TM-669/000/01

Programs for Machine Learning

29 May 1962




TM-669/000/01

TECHNICAL
MEMORANDUM

(TM Series)

This document was produced in connection with'a research
project sponsored by SDC's independent research program.

SYSTEM
Progrems for Machine Learning DEVELOPMENT

CORPORATION
Aiko M. Hormann

2500 COLORADO AVE.

SANTA MONICA
May 29, 1962 CALIFORNIA

(TM-669‘OOO‘OO is a draft dated Agril ui 12622

Permission to quote from this document or to reproduce it, wholly or in part, should
be obtained in advance from the System Development Corporation.




Yay 29, 1962 1 TM-669/000/01

TABLE OF CONTENTS

Page

ACKNOWI-EDGEIENTS nooo'ocooooocoooooo000o0.0000-o'oooocaooooottoooooto'

O N W

INTRODUCTION L R I I I T I R O I S R I A I O N R R I A I A I I I A N A A I A A A N I I
FEATURES OFTIE mCHANIst }]ELPWLAI\IALOGIES 00-"000!0"0-00.0000000 9

Machine shOp GNBLOGY «eveeesreveesrsssssosesssrsessasnssssssosvassosososas 10
Request foms L2 N I I R I B D B I O B B Y B L K N N N I IR D B I L B IR B D B I N B B IR B B B BN N lh

TIE COMNITY UNIT A-ND ITS MEMBERS D R R I R R A I N A I B R B A B A A ) 17

The task 8NalYZer .eveeeerssroeassrsssssosssssesescssnsasosssssssvsssos 17
The Program ProvViAEr ..veesesseessencscsossessosssssssssssoscosnsssonsss 19
The executor-monitor .eceessessecessrssrssrrecsrcrsccnsossonssnsoncnns 23
Interaction of the executor-monitor and the task analyzer. ¢cceeoecwees 25

CHARACTERISTICS AND DETAILS OF THE COMMUNITY UNIT «coveevevcssocnsons 29

General FeatUres .eveveceroeresrsvenssososssvansssosssssssassssnsssssncae 29
Hierarchical structure and evaluation of accomplished tasks ......... 30
Abstraction and generalization ..eeeeveessesrssronssnssssosssssssenes 31
Transfer of subroutines from the temporary set to the repertory ..... 33
Analogies between a human and the community unit .......ceceeececncss 33
Generalized request TOIM voeveeesrrsosrrsssocressensssnsssnssesssnsans 35
Category changes during execution of the program ......cceeeveesserans 35

PLANNING: GUIDEPOSTS ON THE ROAD TO THE GOAL .evevvneversccrssconsans 36

Proposed meCh.anism 9.0 5 000 0500 000008 EDIN B IO BENOOELOELIIEPLICELICESIOEOEITIPIOES 37
An illustration R A I I I A A I R A A A I I R AR B I A IR B B IR B SR BN B A B ) )'I‘O

AN ILLUSTRATION OF COMMJNITY IJNIT OPEMTION L LI AR O A A O A O B O O O O B L B R N L"S
The task analyzZer's WOTK svsveevsonseasosescossssosesscsssssssassasss ks
The program Provider's WOTK «.ecseeecocecsssesssssoscssscsssssvcnsnss L6

INteractions Of MEMDEIS +veveeeeenroersoceosessnsassossesssssensssnns LT

TOWER OF IIANOI P[JZZI‘E ® 0 0 0 0 0 0N E 0P O DN EE LI LIEIELIEICEIOEIOEPIOERELEIEOLEOETNES 50



Mey 29, 1962 2 TM-669/000/01

Page'
ACASE OFmCI;ANICAL mDUCTION L I I I TR IR L N L DL Y IR BN TEE N A BN Y TN B I BN IR I I I B B B 56

Observation and analysSis ceeeeessoccosrrsesesccesessnsssssessssnnnsss O
Conjecture generation «.eveeoeressetaccassssasssoscossasssssnssnosss 60
Performance of the SUDUNIt +veeverrnerennrneosocnsosnaseesocesosanns 61
The consequence generator and its interaction with the task

BNALYZET 4 eeeesrreeseeeresosessonsssinansansnsassnsscssoassossnns 63
Attaining the general TULE +eeeeersssseesssssossossssasnssssanssnes 68
Summary on the induction mechanism ....eeveeeesocescsrssrcrsosssnsns 70

CONCLUSION R I A L IR B B R R I I R R A I R SRR I AT A B B B B B I A A A U A A I I ) 72
Nhin theme‘Of our rese&rCh © 9 8 R 000 C N LI ELELLILIOEIEPIILOEOERIOIOEESIIGEIESESIOSEOLETIOS 72

External feedback: communication between the system and its

.
tralner L BB AR A A I IR A B I AR Y B B A R A A I IR AR IO B SR IO AR BN IO P I B B B I ] 72

REFERENCES .0...00.‘.&00‘0.0.!.Q;l'..'ﬂo'b..l...‘.".Ot.l.""..'i.; . 7h



Moy 29, 1962 3 TM-669/000/01
(Page 4 Blank)

LIST OF ILLUSTRATIONS

Figure Page
1. Mechine Shop EXamMPle ..ceeesreonssscsssesassssssccancnss 12
2. Forms of Expressing Requests Depending on the Subject's

EXPErience tiveereessensereeecorennscesssssosnsccnssnnas 15

3 The Community UNit seeeeeersenrcrsasascoscescescnsonsnns 18

b, Hammering as @ TOTE UNit «.vvevencrorcnnccosorencncennas 18

5. Monitored and Unmonitored Modes of Execution .seeessescee 26

6. The Planning Mechanism ....eeeeiecercecnsercncovacsosose 38

7. Tower of Hanoi Puzzle Given to the Planning Mechanism .. L1

8. | Subtasks of Tower of Hanoi PUZZ1€ .s.eeeevesesscsssanssns L2

9. Actions of Members of the Community Unit ...eeeecececees 48

10. The Tower of Hanoi PuzZZle .eceeeevecervcassesrscesscnnes 51'
11. Part of Move Tree for the 3-Disk Puzzle ...eseveoccasces 55
12. The Induction MechBNISM «.veeeveeevasossrssocscssosscossns 58

13. 3 and U-Disk PUZZ1EE «tvvvevrrrrcrcrveosnessossansannoss 59



May 29, 1962 5 TM-669/000/01

SUMMARY

This paper reports on a proposed schema and gives some detailed speci-
fications for constructing a learning system by means of programming a com-
puter. We have tried to separate learning processes and problem-solving
techniques from specific problem content in order to achieve generality,
i.e., in order to achieve a system capable of performing in a wide variety
of learning and problem-solving situations.

Programs in the system are given by the programmer either directly or
indirectly. Indirectly given programs are those which are constructed in-
side the system (by a set of programs constituting a program-providing
mechanism) from an existing supply of basic instructions and component
programs, some of which have been directly given and some of which may
have been previously constructed by the system itself. The primary pur-
pose of indirect programming.is to assist higher-level programs in perform-
ing tasks for which detailed preplanning by - an external programmer is
either impossible or impractical.

Most of the indirect programming is performed by a mechanism called
the community unit. It is presented in a schematized framework as a team
of routines connected by first and second-order feedback loops. Analogies
are drawn and an illustration of community unit operation is given. Some
heuristics are suggested for enabling the community unit to search for a
usable sequence of operations more efficiently than if it were to search
simply by exhaustive or random trial and error. .. These heuristics are

of a step-by-step nature.
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For complex problems, however, such step-by-step heuristics alone will
fail unless there is also a mechanism for analyzing problem structure and
placing guideposts on the road to the goal. A planning mechanism capable of
doing this 1s proposed. Under the control of a higher-level program which‘
specifies the level of detail required in a plan being developed, this plan‘-‘-ﬂ
ning mechanism is to break up problems into a hierarchy of subproblems each
by itself presumably easier to solve than the original problem.

To manage classes of problems and to make efficient use of past experi-
ence, an induction mechanism is proposed. An illustration is given of the
induction mechanism solving a specific sequence of tasks.

Parts of the system are currently being programmed end tested in IPL;V
on the Philco 2000 computer. Illustrations given in connection with the
community unit and the induction mechanism show the results of hand-simula-

tion based on the programming specificiations.
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INTRODUCTION

Our aim is to increase the "intellectual™ capacities of machines by
directly programming on a computer and, ultimately, to construct what might
reasonably be called an intelligent learning system. Consideration of human
problem-solving and learning activities permits analogies to be drawn and
suggests the use of certain heuristic processes for the machine. The re-
sulting system of programs, however, is not meant to be a model of human
thought processes. We hope to find heuristic programs which do not delib-
‘erately imitate human characteristics.

We are motivated by the belief that the capacity of a machine might
be expanded by means of a learning mechanism to handle increasingly complex
and varied tasks. The solution of even well-defined problems for which the
mathematical or physical rules are known can be extremely difficult to pro-
gram. A practical approach might be "preprogramming™ to the limits of
human ability, then letting the system learn the rest of the techniques
required for problem solution. In addition, some ill-defined problems,
such as many socioeconomic problems, might be handled effectively and eco-

nomically by a good learning system.

FEATURES OF THE MECHANISMS: HELPFUL ANALOGIES
The proposed system contains, as its essential components, several
mechanisms each having the same general structure. One mechanism, which
we call the community unit, is basic to the others. We shall talk about
it first.

