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1. Introduction

Managerial decision-making traditionally conforms to a separatist
philoscphy,l i.e., decisions are made without questioning the origin of
the premises. Thus, sccounting-dats, engineering-data, sales-dats, etc.,
as supplied by different functional representatives are sccepted as valid
representations ~f the stste ~f the decision-environment.

The development of powerful computerized information processing
systems has brought an increasingly lsrge portion of msnagerisl functions
within reach -f mechanizatinn. Usually such mechanization is performed
by retaining the basic philosophy of separati.cm, {.e., given unsmbigu-
~ugly represented data, s programmed decision-procedure ic employed to
attsin desired results. This spprosch, however, does not fully take
advantage of the capavilities of modern informstion-technology, i{.e.,
adventage has not been teken of the possibilitlies of tailoring the infor-
mati~r. systemg *o the needs of the mansgers. However, the informstion-
needs of the manager: sre by no means clearly defined. Dr. Parold Koontz
in 8 recent panel discussion2 described how an informetion-system tailored
tc the -tated needs of the executives of s progressive company turned out
tc be 8 complete failure, becausge the decision-mskers were used to receive
informet . on, not tc ssk for it.

Tnuc emsy access to a large store of ravw-dste, i.e., largely unedited
simple elemente of informsti.-n, dces not in itself give an optimsl support
to efficient decision-making even if it potentislly csn supply eny infor-
mation needed by an executive. On the contrary, .t is a commonly held
opinion tnzt efficient problem-solving requires suitsble representations

of problems, and thus slso suitably crganized dsta.
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The situstion is fillustreted in en example due to Iloru.’ where &
"typical” inventory-problem such as finding sn optimsl reordering-policy
for sppliances is represented as a queuing-problem. The existence of
alternate representations of problems implies that the need for data can
not be determined until a perticular representation is choser.. This
suggests that instead of supplying a set of well organized data-represen-
tations to en informetion-processing system, a richer, and more satisfac-
tory situstion would be achieved if the "system” could accept a minimal
rav-data representstion, decide how to represent encountered problems,
orgenize dats as required, and then perform the actusl data-processing-
phase. It may be doubtful if such a system can be designed, however, it
is quite possible that the following question at least for certain areas
can be answered in the negstive.

Are 8ll significant analogies (representstions) beyond the capabili-
ties of explicit design-rules, i.e., are sll significant anslogies
“crestive”?

The presernt thesis attempts to show the fessibility of designing
an sutomated system for finding suitable representations in & specisl
case, where

(8) The "raw-dsts” src restricted to symbol-differentistion.

(t) The problem is restricted to sequence extrapolstion.

(c) The number of siternstive representations is restricted but

experdsb le.

Although the thesis is restricted to s specific cese, the employed
rethnodology end the genersl structure of the developed system will sug-

gest other aress -f application.



The design of the system will proceed via a study of how certalin
epistemological models of inquiry represent an unlimited store of raw-
dsta, i.e.. "reality”, s discussion of the importance of representation
in problem solving, to the organizati-n and implementation of a computer-
progrsm for finding representations of sequential patterns.

1 3

1.1 Inguiry - A Problem of Representation

Althougr. the present thesic sttempts to solve a specific reprecenta-
tienal problem, major parts of the discussion can be held on a general
.eve., thus fasc!iitating future sttempts to generalize on achieved results.

We nave .n the introductin indicated the reprecentaticnal problem
't menagerisl decision-making and itc impsct on the decign »f orgenize-
*.onsl ‘nformetion-processing systems, however, nc definition of the
probler. wes given. For the present discussion & definition which sbstracts
from *he zitus“ion of particular managers, but stil. retains the basic

rejresentati-ns. charscterictics is desired. One such definition lis:

The rblect of manageris]l decision-msking is to initiate correct
action in s rchenging environment.

Tric definition closely persl.els Churchman’'s pragmatic definition
rf enow.edge:

"Yriow.edge 3 8 potentisl of taking correct sction In e changing
env . ronment . ™

-

I+ shouid be noted thst by sesuming that correct action for the
menszer iz equivs.ent to correct sction for the corgsnization, l.e., the
manager !t s member ~f o team in the Marschak-Radner sense, the role

~f en orgenizetic can be defined eoz:

Orgznizetions, sz its managers, seek s capebility of taking correct
action in e changing environment.
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This means that the objectives of organizations and of managers in
the present context can ve considered to be synonymous to crestion of
knowledge, i.e., organizations and managers perform the functions of
inquiring-systems.

By studying the concepts of managerisl and crganizationsl decigion-
meking at @ level of abstraction corresponding to the genersl concept of
inquiry, several advantages can be achieved, e.g.,

a. Experience can be drawn from epistemological models of inguiry.

b. A convenient categorization of "problem-scivers” can be

developed.

c. Abstrsc.ion from psrticular functions of managers permits a

stud, of the general problem of representation in inguiry.

