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ABSTRACT

v

The concept of heuristic has always.played.ah important- role "
in Artificial lntelligence However, since the blrth of this
dlsc1p11ne in the m1d 1950's to the present, various dlfferlng‘

definitions have beensgiven and various conflicting statements have

been made concefning the concept of heuristic. During this period

the concept also appears to have evolved inwmeaning somewhat .
. d . . v

In Chapter One I define the purpose of this thesis. 1 remark

that to date no detailed analysis of the concept of heuristic has

§

been givea, and' that topics of traditlonal interest toihhilosophers
like the theory of creativity, logics of discovery, and
problem—solyin; methodology stand-to éain\from such an analysia,
not to hention Al resea}ch ltself. Within the bohhas of this$A

' thesls,‘however, the goals of the analyslgtare solely the provlsiena
ef a well substantiated definltion and, secondarily, the'resolhtion
of eerta1n key questlons re&ardxng heuristics, such as’® whether -or-
not heurlstxcs are opposed to algorithms and whether heuristics

"need to save effort. R

Aln Chapter Two 1 phepare for-the Anal?sesbthatul ;ive in

Chapter Three. ‘I do this in two ways.” First, I run through the

history of the concept of heuristic in AI, quoting and commenting

“on many of the deflnltlons that various authors have g1ven iy

hlghllght all the propertles that ‘are ascribed to heurlstlés

\ .
whether or not these are compatible. Second, I de elop in greater

F)

detail the concepts of heuristic that have been used in one area of

R

AI; Symbolic Logic Theorem Proving. : - =

v
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In Chapter Three T give my detailed analysis of"tﬁh'concept of

heuristic. 1 ofganize~the chapter around four sections, each of

B .

which deals’ with one category of properties that were highlighted

in Chapter Two. Section A covers the fallibility'pr&berties: lack

f

of solution guarantee, incompleteness, imprecision, and opposition |

to algqriths: Section B ;ove;s the Eladsiﬁilifz property wh;ch
'arises from”partial knowledge abédt the prbblem doméih; 'Sectioﬁ c
.Covgrs the performance propérkies: search redudtign} éffo;t
reduction, efficiency ingreasé, précticality. and empirical
oriéntatiqn. Section D;Vthe last‘section,\;overé the properties

"associated with the search—directiﬁg‘function'df‘heuristic deQice;:

their characterization as rules, procedures, methods, strategies,
. . , ) .

filters, etc.
In Chapﬁer Fbur, the concluding chapter, I summarize my
results and bring up three topics for future enquiry: the

possibility of describing all human decision ma}ing in terms of

heuristics; the specificat}ons for and design of the so-called

méta—hedristics, those heuristics<that operate on other heuristics;

4
and the forms of interaction that are possible between the

: y N
heuristics in a complex problem-solving system, such as

cooperation, competition, and dependence.

[N
/
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' THE CONCEPT.OF HEURESTIC AS USED IN

- THE ARTIFICIALnINTELLIGENCE COﬁMUNITYQ~ e,

A ) . . ' ¢

I.‘Introduet{on

S : N | :

- T | . . 5 '

Within the past” few decades the nbotion of heuristic or rule of
" ‘thumb has been called upon to playna\central roiefin thebries hf

'hhman nrdblem-soiﬁinggand,dLscovery. Attempts to systematxZe human

‘problem— spIV}ng behaV1or have resulted 1n»recogn1t10n of the

~ '
existence of repeated patterns of rule appllcat1ons thCh do not

guarantee success but Wthh are often observed to be useful in
- b

arr1V1ng at a solution In partlcular éwherever the task domaln is

sufflcxent@y dlffxcult to exclu ﬁ*the pOSSlblllty‘Of apply1ng

efficient . adgorlthms, ‘but not - so‘dlﬁflcult ds’ to allow only a “a
J R S
random search for tha\ﬁolutlon heurxstlcs can oftEn be found to,
helpilmprove the effLC1ency of search ‘
Likewise, eome theorist; of the_Creativevprocess a;gﬁehthat

. althoughvthere may be noh”lhgfc of'diécovery" which ‘guarantees the

dlscovery of all’knowledge, dlscovery need not proceed from mere
1nturt10n and guesswork Rather there appear'to be nunérous
valuable heuristics which aid in discovery. )

Indeed,;in sovfar_as all hdman behavior can be thodght of‘as
. prablem-solving hehavior,.thelproblem being onevof living’wisely}

achie&fng-assorted long and ;hort term goale, etc., the potential

€.

‘domain of heuristics ean be likewise extended. The~concept of

heur1st1c Tule 1is- presently being submltted to 'such a broader



j‘j:'x

‘work often re5u1ts in the sheddxng of new llght on trad1t1onal

[3S]

"application in a number of computer models of human behavior.

Thefe range from models of mathematical theorem generation, speech

undefﬁtanding, and inductive learning of relations, to the
i - .

detection of conversational patterns in dialogue%.‘

In very.feh of the research efforts which employ heuristics is

the concept of heuristic given any detailed analysis in xts own

rlght IndLV1dual heurietics are discovered, tested, and modified

-3
<

in conjunction with a particular task or subtask, but the concept

of heeréstic_ifself is ra;e}y reflected upon. - 5efinition by
exaﬁple is as a rule the prieary method of intropﬁcing the concept.
to‘tﬁe_neweomer.P If eefinifiehs are giYen they ere short and
uhsatisfying; one feels‘asﬁecte_of the concept have.been
overloo?ed. Is it thateArﬁificial Inteiliéencel(AI) researchers .
think the concept is simple; or‘isjit thet Ehey feel a detailed

study would contribute littlebcémpared to.actually discovering and

‘applying individual heuristics?

It is. one of'thﬁ tradftionéldjobs of phLloéophers to apply

their anaiytic,fools to discovering the deeper meanings-of

:.important concepts in’other disciplines. Such extradlsc1p11nary ,/;'

\

tA samplxng of research in each of these areas can be found in
Waterman “and Haye's—Roth (1978). ’ :

*The only noteworthy exception to this claim is the recent work ‘by
Lenat” ofi the nature of heuristics: Lenat (1982;. 1983a, 1983b) .
Lenat's analysis, however is not phllosophlc in character, it is
not a careful exp051t10n of key concepts, rather it appears to be a
variegated mlxture of hypothetical key ideas and speculatxons
presented as an account of his and his colleagues latest =~ . -

reflections on the subject. I do not mean this as a criticism.

Such work is very valuable in forefront stxentlflc research

j'aBarr and Feigenbaum similarly renfark on the general lack of
‘définitions. -See Barr and Feigenbaum (1981), p.28.



‘ -

’

. philosophic problems. It may also have practical influence in
those outside discipline: themséiyégﬁ‘ Just as phiiosophic analyses
of the.physicists'AconcepLs of Space, Time[ and_CaUQality havg both
enriched the traditional philosqphgé iéeas about these topics, as
well as contributed tq the theories of relativity and quangum\".
mechanics, 1 believe a. philosophic analysis of the concept of
'heur%stic' could lead, on the;gpilo;éphyvside, to new or ;nhgnced
theo;ies of problem-solving, discoveéy, scientific mgfhodology,&and,
perhaps even philosophic methodology, and on the Al-side,xté a more -
comblete account of how heuristics i;tefact, of.where:th¢y;ca; Ee_
found, of how they can be built,ietc. B will.n;t‘here; ggwevef,.ﬁ

try to establish any new philosophic theories, or doiaﬁythihg'moreﬂ

Y 5
2 .
T

than give guidélines for how Al can imﬁtove'f{s use’ of heuristics.
‘ ‘ . o : .
In this thesis Ilwill,be'coqtent to lay the grounaﬁdfk.fér suéﬁ new
theories and pracficai consequences by anaiyiing;"ﬁéuristic; in
more detail thép I believe hés ever been done bef;re. .1 believe: .V”l
both phi}osbphers and Al Tesearchers wfllrfind thé dis;uésigns %
interesting{ The final éioduc{héf these d%séussiong w;li be a
definitiqn. But in.addition\to providing a-subst;hFiai defingtion
it will be my purpose-to answer some of the iqt;igu;pg-quggggong

that have arisen concerning heuristics: are heuristics and

algorithms opposed? Must a heuristic save_efforf? Is there just

EPE

one concept underlying 'heuristic' ;:\Sé 'heuristic' just a name °
given to a mix of several distinctgiaeas? |

To achie;e'all this I have cho%en‘the following procedure.
First we will look af the history ;f AI‘and select instan;és of h&w

'heuristic' has been defined and how it has been used. >This



| :
chapter will serve as an intrqduqtion to the cohcept and to all the
properties which have 2! some time been associated with it. Then I
will carry out my philosophical analysis by discussing in detail

each of these main properties. Finally 1 will summarize my results

and indicate possible future lines of ehquiry.~

)



IT. History and Usage

A.. Definitions

heuriskein (ancient Greek) and heuristicus (Latin):

"to find out, discover'".!

Heuretic: The branch of Logic which treats of the art of -
discovery or invention. 1838 Sir W. Hamilton Logic App. (1866)
IT. 230 That which treats of these conditions of knowledge
which lie In the nature, not of the thought itself, but of

that which we think about .. has been called Heuretic, in so
far as it expounds the rules of Invention or Discovery.
Heuristic: Serving to find out or discover. 1860 Whewell in

Todhunter's Acc. W.'s Wks. (1876) II. 418 If you will not let
me treat the Art of Discovery as a kind of Logic, I must take
a new name for it, Heuristic, for example. 1877 E. Caird
Philos. Kant II xix. 662 The ideas of reason are heuristic not
ostensive: they enable us to ask a question, not to give the
answer, ®

The earliest reference that I could find in the Al literature
for the term 'heuristic' is to George Polya (1945).¢ Allen Newell,
the noted heuristics researcher and a sEudent of Polya's, says
"Polya ... is recognized in Al as the person who put heuristic back
on the map of intellectual concerns."’ Polya himse!” claims credit
for reintroducing this somewhat forgotten term:

Heuristic, or heuretic, or "ars inveniendi" was the name of

a certain branch of study, not very clearly circumscribed,

belonging to logic, or to philosophy, or to psychology, of- n
outlined, seldom presented in detail, and as good as forgot en

-~

‘Random House Dictionary, 1972 edition. _ :
*The Oxford Dictionary of the English Language, 1933 edition.

‘See Marvin Minsky's extensive 1961 subject bibliography for AI in
Minsky (1961b). :
"Newell(1980), p.l.




today. The aim of neuristic is to s,udy the methods and rules
of discovery and invention. A few traces of such study may be
found in the commentators of Euclid: a passage of PAPPUS is
particularly interesting in this respect. The most famous
attempts to build up a system of heuristic are due to.
DESCARTES and to LEIBNITZ, both great mathematicians and
philosophers. Bernard BOLZANO presented a notable detailed

account of heuristic. The present booklet is an attempt to
revive heuristic in a modern and modest form. See MODERN
HEURISTIC.

Heuristic, as an adjective, means "serving to discover."?®

It would take me too far astray to adequately discuss the
ideas Pappus, Descartes, Leibniz, or Bolzano had on heuri;tic.
Descartes, however, caﬁ by way of contrast help us clarify Polya's
conception of heuristic. When Polya speaks of Descartes' heuristic

he has in mind the Rules for the Direction of the Mind and the

Discourse on Method.® Although Descartes cerkainly does provide

rules for discovering truths, it is questionable whether he
intended his rules to be merely plausible and helpful.  There does
appear to be an element of certainty and infallibility in his

intentions.

seeking the true Method of arriving at a knowledge of
all the things of which my mind was capable.}?®

(by applying his method] there can be nothing sc remote
that we cannot reach it, nor so recondite that we -.cannot
discover it.1!

*Polya(1945), p.112-3. This passage is an entry in "The Short
Dictionary of Heuristic", Part III of How To Solve It. Polya
capitalizes all the words or phrases that are separate entries in
his dictionary, ' _ -
*Polya(1945), p.92-3, -

1°Descartes, The Discourse on Method, p.91.

*1Tbid., p.92.




For, in conclusion, the Methoc which teaches us to follow
the true order and enumerate exactly every term in the matter
under investigation contains everything which gives certaxnty
to the rules of Arithmetic. \

But what pleased me most in this Method was that I. was\
certain by its means of exercising my reason in all th1ngs. if >
not perfectly, at least as well as was in my my power. .

v

Polya, however, is strictly opposed to such a position: \

Heuristic reasoning is reasoning not regarded as final and
strict but as provisional and plausible only, whose purpose 1is
to discover the solution of the present problem. We are often .
obliged to use heuristic reasoning. We shall attain complete
certainty when we shall have obtained the complete solution,
but before obtaining certainty we must often be satisfied with
a more or less plausible guess. We may need the provisional
before we attain the final. We need heuristic reasoning when
we construct a strict proof as we need scaffolding when we
erect a building. ... Heuristic reasoning is often based on
induction, or on analogy;?!?

In particular we note that heuristic reasoning is contrasted
with the deductive type of reasoning in providing proofs.

Elsewhere he writes:

Provisional, merely plausible HEURISTIC REASONING .is .
important in discovering the solution, but you should not take
it for a proof; you must guess, but also EXAMINE YOUR GUESS.:*

One last contrast with De:zcartes:

It is also emphasized that infallible RULES OF DISCOVERY
are beyond the scope of serious research.!$

N

So Polya sees himself as reviving "heuristic'", the study of

-’

methods and rules of discovery: He wishes to do this in a '"modest

Y2Tbid., p.9%.
1?Polya(1945), p.112-3,
141bid., p.132.

15Tbid.

N
\



and modern form". T guess 'modest' is used to contrast his scierice
. . . .

‘with Descartes” and others. To explain his modern version he
writes: ; , N _ ) ,

Modern heuristic endeavors to understand the process of
solving problems, especially the mental operations typically
" useful in this process. : o
a list of mental operations typically useful in solving

3 problems [includes]) particular questions and suggestions »

. (like:] ... WHAT 1S THE UNKNOWN? IS IT POSSIBLE TO SATISFY THE
. CONDITION? DRAW A FIGURE ... CAN YOU USE THE RESULT? ... "Go
*back to.definitions" ... COULD YOU RESTATE THE PROBLEM?*¢

L ‘ 1
Heuristic discusses human behavior in the face of problems;
this has been in fashion, presumably, since the beginning of"
human society, and the quintessence of such ancient
discussions s.cm: to be preserved in the WISDOM OF PROVERBS. !’

. Heuristic aims at generality, at the study .of procedures
which are independent of the subject-matter and apply to all
sorts of problems. The present exposition, however, quotes
almost exclusively elementary mathematical problems as
examples.!® : ‘ '

Hence to paraphrase Polya, Heuristic is a s;ience of
problem~solving behavior that focuse; on plausible,‘prévisional,
useful, but fallible, mental operations for discovering solutions.
Examples of such behavior are the suggestions or questions -a
problem-gflver applies to himself while‘attempt}ng to discover a
solution;\\Regarding proverbs, lest the impression be given that
all provergskreprésent condensed heuristic discussions, under the

dictionéry entry "Wisdom of proverbs" Polya explicitly ' states that

only proverbs about problem-solving are the products of -heuristic
: N i

t¢Ibid., pp.129-31.
17Ibid., p.132.
*Ibid., p.133-4.



science. !’

