules w a file. The goal defaults to the
current goal and the file defauldts to the terminal. The new
production is detined to the system.

def-pre
(det-pre {goal [file]]) Docs a production proceduralization at a given
goal and prints the results to a file. The goal detaults to the
current goal and the tile defaults to the terminal. The new
production is defined to the system.

cmpl-p
(cmpl-p [goal [file]]) Does a proceduralization at all goals beneath
a given goal and composes the results, The tinal production is
send to a file. The new production is detined to the system, though
none of the intermediate proceduralizations are detined.

*compose
{*compose [goal (file) goal .... ]) Docs an explicit production
composition from the right hand side of any production, Composcs at
cach goal in the argument list. When a list is encountered, it sends
the compositions at cach of the goals following to the file name in
parentheses. All goals must exist in the goal tree and all files must be
able to be opencd or an error results. The goal defaults to the
current goal and the file defaults to the terminal.

*proceduralize
(*proceduralize [goal (lile) goal ...]) Does an explicit
proceduralization from the right-hand side of a production.
Proceduralizes the productions which fired at cach goal in the
argument list. When a file name is encountered, it sends the
proceduralizations at cach 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




opened oran error resalts, Phe goa defaults o the corrent goal

and the tile detaults w the terminal.




Appendix IV
User-Accessible Parameters

GRAPES version 3 has ooset o parameters which are asaslable to the user. Parameter scttings are orten

made m the same tile whuch holds the production rules.

special-modules
A LISP association fist whose Key is the name of the module
and whose data is the access-path w that module. The detault
value is currentls ((learn . "sysSsyvsdeviee:{farreli.comp}
glearn.o™) (isp . "sysSsysdevice:{furrell.complglisp.o™)).

detault-strength
A real number representing the strength for the
productions whose strength is not given. The default
is 1.0,

cycle-trace
This is a list if three possibie values, which specifies
what conflict resolution information should be printed
every cycle. When “recencey” is included in the list and recency I
was uscd in conflict resolution. time tags of maiching
working memory elements are displaved. If "specificity” is
included in the list and specificity was used to decided
what production 1o fire, working memory and goal specificities
will be displayed. If “randomize™ is in the list and a produﬁion
is chosen at random. a message will be printed which tells that
a random production was chosen. The default value for this
parameter is "nil", which means that no conflict resolution
information will be printed on every cycle.

user-accessibie-parameters
This paramcter is a list of the currently
accessible parameters, The default value is:
"(planning-actions speciai-modules flag-actions
non-lcarncd-actions learning-actions
user-accessible-paramecters physical-user-functions
learning-now production-creation-trace
default-strength user-function-check cycle-trace)”.
Notice that user-accessible-parameters is itscif
available for change. This facility is available
so that the user can give himself access to more

FrECED1NG PAGE BLANK=-NOT Fl L&D
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pacineters. e user detines a new package which
has some global varnables which need to be set,

then he can set those vanables with GRAPES commands,

production-creation-trace
When this parameter has the value "t new productions will
be ponted as they are detined. i has the sadue “ml”
they will notbe printed. The tearning module assigns this

parameter a detault value of ",

nlanning-actions
A list ot actions whose right-hand sides will not be included
in the compositon precess. These are also actions
which wig a production as fundamentally interpretive.
Planning goals otten involve adding intermediate results
w working memory. and often match on long-tenm information
not directly connected to tacts in the sk domuoin. [t is
precisely these goals which when collupsed into other goals
and compiled make a usctul plan for wchicving a given
action,

user-function-check
This parameter is to protect the user. When set to "t
all illegal GRAPFS commands generate an error. When sct
to "nil”. the user may usce LISP commands alsd. The defauit
value is Jependent on the version and site.

physical-user-functions
A list of right-hand side user functions which will always
be included in the composition process. Usually such functions
involve making a change in an external mcmory.33

non-learned-actions
A list of actions for goals which will not be included in
the composition process. These are usually goals which
involve checking, which must be donc all of the time.
The compiled production will set a goal with the
"non-lcarned” action. Thus, this goal should be
a terminal goal in the picce of the goal tree accessed
by the composition mechanism. That is, goals bencath

33Sce the section on the LISP package for an cxample of an external memory.




the woal with the non-ltearned acuon will not

be mcluded in the compiled production.