Although the ultimeste goal should be to establish tc what extent
the epistemcliogical prcblem of ingu.ry can be transformed to s technicsl
problem, the present thesis surveys the general representstionsl prob lems
of inquiry in order to mechanize & particular system. Thus by studying
the genera. problems:

1. What are trne necessery functi-ns of an inquiring-system?
and 2. Which functions, if any, ~f inquiry can be mechanized?

Answers may be found for more spec.fic questions such ss:
5. How is the representstiona. function represented in the syztems
of inquiry?
end 4. How csn & perticular represertations. function be mechanized?
The sc.utionz t- the prcblems will have vo be sought in seversl fields
srich as artificisl intelligence, computer sciernce, logic, mathemstics,

philoscphy, psychology, etc.



As will be seen in the discuscion, s merging of information from
these diverre fields is complicated by linguistic incompatibilities.
Thus, the phenomena called "Cartesian Dualism”, i.e. the employment of
a different language for discourse on cognition than for subjects con-
cerning the material world, will present itself. This clash of languages
has been nbzerved particularliy in the literature on artificial intelligence,
where words such ss machine-learning, machine-intelligence, machine-
«now . edge, etc., haye caused s great desa;: of cmnfuaion.s However, since
these subjectz (1. the [uture are likely to nccur more frequently, the
we ! .-gnown sbility of language to adapt itself tn new categories through
"e'8pi ro or genuine cresti.cn undoubtedly will eliminate this linguistic
bi~~k. In the present digcussion, however, the incompleteness of language
raused vy the relstive yruth of the fleld »f artificial intelligence

rews .ns 28 8 problem.

iel.s On Mode.s

By = model -0 8 cyctemc we mesn sny mechanical, chemical, or symbolic
repregsentation »f its relsti~nal structure. A symbolic model consiste of
8 ncllectirn of rules, namely:

.. Pules for translati~n of “"reslity” ‘~bject langusge) to the
.ang.age nf the model (model-language).

2. PRules for menipulstion of sentences .n the model-lsngusge (syntex
~f model ); and

z RFules frr describing sentences of the mcdel-langusge in s mets-

lenguege (semantics’.



Type 1 rules are representations, i.e., reflexive and transitive
relations between the sentences of an object-language and the axioms,
theorems, and sentences of a model.

The extent to which a model can portray the "object-world" is deter-
mined by the richness of the employed langusges (Figure 1.1). A "perfect”
description requires isomorphism between object and model, a situation
schieved easily when the model-lsnguage is richer than the object-lan-
gusge. In most practical sitnatiéns, however, a model is intended to be
an easily manipulated sbstraction of its object, and therefore the model-
langusge and the object-language are homomorph by design.

To answer the questions set forth in section 1.1 a discussion is
necessary at two levels: 1. Inquiry should be discussed in the richest
possible model-language. 2. The mechanical design-models of the models
of inquiry must be formulated in s languasge that is simple enough to be
trenslated into a physical realization. The use of two levels of models
implies thst, s priori, inquiry is not considered to be within reach of
purely mechanical processes.

For the purpose of modelling what smounts to thought processes, there
ig no richer medium than that provided by the human mind augmented by
proper tools. As, among others, Craik7 hag realized, "...human thought
has 8 definite function; it prcvides a convenient small scale model of
e process, ...". He alsc notes that "Agsin, there is no doubt that we
do use external asnd mechsnical symbolizations to sesist our own thinking.”
The external devices are designed, however, by the human mind and we can
safely sssume that the brain without having to refer to any particulsr

augmentations, is the most powerful medium svailable for modeling processes.
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An epistemological model is @ model that the mini formulates about
itself. Such self-description or self-reproduction is feasible logically8
and there is no paredox involved. But, the formulation of such models,
as evidenced in the literature, is a very difficult task.

It is well known that the less constrained a model is, the greater
its potential for reaching an optimum. The models that are formulated
in the mind gain their power and their limitations from language. The
power, is derived from the flexibility of language as a medium for pro-
cessing and expressing relations; the limitation is derived from the
slowness of language to keep pece with new situations and to discriminate
between certain categories. In particular, epistemological systems refer
to objects that can be described only vaguely by an essentially formal
lenguage. The situation is worsened because the approximated object-
language, the model-language, and the meta-language are all the same am-
biguous, natural language. As language develops, the object-language
toward more richness, and the model-langusge toward less ambiguity, the

task of building this kind of model is likely to be facilitated.
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2. On Models of Inquiry

In the present section a search for a theory, or at least a begin-
ning of a theory, of mechanized inquiry is initiated. Our search effort
will nave to touch upon such diverse areas of science as philosophy, psy-
chology, computer sciences, artificial intelligence, logic, etc.

Direction for the search effort is provided by the history of modern
epistemology, which aids in organizing ideas and machines for inquiry
intc convenient classes; in addition, as Singerl points out, the history
of epistemology 8lso may provide direction by indicating where different
propnsed systems of inquiry have fallen short of their goals.