The function of the community unit is either to provide its customers



May 29, 1962 - 10 TM-669/000/01

(higher—level programs ) with a program capable of performing a_requested
task or to perform a customer-stipulated task by executing a program. If
the mechanism does not have a ready-made program in stock to fill a particu-
lar request, it will have to construct a program and "debug”™ it before
outputting or executing it. The process of constructing a tentative pro-
gram, testing, modifying, testing again may have to be repeated many times.

Machine shop analogy

The structure and function of the community unit can best be intro-
duced by means of an analogy. Let us consider a machine shop with general-
purpose assembly machinery and a good supply of basic parts, partially
assembled parts, and products which can be used either by themselves or
as parts. The corresponding community unit supply consists of basic in-
structions, sequences of instructions or open subroutines, and closed
subroutines. The supply in either case is classified into categories
which correspond to the job categories into which incoming requests are
classified. Machine shop customers may want either a machine, e.g., a
grinding machine, or the service of a machine, e.g., grinding a cam shaft.

The chief engineer receives a request from a customer, studies it,
identifies the characteristic features of the request, and decides the
category. If the customer's request can be satisfied.with an "off-the-
shelf" item, the chief engineer can fill the request immediately. If the
service of an avéilable machine is wanted, the request goes to the design
engineer, who sets uﬁ the maéhine; the test-and-service engineer theh su~-

pervises the machine's performance.
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Héwever, we are more interested in the case where the request cannot
be filled with machines existing in the shop. The chief engineer passes
the request and his categorization of it along to the design engineer. The
design engineer designs and constructs a pilot machine from materials avail-
able to him. He may modify an "off-the-shelf™ item which is finished or
partially assembled. He may combine such items, modified or unmodified.

He may construct his machine from basic parts only. It is possible that
the request cannoct be filled because of an inadequate supply of parts or
because of insufficient technical know-how, but if the design engineer is
able to construct a pilot machine, it is channeled to the test-and-service
engineer.

The test-and-service engineer activates the machine step-by-step and
at the end of each step reports to the chief engineer (see Figure 1). The
chief engineer considers the performance of the pilot machine in the light
of his analysis of the customer's request and does one of the following
three things. He may inform the test-and-service engineer that the function
of the machine is in agreement with the customer's requirements so far and
tells him to proceed with further testing. If there is nothing more to
test, the chief engineer outputs the machine to the customer who, in turn,
either accepts or feeds back information about necessary changes. However
the chief engineer may detect some undesirable feature of the machine, in
which case he tells the design engineer to modify the machine or construct
a new one. Finally the chief engineer may find it necessary to ask the

customer for additional information. After the customer examines the
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performance of the pilot machine as reported by the chief engineer, he may
get a clearer idea of what he really needs. The customer may be able then
to provide more details about what he wants his machine to do; he may even
be able to suggest specific modifications of the proposed machine.

The entire process will be repeated until the customer is satisfied
or places a stop order. A hierarchical structure results if some customers
are themselves engineers in machine shops constructing machines for their
own customers. The original machine shop of our illustration can also
"subcontract™ with another machine shop, requesting parts for the machine
under construction. Subcontracting is to be realized in the proposed system
by recursive use of the community unit.

It has been pointed out that the customer may request either a machine
or the service of a machine. In both cases, we suppose that requests are
expressed in a functional sense, rather than in a material sense; i.e., the
customer says either, "I want a machine which does so and so," or "I want
so and so done." For example, the customer says, "I want this nail to be
flush with this board."” He does not stipulate that the hammering be done
with a light claw hammer or with a sledge hammer or with a rock. The amount
of experience and the level of sophistication of the shop determines the
means by which the customer's request is met. The essential nature of the
shop's operation, however, is the same in every case: first, to convert the
functional description of the task into a machine or a program or a system
of some kind, i.e., into something that can be described in material terms;

and then, in contrast to the first stage, to proceed from the product or a



My 25, 1962 1k TM-669/000,/01

material description of it, to a functional description which can be direct-
ly compared with the original request. Good techniques in both conversions
are extremely important to the shop, and engineers must learn to find clever
conversion techniqpes. In addition; engineers must also learn to arrange a
good assortment of supplies using past experience in fulfilling a variety
of requests. For example, if some frequently requested machines have the
same structure and use similar parts, it will be more efficient and economi-
cal to keep in stock a "ready-made framework" for such construction and only
modify minor parts when a particular machine| is requested.

Request forms

The choice of a form for expressing request depends on the subject's
past experience. In the machine shop analogy, the customer may know by
name a particular product which will meet his needs. If the chief engineer
knows the product by the same name and it is an "off-the-shelf™ item, the
request can be made simply by using the name. However, if the customer
does not know & name of an item which will meet his needs or if there is no
such item on the shelf, he must make his request in a different form.

The three alternative forms proposed for requests made by or of a
community unit can be clarified by another analogy, a hammering task,las
shown in Figure 2. We might say to someone, "Hemmer this nail.”™ If the
person has previous hammering experience or if he has previously watched
someone hammering and associated that action with the command, "Hammer," he
can carry out the task even though he may hammer somewhat clumsily. On the

other hand, he may have no idea what "Hammer" means. 1In that case, we may
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Community Unit Task

to 'exchange'

Se;
'hammer this neil'.

Name

command 'exchange' followed by

Appellative AB, as a list. (Unless there
is the required routine, named
'exchange,' there will be no
response.
Show Describe
N 1) Te nail upright 1) Current State: AB
Descriptive in place on the board.
2) Desired State: BA
2) Picture of the nail :
flush with the board. 3) Information on the task:
: a code to indicate the desired
3) Up-and-down motion of state is to be stored on top of
the arm. the Current State.
Do Input (from outside the system)
. action of hammering.
Instructive Desired program for the task.

Figure 2.

Forms of expressing requests depending
on the subject's past experience.
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place the naill upright on the board, §§9§ a picture of a nail which is
flush with the board as the desired state, and then demonstrate with an up-
and-down motion of the hammer. The third alternative is to instruct him in
.the desired action by hammering the nail ourselves or by taking his hand
and making the motion of hammering with him.

Now consider a simple exchange as a specific examplé of a task to be
performed by a community unit. Two symbols, A and B, are currently stored
in location L1 and L2, respectively. A is to be moved to Lé and B is to be
moved to Ll' The customer, i.e., the controlling program, may request that
the community unit perform this task by naming the command "Exchange™ fol-
lowed by its operand A and B,h Perhaps fbe task can be carried out’diyecfly,
but if an exchange routine has not been generated previously or prestored,
there will be no name "Exchange" among the names of available routines. In
other words, the request will not be understood. Then the controlling pro-
gram may input the request in a more descriptive form.  This is to be done
by giving é list. The first item on‘fhe list represents the current state
AB, the second item represents the desired state BA, and the third item
gives information about the task, i.e., that the state represented by the
second item is to replace the state represented by the first item. Notice
that each item itself may be a list or a list-structure (7). The informa-
tion in the third item may be a set of restrictions or conditions and may
also include additional information which the controlling program is able

| to supply about the task. This information may be in the form of programs

or in the form of data. 1If the task cannot be performed as presented in
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either of the preceding forms, a third alternative is for the controlling
program to output the request in the descriptive form to a human teacher,
asking the teacher to input the ﬁecessary program. The system then takes
the program, assigns a name to it, and stores these with the descriptive

form of the request. Thus the correspondence between the appellative and

descriptive request forms is established for future use.

THE COMMUNITY UNIT AND ITS MEMBERS

We now describe the community unit (Figure 3) in programming terms.
Analogies used in the previous section are referred to when useful. The
hammering example is used again to describe a kind of feedback loop called
a TOTE (Test-Operate-Test-Exit) unit by Miller, Galanter, and Pribram (k}.
The function of a TOTE unit is illustrated schematically by a man using
sensory feedback as he moves his arm in the hammering task (Figure 4).
Similarity and the correspondence between the TOTE and the community unit
will be discussed later.

The task analyzer

The task analyzer corresponds to the chief engineer in the machine
shop analogy. The task analyzer receives incoming requests either in
appellative or descriptive form. :We shall consider a request in the
latter form, with the unit having no previous experience relevant to
the assumed task. Also we shall assume, for simplicity, thet the task

analyzer has a built-in ability to find characteristic features of the
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Requested task in either form ‘ \
(also, later feedback about
the previous task):

Appellative form - Name of the task

Descriptive form - Current State
Desired State

Information about the task
(1) Task not understood

Output one of (2) Need help
(3) Task accomplished

R (name of the program
> if constructed)
Results and
Current
stete | o rer
Executor -y
Monitor -
Feedback

A Category of the task
Program and error information

I

A

Program
Provider

Figure 3. Community Unit

Test | —
{Jedl Head Flush

\ 4

w‘(hea.d sticks up)

Hammer
(Operate phase)

Figure 4. Hammering as a TOTE Unit
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task and to determine the proper prbblem category.l

The program provider

The program provider corresponds to the design engineer. The program
provider has a collection of available instructions and programs which is
divided into two parts: one is a permanent set, a standard repertory, which
contains basic instructions, sequences of instructions or open subroutines,
and closed subroutines, each represented by a single name; the other is a
temporary set consisting of records of previously constructed programs. The
manner in which members of the temporary set are abstracted and generalized
to become members of the repertory represents an important kind of learning
which will be discussed later.

Using the information received from the task analyzer, the program
provider constructs a tentative program by modifying a previously stored
program, by constructing a program from basic instructions, or by assembling
a new progra@’from previously constructed programs, modified or unmodified.