Nag-actions
Vst ot actions tor goals which will be compaosition
Acaders. Composiion headers are goals which are the
top goals i the composed block ot the goat uee. They

signal where to start composing.

learning-actions

A istotactions which tell the system when to hegin composing.

When agoal with g learning action is popped as a suceess,

the composition mechanism is activated.

lcarning-now
This parameter becomes ™t
15 loaded. When set to "mil”, the system will not learn.

when the learning module

09
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Appendix V
A Sample Production Set

Phe following s a production set tor the Tower of Hanor problem. The goal eecursion strategs s already
coded into the GRAPES architecture. so that goal hookkeeping productions are not necded. Notee that
because of GRAPES's pertect memory tor propositions, the twao error checking productions are not used. If
GRAPES produced working memory failures while doing this probiem, the last two productions would help

kcep the system from making incorrect moses.,

{ 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 =partl =part2)
(on =part2 epegX)
(smaller-than =partl =part2)
(isa =pegZ peg)
(*not (*equal =pegZ =pegX))
(*not (*equal =pegl =pegY))
=)
(goal
(action: move
object: epartl
to: =pegl))
(gosal
(action: move
object: epart2
to: =pagY))
(goal
(action: move
object: =parti
to: =pagY)))
{ This production moves a disk. It assumes that al) single disks can be
moved.}

(p move-disk
action: move
object: =objectl
t0: epegA
tests:
(on =objectl e=pegB)
(1sa =objectl single-disk)
ua)
(*remove 1)
(on =objectl =pegA)
(®pop succese))

FrECEDING PAGE BLANK=NOT FI.iMED




{ This production is optional. It makes sure that we are not moving
a disk which 1s 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: w=pegA
tests:
(on =objectl =paegB)
(1sa =objectl single~disk)
(on =object2 wpegB)
(smaller-than =gbject2 =objectl)
na)

(*pop fatlure))

{ This production is optional alsc. It makes sure that we are not placing
a disk on a peg which already has a disk on 1t which 1s larger. This
production will also be preffered in conflict resolution if a move is
illegal. }

(p 11legal-move
acttion: move
object: =objectl
to: =pegY
tests:
(on =objectl =pegX)
(1sa =objectl single-disk)
(on =object2 =pegY)
{smaller-than =object2 =objectl)
wa)
(*pop failure))

{ The top goal 1s to move pyramid-A from where 1t 1s to peg-3. }

(setgoal
'(action: move
object: pyramid-A
to: peg-3))

{ The facts about pegs, disks, and pyramids are encoded in working memory.
The 1nitial 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)
(1sa peg-1 peg)

(1sa peg-2 peg)

(1sa peg-3 peg)

(1sa disk-A single-disk)

(1sa disk-B single-disk)

(1sa disk-C single-disk)
(smaller-than disk-8 disk-A)
(smaller-than disk-C disk-A)
(smatier-than pyramid-B disk-A)
(smaller-than pyramid-8 pyramid-A)
(smaller-than disk-C pyramid-8)
{(smaller-than disk-C disk-8)
(on disk~A peg-1)

(on disk-B peg-1)

(on disk-C peg-1)))
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A Sample Run

Appendix VI

IR

Fhis is an actual GRAPES photo file made with the “"photo” command. The productions “slurp”cd are

listed in appendix 4.

PHOTO recording initiated: ghanoi.log

[*] (slurp ghanoi) ; The default extension

make-subproblems
move-disk
cannot-move-disk
illegal-move

*** Top goal defined. ***
*** Working memory defined. ***

Production Environment Defined.