The concept. of heuristic bégan to appear in the early 1950's
Al literature. and was well gngwn by Ehe early 1960's. This was an
era of prd?iding definitions, where AI was strugglfng with the ter;
.;nd trying to absorb it into the then-current frameworks. Everyone

who employed the term during this period seemed obliged”to give his

own interpretation of it. It was a correct thing to do on their
part because the ordinary dictionary definition of the term, '"to
find out, discover", was not being followed.

I will now give examples of Al definitions from this early

period. I have chosen all my examples from Computers and.Thought,

'which is generally considered the mosf representative anthology of
important AI work of.this period. 'Lv‘

Allen-Newell, Cliff‘Shaw, and Herbért Simon, while writing
about their groundbreaking gymbolic logic theorem proving‘program,
the ngiq Theorist, were the first to use fheuristic' as a noun
ﬁeaning heuristic procéss.2° They claim fé be using 'heuristic'
here accordiné to the standard dictionary definition, ”serving_fq

discover or find out", but they also strongly oppose its meaning to

!’Examples of such proverbs are:
Who understands i1l1l, answers il
Think on the end before you begin. ’ sy
An oak 1s not felled at one stroke.
As the wind blows you must set your sails.
Look before you leap.
Step after step the ladder is ascended. .
Polya (1945) p.222-5.
*°Newell, Shaw, and Simon (1957), p. 114, and Newell (1982), p.17.
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that of 'algorithm': | ‘ ol , \
S N ‘ : . Lo \

- The research reported here 15 aimed at understandlng the
'tomplex processes (heuristics) that are effective in
globlem 501V1ng Hence, we are not interested in methods that
guarantee solutions, but which require vast amounts of
computation. Rather, we -wish to understand how a
mathematician, for example, is able to prOVe a theorem even
though he does not 'know when he starts how, €1f, he is going

i

to succeed. ~ !

4 )

One very spec1al and valuable property that a generator of
solutions sometimes has is a guarantee that if the problem has
a solution, the generator w1ll sooner or later, produce 1t,

We call a process that has this property for some problem an

algorlthm for that problem P

A process that m_x solve a ngen problem, but offers no

guarantees of d01ng so, is called a heuristic* for that
problem. : _ o ’
* As a noun, ”heuristic”‘is rare and generally means the
art of discovery. The adjective "heuristic" is defined
by Webster as: Serving to discover or find out. It is in
this sense "that it is used in the phrase '"heuristic

process" or "heuristic method." For conciseness, we will
use "heuristic' as a noun synonymous with "heuristic
process.”" No other English word appears to have this

meaning. ??
'

On: gathers from this that they believe there are 6ply two ways to

solv~'a problem, one by thoughtlessly following-a sure-fire

algor-i “ne other by employing complex pro;esées (heuristics)
that are tely creative in exploring paths to aAsolution.
Prior inow of success or failure‘appears the key way %f
diétinguisH:f “he2r: two probluia-solving methods. _Efficiency“of‘
either methc: {ot opear to be 2 key concern.

Herbert G-lc :¢er, wo devi - an early geom?try theorem
proving ﬁfogram ezt ‘“ew upon the Logic Theérist work, give; a

5

21Newell, Shaw, and Simon(1957) p.109.
?21bid., p.l114,
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definition reminiscent‘of(Polya:

A heuristic method is a provisional and plausible procedure
whose purpdse is to discover the.soluiion of a particular
problem at hand. ??.

InQeed, after giving this definition he advisés his reader to read
Polya fbr a '"definitive treatment of heufistics and mathematical
discovery“. ‘Like Newell, Shaw, and Simon, Gelernter empﬁasizes
a@ﬁidanﬁe of aigorithmié exhaustive search as the rationale for

introducing heuristics into a problem siluation.

Gelernter is also one of the first to point out that
héu:istiés work in effect by eliminating options from an

impractically large set of possibilities:
;A heuristic is, in a very real sense, a filter that 1is
interposed between the solution generator and the solution

.. evaluator for a given class of problems.?*

ST ‘ p - . .
Thxs-rémaikjls noteworthy as an example of something that is common

in AI; a researcher's program or theory of problem—solving

inffuenéing'his'cbnception of heuristic. Whereas Polya and Newell,

Shaw, and Simbnispoké'of a mathematician groping for a solution,
here we have posited a formal "solution generator” and "solution

2

evaluator'. These have actual counterparts in Gelernter's computer

‘program, but I dbqbt if there are any such' identifiable procedural

a v '

components in a ﬁathematician's thought processes.
For Fred Tonge, who worked on a heuristic program for

minimizing the ﬁUmbe; of workers needed.,on an assembly line, the

2

*3Gelernter (1959), p.135.
“4Ibid.; p.137.
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non—guaranteed element is less Important and the fiLtéring‘element
1s got‘present. He emphasizes efficgency and effo}t reduction 1in
achieving a satisfactory solution. His.definition also shows the

\

\\tendeﬁcy to abstract the meaning of 'heuristic'. away from 'process"
nd' towards any‘érbitfary "device". Ofteﬁ the ”device”.is a
portion of his program with an identifiable function. He also
sﬁeaks of heuristics as providing "shortcuts', and as employing
"simplifications“.'in contrast with several of the algorithmic
met ods that theoretically guarantee solutions. .His official

ition is: )/ \
-
| . AN

N\
by heuristics we mean ... principles or devices that

1

‘contribute, on the average, to reduction of search in
problem-solving activity. The admonitions ''draw a diagram" in
geometry, 'reduce everything to sines and cosines' in proving

"

trigonometric identities, or "always take a check — it may
be\ a mate" in chess are all familiar heuristics. :

Heuristic problem~solving procedures are procedures
organized around such effort-saving devices. A heuristic
pragram is the mechanization on a digital computer of some
heuristic procedure.??®

Ma?vin Minsky was one of the first to use 'heuristic' in the
gontext of ""search'" through a large “pfoblem space'. Speaking of
chess, which has been estimated to have 10'?° paths through its
game tree, he says '"'we need to find techniques through which the

~

results of incomplete analysis can be used to make the search more,

efficient."?¢ His official definition, like Tonge's, emphasizes

efficiency’rathervthan an opposition to algorithms:

25Tonge (1960), p.172.
2¢Minsky.(1961a), p.408.
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" The adjective "heuristic," as used here and widely in the
literature, means related to improving problem- solving
performance; as a noun it 1s also 'used in regard to any method
or trick used to improve the eff1c1ency of a problem— solv;ng
system. A "heuristic program" to be considered successful,
must work well on a variety of problems, and may often be
excused if it fails on some. We often find it worthwhile to
introduce a heuristic method which happens to cause occasional
failures, if there is an over-all improvement in performance.
But imperfect methods are not necessarily heuristic nor vice
versa. Hence "heuristic" should not be regarded as opposite
to "foolproof"; this has caused some confusion in the
literature.?’

Minsky is here sayxng that a foolproof algorithm could be called a
heurmstlc prOV1ded 1t shows an 1mprovement in eff1C1ency over some
" other method. He is also emph35121ng. like.Polya, £hat a“heuristic
ﬁyst»be applicable to more than just a restricted set of problems.
An extreme example would be aqfeffort saving method that worked on
only one problem; it WO;ld be mo;; properly called a spec1E1c tool
rather than a heurlst;c method.

James Slagle, who developed a Logi?LTheorist—like program to
solve integration prébiems in mathematics, dses 'heuristic'
pqimaril; to sténd for any of a class of rules that transform a
problem inpo oné’of mﬁre subproblems;‘.Examples of chh rules would
be ”gry integfat}On by parts' and "try a trigonometric

\

substitution He distinguishes algorithmic and heuristic

.
3

tfansfqrmations,lthe latter being defined as follows:

A transformat1on;of a goal is called heuristic when, even
though 1t is appllcable and plausible, there is a sxgn1f1cant
: rlsk that it is not the appropriate next step.?® , .

271bid., p.408.
*8S5lagle (1963), p.197.
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This particular usage;'rowever, disagrees with his formal
definition where the heuristic actually makes the decision as

opposed to be@ﬁg a passive rule chosen by the executive:

~ Although many authors have given many definitions, in this
discussion a heuristic method (or simply a heurxstxc) is a
method which helps in discovering a problem's solution by
making plausible but fallible guesses as to what is the best

thing to do next.
.
We will return to discuss this kind. of confusion in thes next

. chapter.

Finally we come to the definition of Feigenbaum and Feldman,

the editors of Computers and Thought o

A heuristic (heuristic rule, heuristic method) is-a rule of
thumb, strategy, trick, simplification, or any other kind of
device which drastically limits search for solutions in large
problem spaces. ~Heuristics do not . .guarantee optimal
solutions; in fact, they do do not guarantee any solution at
all; all that can be said for a useful heuristic is that it
offers solutions-which are good enough most of the time.?®

This definition eombines many of the features present in the other
definitions we have discuseed. It contains the elements of lackeof
guarantee, of arbitrary dev%ce, of effort reductioe, efveliminating
options, and of satisfactory solution. Following their aefinit}on
Felgeebaum and Feldman also bring up a new element that of domain
dependence  Some heuristics are very special purpose and domein'
specific, like chess‘heuristics, while others, like "means—ends

analysis' and "planning", apply to a much broader class of problem

’

&

*Ibid., p.192.
’°Feigenbaum and Feldman(1963),
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domains. | ‘ ‘

It.is interesting to stop.at this point in our.hi;torical
survey and observe how the deff;itién‘of heuristic has been
- transformed since its original introduction to the AI cémmunity via
. Polya. Polya used 'heuristic' primarilylin the contegt of'ldéic o;
psychologyfdf discpvery.y His heuristic methods were to apply
helpful reasoning processes like asking certain questions, drawing
-diégrams, gueséing, looking af‘thé Problem from a different-
perspective, etc. Somehow these methods direct the mind towards
seeing a ;oluﬁion. 'Discovery'’ is_used'here very much in the sensé
-offinventfoﬁ; it pregumes a.kind of groping exblorétion’prior to
‘tHe discovery. By the end of this early period in AI, howéver,
'heuristic; has been rgs%aped to the Al landscape. Rather tgan a
vague psychological g;oping for.a'solution, we were presented with
the notion of an exploration guided along paths in a formal
\problem—solving st%ucture or space. For this reason '"discovery' is
used less ih'tﬁe‘sehse of éxploring.a previously untrodden solution
path than in the sense of findingoa successful path amongst those
‘already explicitly or implicitly prespecified in th? predefined
stéfg—space structuref

Another reem;hasis is that, rather than having heuristic
methods derive from general problem~solving psychology and be made .
applicable to specific domains like mathematiﬁs,_in Al we have
specific problem domains giving rise.to their own brand 6f
heuristic. methods. Iﬁdeed, in Al the'wholg driving force for
introducing heuristics ana discovering new ones is to improve the

performance of a program in a particular problem domain., In



\ . | - 6

contrast, for Polya the reason to introduce heuristics was fo have "
math students learn how'to think, i.e., to acquire the fypé of
pﬁychélogy nécesséry to do good mathematics.

. In agreemént with this position, Ehat in c¢ontrast to Pélya's
heufistics Al's heuri§tics ;riginate from practical efforts-in"a
specific proBlem‘domain, is my observation thatiAI heuristics are
often born of dissatisfactiop with anbexhaustivL algorithm,ywhe;gas
‘for Polya heuristic techniques are appliedqaf the very outsgi ?hen‘_
investigating a t&tally unfamiliar p%oblem, and their application
may even result in diséodefing ah’a{gorithmic solution techniqué, -
For this reason falgorithﬁ' and 'heuristic' are not oppoééd for T
Po%ya; they aré not in the same category of tools. Polya beliéves“

2

there simply are no algorithms for investigating totally new

[
\

problems; this i#hthé domain of heuristics. Algorithm;ﬁlkf'fhgr;:
" be any, come after we ﬁawe‘see; one way - to sblve the ;roblem"and
have analyzed the solutioen. The anélysis and invent;ng of fﬁe
algorithm is another. job for heuristic methods.
)

!
t

‘&e will now continue the history of the term 'heuristic'.

Follbw%ng this era of definifionS"a new usage for 'Heuristic'
was @ntroduce&, as part éf the phrase ”heuri;tic sgarchf,'_Tﬁisﬁ
usage has beco%ervery popular,'to the p@int where‘;;me.aﬁthors_do
not user‘heurisiic' in any other form, eg., Wi%stonw(l977), while
othérs prefer to use it over the simple noncomposite form,-eg;,

Barr and Feigenbaum (1981)..

Accdrding to Newell and Simon, in 1965v%rnst and Newell
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introduced the concept of "heuristic search, which itself was
simply an attempt to formulate what seemed common to!many of the
early artificial intelligence programs."?!
.In 1969 Newell and Ernst wrote: ) s
HEURISTIC SEARCH. This research. approaches the
construction of a general problem~solver by way of a.general
paradigm of problem solving: heuristic search (Newell and
Ernst, 1965). In simplified form the heuristit-search paradigm
posits objects and operators, where an operator can be applied
to an object to prdduce either a new object or a signal that
indicates inapplicability. -
The operators are rules for generating objects, and thus
‘define a tree of objects. ... A method for solving a
heuristic~search problem is searching the ttee, defined-by the

initial situation and the operators, for a path to the- de51red
51tuat10n 2z :

As Bar; andrFeigenbaum remark, 'heuristic' appears to.play an
odd réle here.?*? 1If heuristic search is just search'thrOugh a tree
then even\blind search is a form of heuristic séarch. Nowadays it
is more common to call Ernst and Newell'; heuristic search
”state—épaée sea}ch” and to reserve 'heurist;é‘search' for search
through a ;tate—épace that is basea on heuristic decision
processes. In othér words 'heuristic ;gafch', ;s used nowadays,
does not involve a totally new usage of.‘heuristic' 34

From after fhe.time_of the early AI literature on heuristic
préblem—SOIQing to the présent,'one will find few definitions of

'heuristic’' except when authors are writing for a primarily lay

*!Newell and Simon(1972), p.888

’?Newell and Ernst (1969), pp.247-8.

*?Barr and Feigenbaum (1981), p.30.

 34For examples of modern usage of 'heuristitc search' see Barr and
Feigenbaum (1981), p.28-30, Winston (1977), p.122f£., and Nilsson
(1980), p.72.
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audience. In these cases the term is typically defined very
L

superficially so as to-include all the standard definitions.?®

Sampies of these are:

heuristic methods, i.e., features that improve the
systems' problem-solving efficiency or range of capability.
These range from ad hoc tricks for particular kinds of
problems to very general principles of efficient
administration and resource allocation.?®*

A heuristic is a rule of thumb, strategy, method, or trick
usec to to improve the efficiency of a system which tries to
discover the solutions of complex problems,*’

..."heuristic programming" refers to computer programs that
employ procedures not necessarily [but possibly] proved to be
correct, but which seem to be'plausible. Most problems that
have been considered by Al researchers are of the sort where
no one knows any practical, completely correct procedures to
solve them; therefore, a certain amount of proficiency 1in
using hunches and partially verified search procedures is
necessary to design programs that can solve them. So, by a
heuristic is meant some rule of thumb that usually reduces the
work required to obtain a solution to a problem.?*

(Guzman's scene analysis program uses] a set of informal
reasoning rules (sometimes called heuristics) which were
derived by an empirical, experimental method. ... Although
the resulting programs might not be .explainable in terms of
some deep underlying theory, they perform adequately in most
situations and therefore in a very practical sense they solve
the problem.?’