In modifying a previously stored program, a similarity test may reveal
that a previously solved task matches the present one closely and the solu-
tion developed then may, with modification, work in the present case. In
the hammering analogy, & similar task may have been solved with up-and-down

arm movements. An attempt may be made to adapt the sequence then developed

1 The ability to learn to classify problem situations into effective cate-
gories is one of the most important capabilities any "intelligent learning
machine™ must have if it is to use its past experience effectively. Useful
suggestions on how such learning might be realized have been made by Minsky
(4, 5 and 6) Newell, Shaw and Simon (8 and 9) and Solomonoff (10).
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to the task of hammering. So in programming, an old routine can often be
modified to suit a new purpose, perhaps simply by changing addresses, loop
parameters, branching criteria, etc.

If the simple modification technique is not applicable, it may be nec-
essary to construct a program from basic instructions. In the hammering
analogy, "move the arm upward" and "move the arm downward" may have to be
further broken down into sequences of contractions and relaxations of par-
ticular muscle groups.

Several considerations must be taken into account when a new program
is assembled from previously constructed programs as building blocks. If
the task can be divided into subtasks, all of which can be recognized as
identical to previocusly solved tasks, then organizing them in a proper se-
quence is all that is required--though doing this may be no simple task.

In the hammering analogy, the motion of the arm can be built up as a se-
quence of upward and downward motions. It is likely, however, that some of
the subtasks will require modifications of previously constructed programs,
and for some others, it may be necessary to construct programs from basic
instructicns. 7These subtasks, except the ones which have been recognized as
identical to previously solved tasks, will be represented by descriptive
request forms which will then be input to the community unit one level
lower. This corresponds to subcontracting in the machine shop analogy.

What happens then is treated below in the section on the executor-monitor.

If the unit is mature, i.e., if il already has had much experience,
many requests will be satisfiable by modification and subdivision, and the

rest may be simple enough to permit construction from the basic instructions.
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In order to avoid having complex requests which cannot be handled by any of

the preceding methods, the training sequence has to be selected carefully.

If there ié a big change in the current request from the previous ones, either
in complexity or in the degree to which it or its subproblems are similar to
previously satisfied requests, attempts at solution will involve a great deal
of trial and error, probably ending in failure.

Whatever the means by which an item is entered in the repertory,
associlated with it is a separate utility value for each of the problem
categories. Thus if there are n categories, each item has n values since
the utility value of an item is expected to be different for different
categories. 1In addition, attached to each item in the repertory is a
description of the results of each action of that item. Similarly, when a

human programmer decides to use a particular instruction or a subroutine in

his program, it is usually because he has a clear picture of the before and

after states and not necessarily only because the chosen item has a higher

utility value than others in a particular category.

Items in the initially given repertory have their descriptions pre-
stored, but the repertory changes as the community unit learns; some members
of the repertory are combined @o become one item, and some members of the
temporary set are abstracted and generalized to be added to the repertory.
Each time such a changée takes place and each time the task analyzer records
é change in current state as the result of its interaction with

the executor-monitor discussed below, the description of the item
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involved must be reviewed and updated.

The act of providing functional descriptions and improving them in the

light of experience is an important kind of learning which might be described

as constructing and modifying a "cognitive map."l It is the utilization of

such a cognitive map which enables one to internalize overt action, e.g.,

considering possible chess moves and, on the basis of information in the
cognitive map, internally determining what their consequences would be were
they actually to be made.

The term cognitive map is used in a relative sense; the system as a
whole, or a part of the system, can develop its cognitive map as it experi-
ences a variety of tasks. The term "environment” will also be used in a
relative sense. When only a part of a system is considered, its environ-
ment includes the rest of the system.

The cognitive map of the program provider contains functional descrip;
tions of items ih the repertory; improvementé of its cognitive map mean
improvement of its ability to select proper instructions and routines to
construct a required program.

There are, however, considerable difficulties in describing the func-
tion of évery item in the repertory. 1In order to make the utilization of
the cognitive map effective, there must be an efficient system for internal

coding with reasonably uniform format. Our current attention is restricted

1 "Cognitive map" is a term of Tolman (12); a similar notion is called
"Image" by Miller et al (4).
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to the type of description which can be put in the descriptive request
form. This is a strong resﬁriction, but its uniform format offers two
major advantages. First, when a new program has been constructed to fill
a request expressed in descriptive form, the same form can be stored (along
with its given name) to serve as the description of the program. Second,
when a number of similar programs are abstracted by parameterization,
corresponding parameterization of the descriptive form will immediately
serve as the description of all of them.

A generalized version of the descriptive request form is introducea
later but corresponding generalizations of the community unit function and

{
its cognitive map construction have not yet been determined.

Executorfmonitor
Upon receiving the tentative program constructed by the program

provider, the executor-monitor begins executing the given program in one
or a combination of the following two modes. In normal, high-speed execu-
tion of a sequence of instruction, the executor-monitor transfers control
to the address of the first instruction of the sequence. All instructions
in the sequence will be executed in high»speed; and control will not be
returned to the executor-monitor until the end of the sequence is reached.

This mode of execution is' identical to that of the conventional computer.

1 Since the computer plus IPL-V is considered as another computer, the mode
of operation of IPL-V is considered as normal high-speed execution even
though its speed is not the speed of machine~code execution.
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The second mode is monitored execution. Instead of transferring control to the
program location the executor-monitor interprets the execution of each in-
struction. This mode of execution not only permits the executor-monitor to
retain complete control during execution but also to use information on the
action and the results of each instruction. Thus it can detect a danger
before any destructive action takes place. For example, a transfer instruc;
tion may go to a data location or some reserved program location or an in;
struction to store data may refer to a location tagged as confaining data
.required later in the program. While these operations may be correct for
this application, they also may not be. In the event a danger is detected,
the executor-monitor will record the place of interruption in the program,
and transfer control to the task analyzer, outputting a danger signal and
the address of the particular operation at which the danger was detected.
The mode of execution depends on the following rules, chosen to en-
sure that programs are monitored until they have been ”debugged."‘ (1) Each
of the basic instructions occurring alone in the repertory is always moni-
tored. (2) A sequence of instructions represented by a single name in the
repertory, if not modified by a process of the program provider, will be
executed in high speed. If it has been modified, every instruction in the -
sequence will be monitored. (3) Subroutines in the rep;¥tory, if not modi-
fied by a process of the program provider, will be executed in high-speed,
and if modified will be monitored. It should be noted that if there are
standard input preparations prior to entering the subroutine, instructions

affecting them will be attached to the subroutine in the repertory, but
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their execution will always be monitored even though the subroutine may not
be. (4} As long as routines and subroutines are in the temporary set, they
are always monitored.

Subtasks which are in descriptive form cannot be executed; therefore,

these are input to the task analyzer as new requests and the entire communi-

ty unit becomes involved again. Such recursive use of the community unit

is made possible by a push-down list (7) used by the task analyzer; the

second entrance to the task analyzer, before exit is made from the first
task, does not destroy the information needed for exit from the original
task.

Figure 5 illustrates a mixture of the two execution modes. Horizon;
tal lines indicate monitored instructions, and vertical 1;nes indicate
high-speed execution. In this example, subroutines A and C are taken to be
in the repertory. Subroutines B can be either in the temporary set or in
the repertory, but are modified for the given task. A sequence of instruc;
tions in the repertory will always be copied in the constructed program
since such a sequence will have no entrance and exit provisions of the type
used with closed subroutines. Provision must be made, however, for return-
ing to the executor-monitor at the end of the sequence.

Interaction between the executor-monitor and the task analyzer

The executor-monitor and the task analyzer are the only two parts of
the community unit with direct two-way communication (see Figure 3). As
the executor-monitor executes instructions, the picture of the current
state changes. Since the executor-monitor's function is gssentially execu~

tion, however, and its immediate attention is given only to the current
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instruction, it has no sense of direction toward the goal. This must be
provided by feedback from the task analyzer.

Let us review the original request provided in descriptive form. It
is comprised of the original state, the desired state, and information on
the task. The task analyzer stores all three as the record of the initial
task, but it also stores the current state, which ;s constantly being
changed by the executor-monitor. The task analyzer; with the changed
picture of the current state will go through the analysis of the changed
task for each monitored operation. If the analysis shows the category of
the changed task is the same as before, the task analyzer will feedback to
the executor-monitor a go-ahead signal so that the executor-monitor will
proceed to execute the next operation. If the analysis of the current
state changes the category, the task analyzer will feedback to the executor-
monitor an interruption signal and then transfer control to the program
provider with information about the new problem category. Finally, if the
task analyzer is informed of a destructive operation which has been detect-
ed by the executor-monitor, an analysis of the error will be made. The in-
formation will then be given to the program provider which will make an
appropriate modification. 1In all three cases, the task analyzer keeps the
record of changes in the current state and associates the record with the
executed instruction. Such records are necessary even for the relatively
simple applications described above. 1In addition it is planned that they
will be used by the task analyzer to improve categorization and by the pro-
gram provider to improve its selection of instructions and programs. Simi-

lar changes might be grouped together, abstracted, and generalized. The
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resulting summary might be used as a basis for tentatively revising categor-
ies and utilty values. The tentatively revised categories and values would
be tested and if successful, they would be permanently substituted for the
original categories and values.

We have made a number of assumptions about the task analyzer's capa;
bilities and used these assumptions in discussing the ideal functioning of
the community unit. Much more research is required before such assumptions
can be used with confidence. For example, the learning of good classifica-
tion techniques is extremely important to a learning.system. We can assume
that a reasonably rich repertory with good categorization is prestored for
the community unit. However, recognizing that new problem situations belong
to particular categories in terms of suitable methods requires that pattern-
recognition methods of some inductive ability be developed because prepro-
gramming for all conceivable task situations is not feasible. Important
research is being done in this area by Minsky (5 and 6), Newell, Shaw and
Simon (8 and 9), and Solomoﬁoff (10) emong others.