[*] pptopgoal  ; Print the top goal
op-goal
action: move
object; pyramid-A
to: peg-3
endgoal

[*] ppwm ; Print working memory
WORKING MEMORY:
(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 pcg-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-thar pyramid-B disk-A)
(smaller-than pyramid-B pyramid-A)

is .grp
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(simaller-than disk-C pyramid-B3)
Gsmualler-than disk-C disk-13)
ton Jdisk-A peg-1)
(on disk-B peg-1)
ton disk-C peg-1)
END

(*] ptrace  : Trace productions firing

make-subproblems
move-disk
cannot-move-disk
illegal-move

*] gtrace : Trace goal information
g
move

[*] start : Start the system. The top goal and current working memory
; are the defaults,

top-goal

. action: move
object: pyramid-A
to: peg-3

endGoal

| 1) makc-subproblems.

| . TESTS:

| . (has-part pyramid-A pyramid-B disk-A)

| (on disk-A peg-1)

| (smallcr-than pyramid-B disk-A)

| . (isa peg-2 peg)

| . (*not (*cqual peg-2 peg-1))

| . (*not(*cqual peg-2 peg-3)

| . SUBGOALS created:

| . (goal-l

| (action: move

| object: pyramid-B

I to: peg-2))

| . (goal-2

] (action: move

| object: disk-A

| to: peg-3))




(goal-3
{action: move
vbjeet: pyrimid-B
tw: peg-3))
endProduction

goal-1

action: move

object: pyramid-B

to: peg-2
endGoal
| 2) make-subproblems.
| . TESTS:
{ (has-parc pyramid- B disk-C disk-B)
| (on disk-B peg-1)
| (smaller-than disk-C disk-B)
| . isapeg-3 peg)
| (*not (*cqual peg-3 peg-1))
| . (*not(*cqual peg-3 peg-2))
| . SUBGOALS created:
| (goal-4
| (action: move
|. object; disk-C
| to: peg-3))
| (goal-S
! (action: move
i object: disk-B
| to: peg-2))
| (goal-6
| (action: move
| object: disk-C
| to: peg-2))
| endProduction
!

L.
I
-
I
I
J
I
I
I
|
I
I
I
|
I
I
I
I
!
[
|
|
|
I
I
|
|

goal-4

. action: move
object: disk-C
to: peg-3
endGoal

| 3) move-disk.

75
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| . TESTS:

| (on disk-C peg-1)
| (isa disk-C single-disk)
| INSERTED into wm:
| (on disk-C peg-3)
| . REMOVED from wm:
| . (on disk-C peg-1)
| endPr oduction

Goal successful.

goal-$

action: move

object: disk-B

to: peg-2

endGoat

| 4) move-disk.
| . TESTS:
| . (ondisk-B pcg-1)
| (isa disk-B single-disk)
| . INSERTED into wm:
| (on disk-B peg-2)
| . REMOVED from wm:
{ . (ondisk-B peg-1)
| endProduction
Goal successful.

goal-6
action: move

object: disk-C

to: peg-2
endGoal
{ 5) move-disk.
| . TESTS: _
] (on disk-C peg-3)
| . (isa disk-C single-disk)
| . INSERTED into wm:
| (on disk-C peg-2)
| . REMOVED from wm:
| . (on disk-C peg-3)
| endProduction
Goal successful.
Goal successful,

I
L
I
I
I
o
1
Il
I
H
H
b
H.
.
I
[
I
[
I
I
Il
I
[
I
I
Il
I
I
.
.
I
I
I
I
i
Il
b
I
I
[
I
|

|




gual-2
action: move
object: disk-A
to: peg-3

endGoal

| 6) move-disk.

| . TESTS:

| (on disk-A peg-1)

| (isa disk-\ single-disk)

| . INSERTIED into wm:

| (on disk-A peg-3)

| . REMOVED from wm:

| (on disk-A peg-1)

| endProduction

Guoal successful.

goal-3
action: move

object: pyramid-B

to: peg-3
cndGoal
| 7) make-subproblems.
| . TESTS:
} ( hvas-part pyramid-B disk-C disk-B)
| (on disk-13 peg-2)
| (smaller-than disk-C disk-B)
| . (isapeg-1peg)
| (*not (*equal peg-1 peg-2))
| . (*not(*cqual peg-1 peg-3))
| . SUBGOALS created:
| (goal-7
| (action: move
. object: disk-C
! to: peg-1))
] (goal-8
| (action: move
| object: disk-B
| to: peg-3))
| (goal-9
] (action: move
| object: disk-C
| to: peg-3))
| endProduction