To facilitate comparison between differing types of inquiring systems,
a classification of knowledge according to Spin0232 may prove useful.
He recognized four kinds (or four levels in Polya's interﬁretat?nnj\ of
knowledge:

1. knowledge arising from hearsay - mechanical knowledge;
2. knowledge ariging from mere exﬁérience - inductive knowledge;

3, knowledgé arising from demonstration - rational knowledge; and

L, knowledge srising from conviction that the inquirer knows -

intuitive knowledge.

Spinoza and Polys both considered level 4 to be the most importsnt. In
the present context, however, the pragmatic definition of knowledge im-
plies that the level of knowledge is of no consequence as long as potentisl
for correct action prevails; only in cases where such aceion excludes
certain kinds of knowledge will the categorization be of any value e.g.,
knowledge by heersay will not slways suffice'for taking correct action

in a changing environment.
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Before proceeding to the discussion of epistemological models of
inquiry a brief note on the language that will be employed should be
given. Systems of inquiry are discussed most conveniently in teleological
tu'llh and since the main scurce5 for the present discussion is presented
in this form, it will continue to be used. However, mechanical design
of systems is likely to require a more descriptive language and therefore
program or model descriptions are given in a language approximeting only

the teleological functional definitions.

2.1 Rationalist Inquiring Systems
The lsw-regulated world image of the rationalist philosopher36 seems

suited particularly for an investigation of the feasibility of mechanized

inquiry. Singer's brief sumry7 provides a background of the basic ideas

of the ratioralists.

To sum up, the Rationalist's argument runs in this wise:

No contradiction appears in denying the hardest fact known to
us by observation, such knowledge may always be doubted. And
no less open to doubt must be any empirical rules generalized
from such observed facts. Resting their appearances of univer-
sality on induction, these rules can obviously be no more hard-
and-fast than are the facts on which they depend. But laws,
necessary truths' as the school called them, are as inexorsble
and undeniable as the principles of logic by which they are
established. By which alone they are established, - for it
comes to that. As independent principles, the axioms of the
special sciences will have disappeared. Only logic remains

as the modus vivendi - the unique metnod of attaining to

truth.

A system of inquiry based on these ideas was described by Leibnitz
in his Monadology. However, our purpose is not to describe particulsr
historical systems but rather to investigate their major contributions
o epistemclogical theory. A brief account of a generalized Leibnitzian

g
ingquirirng system by Churchman will illustrate rationalist ideas.
q g sy Y



By reference to the generalized Leibnitzisn inquiring system
hopefully two important questions will be snswered partiaslly.

@) Which level of knowledge can be crested by a rationslist
inquiring-system?

b) To what extent can s rationalist-inquiring-system be implemented
as 8 progrsm for s digital computer?

An enswer to the first question will be deduced from the proper-
ties of the system described by Churchmsr.. The second question will
be answered by reference to work performed within artificial intelli-
gence and mathematical programming.

Before proceeding to a description of the proposed system an
important contribution by Leibnitz should be acknowledged. He was one
of the firct philosophcrsg to realize the need for s universal langusge
of logic. Also he designed such s language to relieve his logical
processor from the difficulty of resolving ambiguities of natural
language .

A Leibnitzian Inquirer

Churchmen's generalized Leibnitzisn inquiring system is presented
and commented from the sspect of mechanical inquiry. The following
functions are required in s Leibnitzian inquiring system.

1. "An internsl guarantee that genersted results will converge."

This requirement is derived from Leibnitz’' insistence on innate
idest. Frr the practical design ¢ necesssry condition must be met~
the domain of inquiry must be deccribed in s decidasble formsl system.
2. "A capebility of producing strings of symbols that can be broken

down intc recognizable units.”
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The input sector cen motice, individuste, break down into units,
and dispetch strings of sentences (- logical processing. Strings of
sentences asre introduced to the syster. (as perceptions)m or generated
within the system. The importance of the design of the input sector
was reslized clearly by Leibnitz, this will de discussed further in s
later section.

3. "A cepesbility of establishing felsity or truth of eny unit.”

A logicsl processor and & dictionary of definitions are employed
to establish truth (tsutology) or falsity (self-contradiction) cf
received units. If these can’‘t be established directly, the unit is
¢ 'candidate’ for further processing.

k. "A capsbility of forming nets of units by means of s given set of
relstions snd operstors.”