Another serious problem is to provide the mechanism with Judgment
capabilities comparable to "warmer" and "cooler" feelings of humans. Par-
tial solution to‘this problem may be possible with a combination of good
planning techniques, recognition of partial success, and good credit gssign-
ing methods for reinforcement. However, they themselves have many difficul-
ties to be overcome. Discussions of these problems and some suggested

solutions are found in (6), (8), and (9).
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CHARACTERISTICS AND DETAILS OF THE COMMUNITY UNIT

General features

The structure of the community unit and the function of its members,
as discussed in the last section, indicate the extent to which the unit can
be preprogrammed. The specification is intended to give the community unit
a basic framework with a self-modifying ability which would provide poten;
tial capabilities for a variety of tasks. The behavior of the unit at any
particular instant, however, is not determined in detail independently of
contacts. with its environment; its actions are closely guided by feedback
from the environment.

The structure presented in the schematic diagram of Figure 3, is a
"building-block" structure to be found in several other parts of the system,
e.g., in the planning mechanism and in the induction mechanism. The inter-
actions between the executor-monitor and the task analyzer represented by
opposing arrows in Figure 3, form what we call a first-order feedback loop;
its primary function is performance and error detection. This loop resembles
the TOTE unit in Figure 4, with the executor-monitor corresponding to the
operate phase of the TOTE unit and the task analyzer corresponding to the
test phase.

The outer loop which connects all three members of the community unit
may be called a second-order feedback loop; its primary function is the se-
lection of operations and error correction on the basis of the information
from the first-order feedback. For example, in connection with the hammer-
ing task represented by the TOTE unit, what happens if the hammerer hits his

thumb instead of the nail? Something must be changed to correct the situation
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so that the "wrong" action will be prevented from recurring and a correct

action substituted for it. This correcting process, after a unit of action

has taken place, is accomplished by the second-order feedback, with or with-

out additional feedback from the environment.

In order to compare the structure of the community unit with that of
the TOTE unit, the selection of operations can be considered as a part of
an operation phase, as when Miller et al. talk about "metaplanning”--about
TOTE units which construct other TOTE units--but for our purposes it is con-
venient to schematize selection of operations as separate from performance
of operations.

Hierarchical structure and evaluation of accomplished tasks

‘Whenever a request is made of the community unit, the only criteria
which the unit can use in determining acceptability of a response are those
determining whether the response satisfies the request. However, the re-
quest itself, dependent as it is on heuristics used by a higher-level pro-
gram which generated it, may have been inadequate. Depending on an evalua-
tion made at the higher level, the particular program produced by the
program provider may have to be modified. Such a requirement will be fed
back to the unit. The task analyzer then may decide to adjust the categori-
zation, and subsequent adjustment of the utility values may have to be made
by the program provider. Full control must not be passed down. The request
must be associated with some "resource allotment" or other constraint to

help it recognize when help is needed.
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Abstraction and generalization

Much more thought is necessary to decide how to equip our system with
abstraction and generalization capabilities. This section supplies some pre-
liminary suggestions, referring first to data, then to programs. Uses to
which the abstracts may be put will be discussed later.

Given a list of lists, the abstraction routine prepares three kinds of
data abstracts. The simplest is obtained by counting the elements in each
list. Another type, taking order of occurrence into account, itemizes what
elements the lists in the list have in common, and replaces the unmatched
elements by a sublist which indicates how the parameter is specified in each
of the original lists. The third type of data abstract, without taking order
of occurrence into account, itemizes the distinct elements which appear in
common among the lists, then itemizes the ummatched elements together with
names of the original lists to whichvthey belong.

For an example of the three types, let two lists X and Y, be given to
the abstraction routine. List X contains elements A B C D E and list Y con-
tains elements F B D DE C. The abstract which counts data elements has as
entries Sx’ 6y. Subscripts x and y are used to indicate names of the origi~.
nal. The abstract taking order into account may be represented as

B P, DE P
P 2 3

(AX Fy C, Dy c ¢x cy

where Pl’ P2, and P, are parameters, each pointing to a specification sub-

3
list. Letting "/" symbolize a marker separating shared elements from
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unshared ones, the third type of abstract is represented as B C D E / A.x Fy'

Another abstraction routine, called a "replace routine", replaces one
or more specified elements in a given list by a single element, using either
a parameter supplied by the routine or a particular name given by the con-
trolling program. The original element(s) then form a sublist which is
named by the new element. For example, suppose the higher-level program
enters the routine with the information that in the list Z, which contains
elements A B C D A B E, elements A and B together are to be replaced by a
parameter. The resulting list is P C D P E, so that A and B are treated as

ESE

a single element at the level of list Z, but become individual entities
again at the next lower level.

Programs may also be abstracted and generalized. A subroutine, when
first constructed or when prestored in the community unit, may not be in a
form suitable for general use. After a suitable training sequence, the unit
can be made to discover that some subroutines have many common instructions
and only a few differences. It then replaces these subroutines by one sub-
routine which contains parameters at places where differences appear. Dif-
ferences may be in operators (instructions), in operands (addresses), or
both. This recognition of common features is a form of both abstraction and
generalization. For the former, when the program provider decides to use an
abstracted suﬁroutine, it will have to copy the subroutine and specify val-
ues of parameters before the subroutine can be given to the executor-monitor.

When an abstracted routine has proved its power by frequent use, it may be
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generalized as a closed subroutine. Generalization is then said to occur.
The name of the subroutine is stored together with the necessary format for
the calling sequence, and the program provider utilizes the generalized
subroutine by putting in its generated programs instructions which specify
values of the calling parameters and which then transfer control directly
to the stored subroutines. Abstraction and generalization can happen to
routines and subroutines in both the temporary set and the standard reper-
tory but they are more likely to happen to those in the temporary set.

Transfer of subroutines from the temporary set to the repertory

If a subroutine in the temporary set is used successfully some preset
number of times without modification, the program will be made into a closed
subroutine and its name will be stored in the standard repertory. This
enables well-tested and often-used programs to be executed in unmonitored
high-speed by the executor-monitor.

Analogies between a human and the community unit

Some interesting analogies can be drawn between learning processes of
the human and those of the community unit. One is the development of high-
speed performance following sufficient monitored experience. When a séquence
of actions with which we are unfamiliar is first proposed (either by our
teacher or by ourselves) we consciously attend to each step of the sequence.
However, once we gain familiarity and confidence, we run through a sequence
of actions without being consciously aware of each of its parts. The dif-
ference can be seen in the rapid and precise finger movements of a skilled

piano player compared with the slow trial-and-error movements of a beginner.
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This corresponds to monitoring a program step-by-step when the community
unit is unsure of workability of the program, but changing to high-speed,
unmonitored execution once the effects of a program have been thoroughly
tested.

Another similarity occurs in the progressive grouping of different
elements into larger and larger complexes. Suppose we have acquired skills
in a number of simple tasks (e.g., some sequences of finger movements on a
piano). When we attempt a more complex task which is an integrated sequence
of those simpler skills, we have to attend to each step of the sequence al-
though we need not attend to the full detail of each of the basic skills.
Some parts of a basic skill may have to be modified to fit it into the
larger sequence, and we are not sure of the effects of the basic skills on
each other when they are combined. But with practice these questions are
settled, and the basic, simpler skills drop out of our attention as indi-
vidual units, forming a fused integrated whole. The process can be repeated
any number of times, forming larger and larger units of behavior, the ulti-
mate size of units depending on the proficiency we acquire in a particular
field of skills. The community unit functions in the same way, forming
larger and more complex routines out of simpler subroutines.

Still another similarity between human and community unit experience
is a tendency toward abstraction as experience builds up. In many motor
skills, we observe that some component skills are very specialized and fit
rigidly into a larger pattern. Some component skills, however, when used

in a situation calling for variations, can quickly be adapted. Of course,
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the opposite effect may be evidenced, i.e., previous acquisition of a skill
may interfere with the learning of a new task. After we experience a number
of variations of the same basic skill, we generally find it easier and easi;
er to adapt the skill to still different situations. An analogous behavior
in the community unit results from abstraction and generalization of sub-
routines. A subroutine can be made to handle a variety of tasks by means

of parameterization; it is adapted to a new situation by determining new
values for its parameters.

Generalized request form

Descriptive request forms used thus far are rather limited in their
capability to express a wide variety of problems. In order to reduce the
limitation, we consider a more general form which includes the previous form
as a special case. This general form is represented by three lists of in-
formation:

(1) given: facts and conditions concerning initial situation.

(2) desired: end results to be obtained.

(3) information on the task: restrictions and suggestions.
Corresponding generalizations of the community unit funetion and its cogni-
tive map construction have not been fully investigated.

Category changes during execution of the program

As the task analyzer receives executed results from the executor-
monitor the current state becomes altered from the original state, although
the desired state is the same. Some changes in the current state may be

very small or very large; if the nonmonitored part of the program is a large
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routine in the repertory, changes noticed by the task analyzer in the current
state are likely to be large since the executor-monitor cannot regain its
control until that portion of the program is executed. 1In such case, the
task analyzer may find the new current state to be in a different category.
On the other hand, if individual instructions are monitored, the resulting
change in the current state will be small.