I
|
I
I
I
I
I
I
I
[
I
I
|
|
I
I
I
b
I
|
|
|
I
|
I
I
|
I
I
|
I
I
I
|
!
I
I
I
|
|
I
I
I
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goal-7

action: move

object; disk-C

to: peg-1
endGoal
| 8) move-disk.
| . TESTS:
! (on disk-C peg-2)
| (isa disk-C singlc-disk)
| . INSERTED into wm:
| . (on disk-C peg-1)
| . REMOVED from wm:
| . (ondisk-C peg-2)
| endProduction
Goal successtul.

|l

|

Il

Il

[

I

Pl

I

|

I

Il

I

|1

I

|1

Il

[

I

| | goal-8

| | . action: move

|| . -object: disk-B

[1. to:peg3

| | endGoal

1|1 9) move-disk.

11| . TESTS:

|1 (on disk-B peg-2)
{1}, (isadisk-B single-disk)
| 1. INSERTED into wm:
11! (on disk-B peg-3)
|11 . REMOVED from wm:
J 1] . (ondisk-B peg-2)
| | | endProduction
i | Goal successful, .'
)
[}
Il
I
.
[}
[
Il
I
[

goal-9
action; move

object: disk-C

to: peg-3
endGoal
| 10) move-disk.
| . TESTS:
| . (ondisk-C peg-1)
[ . (isa disk-C single-disk)

.
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INSERTED into wm:
{on disk-C peg-3)

REMOVED trom win;
(on disk-C peg-1)

endProduction

FIt.
frt.
til.
Pt
b1l

| | Goal successful.
| Goal successtul.

G

oal successful,

ENI-- Top Goal Successful,

(*]. pwm

WORKING MEMORY:

‘ (has-part pyramid-A pyramid-B disk-A)
(has-part pyramid-B disk-C disk-B)
(isa peg-1 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-B disk-A)
(smaller-than pyramid-B pyramid-A)
{smaller-than disk-C pyramid-B)
(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 VlI
The LISP Module
The GRAPES LISP module is a st ot top-fevel and user tuncuions which are loaded automatically when
the command (node lisp) is issued while at the top-level. The LISP package defines a set of convenient
functions for modelling expert and novice LISP programmers. This module could also be used to form the

basis for an automatic 1.ISP programming system.

When the package is loaded. all goals with an action to write arc exatnined. These goals should have the
name of the function being written as the value of a finction attribute. the argument list as the value of a args
attribute, and an atom representing the output relation under a ourput auribute. All goals in this format will

producc a Frans 1.ISP lambda definition. A <2 will represent the code for the body of the function.

VIl.1. Top-level commands

Itrace
form: (Itrace)
arguments: none
synopsis: Starts tracing LLISP code as it is being written by the system.

luntrace
form: (luntrace)
arguments: none
synopsis: Stops tracing all fuactions 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 cach
function currently defined are shown. Also, cach symbol is
displayed along with its expansion.

FRECEDING PAGE BLANK-NOT FI1.LMED




Vil.2. User Functions
Left-Hand Side Functions

*uscp
form: (*uscp name template)
arguments: naeme: The name of o tunction currently defined.
template: A list consisting of a template name followed

by its ;n'gumcnts“.

synopsis: Returns "t if function name uscs template for its
body definition. Otherwise it returns "nil”.

*writep
form: (*writep term methud)
arguments: term: A LISP atom which has an entry in the symbol table.
method: An expression.
svnopsis: Returns "t if ternt is written in terms of method in the
symbol table,

*lvarp
form: (*lvarp vars {goaf])
arguments: vars: The name of a local variable, or a list of local
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 arc all members of the local variable
list of the function found.

*gvarp

form: (*gvarp vars [goal])

arguments: vars: The name of a global variable, or a list of global
variables.

goal: A\ goal which specifics where to begin the scarch

for the function with the specitied 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

*dcfine

34 .
see section on templates




torm: (*defhine mane)

ArgUMents: e AN atom representing a function name,
synopsis: Declares rame to bea ISP tunction, signalfing

that s gorg to be written by the production set. This function s
usually used to define helping tunctions and tunctions which are

subproblems.