The main deductive structure of the Leibnitzisn inquirer is
provided by s memory, orgsnized for direct and chained addressing.
From the beginning the memory is blank, but gredually it will build up
nets of relsted units. Por each received 'candidate unit' the memory
is sesrched for logicslly related units. If the search is successful,
the related units are connected snd the 'candidste unit' becomes a
contingent truth. Now, truth for s Leibnitzian inquirer is an end-
result, which mesns that all sentences are doubtful until their con-
nectioﬁ with the largest fact-net is estsblished. This makes the
problem of inefficient generstion of new connections scute. A proce-
dure for directing such generstion is needed. At this point, it should
ve pointed out thet there is an analogy between the procedures of

‘eibnitzien inquirers snd the representation of problem solving as e
11

tree searching.
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The releation nets of the inquirer correspond to tree structures
thet sre built without concern for di,ection, i.e., they are not
generated selectively. It is, however, known that by exhsustion of
sll combinatorial possibilities, will one net eventually provide a path
between the "true” definitions and the "desired” end result. The
situation strongly resembles that described by Newell, Shaw, and Simon
ac the "British Museum Algcrithm."lz

Tec provide selectivity in generation of strings of units, Churchman
ne:s added two requirements.
€. "A capebility of ranking the nets according to a prescribed
criterion”; and
£. "A method ~f processing symbols and building nets ba#ed on the
ranvx.ng, such thst the zys‘em will eventuslly arrive at an optimal net
sand vnow when it has srrived. Or else will converge to an optimal net
end w.)l kncw that it is converging.”

Fequirements S snd € are satisfied by introducing an "executive"
whicn assumes the responsibility of reducing unfruitful generstion of
sentences to a minimum. The executive function, s conceived here has
beeri 2 major design problem for srtificisl intelligence machines; this
problem will be reviewed briefly later. Our present concern is the
gquestion of how powerful the executive can be permitted to be within
& truly lLeibnitzisn design.

The tssks of the executive sre represented in reguirements L, 5,
and €. A trief discussion of the respective functions follows:

Requirement L permits the inquirer to apply slternative logicsl

systems.l5 Some choice has to be made sbout which system to use.




This decision is quite complicated unless, of course, all approsches
can be tried ocut in perallel. It must De decided if the executive
should be permitted to conduct inquiry on the structure of its own
processing to learn about when to spply particular logical systems, or
if a priori decision rules should be applied.

Requirement 5 necessitates an evaluation procedure for created

nets. Such eveluastion mey be made in terms of computation time,
simplicity, elegance, etc. It should be observed, however, that
gimplicity and similar measures are not defined otjectively and, as
such require & detailed investigation before they can be applied.
Requirement 6 can be implemented in certain areas, guch &8s theorem
proving, where answers to well-defined questions can be tested for
correctness. In generasl, however, this requirement ls difficult to

implement.

2.1.1 Leibnitzien Mschines

In the following, inquiring systems, whicr have Deen implemented
in the form of programs for digital computers, will be called 'machines’.
Several classes of Leibnitzian machines are described in the literature,
examples are computer programs for methematical programming, optimiza-~
tion techniques, artificial intelligence, etc., & few of these will be
discussed briefly.

A majority of all computer-programs Can be considered to be

slgorithmic-mechines—i.e-, 10 belong to a class of machines that

nave peern proven to find solutions to ell provlems within 8 specified

domain, and to dc sc in 8 finite time. Typical examples of such
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machines are linear programming programs, programs for finding maxime

or minima, programs to solve systems cf equations, etc. The Leibnitzian
requirements ere fulfilled in thatlh:

1. the machines operate within a decidable formal system;

5. ¢he mechines have access to primitives and rules of sentence-

formetion of the formal language,

A
.

a1l definitions and rules of inference are available to the
machines;
4. an implication net is formed by strings of symbols connecting

given inputs with the desired result;

N

the time reguirements of alternate paths of processing may
be determined; and
£ +here itz scme way of checking if 8 solution is obtained

Surch-mchinea‘s, such as steepest ascent or other grsdient search

machines, pettern-search machines, box-eanalysis machines, etc., satisfy

+re leibnitzian requirements under the following two conditions:

3

1) their envirorment is unimodal, and

-

Z) @& solu

*

ion, or an optimm, is defined as & range around the

‘real’ optimum

b e

L specisl class of these machines are ‘heuristic' search machines
gucr a8 the line-bslancing program by ’I‘cvnge16 and other programs for
menipulstion of combinstorial situstions.

b class of programg, which follow very closely the Leibnitzian

dezeription, s the "simple deduction machines", or question-answering
18

mechines, exemplified by Rephael s SIR, x Slagle's DEDUCOM,
9

McCarthy's Advice ’Eaker,‘ and others. In these machines simple facts
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formulated in a formal language are connected tc implication nets in
such a way that simple questions can te deduced by tracing through
relevant peths.
A typical problem solved by DEDUCOM is the "Monkey Question”.
The following facts are given:
1. The monkey can move the box to any place;
2. Someone moving v to u leads to v being at u;
3. The monkey can climb the box;
k. v being at u and p climbing v leads to v being at u and p
being on ¥;
5. Under the bananas is a place;
€. 1If the box is under the bansnas, and the monkey is on the box,
then the monkey can reach the bananas; and

7. p resching x leads to p having x.

guestion:

"what should the monkey do so that the monkey has the bananas?”