A heuristic is any strategem for improving the performance
of an artificial intelligence program. The heuristic
programming approach to artificial intelligence is perhaps the

>*Barr and Feigenbaum (1981, p.29) cite the Feigenbaum and Feldmsh~
(1963, p.6) and Minsky (196la, p.408) definitions as standards.
These were quoted above on p-14 and p.13, respectively. |
S¢Minsky (1968), p.8. : :

*7Slagle (1971), p.3.

P#Jackson(1974), p.95.

°’Raphael (1976), pp.237-8.
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most popular and productive one today. It contrasts with
another ‘major approach, ... [thelWsimulation of human
thought. In this approach the aim is more to understand and
use the features of human intelligence than to apply any
technique which works.*®

A heuristic is a method that directs thinking along the
Raths most likely to lead to the goal, less promising avenues
being left unexplored. *!

An important distinction underlying much of t work in Al
is that between two types of methods used to solve problems.
One method is called algorithmic, the other, heuristic.
Algorithms are commonly defined as procedures that guarantee a
solution to a given kind of problem; heuristics are sets of
empirical rules or strategies that operate, in effect, like a
rule of thumb.*? ’

Heuristics, as every Aler knows, are rules of thumb and bits
of knowledge, useful (though not guaranteed) for making
various selections and evaluations.*3

But we also find novel interpretations emerging. These appear to
be second generation ideas on what heuristics really are. But,

unfortunately, these too are never clearly defined and explained.

For exampie, Douglas Hofstadter has a view of heuristic as

"compressed experience':

Of course, rules for the formulation of chess plans will
necessarily involve heuristics which are, in some sense,
"flattened" versions of looking ahead. That is, the
equivalent of many games' experience of looking ahead 1is
"squeezed" into another form which ostensibly doesn't involve

looking ahead. In some sense this is a game of words. But if
the "flattened" knowledge gives answers more efficiently that
the actual look-ahead — even if it occasionally misleads — .

then something has been gained. 44

*°Sampson(1976), p.128.

‘'Boden(1977), p.347.

*250150(1979), p.436.
‘>Newell(1980), p.16.
**Hofstadter (1979), p.604.
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Another example of a cursorily presented novel interpretation comes

from James Albus, a noted roboticist:

Procedures for deciding which search strategies and which
evaluation functions to apply in which situations are called
heuristics. .Heuristics are essentially a set of rules that
reside one hierarchical level abo. the move selection and
evaluation functions of the searh procedure. A heuristic is
a strategy for selecting rules, i.e., a higher level rule for

selecting lower level

rules., ‘®

Our final example is from Douglas Lenat who appears to have a view

of heuristics similar to Hofstaedter's:

Heuristics are compiled hindsight: they are nuggets of
wisdom which, if only we'd had them sboner, would have led us
to our present state much faster. This means that some of the
blind alleys we pursued would have been avoided, and some of
the powerful discoveries would have been made sooner. *$

So far we have just reviewed some of the assorted definitions

of heuristic that have appeafed over the past forty years. We have
: \

seen that different researchers have emphasized different

properties and we have been introduced to most of these properties,

However, we have not yet seen many actual heuristics, nor have we

‘seen any actual Al problem
Without this experience we
nature of search through a

heuristics are formulated,

“SAlbus (1981), p.284. See
*¢Lenat (1982), p.223..

domains where heuristics are employed.:
will not be able to fully appreciate the
pfoblem space, nor appreciate how

expressed, implemented, and evaluated.

also pp.222-3,
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Background knowledge of this sort will be necessary fof my third
chapter where 1 will»perform the detailed analysis that reveals the
essential properties of the concept.

Accordingly, I have chosen an Al application area which should

meet out needs.'’ Theorem proving spans the history -of AI, and

heuristics have been'discussed in its contegt from the very
earliest. .In particular, symbolic logic theorem proying‘ because
it has drawn heavily from the work of philosophical logicians,
should be eésier to introduce, if not of substantial interest, to

*

my reader.

*70Other areas which have been heavy users of heuristics include
Game Playing, Language Comprehension, and Expert Systems.
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B. An Area of Al to Observe the Application and Usage of

the term 'Heuristic': Symbolic Logic Theorem Proving -

i. The Logic Theorist

The Qery firsf occurrence of the term 'heuristic' as a noun
. : -
meaning "heuristic process' occurs in the 1957 paper by Newell,
Shaw, and Simon, ”ﬁmpirical Explorations with the\Logic Theory
'Machine: A Case Study in Heuristies'". The Logic Theorist {iT) is a

program that attempts to prove theorems in the propositional logic

'system of Principia Mathematica. Using the five axioms and three

rules of inférence in Princigié‘“ LT was able to generate proofs of
38 of the first 52 theorems from chapter two of Principia. Of the
others, sbmg it could never prove while others it was not given
sufficient space and time to prove. Since it can be shown
incapable of ever proving some theorems its procedure is termed

incomplete'". A proof procedure is complete if it could eventually

prove any theorem given to it. We shall see later that

‘®Axioms: .

1.2 (p Vp) > p

1.3 p->(qV p)

1.4 (p Vg -> (qV p)

1.5 (p vV (g Vi) -> (qV(er))

1.61(p => @) => ((r V p)) => (r V q))

Rules of Inference:

substitution: any expression may be substituted for all ///
occurrences of any one variable in an expression. .

replacement: any one connective in any expression may be
replaced by its equivalent formulation; eg., 1.2 can have '->'
replaced so as to become ~(p V p) V p.

detachment: 1f A and (A ~> B) are theorems then so is B

X
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\

incompletenesshhas often been a criterion of whether to use the the
adjective 'heuristic' or ndt. Newell, Shaw, and Simon contrast LT
with their version of a "British Museum' algorithm. ‘This algorithm
is complete — if does guarantee proving every theorem — but its
method requires an inordinatg amount of time for ail but the
simplest theorems.**

Heuristics oc;ur in twolforms in LT. In the first %orm they
are called '"methods". A method 1is a more or less self-contained
procedure responsible for a particular operation at the current

stage of .the proof. LT uses four methods: the substitution method

which searches through the current list of theorems and axioms
trying to prove the desired theorem by substituting expressions for

variables and replacing sub—expressions with equivalent

éxpressions; the detachment method which, if B is the expression
: - .
(original theorem or intermediate subproblem) to¢ prove|, looks for

(A -> B) in the list of theorems and axioms, and if found then sets

. .
up- A as a'new subproblem; and the chaining methods which are like

- detachment except: that if the expression to prove is of the form
(A => C) it searches for either (A -> B) or (B => C) (forward and

backward chaining, respectively) in the current list of axioms and

theorems and if either is found it then sets .up the corresponding

“*In 1960, Hao Wang in "Towards Mechanical Mathematics" gave a very
efficient and complete theorem prover for proposi%ional‘logic and
on its basis discredited LT. However, Minsky (196la, pp.437-8)
defends LT for its contribution to heuristic research and remarks
that even Wang's algorithm can be considered heuristic since it 1is
"directed toward the reduction of search effort" and "since
practically no one still ‘uses 'heuristic' in a sense opposed to
'algorithmic'". Note how this remark agrees with Minsky's previous
definition of heuristic quoted above, p.13.
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N o

(B -> () orv(A -> B), respectively, as an additional subproblem.

These methods do not form én effective problem—so}ving system
without being coordinated in operation by an ”executivé” routine.
This is quite ; common feature in heuristic programs and presents
the problem of distingﬁishiﬁg where the true heuristic power
resides. Since we will later want to distinguish execdtive and
non-executive heur}stics, it w;ll profit us to study a sample
executive routine in depth. The executive routine in LT basically
operates as follows. A static list of axioms and theorems ;s
provided. The executive starts with the main problem té.prove and
1f unsuccessful with it goes 65 to the next subproblem on the list.
With ea;h problem/subproblem it tries out all fouf.methodg in the.
order: substitution, det;chment, forward chaining; and thgn
backward chajning, uniess of course one of the methods succeeds.
For each method the entire theorem/axiom list is scanned. The
process continues until either a“proof is found, there are no more
subproblems, the problem listiexcgeds memory’ space available, or
the time l;mit for this proof expires. The search is basically
’breadth—first, that is, all subproslems discovered at the same
"level! in the proof are attempted in éequential order before
attempting subproblems disc;vered while working on any prior
problem.

Newell, Shaw, and Simon consider their executive routine an
glgorithm since it guarantees that every subproblem generated will
be attemptéd, provided of course a solution islnot fohnd .
.beforehand. The?-suggest that replaciﬁg this algorithm with a more

selective heuristic procedure would alleviate the exponential



-

growth of subproblems that occurs.®®

The other form of heuristic in LT occurs }n a procedure called
the "similarity test", a part of the "matching process" whi;h is
used by éach,qf the above four heuristic methods. Mafching is
described as neither algorithmic nor heuristic in the 1957 paper,
and I suspect this is gecause'thé authgrSIWere not sure whether thé
procedure would find all poss%ple matches; Matching is used when
looking for a theorem/axiom onlthe theorem list to sée if one
correspo .ds in form to tﬁe‘current problem or to the desired
detachment, backwa;a chain, 6r what hav§ you. ‘Th; similarity test
is a process of screening out some of tb; theorems which have a low
likelihood of m%tching, eithe} because tbey have a differentlnumber
of distinét variables, of variable places, or of parentresized
"levelsvfrom the main connéective. Again th§ criterion for its being
a heuristic is the lack . of éuarantee of sélecping only those
theoréms which match), sincé it filters impérfectly. Surprisingly,
performance i; not a criterion f;r.the simiiarity test being a
heuristic. Newell, Shaw,'and Simon‘speak of a ”goéd” heﬁristic as
one that redpges effort.but.they‘imply‘that it is possiblé to find
a heuristic where the procés;ing gosts of implementing it outweigh
any benéfit in the search ;eduction it affords. No doubt, however,
‘the ide; behind trying search rgdqctioﬁ'tricks igvto save effort. .

It f;ﬁénteresting to compare phebtw6 forms of heuristic in LT.

1

The first form posits'processes that are coordinated by an

*°They actually did this later and report that a combination of the
two heuristics, ""eliminate complex problems" and "eliminate
apparent unprovables", improved performance by a factor of 2.3.
(Newell and Simon (1972), pp.127-8.) :
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executive, and these processes acquire their effectiveness by being
properly coordinated. The executive, however, is just an

algorithm, operating in a fashion that guarantees application of
\ .

every method to every problem and guarantees the use of every

BY

theorem. The second type of heuristic operates each time a match
1s requested; -there is no need to coordinate it with any other

processes for it to be effective.

This 1is not the end of the LT story. In 1972, in Human

vProblem Solving, Newell and Simon discussed LT afresh and,
* : . A

remarkably, their use of 'heuristic' changed substantially. They

no longer emphaﬁized being non-algorithmic as the criterion for

being a heurisﬁic[ Selectivity and "reduction of options to
consider" were now important. Efficiency was also downplayed.

They said that in so far as their British Mu;eum algorithm selects
Jjust theorems and not just formulas it is restricting search and is
hence heufigtic!51 For the same reason they then.saiq the Matching

process is definitely heuristic.5? '

ii. Resclution Theorem Proving

‘ We will now proceed to consider another theorem proving

'application,/feéolution based theorem proving, but rather than

cover a particular program in detail I will present the general

*!Newell and Simon (1972), p.120.

*2Ibid., p.139. -Siklossy et al. (1973), p.4, report that in a
‘personal communication with them Newell has remarked that the
Matching process is algorithmic. :
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method of resolution and thén discuss how 'heuristic' has been used
in th; context of this method.

Resolution theorem proving is based o; an inference rule for:
the.predicate calculus that was shown by J.A. Robinson in 1965 to
be both sound and complete, i.e., it geénerates every valid formula
and only valid formulas of the bredicate cal;ulus.53 To prove a
theorem by resolution we first negate it, and then convert it to
"clause form" which is basically a conjunction of disjunctions, 5+
ana then apply the ;esoiutioﬁ principle wherever possible.%% The

resolution principle resolves formulas of the form (A V Bl Vv B2 V

*?The completeness of the algorithm means that if any theorem is
'supplied then the algorithm will eventually supply a proof. If an
invalid formula is ‘supplied, however; the algorithm will in general
not be able to show this. If it could then first order predicate
calculus would be decidable, which it is not.

*4The handling of quantifiers is fairly complicated. A good
introduction to resolution, clause form conversion, etc. can be
found in Chang & Lee (1973). A 'clause" is defined as a disjunct
of literals, and a "literal" as an atomic expressjon or its

negation. Basically, the process of converting an arbitrary
formula to clause form involves first cofiverting the formula to
"prenex normal form", i.e., a form where all quantifiers have ‘been

moved to the front of the expression. Secondly, it requires that
we eliminate all existential quantifiers and their variables as
follows: existentially quantified variables that are not within the
scope of a universal quantifier are replaced with constants,
whereas those which are, are replaced with "skolem functibons",
i.e., functions of those universally quantified variables.

Thirdly, we are required to drop all quantifiers. All remaining
variables are therefore implicitly universally quantified.
Fourthly, we use DeMorgan's rules to convert the expression into a
‘conjunction of disjunbtions.; And, finally, wé split the
conjunctions up into separate clauses. In a later footnote I give
an example of the original and final expressions of such a
conversion process. '

**0f course resolution can be applied to show that a formula A
follows from a set of formulas (S1, S2, ..., Sn) by proving that
-(81°& S2 & ... & Sn) -> A is a theorem. Most resolution authors
prefer using this "deduction from hypotheses" mode rather than the
"proof of a theorem" mode. We then need only negate the conclusion
before converting all formulas to clause form.
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V Bn) and (-A V ClAv c2v ... v Cm) into (Bl V B2 V ..., V Bn V
Cl vC2V ... VCm), where m aﬂd n can pe any non-negative
integérs.s‘ Th;; latter formula is called the "resolvent" of the
first two formulas. If m and n are Zero, i.e., we are just
resolving A and -A, then wé get what isAcalLed the "null" or emptyh '
clause.v Thfs means we havg defiveé'a contradiction from thé
negation of the conclusion, and so our original formula must have
been valid. Therefore, deriQingbthe nuli clause completes the
préof.

Resolution has proved easy t§ program on computers.
Completeness, however, is only guarantegd if the algorithm resolves
clauses in a systematic fashion that guarantees that no clause that
is ever vital to any proof is ever ignored foréverx;upnfortunately,'
to date, ;ll{algorithms that abide by this restgiction have to .
spend‘expone@tially increasing amounts of -effort for just linéarly
increasing nuﬁbers of gnitial clauses to resolve., There is however.
a great deal o& variation pos;ible amongsf strafegiés to seiect the
order in whjchiﬁo resolve clauses and still preserve complefenesﬁ.
The most basic §trategy is a "breadth-first" strategy. It resolves
all the possibie pairs of initial clauses édding ghe resolvents to
the initial set. It then resﬁlves all possible pairs from'this‘new
set and again adds in the reéoivents, 4%& so on. The breadth-first
strategy is the most oBVious strategy. Né interpretation of

[ - ’
clauses is required; in fact, all clauses are treated identically

without discrimination. ..ccause of this, and because it performs

*‘A and A needn't be the first formula of their respective
clauses, as is shown here.
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s .
strat%gy has acquired the status of

adding some discriminating clause selection, then is the procedure

heuristic?

The answer is yes or no depending on .whom you read and

on how the additions affect completeness.

For example, consider the "set of support" strategy.

S

The

"British Museum'" algorithm is basically a "forward" reasoning

algorithm since we start with the initial clauses and resolve these

until we find a contradiction. The "set of support" is a kind of ¥

backward reasoning strategy‘since‘itu;equi;es that we give

preference to resolutions involving the negated conclusion clause

and its descendants.®? If no such resolution is possible then we

*’A is a descendant of B if B and C resolve to A;

T

X

Rid

resolve to A and D is a descendant ‘of B.