*undefine
form: (*undefine name)
arguments: nare: 1The name ot a currently defined function.

synopsis: Removes a function name tfrom the list of functions
currently being wnuen. Fgunalent to crasing the
function definition trom the symbol table.

*use
form: (*usc name template)
arguments: #ame: The name of o function currently defined.
tempiate: \ list containing a template tollowed by its arguments.
synopsis: Uses the given template to write the body ot name. A list
of templates is given in the next section.,

*examine ]
form: (*cxamine expr)
arguments: expr: A\ LISP expression.
synopsis: Looks at exprand determines its properties. *mapstore
can be used to store cach property asa fist in working memory.
The properties currently examined are: member, first, end, list,
atom, dotted-pair, and length.

*eval
form: (*eval test-name expr)
arguments; tesi-name: An unbound variable.
expr: A LISP expression.

synopsis: Evaluates expr and returns a list describing the
result of the evaluation. If the evaluation viclds a result,
the list: (result-of test-name is =result). [f the
evaluation results in an error, onc of the following working-memory
clements is returned:

1. Unbound variable  (result-of test-name is
lisp-crror unbound-variable)
2. Undefined-function (result-of test-name is




lisp-error undetined-tuncuon)
3 Bad arg to car (resudt-ot rese-name s lisp-error
bad-function-arg)
4o Bad argtosignp (result-of resé-nane is lisp-error
bad-tunction-arg)
3. Other errors (rosult-ot ese-nanie is lisp-error

Misc-Crror)

*write
form: (*write term method)
arguments: 7enns A LISP atom in the symbol table
method: An expression representing the expansion of term,
svnopsis: Makes a new entry 1w the symbol wble. Generally, rerm
will will be a symbol which has no concrete code associated with it.
*write will expand rermr into the more conerete terms given
by method. In this way. the body of a ISP function is written
in terms of various symbols representing major parts its body. These
picces are in turn written in terms of other pieces, and so on.
These picces are often intimatety linked to the goal structure.
See the sample function and symbol table for the Powerset function.

*Ivar
form: (*Ivar vars [goal])
arguments: vars: The name of a local variable, or a list of names
of local variables.
goal: A goal which specifies where to begin the search
for the function which will 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 scarching the actiors of successive
supergoals of goal for an action to write. If such a goal
is found. then the function name can be found as the value of
the finction attribute.

*gvar
form: (*gvar vars [goaf])
arguments: vars: The name of a global variable, or a list of
names of global variables,
goal: A goal which specitics where to begin the search for
the function which will usc the global variables.
Defaults to the current goal.
synopsis: Creates any number of global variables to be used in a function.
The function is found in a scarch identical to that done when




b))

. 3
addimg local varables to a tunction ™.
Right-hand or | eft-hand Side Functions

R SANTN
torme: oot ars [gead [ artsd]
arsuments: yods \ goal wiich specitios where to begin the search for
the functon which well use the global vanables.
The goal detaults to the current goal.
—warist An unbound vanable.
synopsis: Binds = arlist to the list of global »ariubles associated
with the function found.

*rgvars
torm: (*rgvars (sarlist {goad]])
arguments: variise: The name of 4 global variable, or alist of
namges ot global variables.
goal: A goal which spectfies where to begin the search for
the runction which has the global variables.
Defaults to the current goal.
synopsis: Removes the global variables in varlist from the list of
global variables associated with the function found.

*getlvars
form: (*2cthvars {goal (varfisd])
arguments: goads A goal which specifies where to begin the search for
the function which has the local variables.
The goal detaults to the current goal.
=variist: An unbound variable.
synopsis: Binds = varlist to the local variable list of the function

found.

*rivars

form; (*rivars {goal [varlisd])
arguments: goal: A goal which specifics where to begin the scarch for

the function which has the local variables.
The goal detaults to the current goal,
=varlist; An unbound variable.
synopsis: Removes the local variables in varlist from function’s
local variable list.