DEDUCOM'S ANSWER:
((THE MONKEY SHOULD DO THE FOLLOWING)
(THE MONKEY MOVES THE BOX UNDER THE BANAMAS)
(THE MONKEY CLIMBS THE BOX)
(THE MONKEY REACHES THE BANANAS))
An important group of Leibnitzisn machines ere the thecrem-proving

2
mechinec exemplified by those of W3ng2o, Davis & Putnam,21 McCarthy, 2




18

24

Rdbinson,23 Friedman, Gilmore,es Wos, Carson & Rdbinson,26 and others.

Such machines have been designed to employ:

a) Decision procedures, which are available for propositional
calculus, elementary algebra, elementary theory of conditionsl
expressions, and certain other branches of mnthemltics.z7

For undecidable calculi, such as the first-order predicate
calculuses, the machines may employggz

b) Decision procedures for solvable subclasses of undecidable
calculi;

¢) Proof-procedures that will recognize any theorem, but will not
converge for non-theoremsio; or

d) Semi-decision procedures, which @pprosches: p and c eare
combined, i.e., provide decision procedures for solvable sub-
classes but proof-procedures ocutside there.

Although theorem-proving machines perform satisfactorily in certain
domains, the problem arises of an exponentially-growing time requirement
of processing for linearly-increasing numbers of clauses or connectives,
limiting their applicability to rather simple theorem proving.

Complex-Search Machines, as exemplified by GROPE’ by Flood and
Leon, utilize alternate logical processors. The processors are applied
to problems according to rules derived from their performence in previ-
ously encountered situations. In the case of GROPE, the executive
employs a simple symmetric stochastic learning model to choose a logical
processor. Progress in problem solving is measured by criteria of
relative improvement in & hill-climbing situstion. The machine exem-

plifies in this way the application of & sophisticated executive in a

Leibnitzian inquirer.
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Our brief review of typical Leibnitzian machines indicates clearly

that much work has been done in this area. This has lead to the develop-
ment of efficient methods for frequently encountered tasks. In this
context only the importance of efficient tree-searching methods, such

32
as the c B procedure3 employed in several artificial-intelligence

machines will be stressed.

2.1.2 Knowledge Created by Leibnitzian Inquirers.

An important contribution of the rationalists was their insistence
on removing ambiguities caused by natural language and introducing
instead precision in the form of a universal language of logic. How-
ever, the employment of an sutonomous logi. "1 processor precluded any
investigation of the nature of the processed units, thus making the
results of inquiry precise but empty of content.

Given an internal guarantee of convergence, the Leibnitzian
inquirer is purely deductive and can thus be classified as producing
knowledge of Spinoza's third level. However, the inquirer guarantees
that, given a valid input-sentence, the 'correct' answer will be
produced. Therefore, for an external observer, or user, its process
of producing knowledge can not be discriminated from a "dictionary-

iook-up”, i.e., from "hearsay-knowledge". Thus, Spinoza's third
5

b 4
level,”” "perception arising when the essence of one thing iz inferred

from snother thing, but not sdequately” is not reached. It should,

however, be noted that our pragmetic search for knowledge is not con-
cerned so much with how it was achieved as with what it means. There-

fore eibnitzian inquiring systems, evern 1f looxed upon a&s huge
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dictionaries, are valuable systems, not only when used separately, but

also when employed as logical processors in more sophisticated inquirers.

= Regresentltion in Leibnitzian Inquirers

The problem of representation is only encountered at a superficial
level in the Leibnitzian inquirer, in fact, one to one correspondence
between symbolical representations and unambiguous rav-data precludes
any problem-oriented search for "optimal" representations. Orly in the
case of complex machines, e.g., GROPE, is an implicit choice among
alternate representations made. As such selectivity is the major
festure of Kantian inquiring-systems a detailed discussion will be

postponed.

2.2 Empiricist Inquiring Systems

The empiricists,jh in opposition to the emptiness of content of
the rationalists' system of formal inquiry, presented a theory of
inquiry based on the "reality of things.” At first glance their theory
appears very reasonsble, in particular as it seems validated by common
sense feeling as well as psychological evidence of basic learning
processes.35 The empiricists' thesis may be summsrized in

Locke's words:

‘These two, 1 say, viz. external material things as the
objects of sensation and the operations of our own minds within
as the objects of reflection, are to me the ggly origirals from
whence all our ideas take their beginnings.

The empiricists’' theories of inquiry have been criticized, snd

deservedly, by later schools of epistemology. However, as we are not

giving a critical survey but are searching for ideas, an amended
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vergion of a Lockean inquiring system will be employed to represent
the major ideas of the empiricists.