For purposes of explication, the following resolution sequence -
could have been gengrated by following a set~of-support strategy:
Suppose we wish to show (Ax) P(x) from the following premises:
(ax) (R(x) & (Ey) (P(y) v S(y)))

(Ay>» (S(y) -> (Ex)Q(x))

(Aay) =(Q(y) & R(y) & (Aw)-P(w))
So if we negate the conclusion and convert to clause form we get

or if D and“E

the following clauses.  Those suffixed with an {S' are in the
set-of-support, therefore, according to the set+of-support

strategy, at least one menm
resolution.

Now
1

"
"

1"

1S and 3 resolve to
4 " 6S " . "
lS " 5 1" "
7S " 8S 1 -ll'
2 " 95 t "

18: ~P(x)

2 : R(x)

3¢ P(EW)) v SUEx))
4 r 25 (y) v Q(g(y))
5 ~Q(y) v “R(y)
65: S(f(x)) -

75: Qg (f(x)))

85: =Q(y) v =R(y)

9s: "R(g(£(x)))

) the null clizuse;
hence the conclusion does follow from the prémises.

v P(h(y))

ber of this set must ﬁe used in eéach

\

¢

~
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oan resolve as normel. fhe‘set-ot—support strategy is complete and -
ls usually more efficieot than the British ﬁusedm algorithm since
the set of clauses only grows\in a directionithat guarantees using
the negated conclusion. Many irretavant foﬁeard\derivations are
not deQelopedJ But note this; I could find no onelwoo is a
contributor to the work.of resolution theorem provingkthat calls
the set-of-support a heuristic strategy. This is not true for
outsiders. Sampson, whose‘definition'states that a heuristic is
any strategem for improviog pethrmance{ Ls eonsistent in calliog
it é heuristic strategy.*® ?ohen and Feigenbaum, who claim to be
ostng Nilsson's definition of heuristic search, are likewise .
consistent in calling it a heuristic strategy.®’ &ilsson himself,
who 1s a recent contributor to non-resolution theorem proving work,
does not expressly call it heuristic, although neither does he
imply it is not.*° Other resolution theorem proving workers,
however, definitely adopt the convention of using 'heuristic' only
when talklng about strategies that forgo completeness RobinsLn
and Hunt do thxs, as do Chang and Lee, although Chang and lLee do
also on occasion speak.of a few complete strategies as being

it

heuristic. ¢! ' e

i

**Sampson- (1976), p.171. '
*’Cohen and Feigenbaum (1982), p.78.
‘°Nilsson treats comp'!~te and incomplete strategies identically
(1980, pp.165-74) and .ays that completeness is of little . 1
importance compared to efficiency. (1980, p.165) (Also &ee 1979
pp.101-3.) In Nilsson (1971), p.228, he states that a theorem
proving strategy may be both complete and heurxstlcally
effective" Therefore, if he were pinned down' I expect he would
admit the set of- support is heuristic. Nonetheless, he discusses
heuristics in this and the 1980 book only in the context of formal
graph search and game playing, never while describing the
set-of-support or any other specific theorem proving strategies.
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What we can gather.from this is that within a-subdiscipline of
' Al it is possible for a term like 'heuristic' to acquire a -
rgstricted, somewhat artificial roie, as compared with its more
global usage. There is a wide spectrum of possible clause
Seiéction strategies to employ in resolution theorem proving and
some researchers think a significant division éxists between those
that are and th;se that are ;6t complete. 'Heuristic',‘bec;use’of
its association with lack of guarantge %Q? with less form§1
reasoning, 1s seized uﬁon as a'conveniént adjective to describe
incomplete strategies. Actﬁé?\y,\however, there ié-éften little
difference between bomplefe and incomplete gtrategies. For o
instance, consider the case of the "linear fnbut form”éstrategy.
This strategy requires that of each pair of clauSes_to resolve, at

least one is from the initial or "base'" set of clauses.®? It is

_incomplete but can be made complete by weakening the condition on

“*Robinson (1971), p.5, Hunt (1975), pp.331~6, and Chang and Lee
(1973) pp.152-8. " Loveland (1978) rarely uses 'heuristic' at all 3o
I cannot categorize him with the others.

‘?For purposes of expllcatlon the following rbsolutlon sequence y
could have been generated by following a linear- input—-form strategy . L
in resolving the clauses from the preceeding example (used in - :
1llustrat1ng the set-of-support strategy). Clauses 1 through 5 are -~
in the base set so we suffix them with 'B'.. According to the
linear-input- form strategy at least one member of this set must be
used in each resolution.

1B: -P(x) . 09
2B: R(x) .
3B: P(E(x)) v S(E(x)) ™
4B: -S(y) v Qg (y))
.7 5B: =Q(y) v TR (y) v P(h(y))

Now 1B and 3B resolve to 6 : S(f(x)) .

-

N

4B " 6 " "7 Qg(E(x)))
L : T A "8 "R(g(£(x))) v P(h(g(£(x))))
"B M8 v ol aR(g(£(0))
" 2B " 9 " " the null clause;

‘hence the conclusion does follow from the premises.
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the parents slight v, so that now at least one parent must either

63

be in the base set or be an ancestor of the other parent. Since

i )
this small change has not significantly affected the character of

this“strategy's clauselselection,‘it seems to me 1ncorrect to make
such a change the basis for retracting the attribute 'heuristic'
True, -there may .be more' work required to determine when a clause 1is
an ancestor of andther, but it is precisely practical )
considerattonsxlike thie that are ignored by those who>use
incompleteness as the criterion'for calling a srategy heuristic.

o

Another argument for ,the slight relevance of co 'eteness in

-

distingnishing strategies comes from Bernard Meltzer. He has

poxnted out that some lncomplete strategxes are nonetheless
complete for all theorems we should ever lxkelquant to prove;

In addition to this usege meaning incompletez‘one can find
other interesting’usages of 'heurtstic' in the resolution theorem

pqoving literature. For example, Chang and Lee say that uszng

’heur15t1cs is often the only way to prove a dlfflCUlt theorem. ¢°®

ot v

The 1mpresslon given is that one has a general—purpose complete

'strategy that fails .due to tfmeflimitations for some theorem. One

! N . . ‘ '
tr1e5 out an assortment of heuristics and one of them manages to

‘restrict search enough to brlng the theorem within reach durlng

that time. Heuristics-'are thus likened to tools used in a trial

-

and error fashion.

Another usage is associated with a class of resolution

*’Nilsson (1980), p.169-71.
“*Meltzer (1971), pp.27-9.

-¢*Chang and Lee (1973), p.152.
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]

directing strategies which empl;y heuristic evaluation functions.

. Evaluation fuﬁ;tidn strategies are ;imilar to tgose found in game
playing progréms (such as combuter chess prdgr;ms) for guidiﬁg tree
search. They employ Aumerical functions to ;ssign a degree of
”goodness”‘to a clause, i.e., its desirability ﬁor use at some
‘'stage of resolution. For example, if it has a minimal number of
parentheses, disjunctsl symbols, or some weighted comﬁination of

such features, then it is given preference. Also, sometimes

v
-

clauses that are evaluated poorly wﬁdl be témporarily or
 permapently removed from the set of clauses to consider.
Another usage can be infepreﬁlfrom the idea of an arbitrary

3

evaluation function for clauses. Chang and Lee describe a method

v

0y "

o _ L L%
of estimating the weighting to give to the features used in the..

% : . B L . .
function.®® Any such function, however, is called a heuristic

ev;lgation function b;cause of its ﬁeuristié'éharactgf,’reg;rdless
of the gua;ity of gts evaluatiop. So Cﬁéhg and Lee aréjhére using
'heuristic' divorced from the ;sdal qualitative él;méﬁt of the
search. All that rémains is th; direct{ve'element. Ordinary
language is flexib}e”iike Ehis; aﬁy Qord éan have its meaniég
absfracteaﬁor.ﬁtretched. What an ébsfraction like thi; tells us is-
that some featu:evoﬁ the abét;actéd concé§£_is strong egoﬁgh to
warrant applying thé term whenAsolely‘itsis preséné. In this case

the feature is the search directing eiemént, The spéfch dirécting.

feature of heuristics is the,éubjéct of §ection'D,in.thé'fbllbwing

chapter.

¢¢Ibid., p.153-8.
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The above usages of "heuristic', which are employed when we
wish to mean incomplete strategies, trial and error tools,
evaluation functions, and search directing funétions, cover all my '
encounters with 'heuristic' in a resolution theorem p;oving‘context
where 1t 1is QSed to descriSe a type bf strategy used to.;elecf

which clauses to resolve next. There have been other uses of

'heuristic' in relation to resolution, however. For example,

Bledsoe usés 'heuristic' ﬁo‘standffor assorted rewrite rules which
fransform set theory formulas a2s well as general first-order
predicate logic formulas into more conQ;niént pieces, ‘and then
C;Lls resolution as a'subroutine to try tto establish a portion
(ﬁubgdal) of the desired proof.‘’ to resolve next, they are just
‘transforming the set of clauses in order to make resolution more
fruitful. The rules have the fqrm: if a formula with form X is
present then transform it to form Y. An‘éxecutiye routine
organizes the use of the heuristic transformation rules and of the
resolution subroutine. Heurigtics‘hére are very much like Newell,
Shaw,:and\Simon's "methods"

Recently non-resolution téchniqdes which emphasize natural
de@uction have come into vogue again é@d have challenged

1

resolution's supremacy.? 'Heuristic' has tended to be used

‘’Bledsoe (1971). An example of such a rule, called a spllt” rule
because it applles to 51mpl1fy1ng logical expressions, is "split
'A<->B' into 'A->B' and 'B->A'". Another such rule, called a
"reduction" rule because it simplifies expre551ons by employlng
definitions on the .semantics of the domain, is '"reduce 'x is an
element of A intersect B' into 'x is an element!of A' and 'x is an
element of B'",
“®See Bledsoe (1977) andjCohen and Felgenbaum (1982) for surveys of
recent non-resolution theorem proving work.

The reason resolution techniques are contrasted with natural

s
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differently to suit this different mode of deduction. Although
natural-deduction programs can also have heuristics that, like
reduction heuristics, are technical strategies for deciding what
formulas to work with next, and these strategies can be very
dependent on the peculiar légic of their individuél programs,
natural-deduction heuristics can also be common-sensical
problém—solving_rules based on princibles that we all use, often
automaticallx, and which we might ﬁot think to call heuristic.
Take for example the powerful natural-deduction program,
THINKER, of Pelletier‘and Wilsbh," which is based on the
natural-deduction logic system of Kalish and Montague.’® Some of
THINKER's strategies rtemind one of resolution strategies; they are
technical and non-obviods, and they often appear specific to the
particular pfogramming 6rganiz;tion. For example, to establish a
goal which is universally quantified THINKER will first try
instantidting with one of a finite number (40) of variables. But

the - interesting heuristics are those that good problem solvers

often apply automatically, and which research like that on THINKER

““(cont'd) deduction techniques is because resolution is very
unnatural: the convertéd clause form expressions are often not as
intuitive as the equivalent expressions employing implications,
equivalences, and existential quantifiers! the Modus Tollendo
Ponens (AvB,-A|B; AVB,"B|A) rule of inference upon which
resolution is based is only one of the reasoning patterns that
humans use and even then it is not as popular as Modus Ponens
(A—>B,A]B) and Modus Tollens (A->B,“B|“A); and resolution tends to
confuse the premises with the conclusion and thereby often lacks
apparent goal-directedness which even strategies like the
set-of-support do not adequately capture.

‘’Pelletier and Wilson' (1983). Also described very thoroughly in
Pelletier (1983). ) :
7°D. Kalish and R. Montague, Logic, (New York: World, Harcourt, and
Brace), 1964. ’ : .
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has uncovered. For example, one of THINKER's heuristics is: "if
we have just establishéd a step in a proof then we ought to first
test if we are only one step away from establishing our
goal/subgoal, rather than blindly see what other steps we can
genérate by applying the inference rules on this last step''.
Another is: "if a goal has a main connective of '&' or '<->' then
first try splitting the goal before trying to establish the goal by
contradiction.” Such‘rules are akin to resolution theorem proving
strategic rules'in that they allow us to better organize our
activities. They differ, hbwever,.in the manner in whic¢h we work
with them, the way they are regarded, and the new ways they can be
diseovered and-testea. Resolution heuristics are a bit of an.
embarrassing necessity since bare bones resolution performs so
poorly; the impression one receives from the resolution literature
is that the fewer heuristics needed, the better. Resolution
heuristics are only discovered by analysis of properties of!cuiyses
and of"%ths in a decision tree, and we can only test resolution
heuristics in computers, or at best in small hand simulations.
Contrast this with natural*deduction.heuristics, where one can also
introspect fo find the heuristics, one can test the heuristics én
one's own style of pfoblem—solving, and where the heuristics tend
to be viewed positively as another facet of human capability, the
more of which we can include, fhe better.

Therefore, whaf I am sayiﬁg is that although resolution;and
natural-deduction heuri;tics are alike in essence, by being
fallible but plausible strateg{; rules, theyhare nonetheless

regarded and employed quite differently in their respective user

communities.
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This con;ludes Chapter II. Let-us review our progress. In
section A we éncountered a variety of definitions given to
'heuristic' from the inception of Al to the present. There I made
a point of highlighting all the properties of heuristic that have
been emphasized by someone or other. These properties will
reappear as the subject of the suEsequent chapter, where an
in-depth analysis of the concept of heuristic will be undertaken.
In section B we succeeded in getting acquainted with actual
computer implemented heuristics in the dynamic field of theorem
proving. We saw firsthand.how 'heuristic' has evolv;d in meaning
for a particular subgfoup of AI. Basically, section B has stocked
us with detailed examples, has‘given us the opportunity to see
fir;tﬁand many of the properties described in the definitions of
section A, and has in general allowed us to clafify our intuitiqns
regarding heuristics. In sum, this chapter has provided us with

the raw materials and Background knowledge with which to build and

appreciate the analyses given in the next chapter.



III. The Essential Properties of Heuristic Devices

)

We have set out to define 'heuristic'. The most basic
ques}ion 1s, what category of thing is a heuristic? If,ghere is
énything that is clear from the mix of definitions cited in Chapter
IT 1t is that a heuristic can be almost anything: a rule, a
. strategy, a tool, a piece of knowledge, a trick, a function, a
program, a data structure,‘and so on., It appears that what 1is
important is not so much the thing as the nature of its use by, and
interaction with, a proBlem—solv;n& system. Thefefore, I will
follow Feigeﬁbaum and Feldman.and chbose/the noncommital term

'device'. We can start by saying: a heuristic can be any device

used by a problem—solving system. What other properties such a

device must possess, I will now describe.