35<.ce *lvar command




*funcuion

torm: Ctunctuon e fuear))
arzaments: e, Anunboond vanable.
gl A poal Wi specttios where to been e seach for
the function name.
syiopsis: Returns the nante of e goal reterenced by ol The
referencnyg dzornthm fooks at succossive supergoals of
voud. looking for a goal whose action s "wrie™, It
sich a zoal s tound. the value orits doction; attribute

s bound 10 = name.

*lisp
torm: (*lisp expr)
arguments: Mi<expri> Any eapression,
syvnopsis: Returns "t expris TISP code. [tmustbe it number,
astring. or a list with a tuncuon call as its tirst element.

LISP templates

Ceiteration
form: (“Literation /ist repeat)
arguments: /rszz A listto map osver, taking successive cdr's, !
repeal; A picce of code representing the operation
to he performed vn cach iteration through the loop.
synopsis: This wemplate represents a schematic way to do
an iteratine procedure in 1ISP. The basic structure
of aniterative process is often the same. This code
template captures the similaritics between most of the
iterative procedures used in basic LISP, leaving the
differences to be filled in as variables.
[t creates a local variabie to hold the
result list. Whenever a local variable is used, a LISP
prog structure is automatically created.
result:
(prog (it-var)
loop (cond((not [ist) (return it-var)))
(sctq it-var {appendl it-var repear))
(setq list (cdr list))
(go loop))

%cdr-recursion ;

form: (%cdr-rccursion fest term result)
arguments: fest; A test which will terminate the recursion,
term: An action tor the terminating condition of the




recusion.
resudr: The recursive siep.
ssnopsiss Hhias winplate represents aschematic was to doarecursive

procedure using the imethod ot edr or tal recursion.,

R

result:
tcondinot tesy) “termn)
(t resuit))

“erranz-limbda-function
form: (Cerranz-lambda-tunction iame arglist body)
ArgUMENts: rane: \ function name.
argiiste N st of arguments tor the tunction,
hody: The body of the tunction,
svnopsis: Creates o Frans 1 ISP lambda detfinton, This template is
used by the 1 ISP module w define tunctions specified

by goals with the action "wrnite™.

result:
(def name
(lambda (arglist) i
body))
!
feode-in-toop
form: (%ecode-in-loop expr) ;

arguments: expr: A picee of LISP code.

synopsis: Creates a looping structure with expr as the loop
body. Any tocal variables which are used with be placed as
arguments te the prog surrounding the loop.

result:

(prog <local-variables>
loop expr

(o loop))

Vii.3. A Sample Symbol Table
The symbol table provides a way of representing and manipulating the ISP code written by GRAPES.

Each symbol is stored and then expanded into the code found in the function definitions.

These two functions:




(def powersat
(vambda (1istl)
{(cond {(not listl)
(t
(append (powerset (cdr 1listl))
(@functionl (car listl)

(def @functionl

"(nil))

(lambda (@eltl @resultl)

(cond ((not @resultl)

function
powerset
@functioni

8fBodyl
Tist2
Sresultl
8result
Qtermil
8f30dy2
Belt1
Bterm2
fterm3
0a8lt2
@resultl
Qresults .
@term-cond2
8term-cond1

(t

'nil)

(cons (cons @eltl (car @resultl))

(@functionl @Geltl (cdr @resultl))})))))

were produced trom the following symbol table:

args body local vars
(11st1) 8fBody1 none.
(Qe1t1 Bresultl) 9fBody2  none.

expands to

(Xcdr-recursion 1istl Bterm-condl 11st2)
(append @resultl Rterml)

(powerset 8result2)

(cdr 1istl)

(6functioni Qeltl 8resultl)
(Xcdr-rocursion Bresultl 8term-condZ @term2)
(car T1istl)

(cons 8term3 @resultl)

(cons 8eltl Qe1t2)

(car @rasultl)

(8functionl @eltl Qresultd)

{cdr 8resultl)

nil

(ni1)

(powerset (cdr Tist1))))))))
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Appendix Vil
Formal Production Specification