From a Lockean inquiring system we require:

1. a capability of receiving and individuating inputs

The input-sector acknowledges reception of input-units (sensations)
and individuates the unit by space-time-coordinates. The empiricists
failed to realize the importance of this sector, Singer points out:

"However sound may be the Empiricist's account of how our

knowledge has grown once having started, his own account of 27
this growth makes it impossible for its start to be part of it"

2. @& capability of labelling and transmitting received inputs

The inp t* pre-processor recognizes the unit as simple or complex
and labels the unit by attaching a list of properties corresponding to

impressions from sense-organs. The pre-processed unit is transferred

to the memory

The task of the pre-processor is to define ideas, Churchman and
Ackoff58 write

within empiricism progress in defining was "“theoretically"
possible. To make a definition better, the references to

the immediate had to be made more precise. Insofar as we
could make that which was designated by a word less and less
ambiguous, the definition of it could be made better and
better. But as defining became better and better with respect
to "content”, for the empiricist, it became worse and worse
with respect to communicability, since content was a function
of the "immediate" which was itself inexpressible

In requirement 2 the empiricist manner of defining becomes a
labelling operation performed by a filing-system which can grow its own
categories Such categorization is performed by an artificial intelli-

z
gence machine, EPAM‘Q, which will be described in section 2.2 1.
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3. a capability to reflect on the internal processing.

One of the functions of the executive is to observe and label the
internal processing of the inquirer.

L., a capability to perform logical operations on labels.

The "acts of mind" according to Locke are combining, comparing,
and abstracting. Thus the logical processor incorporates facilities
for compounding labels by logical connectives. A logic of classes is
employed.

5. a capability to generalize on experienced sensations.

The generalization sector is globally applicable. It complements
the input preprocessor in making abstractions necessary for establishing
similarities of inputs. The logical processor as well as the executive
are possible domains for generalizations.

6. a capability to communicate about labels.

The Lockean inquiring-system needs a guarantor of reality to
replace the innate ideas of Leibnitz. Locke stated;

Our knowledge, therefore, is real only sc far as there
is a conformity between our ideas and the resality of things

Such conformity according to Locke was present in his design. Simple
ideas were imposed upon the inquiring-system by reality and since
complex ideas were internally created for internal processing, they had
no reason to be connected to reality. Complex inputs (substances)
caused complications, but an involved reference to their parts estab-
lished conformity.kl

Although the empiricist inquiring-system may heve a tie to reality
via the naming of simple sensations, there is no guarantee cf validity

unless a community of inquirers can agree on the correct label of the
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input. Locke seems to feel that the labels of different inquirers are
isomorphic, becsuse he writes: "For what need of @ sign, when the thing

n36 Clnu'chmam,,‘2 however, points out

signified is present and in view.
thet it is & non-trivial tesk for a community of inquirers to agree that
they sre talking about the same input when assigning its nsme. Community

consensus thus is employed as a method of ostensible definition of meaning.

2.2.1 Design of Mechanicsl Lockean Inquirers

There are three essential problems tc be met in the design of Lockean
inquiring systems, namely

1) to define simplicity,

2) to represent generalization,
end 3) to design 8 non-triviel gunrantor—tunction.h}

Simplicity of sensations mey seem to be easily defired, in perticular,
when there are words available to define simple concepts. However, as
simplicity 1s a property of particuler situations, experience mey require
further breakdown of concepts which initially were considered simple.

Thus the Lockean inquirer must have a capacity for changing its concepts
of simplicity. Such capacities are essily implemented in internal proces-
»1ng languages, but sre very difficult to handle in the communicstion
anguage. EPAM, a computer model of humsn learning by E. Feigenbaunhu
is an example of 8 Lockesn filing system which creates its own categories.
The EPAM prograsm is the precise statement of an information
processing theory of verbal lesrning that provides sn alternstive
to other verbal lesrning theories which have been proposed. 47

In the present context we are less interested in EPAM ss & model of

vertal learning than in its capecity for efficient categorizing, storing,
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and retrieval of informstion. The primery informstion structure in EPAM
is the discriminstion net, 8 sorting tree which is grown to sccommodate
all information encountered in the problem-solving process.

An example of 8 discrimination net is given in Figure 2.1.

O : 8 test-node

8 terminsl-node

Figure 2.1

Informetion ie stored at the terminals of the net snd tests sre placed
at the nodes. Labels and/or property lists sssocisted with received en-
tities are tested st the nodes sznd the entities, ss @ result, sorted down

left or right.
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For retrieval of stored informetion only those properties of the
label which have been tested during the procedure have to be presented
to the net.hé If an attempt to store information at a previously occu-
pled terminal is mede, s further discrimination has to be initisted, and

& new test is added, (Figure 2.2)

Figure 2.2

A simple exsmple: Euppose we have translsted derived property lists
to binsry lasbels which are introduced to *he discriminstion net, then
it may grow ss examplified in Figure 2.7.

Ti = i:th digit test. (i - 1,2,3,4)

.. Btore 0l00 7100

2 Store 1011

0100 1011

Figure z.2.1



Store 0110

Store 0010

0100

0110

Figure

A

AW

N
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EPAM clearly will never make 8 finer cstegorization than is neces-
sary st the moment of receiving an entity. This means high efficiency
of tree-searching and low requirements of storsge. However, sn smended
EPAM would be desirsble for the second problem, i.e., description of
generslization.