38



A. The Element of Unéeftainty in Applying a Heuristic Device

SN

We have seen how, in many of the définitions, 'héuristit'(hé
been opposed to terms like 'algorithmic', ’guaranteed',‘qnd
'‘complete'. I will argue in this section that the central idea

underpinning these definitions is that heuristics exist in a

context of subjective uncertainty as to the success. of their

_application. I will explain in just what respects those, like

Minsky, who think that Eeuristicsrafe perfectly compatible with
algorithms are correct, even fhough there is a genuine conflict
between these two notions. I will %%so cléa; up some of the
confusions that exist over this issue; In particular I ;ill show
in precisely what Sensé Nilsson's A? algorithm is heuristic, -and
only what sense we can say_i BriFish Museum glgorithm 1s heuristi
Central fo this key property of uncertainty, and as we saw,
present at the very earliest adopt:ons of the. concept of heuristi
by AI, is the nétidn of algorithm; 'Algorithm' has many meaningg
alfhough I doubt if ambiguity has’ caused any of ‘the d{sag;eements
over definition. If we define a}gorithm.as merelyb“a.set of
(formally defined and uniququ intefpreped] rules which tell us,‘
moment to‘moment,‘precisely how to behave"’,’r1 then any procedure

for making decisions is algorithmic, and hence all heuristics
\ ' ' ’

implemented on computer, or otherwise strictly formulated, are

algerithmic. 1 will use "procedure-algorithm" to mean this type

7IMinsky (1967), p.106.
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algorithm. However, when 'heuristic' had been considered opposed

to 'algorithm', 'algorithm' has always had a much stropger sense

.

which includes an element of guarantee about finding a solution:

Definition. Given both the problem and the device, an
algorithm is the precise characterization of a method of
solving the problem, presented in.a language comprehensible to
the device. 1In particular an algorithm is characterized by
these properties.

-

1. Application of the algorithm to a particular input set
or problem description results in a finite sequence of
. actions.

2. The sequence of actions has a unique initial action.

3. Each action in the sequenceé has a unique successor.

4. The sequence terminates with either a solution to the

problem, or a statement that the problem 1§ 1nsc -, 72
I1f ‘the last restriction is too strong we may define
'semi~algorithm' as follows: "a method that will halt in a finite

‘ \
number of steps if the problem posed has a solution,\but\will not
necessarily halt if there is no solution."’? For some problems
there is always a solution, eg., adﬂing twe integers, and so this
distinction does not apply. I call'su - algorithms
"simple—algorithms".

We have seen how in the case of theorem proving a strategy was

called "complete" if it was a semi-algorithm, generating proofs

when these existed but. not ngcéssarily when a proof did not exist.’4

We have also seen that 'heuristic' has indeed been opposed to ‘this

7?Korfhage (1976), p.48.

"3Ibid.

’*There are some partial termination criteria. For example, in
resolution theorem proving, if a complete strategy, after
application to t"2 entire set of clauses, generates no new clauses,
then resolution will never terminate and so the formula is not a
theorem. :
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v

4
type of semi-algorithm, although not universally by all authors.

Newell, Shaw, and Simon opposéd it té semi-algorithms,’® while
Tonge and Slagle opposed it to simple*aigorithms." Feigenbaum and
Feldman implied a contrast wifh simple;algorithms and lalso seemed
‘té say that there is no issue here.’” We have seen that Minsky
denied any opposition with algorithms. Both Nilsson and Jackson
denied that heuristics need sacrifice a guarantee of finding a
solution, although neither said anything about starting out with a
guarantee, or what happens if one should find that the so-called

1

heuristic does guaranﬁee'finding a solution.’® Raphael and Sampson
both impliea that there is no opposition.’’ -Boden argued on the
one hand that there is no opposition.to simple~algorithm or to
semi~algorithm, but on the other hand there is a contrast insofar
as heuristic programs postpone decision making whereas algorithms
require all decisions be precisely specified beforehand.?®

Given this mix of conflicting claims one could simply do as

Barr and Feigenbaum do, namely, state that 'heuristic' is an

ambiguous term and that to keep things clear one will be using such !
. A2

and such a definition.?®! This response is inadequate, however, ,/
o

7*See quote on p.10-11 above.

7¢Tonge (1960), p.172; Slagle (1963), p.194.
""Feigenbaum and Feldman (1963), p.6. _ Py
"*Nilsson (1980), p.72, Jackson (1974) p.95. :

7*See quotes on p.20 above. .

®°Boden (1977), p.347-8. 1 disagree with this latter point of
hers. Numerous heuristic programs, lik CFNDRAL, A, LT, Samuel's
checker player, all have all of their rule: prespecified. True, I
do not know what decisions will be mad= & Lc¢r their commencing, but
neither can I for the classic British. Muscum type algorithms. It
is whether or not these rules ¢an guarantee a solution that has
always been the traditional.issue.
®!Barr and Fe{éenbaum (1981), pp.28-9.

T+
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because it ignores several reasons for believing in one correct
definition. These are: the single origin of the term in the Al
literature, i.e., the work of Polya; the fact that Al authors have
placed so much theoretical weight‘on this specific term; and that
they havevnot given the:r définitions with thé air of Jfor
convenience I use the term ..." but with the impression that they
haye cathred what is really impbrtant and common to this branch of
research, namely, the use of rules that save effort, or providé

satisfactory solutions, or lack a guarantee, or what have you.

Therefore, I believe a proper analysis of heuristic mustr result in

one definition, and this one-definition must show adequate

appreciation for all the ideas which have been linked to it, and it

must be able to explain any incompatibilfty among such ideas.

How is this possible with all the conflicting opinions over
this contrast with algorithms? To answer this we must get to the
core of the idea of algorithm and see precisely here the differing ‘-

. . . ‘0

attractions and repulsions are focusing.

An algorithm presumes a problem and a precise step by step
procedure that solves the pfoblem or shows 1t unsolvable.
Therefore, 1f we have a problem and we have an algorifhm for that

problem, then, -so to speak, we should have no problem. So why do

such problems so often remain? Because the real problem has not

been solved, which is to provide a solution within certain resource
limits. Such resou?ces include time, space, and processor type,
and, on the user's part, the efgort to use and to remember how to
use this algorithm. So the real problem is much mofe compl;cated

"and often the guaraﬁtee of providing a solution must be withdrawn.
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Now, if we realize that heuristics never occur outside a

N

context of such practical problem-solving then we can see how to

Ce . .o d
resolve the algorithm versus heuristic conflict: Vheurlstfcs and

algorithms usually are not opposed because they usually-apply to

different classes of problems. Heuristics apply to“the complete or

practical problem whereas algorithms apply to the narrow 'any

[

solution will do'" problem.

Heuristics were never meant to be distinguished from
algorithms except in those cases where: a) the algorithm provides
poor éolutions to the ﬁ ctical problems, and b) the algorithﬁ
claims to guarantee solving thg practical problems. A strategy
like the set-of-support is therefore algorithmic for proving \
theorems, but, because it is better than the British Museum
algogitﬁm for solving the real problem of proving theorems in
reasoha?le time, and because it does not claim infallibility at
such, it can also qualify as a héuristic. Therefore Minsky and
others were right all along in saying that practical algorithms can
be heuristic.®? |

‘In sections B and C of this chapper'I will study how
heuristics are opposed to poor solutions, be they algaqithmic‘or.
blind ang‘random. In what remains of this section I wish to
vindicate the other ;ide of the afgument. There is a reason why

authors naturally choose algorithms as contrast with heuristics. I

ls .
®2]t was actually in this sense that Newell; Shaw, and Simon
originally opposed 'heuristic' to 'algorithm'. See their first
definition on p.10 above. Their second definition (p.11) ignores
‘practicality and opposes heuristic to semi~algorithm. 'Heuristic',
however, did not abide by this artificial restriction, and, as we
saw, by 1972 Newell and Simon had conformed to standard usage.
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now hope to show that the claim to guarantee a solution is based on

the element of coﬁfident and assured decision making which is

“antithetical tovfhe notfqn of heuristic..

Jam;s Slagle hit the nail on the head when he emphasized in
his definitions of 'heuristic' the property of not knowing if an
action is the best. thing to do nmext.®? 1 have never founa
heuriétics uséd in a context where it is kgown that the devicp at
‘hand,is'the bést thing, i.e., the optimal thing, to apply to help
solve the pr;bl;m. For example, we Rnow the set-of-support
strategy is compléte; but are.its decisions optimal? Not only are
there no known instances of this,.a fact that could be accidental,
but T also believe there could be no_ such legitimate usage. , This
is bé;;usé any situation employing such a usage would be(%ﬁrained
and unnatural, hence illegitimate. I will establish this point by
builg; an intuitive picture of proper usage surrounding
situafions involving optiﬁal p;ocedures.

First of all, if we have an optiﬁai strategy theﬁ solving its’
associated problem w;uld either be trivial or el;e it would involve
an unavoidable and tedious execution of the required éutématic

procedure. We ‘would be doing the absolute best possible, so we

" could not rationally expect any room for improvement. However,

el e

heuristics are either rules to aid discovery, a 1a Polya} or rules
that offer tradeoffs, simplifications,.etc. which overall .introduce
a small cost in hopes of a bigger payoff Hence'they are used in

an atmosphere of expected performance 1mprovement The problems

®3See his definitions oh‘p.i4 above.
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héuristics are posed to help solve are always formidable and

1
1

challenging, and heuristics offer a toehold for solving them. Such
pr?blems are neither trivial nor sol!ved in an automatic fashion in
ah'atmosphere of tedium. Thergfore it 1s safe to say tﬂat we would
ne%er\apply 'heuristic' to a gro;ess which was already believed
'optFmal. Such a.situation simply wouldn't arise. : |

|

) l So now we only have to see about applying 'heuristic' to
proi

esses which start out tentative but are later thought .to be

I
I

optimal. For any problem worthy of the name, i.e., a tough one fo;_
which all trivial solution techniques have ﬁeen tried and have
failed, it would take some very clear, intuitivé, faultless
analysis and reasoning to convince me that any pfocess, hitherto
believed non-optimal, was now‘fhé bést imaginéble. ‘This, 1 daref
say, would be a dramatic and‘5urprising event. In fact so dramatic
as to change my entire pegception of the problem and of thisAl
solution technique. The problem'would_recede frpm my concerns; it
woﬁld now be‘either trivial or as unexciting and unagpidable as
putting.out the‘garbage; and I would not woérry about how to handle
- such a problem. The solution techniqué woula be likewise
transformed;' It woﬁld now be a clear-cut obvious wéthod. All

_ competition would fade away. There would be no question of
tradeoffs with, or simplifications over, such méfhod§. What fogﬁ
since all competitors yould be just misguided? In‘suﬁ, I think I
have painted a picture in which no one ;ﬁuld claim %ontinﬁity.witﬁ

tradition by applying 'heuristic' to such a transformed process;:

**1 show.in section C of tﬁis chapter that expected performance
improvement is implied in the most common. AI ‘usage of 'heuristic'.

Y
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The énly excuse for continuing to call it heuristic would behone.
based on habit, since, after all, its entire cha:acter would have
;hanged. |

My argument has layed Qﬁt'a‘clear boundary between optimal and
non-optima£ strategies as regards the use of the term:'heuristic'.‘

This I believe is sufficient to establish a definitiona} property.
. 1

Therefore 1 claim that heuristics éré»incompatible‘with knowleuge

of optimal. decision makingvand,that‘tﬂis is an essential property

of heuristics.

Note that fhis property amounts to saying th;t\heﬁristics are
never fhoughf.to guaranteeia solution'to the practical problem:
Howeve:; uncertainty as té optfmality 15 a better crﬁterion to use
than lack of solution guaragtee, because the meaning of optimality
includes the elehent of pragtica}ity. thimﬁlity‘fOrces us ﬁg‘
assume the practicél context Qhereas solution guarangee ;isk§ the.
confusion of pfoblem solution and p;actical solution.?®® ~ So - |
heuristicsﬁreélly are opposed to aigorithms, but onl? to the

: < N
algorithms for the ébmplete practical probléms.

The following éxample will help demonstrate the superiqrity of |
”ﬁncertainty as to optimality" ove; just "uncertainty as to
solution". ~ Suppose there is é dispensing machine ﬁolaing five Fed

gum balls and five black gum balls. The machine can be operated

indefinitely and for free, but you can pull out only one gum ball

“at a time and you cannot pull out a second ball unless you have

replaced the.first ball and:shaken the machiﬁe a 1ittle. You would

*5In other words, the essence of, my argument is that .this COhfusgép
is responsible for the whole heuristic versus algorithm issue- iﬁ
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lihe to have a red ball, so you use the following strategic rule'
choose a ball and if it is red keep it and stop, but 1f it is black
replace it and xepeat the process. Using this stategy it should
not takg you too long to get a red- gum batl, but there is no
certainty of\success, It could take fgrever. The rule however 1is
bptimal,,so.if you know .this you will not say you are foilowing a
heuristicﬁ you will merely say you are doihg the'Bést thét‘can be
done under the circumstanhes;'-Now, had'you~usedvthe sotuttod
guarantee criterion, however, you Woul& not haye'been~so re;dily
ahle‘to.diﬁquqliéy this strgtégy frgm-béing heuristic, since it
does not guaféntee a solution. S '

Héving-made m? maih'point for-th;s séction viz that
'heufistit' can not.correctly refer to én optlmal dec151on process,
1 would nbw\llhe to Aeyeldp some réfinemgnts,«rahificatiohs, and
consequences;bﬁ'this_critenihn and-theteby help cén;qlidétenour
intuitions cbncérning.itf o g . S .

My first péint tg that subjehtivé uhcertainty is meant in our
cr%terion. A péfticulan devihe may in fact always ar;ive or seem
to-arrive at a solution, but as soon as the user recognlzes or even
strongly suspects thls, then he. is llkely to withdraw the adJectlve
. héurlstlc |
Accotding to Barr and Feigenhaum thts ahtu;iIY‘h;ppenéd in»the

case o Ipha~beta pruning tree search rule.®* Many game

%¢Barr ar . :genbaum (1981), p.29. For a good introduction ‘to,

- and thorougk treatment of, mini—-maxing game~tree .search and the

alpha-beta technique see Nilsson (1980), pp.112-28, or Nilsson
‘(1971) ppt137-52,

Alpha-beta pruning is a technigue appllcable in game-like’
situations where each player alternates moves. It can.apply only

-

Py

o

O
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playing programs use alpha-beta prdning.as a matter of course

because it guarantees retaining all mini-maxed optimal solutions,

\ v

costs little to implement; and otherwise does hot affect search.

It is known to aleays\help search and never to hinder it, and there
is no douht of this whatsoever. But agaxnst Barr and Feigenbaum I~
say ‘that i1t is not because alpha- beta pronxng guarantees a solutxon
vthat heurlstxc has been dropped, but rather because the

‘alph1 beta operation is thought to be so absolutely fault free that
it.1s no longer con51dered a strategy; it is considered merely an

automatic aspect of mini-max type game—tree search.

Barr and Feigenbaum go on to mention that, unlike ‘the case of

*¢(cont' d) 1f the player employing it (call him A and his opponent”’
B) uses a -mini-maxing strategy, i.e., where A evaluates his and B's
moves at least two moves into the future, and where A will choobse
the best move left after B chooses his best move (or rather the
.move that A thinks is in B's best intetest) after A has chosen his
best move, etc. Mini-maxing allows valua‘ions to be backed up the
decision tree as foliows. All states n moves away are .evaluated
and the min (B's turn) or max (A's turn) of states reachable from
the immediate precursor states n-1 moves away 1s made the value of )
each such immediate precursor state. The min or max of these is ‘ﬁﬁ_h
then backed up one more level, and so on. .