Ihe following is a formal syntactic specitication tor GRAPES productions,
given in g moditicd Backus-Naur form:

production 1= "(p " p-name left-side " = => " right-side " )"
p-name ;= ATOM
left-side 12 = goal-context / goal-coniext test-part

gaal-context 1= action-parameter / ;lcnon-paramcmr'othcr-puramctcrs
action-parameter 2 = "action: " CONSTAN'

other-parameters 1 = parameter / parameter other-parameters
parameter ;= attribute value

attribute :: = labelled-atom

value :: = pattern

test-part :: = "tests: " ths-tests

lhs-tests o = lhs-¢lt / Ths-clt ths-tests

lhs-clt :: = lhs-test-type / match-type lhs-test-type
match-type .i= "+ "/ "-"/"1"

lhs-test-type :: = wm-test / goal-test / function-call

wm-test ;1 = list-pattern

function-call ::= "( " function-body " )" .
function-body :; = function-name / function-name function-args
function-args :: = pattern-clts

goal-test :: = "( " goal-hcader goal-body " )"
goal-header :: = goal-type / subgoal-type / supergoal-type

goal-type ::= "goal " / "goal " g-name
subgoal-type :: = “subgoal " / “subgoal " g-args
supergoal-type :: = "supergoal " / "supergoal “ g-args

g-args :: = g-namc / of-goal g-name

g-name ;:= CONSTANT / variable / function-call

of-goal ::= CONSTANT / variable / function-call

goal-body :: = g-paramecters / g-parameters nested-goal-specs
g-parameters ;;= "( " parameter-list " )"

parameter-list :: = action-parameter other-parameters / other-parameters
nested-goal-specs ;= goal-test / goal-test nested-goal-specs

right-side :: = rhs-elt / rhs-clt right-side
rhs-elt :;= wm-insertion / goal-insertion / function-call
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win-insertion 1= wm-test
goal-insertion 1= goal-test
pattern ;= pattern-clt / list-pattern

puttern-elt :: = CONSTANT / variable 7 segment-var /7 function-call
pattern -¢lts = pattern / pattern pattern-clts

list-pattern ::= "( " pattern-clts " )"

labelled-atom :: = (CONSTANT < "action”) & ™"

variable ;1= "=" & ATOM

segment-var o= "8 & ATOM

function-name ;= "*" & ATOM

ATOM is any LISP atom, except "nil”.
CONSTANT is any LISP atom whose first character is not " =", "$", or "*"
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Non Govt

Dr. David Kieras
Department of Psychology
University of Arizona
Tuscon, AZ 85721

Dr. Stephen Kosslyn
Harvard University
Department of Psychology
33 Kirkland Street
Cambridge, MA 02138

Dr. Marcy Lansman

Department of Psychology, NI 25
University of Washington
Seattle, WA 981095

Dr. Jill Larkin

Department of Psychology
Carnegie Mellon University
Pittsburgh, PA 15213

Dr., Alan Lesgold
Learning R&D Center
University of Pittsburgh
Pittsburgh, PA 15260

Dr. Michael Levine

Department of Educational Psychology
210 Education Bldg.

University of Illinois

Champaign, IL 61801

Dr. Mark Miller

TI Computer Science Lab

C/0 2824 Winterplace Circle
Plano, TX 75075

Dr. Allen Munro

Behavioral Technology Laboratories
184S Elena Ave., Fourth Floor
Redondo Beach, CA 90277

Dr, Donald A Norman

Dept. of Psychology C-009
Univ, of California, San Diego
La Jolla, CA 92093
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Non Govt

1 Committee on Human Factors
JH 811
2101 Constitution Ave. NW
Washington, DC 20418

1 Dr. Seymour A. Papert
Massachusetts Institute of Technology
Artificial Intelligence Lab
545 Technology Square
Cambridge, MA 02139

1 Dr. James A. Paulson
Portland State University
P.0. Box 751
Portland, OR 97207

1 Dr. James W. Pellegrino
University of California,
Santa Barbara .
Dept. of Psychology
Santa Barabara, CA 93106

1 MR. LUIGI PETRULLO
2431 N. EDGEWOOD STREET
ARLINGTON, VA 22207

1 Dr. Richard A. Pollak
Director, Special Projects
Minnesota Educational Computing Consorti
2520 Broadway Drive
St . Paul ,MN 55113