It has been found that looking at the current task as ever changing,
in the fashion described in the preceding paragraph, has a great advantage.
However, it has its pitfalls. If the categorization is poor, and if the
program provider has to construct a complex program from the basic instruc-
tions, it may never find a fruitful path since the task analyzer may stick
to the wrong category because of small changes reported by the executor-
monitor.

In order to remedy this situation, planning is needed to guide the
course of action, i.e., to place guideposts on the road to the goal. The

next section discusses such possibility.

PLANNING: GUIDEPOSTS ON THE ROAD TO THE GOAL
Minsky (6) points out, "practically any ability at all to 'plan,' or
‘analyze,' a problem will be profitable, if the problem is difficult.™ To
illustrate the point, he says, “Generally speaking, a successful division
[of a complicated problem into a number of subproblems] will reduce the

search time not by a mere fraction, but by a fractional exponent. 1In a

graph with 10 branches descending from each node, a 20-step search might

involve 1020 trials, which is out of the question, while the insertion of
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Just four lemmas or sequential subgoals might reduce the search to only 5.10
trials, which is within reason for machine exploration....Note that even if one
encountered, say, lO6 failures of such procedures before success, one would
still have gained a factor of perhaps 10lo in over-all trial reduction!™ Addi-
tional discussions and useful suggestions in this area are found in the refer-

ences (5), (6); (8), and (9).

Proposed mechanism

The procedures described below have many resemblances to the procedures
proposed by Newell, Shaw, and Simon for their General Problem Solver. See (8).
Our planning mechanism (Figure 6) is similar in structure to the community unit.
In fact, the planning mechanism uses, in addition to its own records, the same
record in the memorjuwhich the community unit uses. We again assume that re-

- quested tasks are in deseriptive form.

We propose to use a set of characterizing expressions such.that a particu-
lar subset of this set serves to define a task category. Categorization of a
task for the planning mechanism may be fine or coarse depending on the améunt
of detail, i.e., dn‘thé size of the subset of characterizing expressions.
Associated with each category, fine‘or coarse, are names of methods or operat-
tions which will probably help perform a task belonging to a category. For
each associated methéd or operation there is listed & probable utility value
and a description of the method expressed in descriptive request form. That
description shows the input (current state) and output (desired state)} of the
method or operation. The coarser the task category, the more abstract and

"~ general the corresponding set of methods or operations will be; descriptions
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of input and output will be only in general terms and will indicate only what
is likely to happen when a method or operation is applied to a task belonging
to the category.

Following task analysis and categorization by the task analyzer, the sub-
task provider proposes to the current-state producer, another part of the plan-
ning mechanism, a set of subtasks in the form of methods or operations with
input and output expressed in descriptive form. The input of a proposed method
or operation must samehow be similar to the current state of the given task.
Criteria for similarity are relaxed or tightened depending on the coarseness of
task categorization being used. The current-state producer uses the output
descriptions of the proposed subtasks to determine current states of new tasks
and lists possible values for each parameter if there are any. The task analy;-
er records the output of the current-state producer as branches of the state

graph as shown below and chooses one of them as defining the next task to be

analyzed.
current desired
state state

The choice is made on the basis df externally provided criteria. For instance,
the choice might be made on the basis of some rough measure of "how far'" each
proposed current state is from the desired state of the original task. (ctf.
Newell, Shaw, and Simon's GPS,) Given the new task, defined by the chosen new

current state and the originally given desired state, the same séquenée of
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steps is repeated.

Shaded nodes of the graph indicate grouping of "similar™ states using
coarse task categorization during the early planning stages. A rough plan is
developed using a small set of coarse categories; then subplans connecting the
guideposts (nodes on the graph) and using finer categories are developed; then
subsubplans are developed using still finer categories, etc. Matching current
states of proposed subtasks with the desired state of a previously chosen sub-
task is done only roughly in the early planning stages. However, as the plan-
ning progresses and subtasks are in their turn divided into smaller subtasks by
the same mechanism, similarity criteria are tightened and there must be a more
and more exact match.of states.

It should not be overlooked that although the process of performing the
task eventually has to be discovered in detail, in executable form, fine details
and exact matches need not be sought until a reasonably good plan is obtained.
It should also be observed that the system may propose many plans. One plan,
which seemed plausible at its early planning stage, may be found to be unwork-
able as finer and finer details are supplied later at a more concrete level.
Then the categories will be coarsened and the criteria relaxed again, and a new
plan will be formulated either by modifying the old one or beginning again.

An illustration

Part of the general strategy used for the "Tower of Hanoi"™ puzzle is
illustrated in Figures 7 and 8. A description of the puzzle is provided later,
but it is not necessary at this point to understand the puzzle. It is necessary
only to follow the diagrammatic representation of tasks and subtasks in the

figures.
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Figure 7 is a schematic representation of a task given in descriptive
form. The task analyzer uses the information given about the previously accom-
plished task in the following way: 1t uses its abstraction routine to find
that the given task has one more element (:) than the previously accomplished
task, and it uses its replace routine to combine (:), (:); and (:) into one
element.

The subtask provider, using a legal move generator, produces both Ml and
M2 as two possible legal moves. Each Mi is stored by the program in descrip-
tive request forms. From these the current-state producer finds and outputs
the desired states to the task analyzer as current states of new subtasks. The
task analyzer chooses Ml instead of M2 because of the information on the previ-

ous task. But this choice, leading through M, and Mh’ does not work out because

3

it does not lead to the right end state. The planning mechanism returns to M2

and thus finds its way to M5 and M6.

The final sequence of subtasks is presented schematically below.

Lthe current state]

- e o=
.
- e am

- ) M
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—
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The original task is fepresented'by the space from the top to the bottom
rectangles, and the gaps, indicated by M2, M5’ and M6, are subtasks created by
the planning mechanism. The broken horizontal lines indicate steps yet to be
filled in. The current and the desired states for both M2 and M6 do not match
those of the task previously accomplished; the operation which woiked before is
for three disks starting at column A as the current state and ending at column
B as the desired state. These "before™ and "after™ states of the known opera- .
tion are then abstracted so that column names can be unspecified. At this level
of abstraction, even though only one variation is known, all six varia'tionsl of
the three-disk puzzle are treated the same and are solved, and are represented

by an abstracted form we will call M3. Successful accomplishment of M, and M6

2
now requires instantiating on the abstract form; the instantiation is not a
matter of trial and error but is directed by the requirement of exactly match-
ing current and desired states of the sequentiaily ordered subtasks. For our
example, the actions necessary for accomplishment of M2 and M6 are significant-
1y fewer (in number of operations and execution time) than if they were per-

formed without using the system's past experience in one of the six variations.

In the example, the planning mechanism has to examine all possible

For each n-disk case, there are six variations; for the current state, there
are three possible column positions and for each of these, the desired state
may take one of the two remaining column positions.



May 29, 1962 L5 TM-669/000/01

subtasksl before it finds the right sequence. This is an exhaustive search.
Planning of this kind is relatively cheap-~it takes six times around the loop
to find the path. BEut if we were to consider individual moves instead of the
larger steps we know how to make on the basis of past experience, an exhaustive
search for the correct path would take 65,53h examinatidns.

| We have not considered here the "difficulty estimate™ of each proposed
subtask (see Minsky (5)). However, such information, both given and based on

experience, must be incorporated in the decision-making criteria used by the

task analyzer.

AN ILLUSTRATION OF COMMUNITY UNIT OPERATION
Consider a fairly simple programming task, to exchange two syﬁbols A and
B, currently stored in locations L1 and I..2 respectively, so that A is moved
to L2 and B to Ll. The task is given to the community unit as a descriptive
request form expressed as a list with current state: A B ; desired state: B A ;
and information on the task: a code indicating that the desired state is to

replace the current state.

Task analyzer's work

The task analyzer, in an attempt to find a suitable category for this
task uses the abstraction routine discussed previously to compare the current

and the desired states. The following three abstracts result:

1 There are two legal moves generated by the legal move generator at each node,
but the other moves possible instead of M, and M. involve moving of the group

A3 ) Just moved (see Figure 8). We assume here, for simplicity, that the

system has learned or has been told that moving of the same item twice in suc-
cession is wasteful because a single move can obtain the same result.
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2 ., 2d (meaning both the gprrent and ggsired state lists eontain
two elements).

(Pc, Pd) (meaning there is no common element when order
, of occurrence is taken into account).
e
"aYelta

(A, B) (meaning exact match in content when the order is immaterial).

‘The third abstract indicates that no element is added or deleted, while
the second and third indicate that the required operation involves moving con-
tents of cells without changing the contents. From these conditions, the task
analyzer determines an appropriate problem category.

The program provider's work

Let us assume that the category determined by_the task analyzer already
has associated with it a set of instructions and sequences of instructions. We
also assume, for simplicity, that the instruction pair CAD and STO has the’
highest utility value of the pairs whose description matches the information
deduced from the second and third abstracts. Instruction "CAD L' means "clear
and add (load) into the accumulator (ACC) the content of_memnry regisnér L,"

and instruction "STO L" means "store the content of ACC in the memory register

L."
The program provider might produce CAD Ll’ STO L2 as a tentative sequence
of operations, simply because Ll and L2 are the only locations involved in the

request. This sequence is given to the executor-monitor, with a flag indicat-

ing it is to be monitored rather than executed at high speed.
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Interactions of members

Filgure 9 shows in tabular form the action of each member of the community
unit. Arrows indicate the sequence of control. From the program provider on
one line, control always goes to the executor-monitdr on the next line. Inter;
action between the executor-monitor and task analyzer is indicated by opposed
arrows. When no entry is indicated on a line for the "Current Program in
Storage™ column, the entry is assumed to be the same as for the previous line.
The column on the extreme left indicates the current operation under considera-
tion by the executor-monitor. Some trial and error actions are not explicitly
indicated here but are to be understood whenever the program provider modifies
or adds instructions. Many modifications of the initial modification may be
necessary.