- All alpha-beta pruning allows one to do is to avoid further
move evaluat:on when this would be p01ntle§“ Suppose A detérmines
that from one of the possible game states that can be reached. from
the current state player B could then move (ml) 'so as to give A
several options, the best.of which is to move to a state of low
valuation (say vaiue=5). Then if A subsequently determines that
there is a state accessible to him should B make some other move
(m2) which yields a higher value (sav value=8), then A can stop
trying to find any high value moves fo play after B's m2, because
according to the mini-maxing assumption, B w111 now deflnltely not
want to choose m2, -since this would give A a move to at least a
value & state when ml would have given A at best a value 5 state.
This is an example of a "bketa~ cutoff". An alpha-cutoff is like a
beta-cutoff only where the roles of A and B are. reversed; i.e:, A .
neédn't consider any further moves open to B from.state 52 after
discovering B has an option of going to a low value state from 52, -
because A has previously determined that he can move’ to a state SI'
of higher valuation, since in the end 4 must prefer going to S!
rather than S2. ;
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alpha-beta pnuning‘ in the case of the A* algorithm 'heuristic' was

not withdrawn\when it was discovered to be an algorithm.®? This
does not contradict my claiﬁ, however. Rather it supports it,
bécause the A¥ algorithm is not krown to,be practically optimal for
finding optimal paths in é staFe—spacg, even though it will in time

find;én optimum path.®? The‘optimality resides In A™'s solution,

®7An excellent descriptidq of A* occurs in Nilsson (1980),
.pp.61-88. See also Barr and Feigenbaum (1980), pp.64-6. ' The
account given in Nilsson (1971), pp.43-71, has been extensively
- revised and corrected in Nilsson (1980) .

Actually A* is the name given to a class of algorithms. These
‘are used for searching graphs for minimal cost paths from a start
to a goal node. In brief, an A* algorithm is like a breadth-first
or depth-first algorithm, only, rather than expanding the nodes in
the order in which they are found (breadth-first) or always
expanding the most recent one found (depth-first), an evaluation
-function is applied at each step to estimate the shortest or least
expensive (if costs are associated with each arc) path, ‘and this

path is developed next. The algorithm represents a class because
the function f£(n) is just a schema of the form f£(n) = h(n).+ g(n)

where g(n) is the estimated cost of proceedirtg from the start node

to node n, and h(n) is the estimated cost of proceeding from n to a

goal node. The heuristic element is introduced in h which we want”
to be a good estimator. (It turns out that no heuristic
~information is ever given to g since it.is desirable to use for g
the cost of the actual current path (while running A*) to n. We
can in time find a shorter path to n, but - | g as when this
happens we make sure. to go back and recal!l:uiate :11 g for n and its
successors then this will not affect A%': guzrantze nor the
character of its search, i.e., it will ccatinue “ollowing the
estimated minimal path to date.) '

What we choose for h depends entirely on the problem and the
researcher's intuitions; A* says nothing about what h should be.
For instance, if h(n) = 0 (and g£(n) as usual is the actual cost to
date-of arriving to n) then A* is nothing more than the standard
Minimal Cost Algorithm. given in Operations Research texts. And if
the graph has equal costs for all its arcs then this algorithm is
further’ reduced into the breadth-first search algorithm.
**Actually, it is guaranteed to find a minimal cost pathionly if a
condition is placed on the choice of h such that, for each node n,
" h's estimate of the cost from start node to n is less than or equél
to the actual minimal cost from start node to n. )

N.B., there is a result sometimes called the "optimality of A%
theorem" which however only concerns the relative optimality of two
A¥™ algorithms. It states that -if one A¥ algorithm is "more
informed" than the other (i.e., for all nongoal nodes n, its h(n)

—

-
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not its method of arriving at this optimal solution. Nilsson
recognized this himself and was quick to distinguish minimum
solution path cost and miﬁimum search cost. The latter includes

!
memory and time considerations., A™ makes no clairs regarding
search cost. Therefore, being an algorithm is irrelevant tg Af's
being a heuristic. It is heuristic because the choice of h®’ can
dramatically affect.the number of nodes expanded, which might then
dramatically reduce search cost; .We base our choice of h on some
aspect of the problem and thus its search improvement prospects
have Qiausibilitz, and yel we are not certain that this h will
minimize the total expense féquired to come up with a miniﬁai cost
path.

Another point about the non-optimality criterion is that it
explains our willingness to accept, and our only expecting, a
satisfactory solution when we employ heuristic devices.~ Tonge \

|

could easily include this aspect in his definition because his \t

‘assembly—line balanciné problem allows for a range of satisfactory \

\

solutions. 1In theorem.proving we can have only one acceptable
solution to the problem of providing a proof,’° but we may have

many-satisfacto;y solutions to the practical problem of supplying a

**(cont'd) is greater than or equal to the others h(n)), then this
more informed A* will expand fewer nodes than the other. However,

.nothing is said either about optimality -over other non-A*

algorithms, or about any practical effects of the one h over the
other. For example, the efforts to compute each h may vary
considerably.

8?See the- ‘preceeding footnotes for a definition of h.

’°Although, because a proof is defined as a sequence of steps, not
all of which need to to be useful, there are always a number of-
proofs possible for any given theorem. But even if we required all
steps to be useful, ther- are still typically many possible ways to
prove any theorem.

.
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proof within certain resource ‘constraints. For example, any such

' \
proof generated by using less than 30,000 bytes of storage and

supplied within an hour could be satisfactory.

A third point about the non-optimality criterion is that

optimality is perceived by comparison with other decision devices.

If Qe are not aware of any other devices then we are not likely to
be in the type of competition oriented frame of mind required to
call“something heuristic, even though upon reflection we might call
it such. For example, take the standard rules for adding two
integers which we all are taught in school. 1 would not ;alllthese
heuristic, nor optimal, until I had reflected upon the problem
domain and had realized that there are other possibilities of whoge
performance I am uncertain. Because of this potential competition
1 would lose coﬁfidence in the standard rules and might‘tﬁen begin
treéting them as heuristic. In AI, heuri;t:c methods always exist

\

in a context of competition with other methods, be they algorithms

’

or other heuristics.

James Slagle hinted at another refinement of the

non—optimality‘cfiterion when he spoke of "significant risk" of ﬁot
doing fhé best fhing’next. For hiﬁ, an algorithmic tran;formation;
as opposed to a heuristic transformation, 1is onebthat "is always or
almost always appropriate".’* 1 gather ‘that with all words a point
is reached where you can choose £§.now apply or stop épplying them;
that ié, there is a spectrum of confidence in applying a term.

Some devices are more obviously heuristic_than others. Some are

*1Slagle (1963), p.194. | | ’ o
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less than optimal but sufficiently close so as not to be called
hepristic. For example, a procedure thét solved all its problems
in less than half a second could Be imprOVed, b%t who would care?
For all intended purposes it would be optimal.

A final point ubout this criterion is .that risk and

non~optimality are, in humans at least, often associated with other
: * . i

. . e .
psychological phenomena such fé interest, thrill, challenge,

mystery, worry, and contention. Hence these associated phenomena
are heuristically useful in detecting the presence of heuristics.

For example chess has all of these phenomena present, hence one

“would expect the presence of heuristics. Contrast this with

tic-tac—toe once we've realized it has an optimal strategy.’?

All in all we can conclude that this property of heuristics{

" the uncertainty as to optimality, allows us to place much of the

heuristics literature in perspective. We can now appreciate the
tendepcy to oppose heuriStics with algorithms. Algorithms are
often associated with”confident, certain decision making. If all
one wants 1is a solution then there is no uncertainty aboutfgetting
one: In this respect tﬂe set-of%suppoft 1s a though;léss

mechanical non*heuristic—strategy, But when the practical

certainty is absent then even an algorithm can be heuristic.

’?In case you were not aware, there is an optimal strategy to '
tic-tac-toe; it guarantees a draw as the worst case outcome. The
point is, if you were not aware :of this then you might now feel
disappointed, because the associated challenge, thrill, etc. of
playing tic-tac—toe would have disappeared. '
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Uncertainty can also partially explain other ideas often

N

opposed to heuristics such as ”ekhaustive search' and "complete
dnalysis". If we are thorough and complete then we are certain of .
an answer. The epxtomy of thoroughness is the British Museum style
algorithm Wthh systematlcally but indiscriminately searches

everywhere for a solution. This is one reason the British Museum

type algorithms are so often contrasted with uncertain, unthorough,

»
-

incomplete‘heuristic methods. Qe will encounter another reason in
fhe next Section.. Nonetheless, British Museum algorithms can be
heuristics-for practical prohlems. The lack of intelligence in
these algorithms means they can often search through more
possibilities in a given perioo of time than a heuristic method,
sfnce applying discrimination requ:res effort. It is conceivable
-that in problem domains where solutions are not sparsely
distributed, the British Museum algorithm could perform ‘quite well.
Hence the British Museum algorithm can be .a plaus1bly successful
strategy which we nonetl} ess do not believe to be optlmal.

Therefore it too can qualify as a heuristic.

’>This has actually been observed for two brute- force breadth-first
search algorithms. For one of these Siklossy et al. (1973) showed
that, by applying minimal computing effort at each node in a
theorem proving decision tree similar to the one LT used, for many
of the theorems in chapter II of Principia it is possible to
outperform LT by several orders of magnitude.

\
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B. The Element of Partial Insight which Underpins

and Gives Plausibility to a Heuristic Device

At the other extreme‘from éonfddent decision making lies
blind, random, and tgnorant decision making.‘ Heﬁri;tics, ﬁowever,
offer sé}ectivity, guidance, plausible solutions, intelligent
guesses, etc., all of wHich inﬁicate at least a partial insight
into the problem situation. From the a-priori knowledge that a
rule is based on an understanding of sohe facet of the problem one
can derive some confidence; hence-ong will give some credit, some
plausibiiity; to this rule. However,.actual performance will
eventually affect this sense of plausxglllty, and 1f performance is
- poor.the. partlal 1nsxght itself wxll be brought into question.

Partial insight is what makes heuristics of such interest to
theorists of Intelligence. 1If one has some inforﬁation about a

. x

problem domain's structure but not enough to provide an efficient

algorithm.for solving all such problems then this information can

i 1
still be put to use Iﬂ.the form of heuristics to 'improve
problem-solving performance. Since so many real world problems are
of this form it is no.wonder heuristics have become so popular and

are so worth studying.

Lenat has remarked similarly on the domain of heuristic

applicability:

At an earlier stage [of knowing a domain], there may have
been too little known to express very many heuristics; much
later, the environment may be well enough understood to be
algorithmized; in between, heuristic search is a useful
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paradigm, Predicting eclipses has passed into this final
stage of algorithmization: medical diagnosis is in the middle
stage where hburistics are useful: building programs to search
for new representations of knowledge is still pre-heuristic.’*
Thus we have a spectrum of confidence levels in decision
making. At one extremé are efficient algorithms and other decision
processes which we believe are optimal whethet or not they

guarantee a solution, and at the other extréme we have the most

inefficient algorithms and other unprofitable processes in which we

place little confidence. Heuristics fall in between; they are

lausible’® without being certain. The Placement of a particular
P ¥4 p

process along this specfrum"is, however, relative to our perception
of the extremes. For example, Newell and Simon ofiginally spoke of
théir British Museum algorithm as producing such "simple and cheap“
expressions that it céuld not be heuristic, whereas they later call
it heuristic because its generator is only "apparently

blind-trial-and-error" since it is so much more selective than one §§

**Lenat (1982), p.222. ‘ :

°*1 use the word 'plausible' with a positive connotation to
emphasize the element of being "deserving or worthy of some
confidence", not with a negative connotation of "apparentness or

mere appearance of worth'. In section A and B of this Chapter I
wish to treat separately the uncertainty of heuristics and the
partial confidence placed in heuristics. 'Plausible' could be made

to handle both roles, but it might then have kept us from so
readily treating these two components separately. Furthermore,
'uncertain' is the superior choice because it avoids the negative
- connotations that might make the uncertainty seem founded on
suspicion of deception ar dishonesty.

On the other hand I could find no word superior to 'plausible'
for-describing the idea of "worthy of partial confidence". Words
like 'reasonable', 'admissible', ‘probable', and "tenable', all
have their own peculiar connotations that I did not wish to
include, and furthermore there is a tradition in Al of using
'plausible' in definitions of 'Heuristic'. For examples, see the
definitions quoted above by Polya (p.7 above), Gelernter (p.11),
Slagle (p.13 and_p.14), and Jackson (p.18).
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that generates all wffs.?*:
As a defining ingredient in heuristics, partial insight offers
more than just confidence. Insight is the core of a heuristic's

4

Jintel LB ts reason for being. A particular heuristic is°

ﬂ'particﬂlar insight. Without a genuine grasp of
P the problem a device must perforce contribute

dblem-spé&ihg. It could only'mgsquerade as a

heuriéfic G%%il its luck wore out. M T, 4

1T will illustfate how heu}istics are based on parti;lvinsights
‘ Qifh‘several examples. . . : o

In éyméolic logic we4know that =7A is equivalent to A. This
1s-a piece of knowledge aboﬁt‘how logic formulas relate to oﬁe
;nother. We also know that theorem provers bog down with ﬁore and
more‘complex formulas, and that a big part of theorém proving is
matching for similar patterns in other fo;mulas. We can empioy all
these insights to construct a'heuri;t{c that simplifies pa%tern
vmafching: ”e}iminate excess negations”.- Pther heuristics could

make:use of other equivalences (eg., those expressed by ﬁéMorgan's

rules) to recommend the conversion of all formulas to some type of

-

normal form.

In geometry, experience shows that one can grasp relations of

proportion better when these are presentedvgraphically rather than
numéricélly. The same applies in set~theory or graph—theory, where .
diagrams often make patent what the symbolism leaves obscure. -The

U

~heuristic Vdraw'af&%ggfém” 1s based on such insights. At other

<

’¢Neweéll, Shaw, and Simon.(l957), p.116. Newell and Simon (1972),
pp.120-1. T L
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times the human‘visual system misleads, say when trying to
' A
determine which area is larger, which angle is closer to 90°, etec.:

so here one will be advised to dse the less biased numerical tools.
'In‘chess, the piece of knowledge that at one point in play
one's bishop can in two moves go to more possible squares than

one's rook, can allow one to generate the temporary heuristic "use
.

the bishop on this turn"
" As' can be seen from these examples, the possibilities for

generating heuristics are endless. One .discovers something about

.

the problém and constructs a device to make use of this insight.

.

The rule will thereby be ~plausible, and if one does not know enough

about the problem to tell if the device is optimal then it can also

.

be heurdstic.

This is the main point I wished to makKe in this section.
. “:‘ » ’ .
I would now like to develop this idea of partial-insight based
N

plausibility by discussing some of.the forms this insight can take.
In the end we will have sufficient reason to believe why the study

of forms of insight could be an active subfield of heuristics

- '_:1\‘__' . . . . AN
research. - : . :

When we analyze insight we see that it comes in a variety of

forms. There is a simple insight that can be expressed in simple

terms. The éxample from symbolic logic, that =4 is eduivalent_to
A, is-a simple insight_Since we cén degcribe it simply. Then there
are insigﬁts‘that arevpot easily expﬁeﬁsible, but afe nonethelegg

presenéEHIFor_exampléﬂlSamuel's checker playidg prog;am employed a

polynomial evaluation function that included features like "center

control", "mobility", '"number of forceable exchanges", ‘etc.?’ By
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the use of learning alggritﬁmg,ithé evaluétion coefficients of
£ﬁese features were automatically adjus£éd during the course of
play in a direc'ion whicﬂ improved play berf§rmance. 8 onertest
run 16 function coefficients more or less stabilized after 42
games, with, in this case, the King—Center—Coétrol featyre being
valued 256 times more thaﬁ the "MOVE" feéthre which in turn was
valued 8 times more thag the‘C;nter—Control feature.’? Now thi;'lé
element polynomial represents an insight into chéckers, but how

!
would one express it simply? For one thing the insight is highly »
depeédent on Samuel'; particular program and his test saﬁples.' One";jk
might argue that heﬁee it is realiy only an insight into th.to
play good checkgrs'With thi§ éarticular program. I think; however,
that the insight is more universal; it tellS'us,vaﬁong other .
things, thaf as a'gene:akérule kings in the center are more
éowerful than we might have expected.