Genereslization in 8 Lockean inquirer means grouping of concepts intc
classes. Such grouping cen be done synthetically by adding concepts into
generic classes, or it can be done anslyticelly by considering incomplete
breakdowns of complex concepts. The situstion is most conveniently repre-
sented in a tree, where the terminal nodes sre simple concepts and sll
other nodes define sub-trees which are classes of concepts. Thus 8t the
trunk of the tree there is & cless 'something', which by tracing the tree
will e broken down into successively finer clesses. In the case of
EPAM, the terminsl nodes represent des.red groupings provided that s
proper design and noticing-order of tests is imp_emented. In Figure 2.7,
there are two possible classificetions conteining 0110, nsmely
{0100, 0110} end {0010, 0110} . The correct grouping cen only be de-
termined by reference to & perticulesr context, but since the possibilities
for ambiguities to arise must be kept in mind, & csrefully planned noti-

cing-order is meintained.

In mechanized inquiry the important gusrsntcr-function “-ommunity-
agreement” will have to be replaced by some "comrentiom1"“2 method of
validating thet received inputs sre representations of reslity. One
such “conventionsl" design is to embed the inquirer in a larger system

which guasrantees the velidity of its communications to the inquirer. A

non-trivial requirement would be that the proposed system hss tc agree
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with its own lsbeling over time. This requires s capability to abstract
from changes which sre functions of time, and, therefore, puts pressure

on the capability of individusting inputs.

2.2.2 Knowledge Created by Lockean Inquirers

The level of knowledge achieved by s Lockean inquirer depends upon
the nsture of its gusrantor-function. If the guarsntor is "conventional,"”
then the Lockean inguirer does not go any further than the Leibnitzian,
vecause the "sensstions” of the former do not correspond to reality any

more than the perceptions of the lstter.

2.2.% FERepresentation in Lockean Inquirers

The maior weakness of the empiricist inquiring system is to be
found in the input-sector. Although s claim of correspondence between
labels and "reslity” is made, physiclogicsl snd psychologicsl evidence
shows thst the "sensations” of reslity by no means are unsmbiguous, in
particulasr, the individustion of objects, the intensity of impressions
cri the sense orgsns, snd the rsnge of the sense-impressions sre not
uriiquely defined; furthermore, there is no representstionsl function
tc guide the observstions on the real world. Thus the representational
functions of Lockesn inquirers sre not sufficiently sophisticated to
support directed sesrch for informstion.

-

2.2 The A Priori Sciences of Inquiring-Systems

An sttempt to bring the retionalist and empiricist systems of inquiry

tcgether wes made by Kant end other criticists. We hsve given rether
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detailed descriptions of Leibnitzian and Lockean inquiring systems.
These systems employ most of the components of the Kantian inqu ‘er. One
major sector, however, remaias to be discussed, namely, the role of a
priori sciences.

Kant's main contribution to epistemology may well be that he realized
that "whenever there is experience, there are prerequisites of experience."
This realization led him to conclude that the sciences necessary for rec-
ognition (geometry) and individuation (logic) of phenomena had to be a
priori to any experience. Post-Kantian developments have introduced the
possibility of introducing slternste a priori-sciences, i.e., to employ
some geometry and some logic. The main difficulty of the Kantian doctrine,
however, still remains: to establish how the a priori enters the mind.
There have been seversl attempts to form such a theory ranging from Plato's
deduction of & previous existence to theories of psychological a prioris.
However, none of these, including Kant's has been convincing. In the
present pragmatic search for ideas, however, this is of noc conrern, because,
if the a priori cen be shown to be a necessary attribute of inquiring-
systems, then feasible methods of their implementation, not their actual
origin, is of importance

The eavailability of slternstives for the choice of the a priori sug-
gests the design of a Kantian inquiring-system with multiple sets of
a priori sciences. As Kant did not imply that the a priori sciences were
simple, the possibility of employing powerful s priori comes forth as a
viable alternative tc previous persimonious attempts. Churchmen, in his

~*

i..cussion of what he calls maximal a priori's, states:
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Suppose, instead, we were to say that there is no
"basic”" mode of representation in the design of the input
sector of the inquirer, send that a maximum flexibility
in representation is desirsble. Hence instead of attempting
to minimize the influence of the & priori of the inquiring
system on the information, the designer should try to
maximize this influence in order to represent the informa-

tion in a manper in which the problem solution be_omes
facilitated.

Parsimony in a priori sciences, however, permits untiassed generality
but is very likely to lead to inefficient problem-solving. Therefore, a
judicious bslance between domain and efficiency of inquiry will have to
be maintained in order to permit an "optimel” degree of specialization.