Our attention is now on the executor-monjtor. Upon receiving two instructions
with a monitor flag, the executor-monitor places danger tags on all addresses
involved. When CAD L1 is considered, it detects no danger since ACC, in this
case a particular cell which is set aside to serve as a mock accumu;ator, has
no tag attached. The information (ACC) = A, where ™(ACC)™ designates the con-
tent of ACC,'is given to the task analyzer, whiéh modifies the current state
and returns control to the executor-monitor with a go-ahead signal. The execu-
tor-monitor nov places a danger tag on ACC and executes CAD Ll interpretively
by storing the content of L1 and ACC.

The next instruction to be considered is STO L?’ Since L'2 had a tag, the
interruption is recorded‘and the executor-monitor outpﬁts.a dangef signal to

the task analyzer. The task analyzer determines that the content of L2 in the
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Execute CAD Ly (acc) =a = (11)
preeeee g0 ahead signal
L2 has a tag (danger signal) analyze the error replace | CAD Ll
ST0 1, E— > ST0 Ly | gng 4
(record interruption) by STO &
no tag (no danger)on t (t) =A = (I;)  Current State
STO t ——————— becomes
. ELl)).—_A, (L) =3
= ACC) = A
+ Erase tag on ACC o’ -
l(sigf:;:ry) Erase tag on Ll (t)=a = (Ll)
cell Tag t pes GO ahead signal
Execute STO t©
No more ‘ No more Compare the Current State Provide CAD I
operation OPEYE 10N mummmeguenp— With the Desired State [=>- CAD L, STO t
s L, |TTEITT
same category 1 2
STO Ll
No tag on ACC (no danger)(ACC) =3B = (L) Current State
CAD L2 — becomes
(L%) =4, (1,)=3
(t)=A = (Lﬁ,(Acc) =B=(1,)
Tag ACC e 20 alpad signal
Iexecute CAD L, &
No tag on Ly (no‘ danger) (I, )=B= (ACC) Current State
STO Ll —p ‘becomes
Erese tag on Ly (Ll) =B, (I,)=3
Erase tag on ACC (8)="4, (acc) =3
Execute STO Ll |_Go ahead
No more ‘ No more Compare the Current and Provide CAD Ll
operation operation = ] Desired State CAD t STO %
Same Category [ STO 1, CAD L,
STO Ll
o = - oo -
AD ©
STO L2
CAD t No tag on ACC(no danger)(ACC)=A = (t) Current State
s e becomes
(L, )=8(L.)= B
(t)= A, (acc)= A = (v)
Tag ACC Go ahead
I Execute CAD t an
STO L, ’No tag on Ly (no danger ) wemmtmem—p- Current State .. ... . 4o
(LJ.):B’.(L'Z)=A desired
(=4, (ACC)=A( state
Erase tag on t . "
Erase tag on AC(?\_ Go shead
Execute fr—
No more 'No MOYe OPETELION mm———- ASSign & name
operation for the program
and store
exit
with "task accomplished"
signal and name of the
routine.

Figuré 9.

Actions of Members of the Community Unit
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current state is not to be destroyed and gives the category of the particular
error to the program provider. The program provider replaces the STO L2 by
STO t (t being any temporary storage location) and transfers control to the
executor-monitor.

The executor-monitor now considers STO t, detects no danger, and outputs
the information (t} = A = (Ll) to the task analyzer. Similar processes occur,
as indicated in Figure 9, until the task analyzer finds the current state to be
the same as the desired state. It then assigns a name to the produced routine,
stores name and routine, and exits to the higher-level program with a "task
accomplished™ signal and the name of the routine.

When the same request is made again, the request in either appellative
form or descriptive fbrm will cause the program provider to output the same
routine to the executor-monitor. However, the routine will continue to be
monitored until a preset number of successful executions of the routine have
been recorded.

When the community unit has experienced similar requests, such as

CDin L3 Lh location EF in L5 L6 location
DC FE
same as before same as before

the abstraction routine for programs can produée a routine like this:

- CAD Pl
STO t
CAD P2
STO Pl
CAD t '
STO P2
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together with an abstracted request form (Pi)’ (P2}

(2,), (,)

name of abstracted routine

where "P," and "P,"” indicate parameterized addresses and “(Pl}“ and "(ng"
indicate contents of these addresses. This permits the community unit to

handle binary exchange requests using any addresses.

TOWER OF HANOI PUZZIE

The "Tower of Hanoi,""l illustrated in Figure 10, was invented by a French
mathematician and sold as a toy in 1833. The problem is to transfer the tower
of disks from one peg to either of two empty pegs in the fewest possible moves,
moving one disk at a time and never placing a disk on top of a smaller one. It
has been proved that the fewest possible moves for n disks is 2" — 1. Thus
three disks can be transferred in seven moves, four in 15, five in 31 and so
on. For eight disks, the usual number considered for the toy, 255 moves are
required.

In the original description, the toy is described as a simplified version
of a mythical "Tower of Brahma™ in a temple in the Indian city of Benares.
This tower, the description reads, consists of 64 disks of gold in the process
of being transferred to another needle, by the temple priests. When the trans-

fer is completed, the temple is expected to crumble into dust and the world to

Gardner, Martin, Mathematical Puzzles & Diversions, pp. 57-59.
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Figure 10.
The Tower of Hanol Puzzle
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vanish in a clap of thunder. The disappearance of the world may be questioned,
but there is little doubt about the crumbling of the temple. 26)+ -1 is the
20-digit number 18,466,T4k4,073,709,551,615. Assuming that the priests work
night and day, moving one disk every second, and assuming that the priests
know the shortest sequence of moves, it will take them about 585 billion years
to finish the Job.

This puzzle was chosen as the first testing vehicle for our system for
several reasons. Its solution is relatively simple but not t?ivial. Results
with human subjects cover a wide range; when the task was stated as "Find the
shortest sequence of moves for eight disks and find a generai principle which
uniquely determines this sequence,™ the time required for solution ranged from
minutes to days. For some it ﬁas unsolvable. Another reésoﬁ‘is that the
solution is known to the experimenter, so that evaluation of performance is
easier. In addition, the puzzle can be varied by altering the number of disks
and pegs (currently we use only three pegs) thus allowing a training sequence
-from the simple to the more difficult within the same class of tasks. The
puzzle also has the important property that the methods for simple cases, with
suitable abstraction, do provide some help in solving harder cases in a fairly
non-trivial way.

The puzzle was given to the system in the descriptive request form. The

following illustration:shows ‘théctask:for: the three-disk case.
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Current state:

A B C

Desired state:
or

Informatioﬁ on the task: Rules of the game were presented in the form of a
program whichvgenerates‘legal moves when the current state is given, It is
possible, however, to present the rules of the puzz}e in a descriptive form
‘and to let the system prodncé its own program for legal move generation pro-
vided that such a description uses terms and formats interpretable by the
system.

Columns A, B, and C in the request form diagrams above represent the
three pegs in the puzzle and circled c:), (:), and (:) afe numbered disks
from the smallest to the largest. The symbol ¢ indicates the column is empty.
Both states are stored as list structures, i.e., the current state is a list
whose elements are A, B, and C; A itself is a list made up of the elements
(:), (:), and (:); and B and C are empty lists prior to the first move.

If there are more alternatives than one for the desired state as shown
above, this is internally indicated by a code and by having two or more ele-

ments in a list named "desired states.”™ Each element is then expanded as a
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list. For the Tower of Hanoi experiment, we varied the problem either by -
giving two alternatives for the desired state or by making the desired state.
unique. ’

Figure 11 depicts the list structure (move tree) for séme of the legal
moves generated by the program. There are always three legal moves at each
node qf the move tree but only two gre indicated because the third one Jjust
reverses the move which leads into the node. The top line of each box shows
the symbolic representation of the particular move; for example, 1B means
"Move disk (:) to column B.™ The bottom of the bok shows the current state
of the puzzle after the move is made. ‘Heavy lines indicate a minimal path;
for the thrge-disk puzzle as stated, there are two minimal paths, one ending
with three disks in column B, the other in column C (not shown in Figure 11},

. .How meny such nodes (moves and current-state configurations) exist for
an exhaustive search? Since there are two branches from every node, there
are o possibilities at the mth'level (counting from the top in descending the
tree). In order to reach from the top to the mth level by the exhaustive
méfhod; fhéfé are

i

Mg

2i current states to be examined. Since the smallest
l .

number of moves for n disks is known to be 2h — 1, there are 2 — 1 levels to
consider before the puzzle solver arrives at the desired state. Therefore,
the totai numbef of nodes in the complete tree for n disks ié Tz 2 =2

; o i=1
This gives us 254 for the three-disk case, 65,534 for the four-disk case,

4,29k ,967,294 for five disks, and 18,&&6,74&,073,709,551,61h for six.
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2
% The Initial Current State

3 B 1 A
AN ©) g; g; g @
/\_/\
1 A 1 B |
@ 6 © # g ®
$ g ® ® g J ® ® ® ® g [/
/ — N
/\ /1\ B 2 B 1 c
P’ % p &) g p $ O 2
r\\\ JAS
Desired 1 B
State :
(Minimal Path) # % ¢
Desired
State

Figure 11. Part of Move Tree for the 3-Disk Puzzle
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To calculate for the seven-disk case, take the last number plus 2,

6 7
which is 22 » square it to obtain 22 and then substract 2 from it. The

result will be a 39 digit‘number. A 78 digit number will result for the

eight-disk case.