These two examplés also show us that some insights are known

prior to their heuristics while others are discovered by examining

heuristics. Hence thesé two forms of knowledge, the aspects of the

'

problem (factﬁél knowledge) and how to make use of these aspects
(procedural knowledge), can exist quite-independently.

Aﬁong insights that are known prior to their being used for
,pr#ét}égluqfciéion @aking, fhére are those that are describable or

expressible and those that are mere intuitive hunches. The "A is

equivalent to =7A" case is an example of the former. Polya gives

’7Samuel (1959), pp.100-2. .

**Ibid., pp.92-3,103. The "MOVE" feature is complicated. It
‘involves 'vertical files", '"piece counts", the "move system", and
more; see p.l102. '
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examples of :the latter when he discusses the "signs of progress" in
solving a math problem. He speaks of moods.and feelings, such as

. elation,‘depression,lor a,senSe of aesthetic harmony; which can
tell us wﬁether or not we are on'the right graék, alfhough at times
.they can deceive us.’® Of course, AI has tended to work with
expressible héuristics; even if these are only expresSible in some
computer programming language.
Some AIﬂ{esearchers have reflected on the ab§tract natgﬁg,of//\\

fﬁﬁeu;istic insight. Boden, Minsky, Newell, Shaw;:and Simbn/speak of

- %dyﬁng from the start to goal state and avoiding many fruitless

S gy
t _.~\ N

4Apaths by sensing whether one is getting warmer or colderj;°° A
'kind of negative fegdback keeps one on the right track. At each
- point where alternatives are presented a decision is made. +Only
"ggome ?f these.decisions neéd;to be fruitful to k%%gidgg from going
Jki‘too.far a;tray. Evaluation functions fit this d;;c;iﬁtibn‘well.
Another set of feflections comes from Boden, Minsky}”and
Polya, who speak of the powér of analogies and models.‘l°1 |
Analogies may be as complicated as or Fven,moré‘comélicated than
the origipa{ problem. If sufficiéht paralle%&sﬁ between;the two
cases exists then they allow us to transfe; both'the insights and
the heuristics based on thesey “rather than~belforced to rediSﬂbver

these same insights and heuf?gtics. Models. are a form ofbanalogy.

They allow us to focus on, or make more salient, some of the more

A

. . W
’?Polya (1945), pp.183-4. : e
'°°Boden (1977), p.351, Minsky (1961a), p.409¢f., Newell, Shaw, and
“Simon (1957), p.122. ' B . .
1®1Boden (1977), p.341-4, Minsky (1965), p.425ff., Polya (1945), |
pp.37-46,180. ’ o .
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relevant aspects of a problem. They offer a more compact

representation of a problem's essentials, and are thus a form of

\
Y

partial insight. Their simplicity’may also make &t easier to

-
#a FERVEN

‘discover new~insights And those dlscovered are llkely to contern

.

the more essential aspects ~f the problem.

I could here just touch the surface of the subject dealing
.: -: .
with the forms of insight. 'Other form: of knowing or packaging

knowledgeithat ¢come to mind, other than intuitions, analogies,
: =t e

models, are -sense perceptions, inductions, deductions, theories,

and abstractions. I speculatec *hat ~uch brand of insight can .spawn .

©

a class of heuristics with its ow. brard of implementation forms,
relations to other processes, . vels c: success,.etch-Foriexample,
sense perceptions can probably only be used inlstimulus-respohse

heuristics like "see a red patch —-> stop". Heurlstlcs based bg i

intuitions (“bet ufth Max, he's lucky”) are probably less -

o T

successful than those based on- accepted theorles ("never play when’

the odds favor the house”) ' Low level sense perceptlon heurlstics

("pain.—->" wlthdraw”) might be "hard coded” in the cerebellum and

operate relatlvely 1ndependently of any other braln processes,

: Lwhereas hlgh level theory based heurlstlcs (”fftthe blood is bad

~;attach leeches “to the neck') mlght only be gxecuted once certaln

- '\-, .

'verlflcatxon mechanlsms determlned that; the theory applied in thlS

‘t'.‘ d

" case. . . B A

- r!f'
ot ':
I ca: only speculate on such'matters dere. A serlous enqu1ry

- would examine what Eplétemol 0s;y has classified as the ways of T

knowing, and what Psychology and Computer Sclence have determlnedv
A - . w

« about human and machlne knowledge representatlons Because
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.

L

heuristics are always founded bn partial knowledge, the results of

this enquiry should tell us much about the kinds of heuristics ‘that

, , ]
are possible. _ ) . ) .
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C. The Element of Performar "e Improvement

Expected from a Heu: 'stic Device o BRI

iR

In section A of this chapter we were introduced to the idea

‘that heuri;tics presumed a praclical problem~solving context. In

section B we were told that insight was the foundation of their

. being useful. Here we shall examine how heuristics relate to

performance. I will first show what may seem obvious but should

not be, that heuristics are used to help iﬁprove the perfofmance ofy 7
o ’ ' ™

e

a_probl¥m-solving system. In this regard they are like tools

introduced to fix or enhance a system. 1 shéll then exam?he‘the
notion of performancevimﬁrpvement and-argue that it reduces to
inc}easéd,efficiency, that'is; receiving more benefit ocut for
effort put in. I will then show hgggthe various permutations of

decreasing effort and incréasing benefit explain many of the forms
: S e

G !
la

in which heuristics occur. , o \

First ' of 'all, it-éhou}d be clear that we would not be using

heuristics in problem-solving,,in discovering solutions, guiding
v

search, etc., if we did'hot believe that they were useful — that
fhey.contributed soﬁéthing; This 1s so patent as to be almost not

‘worth mentionjng;[ However it is not the same thing to say that a

- device is useful and that it improves performance. An automobile's =«

~

steering ‘wheel is useful but it does not improve performance. It
. ;
is a ‘standard fixture. Electronic ignition, being an option that

“is superior to the standard electro-mechanical ignition, can be

s t

Said to improve/performance. Theré ap‘ear Lt~ be two distinct"
P p P B

N
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opinions in Al as to whether heuristies improve performance or are
merely useful. Minsky and Sampgon explicigly include performance
improvement in their definitions. In fact, for them, this is the
only significant property of heuristics. Albng with Minsky and
Sampsop'are all thosé that exprngss performance ihprovement in %the.
form of effort reduction or search reduction. fhese include Bi%r,
Chghg &_Leeh Feigenbaum & Feldman, Hofstaedter,'Hunt, Jack;on,
Nilsson, Raphael, Slagle, Tonge, and Winston.!°2 '1n>the étHer camp -
we fin@ heuristics not introduced to improve the sy;gé%k‘suf .
‘rather, there in their own right from the wery start, Foézﬁth_p.
group, heuristics can be standard mechanisms, not just newly
intréduced superior features. This camp includes: Polya and
Newell, Shaw, ;nd Simon, fo;‘whom‘heuristicfﬁéré aspects of human
problem;solving; Boden and Solso, for whom h{@%&stics are just

types of problem-solving methods; and Albus, for whom heuristics

are high level decision rules. Bul notice this: almost all of the

, reéearchers who?b principal field is ‘Al are in the first camp.

Polya is a mathematician, ﬁoden a philosoéhqr and psychologist,
Solso a psychologist, .and Albus.a roboticist. Only Newell, Shaw,
and Simon are noted Alers in the second camp.!°®® But they are not a?"
really an exception. Their work is very psychology'driented; much
of it suféounds Building coﬁpuger mocels that réproducé human
probiem-solQing behavior, and their heuristics are often.dgrived

-

from observing humaﬂ\brotocols. This observation suggests that

'®2Chang & Lee (1973) p.152, Hunt (1975) p-331, Nilsson (1980)
P-72, Winston (1977), p.123. For all the others see ti-c
definitions quoted on pp.12-20 above. ) S

1.2?Simon also has’ a backgrfound in psychology.

9 . o
oA <,

L o - o 'Y
WA &
[§al’a ad, .
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what underlies the different usages of these two cahps 1s somebsort
of different emphasis: the one toward a practical, task-oriented

kind of problem—solving by computer, the other toward a more global

man—machine theoretical kind of problem-solving. This is also

suggested by the .fact that even someone like MinSky, who makes

. SRt . .
performance'1mprovementg§§8 ﬁ?%hary feature of his definition, uses

'heuristic' independent of performance improvement when discussing
human heuristics.°*
In sum, it appears the majority of members of the Al community

employ 'heuristic' to refer to some device applied as an addition

to some problem—solving system in expectation of performance

.improvement. Therefore performance improvement is a property

sfcluded in the most populaf usage of 'heuristic'. All this being
said, we @u;t nonetheless admit that there does appéar to Re a
}egitimate tradition of allowing 'heuristic' t; stand fo; ;
preexisting internal mechanism of some ;roblem-sol§ing system,
prior to any addit;ons being made.

1 have uncovered some very interesting secondary properties of

heuristics in AI while investigating performance improvement,’
' e’

These properties all demonstrate the element of adding something to

e

-é systé@;£h§t was not present before, and they are all commonly,

15

2 v, . .
- .though not‘éihaysw attributed to heuristiecs. These properties are

e, ee
et <

‘feflected in th§4p5g‘o£ the following adjectives when describing

'

‘heuristics: 'Efacggeé}¥ (as opposed to theoretical),

'domain-specific', 'ad hoc', and 'empirical', and in the use of the
. ' o

1°*Minsky (1968) p.27.
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following nouns in place of 'heuristic': 'trick', 'patch', and

'tool'. To illustrate the performance improvement characteristics
isolated by these terms I will describe sample Al prbgrams\or

programming situations where these terms arise. Heuristics in AI
tend to have many of these properties at onceL I believe this is‘

because they are all common to the experimental research framework

~

in which Al takes place.

Quite commonly in Al a fésearcher devises an elegant theory of
how some class ;f problems 1s solved. Qhen testéd in the fgrm of a
compute; prograﬁ it turns out that this theory ‘has fai}ings. It
cannot handle some problem formulations,‘takeg too logg on 6thers,
etF. To overcome these diffiéulties the'éuth;r Beginé to -bend,
patch, and ofherwise“modify W»;;fﬁeory so that its performance

v F. : :
improves. In fact, this occué% so commerily in Al that” & special

term seems appropriate to stand for these ad hoc{'eméigiéaily-
antroduced improvements.for pfacticélfgy's sake.j\For better or |
w$;5e 'heuristic' has been draf%ed for the role. One can see’;ome
justif:cation for Ehis. Heuristics lack the fo;mal certainty and
confidence given to a theoretically derived decisibdbn mechanismt
Heuristics make use of partial information and small insights to
ﬁelp gui@e one to a solution. Their primehjustifiCQtion is the'
prac?icality t?ey afford, not the elegance §r ﬁdequacy of Fhe
theory undeflyiﬁg them.‘

Thus ;hefeﬂgbiya and Newell, Shaw, and Simon would have used
'heuristic' to refer to general methods that are:iniﬁially part of
the problem-solver's outfitting, such as means-ends—analysis, ,
try-and-test, analogous reasoning, and inductive reasoning, other:-‘



wo

R @Ealvagekit./-For'exgmjlé;'wéﬁtryﬁordering th&&clause selection by
e SN . ] G PARSRH 2 i o s ‘ -

A

in Al introduce heuristics-as afterthoughts when a particular

Ay

.problem—solving theory has practical failings, and where yet it~
remains desirable to save the good parts of the theory. Resolution
theprem .proving provides some examples. The bare bones resolution

strategy is -elegant and shows plenty of promise since it uses only

. .
one inference principle, and so need not possess any complex logic

for deciding which rule of inference to apply next. However, bare
bones resolution turns out to be ‘hopelessly inefficient for most

thegrems. So rather than reject it entirely we seek ways to

Lamls

7

bsing evaiqatién funéfions, we trywghoosing simple clauses first,
or we tfy to use thé negated coﬁclusion aﬁd its ancestors ‘
{set-of~support). These strategies.are-plausible,.falliblé, and,
it thns ouf; very usefﬁl‘in extending the theorem proviﬁg power of
the pure theory. This is why 'heuristic' in AI has tended to
acquire a sense‘akin to I;Jx'e;ctical' and oppésed to 'théoretical'.
.This practicality is the ground for speaking of a heuri;ticA.
strategy's imprcvement over the theoreticai strategy's performaq;e.

"Domain specific'" is derivative from this opposition to theory.

: >, . . . . CoL c o
Part of the meaning of saying that a heuristic is domain specific

had >
. . »

is that it responds to the peculiarities of the-problem. And

.

»

usually we only bother with péculiarities if we want to actuall%

solve éraétical probiems. 'Theqfe;ical‘strategies tend to.apply
more generally over several problem domains.

Andther research framework within Al in‘which a type of
heuristic based performance improvement occur. can be illustrated

.

as follows. A skeleta. program schema is written to handle
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heuristics for some problem domain. Heuristics are then tossed in
whenever the researcher'sees fit, as he acquires experiepce with
tﬁe éroblem, his program, and the behavior of its-heuristics.
Terry Wincgrod's natural language understanding program SHRDLU
employs a skeletal,prograﬁ schema that allows him to encode worid
and grammatiqal knowledge in MICRO—PLANNER'statements.”5 For

example, he has rules (heuristics) that are Mtriggered" in the
ctites

presence of pronouns in order to find their referents.?®¢ They
scan the previous dialogue to see when and how a thing has been

mentioned and they give preference to some parts of the context

over others. The point is that his schema allows him to

continﬁohsly add heuristic rules and information as his knowledge
of language grows, and to test and refine heuristics as well.
Therefore, this experimental add-and-test manngfiﬁf working with

Heuristics, which is made possiblé by the skeletal program schenma,.

reinforces the view of heuristics as performance improving. We add

.

. grammatical rules because we want the system tpo handle more

instancé&s of common usage; we test them to discover oversights,

grammatical exceptions, etc. Therefore heuristics in Al are often

called ad hoc and emgiricgl; and this is not viewed negatively, but
rather positively, as part of their general property of being

performance improvers.

Numerous other AI systems adopt this same sort of skeletal

' ! ~
framework for attaching heuristics. Virtually all of the® so called

"expert syst.ems'i are designed to facilitate this eiperimental

'?5Barr and Feigenbaum (1981), pp.295-9, R ‘
*°“Winograd (1973), ¢p.175-6.
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additive performance improvement. They are built so that human
expertise can be readily transferred to them. Often the expertise
ts in the form of heuristics.!®°’ For example, Douglas Lenat's
mathematical concept discovery program, AM, at one point had some
250 heuristics coded as production rules.'®® Examples of such
rules are:
N .

"If f is an interesting relation, Then look at ifts inverse'.