1 Dr. Martha Polson
Department of Psychology
Campus Box 346
University of Colorado
Boulder, CO 80309

1 DR. PETER POLSON
DEPT. OF PSYCHOLOGY
UNIVERSITY OF COLORADO
BOULDER, CO 80309

1 Dr. Steven E, Poltrock
Department of Psychology
University of Denver
Denver,CO 80208
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Non Govt

Dr. Mike Posner
Department of Psychology
University of Oregon
Eugene OR gT403

MINRAT M. L. RAUCH

PII A4

BUNDESMINISTERIUM DER VERTEIDIGUNG
POSTFACH 1328

D-53 BONN 1, GERMANY

Dr. Fred Reif

SESAME

c¢/0 Physics Department
University of California
Berkely, CA 94720

Dr. Lauren Resnick

LRDC

University of Pittsburgh
3939 O'Hara Street
Pittsburgh, PA 15213

Mary Riley ‘
LRDC

University of Pittsburgh

3939 O'Hara Street

Pittsburgh, PA 15213

Dr. Andrew M. Rose

Ameri.an Institutes for Research
1055 Thomas Jefferson St. NW
Washington, DC 20007

Dr. Ernst Z. Rothkopf
Bell Laboratories

600 Mountain Avenue
Murray Hill, NJ 07974

Dr. David Rumelhart

Center for Human Information Processing
Univ, of California, San Diego

La Jolla, CA 92093

DR. WALTER SCHNEIDER
DEPT. OF PSYCHOLOGY
UNIVERSITY OF ILLINOIS
CHAMPAIGN, IL 61820
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Non Govt : . Non Govt
1 Dr. Alan Schoenfeld 1 Dr. Robert Sternberg
Department of Mathematics Dept. of Psychology
Hamilton College Yale University
Clinton, NY 13323 Box 11A, Yale Station

New Haven, CT 06520
1 DR. ROBERT J. SEIDEL

INSTRUCTIONAL TECHNOLOGY GROUP 1 DR. ALBERT STEVENS
HUMRRO BOLT BERANEK & NEWMAN, INC.

300 N. WASHINGTON ST. 50 MOULTON STREET
ALEXANDRIA, VA 22314 CAMBRIDGE, MA 02138

1 Committee on Cognitive Research 1 David E. Stone, Ph.D.
% Dr. Lonnie R. Sherrod Hazeltine Corporation
Social Science Research Council 7680 0ld Springhouse Road
605 Third Avenue McLean, VA 22102

New York, NY 10016
1 DR. PATRICK SUPPES

1 Dr. David Shucard INSTITUTE FOR MATHEMATICAL STUDIES IN
Brain Sciences Labs THE SOCIAL SCIENCES
i National Jewish Hospital Research Center STANFORD UNIVERSITY
] National Asthma Center STANFORD, CA 94305

Denver, CO 80206
1 Dr. Kikumi Tatsuoka
Robert S. Siegler Computer Based Education Research
Associate Professor Laboratory
Carnegie-Mellon University 252 Engineering Research Laboratory
Department of Psychology University of Illinois
Schenley Park Urbana, IL 61801
Pittsburgh, PA 15213
1 Dr. John Thomas
Dr. Edward E. Smith IBM Thomas J. Watson Research Center
Bolt Beranek & Newman, Inc, P.0. Box 218
50 Moulton Street Yorktown Heights, NY 10598
Cambridge, MA 02138

1 DR. PERRY THORNDYKE
Dr. Robert Smith THE RAND CORPORATION
Department of Computer Science 1700 MAIN STREET
Rutgers University SANTA MONICA, CA 90406
New Brunswick, NJ 08903

1 Dr. Douglas Towne
Dr. Richard Snow Univ. of So. California
School of Education Behavioral Technology Labs
Stanford University 1845 S, Elena Ave,
Stanford, CA 94305 Redondo Beach, CA 90277

Dr. Kathryn T. Spoehr 1 Dr. Benton J. Underwood
Pscyhology Department Dept. of Psychology
Brown University Northwestern University
Providence, RI 02912 Evanston, IL 60201
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