A CASE OF MECHANICAL INDUCTION

Induction may be defined as the formulation of general rules about ob-
served cases of a phenomenon and the application of these rules to the making
of predictions. There are a number of useful articles discussing inductive
inference from the standpoint of artificial intelligence, e.g., Kochen (2},
Solomonoff (10 and 11), and Watanabe (13).

The inductive procedure observed in humans may be typified and described
in general terms: when we want to formulate general rules about a class of
phenomena, we first make a guess to form a hypothesis; next we deduce certain
consequences of the hypothesis and test them against new evidence and old; and
then we increase our confidence’in the hypothesis, modify the hypbthesis, or
form a new hypothesis and repeat the procedure.

For our experiment,. we givé to the proposed system, as a training se-
quence, inductive tasks of a simple form. A set of general rules to be formu-
lated by the system is unique and known to the trainer so that he can provide
the system with information about the degree of its success and can suggest
lines of investigation which may result in the modification of previously
formed hypothesis or the forming of a new hypothesis by the system.

The mechanism proposed has a structure similar to that of the community

unit. Here we shall present it in the context of solving one particular task,
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but it is to be hoped that at least some useful generalization beyond this
particular task is possible. We say this despite the claims by some, that the
main difficulty with artificial intelligence research is that it cannot gener;
alize beyond the very specific tasks for which programs are written and systems
designed. See Kelly and Selfridge (1).

The inductive task we examine is that in connection with the Tower of
Hanoi puzzle discussed previously. The system is given & sequence of tasks
in increasing difficulty and is asked tc discover how to solve the puzzle for
n disks when methods of solving the puzzle for 3, 4, . . ., n — 1 disks are
known.

Suppose the system has found the successful sequence of moves for the

three-disk case, i.e., 1 2 1 3 12 1, where the top line shows particular
BCCBABB :

disks moved and the bottom line shows the names of columns to which these

disks are moved. For instance, 1 means that the disk <:> was moved to
B

column B.

The four-disk case is now given, and the system is asked to find the
successful sequence for the new case. The subsystem, which we call the in-
duction mechanism, then goes to work (see Figure 12).

QObservation and analysis

The first phase of the inductive process is performed by the task analy-
zer. For the Tower of Hanoi puzzle, the task analyzer begins by comparing
the descriptive request form of the three-disk and four-disk cases by means
of the abstraction routine (see Figure 13). The conclusion is that both cases

are identical except that the four-disk case contains an additional disk,
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3 and 4-Disk Puzzles
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disk (:), in both the curreﬁt and desired states. For the next step the suc-
cessful sequence of moves for the three-disk case and the elements appearing
in the description of the case are compared with the abstraction routine. The
conclusion is that the elements are the same, i.e., that both contain A, B, C,
<:), <:>, and (:) and nothing else. The conjecture is made that if the four-
disk case is to follow the same pattern, the sequence of moves must contain
the additional element (:). Then within the three-disk sequenee; it is dis-
covered that some elements are repeated. The task analyzer now butputs the
results of its analysis and a problem‘category, "eyelic,™ to the conjecture
generator.

Conjecture generation

Using the information from the task analyzer, the conjecture generator,
with the aid of its own subunit, produces programs which represent conjectures
(see Figﬁre 12). The requests, which the conjecture generator construéts and
gives to its program-generating subunit, constitute a é?ecial case of the |
generalized request form different from the special case given as the descrip;
tive request form. Each request is represented by three lists of information: .

(1) given: a sequence

(2) desired: a program to regenerate the sequence

(3) information on the task: restrictions and suggestions

(characterization of the sequence from the task analyzer
of the induction mechanism).

In our example, the conjecture generator receives "cyclic" as the prob-
lem category together with the sequence of successful moves for the three-disk

1l

case, i.e., 12
BCC

312 1. The conjecture generator separates the top-from the
BABB
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bottom line and makes two requests of its subunit. In each of the requests,
the information on the task stipulates that the sequences produced by the

generated programs are to have a cyclic pattern.

Performance of the subunit

We‘now examine what the subunit does in the case of the top line. Since
a cyclic pattern is requested, the task analyzer of the subunit looks for the
first recurrent position of the first item on the list ™1 2 1 31 2 1™ and
finds it to be the third item. It now takes the first two items "1 2™ as
defining a cycle phase and asks the program provider to construct a program
which will generate ™1 21212, . . . ."

The program provider,now:constructsua;sequence,ofqinstnuctions}

and gives it to the executor-monitor:

Lx CAD L “L1“ is the address of where the symbol (:) is stored
TR Ly "™IR™ is an abbreviation for ™transfer control to™

CAD L, ”LQ" is the address of where the symbol (:) is stored

TR L
y
TR Lx ”Lx“ is the address where the first instruction of the
sequence is stored.

"L " is the entering address of a special program in the
consequence generator which manipulates, examines and
uses the content of the accumulator each time the
entrance is made, and returns control to the next
instruction in the proposed sequence. However, while
the proposed program is being monitored, ™TR L,"™ will
not cause an actual transfer to Ly; instead the task
analyzer will note the location Ly and instruct the
executor-monitor to proceed to thé next instruction.

1 The program is written in IPL-V language but is translated 1nto CAD's and
TR's here for mnemonic purposes.
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Let us examine the interaction between the executor-monitor and the task
analyzer when these instructions are monitored. The proposed program brings
the symbol <:> and the symbol (é) to the accumulator alternately. When the
task analyzer receives information on the content of the accumulator from the
executor-menitor, it compares the content with the appropriate element in the
given sequence, The first three elenents, (g), (é), and (:), presented by the
program agree with the given sequence, but the fourth cne, <:}, does not.

Upon detecting this discrepancy, the task analyzer of the subunit looks
for the second recurrence of the first item. This turns out to be the fifth
item. It then uses the first four item "1 2 1 3" as defining a cycle phase.
This time the program provider constructs a program (the location L3 contains

the symbol (:)):

L, CAD L,
=R I,
CAD L,
™ L

Y
CAD L,
T™ L
y
c
KD 1,
™ 1
oy
TR L
X

Interaction between the executor-monitor and the task analyzer this
time shows that results agree with the given seguence "1 21 31 2 1." The
task analyzer now outputs the prcgram to its higher-level program, the con-

jecture generator (see Figure 12).



Mey 29, 1962 63 TM-669/000/01

Notice that in this method of generating a cycle producing program, the
subunit will always find a program which fits the given sequence; it is sure
to succeed when it takes the entire given sequence as defining a cycle phase.

When the same procedure is used for the bottom line of the original in-
formation, "B C C™ is the first cycle phase tried, ™B C C B A" is the second,
and the final accepted one is "B C C B A B."™ The conjecture generator now
combines these two programs so that they will produce together a sequence of
pairs of the desired form and outputs the result to the consequence generator.

The consequence generator and its interaction with the task analyzer

The consequence generator, together with the task analyzer, step-by-
step examines programs supplied by the conjecture generator. The examination
consists of monitored execution. Each item proposed as a member of the solu~
tion sequence is in turn proposed to the environment by the task analyzer as
a prediction of the next move needed to solve the four-disk case.

The human being or £he higher-level programs serving as the environment
of the mechanism determine the success of the predictions and can either give
to the mechanism some additional information on the task or indicate tc the
mechanism whether its prediction was successful or not. The additional in-
formation might be a particular hypothesis (in program form) to be tried out,
or it might be-an. indit¢ation of what a prediction:should: have: been..: The: task
analyzer uses such feedback from the environment, in addition to what was pre-
viously given, as a basis for a new analysis, and the entire process is
repeated.

Let us return to our specific example. The two programs which have
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been constructed by the conjecture generator are executed by the consequence
generator to produce suggested moves for the four-disk case. The task analy;-
er proposes these to its higher-level program. The higher-level program
checks the legality of a suggested move by means of the legal move generator.
If illegal, the information is fed back to the task analyzer. If legal, it
is output to a human teacher who examines it and feeds back whether the move
is right or wrong. Such feedback is relayed to the task analyzer.

In our example the first seven, the ninth and the eleventh suggested
moves turn out to be right but the eighth, tenth and twelfth moves are wrong.
A comparison of the suggested and correct moves is:

12131211213121

BCCBABBCCA@;BCC

1213121412131 21

suggested moves:

corréét moves:
BCCBABBCCAACBCC
Squared items indicate where the task analyzer is informed of illegal or
wrong moves.