The tasks of the executive of a Kantian maximum a priori inquiring-
system will have to be more sophisticated than in systems previously
discussed. In particular, the availability of alternate a priori sciences
will require decisions to be made on how to represent particular problems.
Thus the task of the Kantian executive is to translate a problem-formula-
tion into the language of a suitsble model, i e., relate its object-domain
to a model. Other tasks of the executive are to select input for proces-
sing and to judge the relative difficulty of differently revoresented
problems. These tasks will be d.scussed in depth in Sections 3, 4, and

=

5 Instead of anticipating this discussion let us now turn to @ more
sophisticated system of inquiry based on Singer's ideas.ke
Singer was dissatisfied with the "paradox of a priori” and, by ob-
serving the methodology of empirical and formal sciences, ceme up with
the system of inquiry presented in his "Experience and Reflection".
Singer's "Experimentslist System"” is based on a careful distinction be-

tween what is known to experience and what is known to reflection on

experience. Experience belongs to onz subject, the learner, but the
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a priori possessions to another, the reflective mind. Thus, an inquirer
can be said to produce knowledge only if it is observed doing so by another
inquirer, and the designer of an inquiring-system is a member of the very
same system, because his prepossessions are reflected in its design. The
position of the experimentalist is to relate the formal and the non-formal
by their common purpose, progress of science. Churchmen and A\ckot’t‘h9

summarize the experimentalist ideas as:

The precision with which we can respond to a question
is a function of the precision with which we can ask a ques-
tion. The latter is itself a function of the explicitness
of presuppositions of the asking and answering of a question.
The actual number of presuppositions involved in framing
any question is indefinitely large. It has been the lesson
of experimentalism that the final answer of any question
presupposes the final answering of every other question.

The absolute answer to a8 question is an ideal which may be
constantly spproached but never attained. Consequently, the
presuppositions, as well as the response, are constantly
subject to change. Science is capsble of progressive change
insofar as it can indefinitely reduce the error expressed

in the response to any question.

Thus Singer's experimentalist inquiring-system employs a technique
of experimental ccntrol that will meke a progression of answer-question
pairs to converge to & limit - an a priori fact. Although the Singerian
system of inquiry is extremely hard to visualize in a non-trivial mechan-
ized system, a slightly Singerian flavor is added to our sequence-extrapo-
.ating system by permitting its executive to inquire about the problem-

concocter in order, hopefully, to be able to predict his behavior.

2.3.1 Representstion, a function of the a priori

The Kantian inquiring-system stresses the importance of a priori
.c.ences, which in turn stresses the importance of finding suitable repre-

sentations of problems, because, tne presuppositions, i.e., the a priori
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sciences, determine what information to ask for, i.e., the representation
of rew data. The representational functions of the Kantian inquirer will
be discussed in Section 3. A more specific context, nsmely sequence

extrapolation, is the subject of Sections 4 and 5.

2.4 Summary

A few epistemological models have been reviewed. Although several
alternate theories could have been presented, our choice has been based
or. representativity of schools of thought as well as on potential for
computer-implementation. Thus an interesting inquirer - the Hegelian -
has nct been reviewed, because the dislectic method at present seems toc
much of a speculative tool for programming ocn a computer.

The systems reviewed and especially, the Kantian, have contributed
to our understanding of efficient organization and classification of
mechanized inquirers. The later developments, including Singer's system
provide a direction for search of feasible ways of implementing more
sophisticated inquirers. In the next section, the problem of represen-

tation reised by the Kantien meximum s priori spproach will be discussed.
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3. On Representation

Inquiry and problem-solving generally raise the following questionl:l
How are the premises collected? How does deduction proceed once they
are found? These questions are strongly interdependent in view of the
problem of representation even though, according to the positivists and
statisticlians, they could be attacked and solved separately. A third
question, therefore, will have to be posed, namely, how to represent the
problem.

The subject <of representation reaches far [t connects the a priori
theory necessary fcr observing the environment with the logical proces-
sing necessary for coming tc any conclusions about it. Our present task,
however, will restrict the discussion of representation to a technical
level by exploring it as a prerequisite for mechanized inquiry.

We have not asked if symbolic representation is really necessary at
all For machines and for most human inquiries, it is. Even though
Henri Bergson2 describes an intuitive knowledge which arises without
employing symbolic representation, we have no reason to discount its
importance for inquiry.

The evidence in favor of representing reality by symbclism is too
magsive to permit us to doubt its importance Evidence is available
from different tranches of science, and we will briefly indicate some
sources  Susan Langer states, "A new philosophical theme has been set
forth to a coming age. An epistemological theme, the comprehension of
science The power of symbolism is its cue, as the finality of sense-
wd

data was the cue of a former epoch. She reviews in detail the liter-

ature on pnilosophy of language, which clearly indicates that the subject
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of representation is important in corntemporary philosophy. In psychology,

we need only to refer to works such as Bruner, Goodnow, and Austins:

"A Study of Thinking,”k or Humphrey's "Thinting"s to establish the rel-
evance of language. Even neurology, anthropcology, linguistics and other
branches of science, support the conclusion of A. D. Ritchie that, "as

far as thought is concerned, and at all levels of thought, it [mental
life] is a symbolic process."6

The most elementary form of symbolism is the action, or push-button,
response tc signals, which corresponds to Spinoza s classification
"hearsay-knowledge.” This is in animal behavior represented by "built-
in tubroutine:"7 and conditioned reflexes The level of knowledge sought
in sophisti