Suppose the higher-level program finds correct moves, by some trial
and error method or by asking the teacher, and informs the task anlyzer. The
task analyzer now determines the unmatched elements in the suggested sequence
and the correct-move sequence and informs the conjecture generator. The con-
Jecture generator modifies previously constructed programs so that they will
replace unmatched places with parameters. The resulting programs, when exe-

cuted would produce a seguence like this:



May 29, 1962 65 TM-669/000/01

121 Pl 12 1 Pl 12 = = - =

BCC P2 A P3 BC C P2 - - - -
Underlined parts represent cycle phases. Pl’ P2, and P3 are names of sublists,
Pl contains (:) and (:), P2 contains A and B, and P3 contains B and C. The

fact tham,(:) is used for the four-disk puzzle is consistent with the conjec-
ture made earlier that successful moves for the four-disk case must contain
the element (:). Up to this point, however, this conjecture has not been
implemented. Our system learns! Next time it immediately makes use of the
corresponding conjecture. When the five-disk case is presented, the task
analyzer tentatively includes (:) as one of the possible values of Pl. Com-
parison of suggested and correct m§ves for the five-disk case is:

suggested moves:

121Pp,12 1P 12 1 Pl 121 Pl 12 1 Pl 12 1P,121P, 22 1

1 1 1 1

BCCPEAP3BC CPEAPBBCCPQAPES‘BCPEAP BCCPEAP B

3 3

correct moves:
1213 12 14 12 13 1215 12 13 12 1% 1213 12 1

BCCB AB BC CA AC BCCB AB BA CA AB BCCB AB B

When the task analyzer specifies the possible values for the parameters,
in every case only one of the possible moves is legal so the correct move is
automatically determined without trial and error for each of the parameter
positions. This is, of course, a singular feature of the Tower of Hanoi
puzzle. Among the suggested moves, there is only one move which is‘wrong,

a move at a nonparameter position, position 20. The task analyzer gives this’

information to the conjecture generator which modifies the existing programs
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so that they will use an additional parameter. The resulting sequence of
moves looks like this:

12 1 Pi 12 1 Pi I
B Ph C=-=-=--

B Pu C P2 A P3

where Ph contains A and C and underlined elements indicate cycle phases.

When the new programs are used to predict moves for the six-disk case,
all turn out to be correct. In fact the parameterized program which has now
been constructed will solve any n-disk case for three pegs, as long as the
current state has n disks in column A and the desired state is disjunctive,
i. e., either n disks in column B or in column C. Of course, the system it-
self will never know the fact unless told by the trainer. However, as the
system gets more and more experience with the puzzle, and the conjecture (the
program) is used successfully more and more times, utility values of the con-
jeéture increase so that the task analyzer will tend toward directing a
straightforward use of the program.
However, when the four-disk case is given with the desired state (in a non-
disjunctive form) which has not been attained before, the situation changes.
The task analyzer must undergo more analyses and formulate a new conJjecture,
although it can meke use of the previously formulated, already successful
conjecture.

Comparison of the previously attained state and the newly requested

state is given below,
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A B C
g ¢
desired state previously
A B C attained, Sl
p 2

A B C

| 6 @ ¢

current state g desired state requested, 82

Let us call the previously attained desired state Sl and the newly re-

quested desired state 82'. Si and 82 are compared by the abstraction routine

as follows: when elements A B C in Sl are compared with elements A B C in Sa,
Sl and 82 are found to be identical. Next, each element in Sl which is itself
a list is compared with the corresponding element in 82. List A in Sl and

list A in S_ are identical in content (both empty). For list B, the resulting

2
abstractions are as follows: 0, 5 h
¢/099@
all from S
. 2
Similarly for list C: b, 05

X\ LAY\ OF,

760060609

A ——
§ indicates no common element. all from §;
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The task analyser compares B and C by using the abstraction routine
again, this time on the previously produced sbstracts. Each of the three
abastracts of B is pa_ired with the corresponding abstact of C. The task

analyzer then determines that the category of the change from 8, to S, (or

1
vice versa) is ™interchange™ of B and C. A similar analysis was made for
the "exchange™ routine, discussed under community unit operation.

Suppose, for simplicity, that such a program is already available in
the conjecture generator so that the direction “interchange B and C™ given
by the task analyzer is understood. The conjecture generator then constructs
two programs, this time without using its program-generating subunit; it
copies the previously constructed conjecture programs (already parameterized)
‘but modifies the second one by letting the "interchange™ routine work on
symbols B and C, i.e., vhenever B appears, C is substituted and vice versa.
When the programs are executed by the consequence generator, the resultipg
sequence of moves looks like this:

12 1?1 l2 1P ----

c’28P6API CPS----

When .thesé suggested moves are output to the higher-level program and from
there to'the trainer, all of them turn out to be correct.l
Attaining the general rule . '

The principles involved in solving the puzzle can be stated by

1 For the purpose of illustration, we neglected possible assistance from the
planning mechanism discussed eéarlier.
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considering columns A, B and C to form a triangle, A, B;and C being its
vertices. If the puzzle is given with a disjunctive desired state, transfer
the smallest disk (disk (:)) on every other move, always moving it around the
triangle in the same direction. On the remaining moves, make the only trans-
fer possible that does not involve the smallest disk. However, if the puzzle
is given in such a way that n disks must be transferred to a particular
column, the first move is dictated by another rule. If the number of disks
is odd, move first to the column to which the disks are to be moved, and if
even, move first away from this column. The rest of the moves follow the
preceding rule.

In our experiment, patterns generated by those programs which represent
conjectures resemble the patterns described by the above statements, but some
refinements are necessary in order to make them correspond exactly. The fol-
lowing might be given to the system at this point: The first cycle phase
*121 P5“ can be transformed into ™1 1I". The notation "1™ means anything
other than (:). Then for the second sequence, "B P, C Eé A 23": or
"o P5 BP, A P&?, the system can be made to notice the correspondence between
occurrences of 1 in the first sequence and the occurrences of "A", "B" and
"C"™ in the second sequence. Simiiar correspondencelcan be established be-

tween 1 and parameters so that the parameter P can replace all the P,'s in

i

the second sequence. The move , which now occurs as every other move s is
to mean any legal move which dbes not involve disk ‘~,
v -,

The rule when even and odd numbers of disks are involved will require a

more sophisticated notion of evenness and oddness, a notion which will have to
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be learned through experience or preprogrammed.

Summary on the induction mechanism

A few imporﬁant featufes of the induction mechanism deserve emphasis:
1) Parameterization in the abstraction process is one way to separate more
relevant from less relevant information without ignoring the latter. In our
example, the second pattern was first suggested as B C C B A B, next it was

parameterized to B C C P2 A P3, and finally to B Ph C P2 AP At each stage,

3°
constants indicate items which are unaffected by the change of task. Finally

an unchanging pattern is revealed.

2) Two-level usage of the feedback structure permits the initial ad hoc
manner of generatihg conjectures to become less arbitrary each time the mecha-
nism is given more information. Note that the program-generating subunit is
reqﬁested to régenerate a given sequence under conditions imposed by the con-
Jecture generator; the subunit simply obeys. The given sequence and conditioné
may change each time the subunit is used; but such changes are decided by ﬁhe
conjecture generator, not by the subunit. Decisions made vty the conjecture
geﬁerator are influenced by analyses made by the task analyzer which, in turn,

are influenced by higher-level programs.

3} Conjectures are represented by executable programs. The conjecture
program is executed and tested directly while it is being formed by the sub-
unit and also while it is being used to‘generate consequences. A program
which embodies a generating principle providés a compact and direct means of

representing the inductive process of extrapolating beyond recorded instances.
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Ly What about problems whose complexity is beyond the direct reach of such
a mechanism? Suppose at the higher-level, the system can observe the function
of the indgction mechanism and the way in which puzzles have been presented
from the simpler to the more complex, ultimately resulting in a general work-
able strategy for n-disk puzzles. It is extremely important that the system
be able to imitate the over=-all process in the future.

Students in natural scienceé often learn by imitation clever heuristics
for finding suitable simplication. They observe scientists making deliberate
over-simplifications of a situation by considering only a few variables and
by restricting the behavior of these variables to simple known functions.
Scientists usually study simple cases first and then vary them to more com-
plex cases, study the effects of changes, make conjectures, and repeat the
process. If our system had learned these processes, and if the 8-disk case
of the Tower of Hanoi puzzle were given at the outset, it might have tried
out the 2-disk or 3-disk puzzle of its own accord. Note that at this stage,
solving the puzzle even by the exhaustive method is feasible. For the 3-disk
puzzle, the exhaustive method would require 254 examinations of the current
state configuration whereas such a method for the 8-disk case would be out of
the question.

In order for the system to be able to learn from a carefully selected
training sequence and use the experience toward creating its own trial se-
quence of simplified tasks, the system must be able to construct and modify
its "cognitive map"™ with temporal sense. In addition, effective utilization

of the cognitive map is necessary; this may be realized by a special higher-

. i

level program,

master monitor," which ruminates periodically and takes a
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bigger view of the tasks given in the past rather than focusing on one task

at any given moment.

CONCLUSION

Main theme of our research

A system of programs with three mechanisms has been proposed. To dis-
cover capabilities and limitations of such a system, a study is being made to
see how it works in specific, relatively simple situations. We shall try
several experiments in order to see in what ways the system falls short of

the intended "learning system." There can be no doubt that before we can
achieve such a system there is a great deal of learning we must do.

We begin with a simple system and give it simple tasks. It is our hope
that we shall discover principles applicable to a complex system which can
work at different levels of abstraction as well as in different problem situ-
ations. We are aware, however, that methods which work on simple cases may
not necessarily work on more complex ones.

We are interested in discovering how higher-order composite capabilities
might evolve from a given set of a priori capabilities. Our interest, however,

is not in discovering what can be made to evolve from a minimum endowment.

If a powerful learning mechanism becomes available, we shall probably want to
preprogram the system to the limit of our capabilities‘before we turn it loose.

External feedback: communication between the system and its trainer

Most of our discussion of feedback has been in terms of internal com-
munication among units and subsystems. We assumed only a limited amount and

a very restricted form of feedback from outside the system. Ultimately,
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however, we wish to give the system lessons, exercises, and hints in much the
same way as we do for human learners. McCarthy (3) points out, "In order for

a program to be capable of learning something it must first be capable of

being told it."
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