"If concept G is now very interesting, and G was created as a

generalization of some earlier concept C, Give extra

consideration to generalizing G, and to generalizing C in

other ways.'!?°?

v

Each rule is a small mini program written in LISP.3!° Lenat
designed his system to facilitate the addition of new rules and he
ﬁopes-to add more in time.'!! Again e;ch new rule is seen as
pgtentially improving the discovery abilities of the program.
Lenat also experimented @ith’AM; he appeafs to have added rules in

wly

a try-and-test fashion as, various ideas for enhancing AM's
performance occurred to him.!2
We have just seen how performance improvement tends to be a

popular activity in Al and how heuristics adopt this property by

patching impractical theories or by being incrementally added to a

1?74 good overview of many of the most important expert systems can
be found in Barr and Feigenbaum (1982), chapters 7 & 8. A general
account of the operation of a "typical" expert system can be fpund
in Feigenbaum and McCorduck (1983), Part 3.

!®*Production rules are basically antecedent consequent rules of
the the form "if situation S occurs, then perform action A",

1%%Lenat (1978), pp.30,43. , e

'*°Lenat (1979) p.266. . v _ p
*13lenat has;actually succeeded in automating the process of adding
new and improving®old rules in his program, EURISKO. . See Lenat.
(1982, 1983a, 1983b). :
**2Llenat (1982), pp.205-7.



69

general problem solving schema. For the rest of this section I.
would like to analyze the concept of practical performance. From’
this analysis we should be able to isolate some of the effects\thaf
heuristics have on a pr&blem-solving system that are rgsponsiSIe
for their performance improvement.

Performance improvement is called by some, "increasing
(gefficienéy”, and by others, "reducing effort'". What these
alternate expressions are emphasizing a;e but different aspects of

the heart of performance improvement:' a comparison of benefit with

cost, with a perception of either the former increasing and/or the

latter decreasing. . Nils Nilsson has correctly refined this -idea.

v [¥ i

N /
Because a heuristic is typically applied to many problems, and

because the types of problems have a particular frequency
distribution, Nilsson says that what we really wish to measure when

comparing heuristics .is the combined benefits and costs "averaged

over all‘probleﬁ;Alikely to be encountered".'?? If we note that

Nilsson represents : :fits as negati?e costs then we can interpret

|

his expression, '"minimizing ... the cost of the path [to a solution]
and the cost of the search required to obtain the path', 24 as
maximizing the quality of the solution and minimizing the effort to

. A v
obtain it. However, he notes that because it is rare to be able to

aésign a-probability distribution to a set of problems, and because

it is difficult to quantize and compare both the costs of applying

4

11“ﬁélsson (1980), p.72. Recall that Tonfe also emphasized that
effort reduction on average 1s all that Q% required from a
heuristic. See the definition given above, p.l12, as well as the
additional comments in Tonge (1960)., p.173. :

1147hid. ‘ )
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a heuristic as well as the value of the particular §diution

generated, the problem of comﬁaring.one'search method with another

or deciding whether a single method is worthwhile is "usually left
to informed intuition; gained {rom actual experience.”"“5 Although
currently we ma; only be ablé té}rely on informed intuition, 1
believe Nilsson's analysig points the way to‘an entire scientific
‘subdiscipline of methods comparisoss. Such a science could work

towards mqpping"the distribution of problem types'@n‘assortea
/ L

.domains, establishing standards bt wt . ch coste and

quéﬁ%ﬁzed, and cataloguing the types of effort and 3; efit and the
.impoftance ta be assigned to each. Alers have already contributed

i

m%ch to. this science. Nilsson has dérived aﬁhumbef of inteEesting

“Itheorems concerning semi breadth~first methods.*®¢ Bernard Meltzer

and R.A. Kowal;ki have in¥ented equations. for measuring- the

efficiency of'theorém proving procedures. 1’ Lenat'kas begun
tlassifying fhe'grapﬁs ge;erated for different kinds of heuristics
by expressing their performance ("power' or ”appropriatenéSs") as a
anction of task diffié&ity.“‘

@
As a conclusion to this section I would like to develop this

¢

" basic benefit-greater—than-cost intuition and show that a number of

‘propertigs that are ascribed to héufistics can be derived from it.

~

For inétance, Gelernter's 1dea of heuristics as "sufficiently

nonporous filters"*!? and the popular notion’ of "selective pruning

. - e
Y1sTpid.’ T - T T Ry T :
1l1e¢Ibid., pp.72-96. .The A" resulits are amongst these theorems.
P17Meltzer (1971). '
'1tLepat (1982); pp.210-8. -
119Gelernter{(l959), p.137. B 5

2’
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of decision/game trees"¥?° both focus on our desire to eliminate

from consideration more useless items than valuable ones. Then we

have Tonée's shortcuts- simplifféétions, and adequate solutions.
~

'These are attempts to keep the costs (of not haVLng to perform

detalled analyses) down but the benefits (quallty of solutions)
sufficiently high.lzl Abstractions or gencializal u: of decision{
devices; ih so far as they reduce the umber of detailcd devices
that need to be memorized, and also red. - the need to consider
each one each time a deeision is re uired, but do not grossly

wishandle too many of the exceptional cases, are also candidates’

for being heuristic. Or, more generally, any area where ‘we can

trade off resource utilization for a slight loss 6f number of
\ 5 =

solvable problems, or of quality of solutions, is an area open to

performance improvement by heuristic methods.

Conversely, 1f by whatever means we can marginally increase

resource utilization (time, memory, tool, etc.) costs, but recoup a

dramatic increase in solvable problems, or a significant increase

in quality of some solutions, then this too. can qualify as
I : :
heuristic performance improvement. Expert systems are good sources

for finding such effort increasing heuristics since we typically

.

add‘rules-to them, which implies occupying more space and spending
‘more time considering extra rules. True, sometimes this extra

effort 1s offset by reduced search effort but at other times it 1is
r

vonly offset by the benefit of the new problem horxzons that are

oe

thereby opened ub. For example, with MYCIN, an infectious disease

'2°Sampson (1976), p.150, -
121iTonge (1960). -
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consultation system which after a question ask' .y _nd anéwering
session with a physician will often generate a 14 of plausible

diagnoses, the addition of a new rule car .sult in more deduction
\ -

.and cherﬁprocessing going on, but this is judged insignificant

compared with thé possibility of improving the quality of the

1.diagnosesf perhaps thereby saving a life.122 Slmllarly, Lenat

s '
A

wénted AM to discover new mathematical conceplts and was quite
willing to add extra rules or otherwise increase the effort
required to make this possible. |
A consequence of the existence of thl; class of heuristics is
that all those deflnxtlons of heurlstlc that use thevphrases
effort rsdﬁctlon or "search reduction" are m;sleadlng.

"Performance improvement" is the more accurate phrase since it

‘covers all the cases of relative cost-benefit improvement.

Although one could argue technically that by increasing effort for
even larger benefits one-is really reducing the effort requirea to
reach the new hitherto inaccessible solufions sxnce preV1ously

infinite effort could haVe been’ spent trying to reach these, this

argument would still be {nadeduate.' For the search reduction '-

V‘paradigm is suited to state-space type problem formulations where

one knows what one is looking for and one wishes to }educe the
effort/search involved in getting to it. This paradigm is
unnatural for open ended learning or discovery type problems, as

found in Lenat's AM program, where one cares less about flndlng a

partlcular theorem than dlscoverlng new and useful thlngs angd_

1225n example of such an improvement is glventfa
Feigenbaum (1982), pp. 95-101. o R
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finding what types of rules and reasoning processes make such

discoveries possib‘le'.-”J Granted one would like to do all this

.

with as little effort as possible, but "effort reduction" misplaces

s

the priority, whereas "performance improvement" is wide enough to

inciude it.

T
>

'?3Minsky.appears to have realized this long ago: "heuristic -

methods [are] features that improve the systems' problem-solving )

efficiency or range-of capability." (emphasis mine) Minsky (1968),
~ . ' . Y

(O
p-8. © \
- J

b
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Basic Function of a Heuristic Device

.- ‘ v - . - o
Heuristics have been variously presentéd iit)the’ form of

o : A . : M
proverbs, maxims, hints, suggestions, advice, principles, rules of

* thumb, production rulesg, programs, procedures methods strétegies.

simplifications, optlonw;filters“, goal transformers, and mno doubt

there’are others.??* ‘Wh3t is common to al]  ase forms? In this
last section on propertles'T hope to ‘show t rystics always
° ) ' L ' 4

try to help the problem solver by guxdxng hl wcisions during mhe

~u

course of movlng from 1n1t131 tb solutlon state.
8 4 A \,'

G, S - -

-

Nonstheless, because’ 1t isa key property it deserves a ¢lear
EE 'a~

~

. statemeht.- In” themkmd“‘e will dlscover a few new things about

. . _ o \\ D :
decision guidance. I hope in pantlcular to clear. up the lSSUE of
whethér heuristics can be passive opt1ons pr ~ented to an executive

‘.
4 i
-

decision maker, or whether they must.be the higher order decision
rules guiding the s+ rch for-a solution, o ‘

To-show“that decision'guiding is thevprimary functﬁé& of
heullstlcs 1 wxll show that the element of cho1ce is always present

when hqprlstlcs are dlSCu&éed ‘and .that heurlstlcs as a-group do

- s : = /\ T

~

not'con51stently 1nfluence any other element of a problem solver or

his 51tuatron., For example,,they'are not deviceés that oonsisteﬁtly
. ‘- . v O . .v'\ a : . L ‘ , :
influehce«memory,'elarjfy of vision, creativity, thoroughneésgs, or

—

-

.

Y
¥

{szee'ChapterhII for a quoted example of each of ‘hese.

- . o
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any other feature of problem solving. To phrase itﬁﬁifferently,
Wikl a[gue that thﬁ use of 'heuristic' always presumes the

e of a decision mechanism and that the heuristic's effect
] |

'

18 togiead this mechanxsm down- one path as, oppOSed to anothgr " The =

< i

“ influence may be direct, i{e., the heurxstxc actﬁally decides whe

lh '
qﬂg go. For example, evaluamron functxons are dlrect Or the
' 3 \ . . \'.L:,
ranUence may- be. lndliect 1;e5%?the”heuristibveimply changes‘gpm

. Y,
‘“/ N i

aspect of tbe'prdbfemVSituation

ﬁr example,, ellmlhaﬂe complex

?‘.V .

i .
ST ¥

SR

ﬁ%orems from: the subproblem list!. ““ ; Harpeline-u

d1V1d1ng these two types of @SfLuence

My argument W1ll be by qllustratlon u}r 'i' sxmply brlng
3 (v’é J
forth and dlSCUSS ‘a representa{1ve sample of
8 A - } LS
to support this claim about the un1versa11ty of dec1sron gu1dance

‘Wexcan start thh Polya Wh&&?
4 _-:\..j

B
5

- i
. from wha& 4s prevalent 10 &
. . ..,»-;\...,)’

Litaday. ForOPblya, any behav1ora1

: "
method - coq51dered “iseful whlle»problem SOIV1ng quld‘ﬁg‘a heuristic

I
;method. "This includes asklng onecelf certaxn key questlons

drawlng a &ﬁagram ox trylng to rephrase'a-probLem‘ ance Polya
. X

did not use the éaradrgm of seerch when debérlblngtmathemat1cal

e

problem solV1ng, these behaV1oral me t Hekls need hot be: affectlng any

o g

Heelslon making. They coulé be.lnfluencigg s omre unconseious
, 3 ‘ , 1scl

processes whiéh.suddenlyVinspire the solvecfto see a solution.
R - '- J,.q_‘, - .

NeQertheless, Polya only speaks of hlS method% as belng chdsen by a

%

solver. - The student should try thrs, thlnk of at, ask himself

u

this questlon, etc. Polya does ;peak of the-value of.subconscious:~

I
work but there
. =4

prLrass - L s -

75

1

re

e

qgeges and defxnltxons

sage we recall was rather dlfferent

K

o‘mégBEOn of .any heuristic«methods being used by
. o ) o /

2

L
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zand hence in@irect1y°guiding'the course of search.

+

?

In the early Al period as represented in the Computers and

Though ahthology, the paradlgm of heurxstlc use is one of guiding

\ ek _ .
_search through a_problem space.'?¢ This applies to*ézery atthor 1

covered in Chapter I1. Jﬁ their Logic Theorisf paper Newell, Shﬁw

&

and Sxmon llke PoY&a, offvcxally leave' opén the possibility bf
. 4 ‘ \‘V
heurxstfc“bexng arbmtrary useful processes opplled during
< e -

- . ah . -

problem—soIV1ng. th quﬁaCt‘ 3ﬂsylely-use them to infernce~the
i, .

J .

‘ B
order OIVdevelopment of theﬂsq»utp.n path along the subproblemv
R
4!
The value of the heurlsflcs is explalne¢ by ghexr eﬁiect on

/

tree

.;c\ ¢ . e v :
movement through the %ﬁbpnﬁblem tree and,all thedr heuristics are

AR
-

- )
_tiearly deC1sion,guiding The four prlmary methoqﬁ 1n LT dxreﬁtly

choose sdqe of the paths to be followeqyiwhxle the 51mxlar1ty

test”“gct§}as -a f1lter

. 0

(-

. N
] fles

- e .

REGS E
[\ M

" :

- ) -
-

gt;ée search peraﬁigm and ‘uses. his

vr—\ .
-

i heurxstxds to sxmpllfy wherever p0551b1e the entlre pattern of

“

act1V1ty used to palange assembly lires. Slagle uses the Loglc A

Theorist framework where heurlstlcs both decide what problem
as well as trangform the problems_,
. X7 . :
Mtnsky intrgduces he%ristics in a context of search

~"

transformatiohs to apply next,
themseives.‘

.where they guide th® solvervgradualgy to a solution. He gives 7

. . o o » . .
"hill climbing" . as a’EypicaL'exémple."’. Feigenbaum and Feldman.

&

:1%*Polya (1945),
'?¢Newell and Simon (1972), p.888. ' : ‘
'?"Minsky (1961a), pp.408-12. Hill climbing is a process of
exploring ‘the region immediately about a location or state and
choosing to move to the ‘best (highest) location or state found.
One then repeats the process until exther a goal"1s found or
xmprovement ceases.

pp.197-9. T

. d . e
streehxng someJtheorems.pnlor,tp mgmehlng

8.
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:words used in deflnlng 'heuristic' as,eV1dence that heurlst1c54¢;

By

o - o -‘ . ‘ th \ 72

m - lion state-space search f%fus ion in their deflnltlon and glve
) . . o I ~:‘\b

bles. For these the solver is

‘orlrayed as trying one t ing rptﬁer@than another and is thereby"

tead dawn a different problem—solving,path.12

0

fr Following the early definitional era the state—-space '
search-guiding paradigm remained the dominant framework for talking

about héurlsfics} We see it in virtually all game playing

e

~app1ications. In these the hourisilcs deoioe on which of tho iﬁﬁi

“assortment of legal moves to odbfoéggpext. Likéwise for theorem “ry, ..
- “ . F AN
'i\‘ . ) . \—) :1 : . i

proving applications-. Whlch formula in the expandlng llstdaf

formulas should the system examlne,next resolve next;“ghlqh of a
& A A

L

v

set of 51mp11f1catlon rUles should 1t try next; etc.?

i

. > . , . K
© " Whéh we come to expert systems the search paradigm is - o

"mentioned {ess often but-is no less stro@é? Typicélly such a .
: ’ R ' o

7,

system wor%s in conjunction with a human expert. It*may ask ‘him

for more input, ask for certain tests.to be performed, or explaini o

- 4

why it favors a certain hypothesis. ' Its heuristics can thus he

viewed as guiding thé problem4solving decisions made by itsqlfkand
3 8

Il
i

;ts users as they focus n-on a satlsfactory dlagn051s (MYCIN) ,’

s *,
i

moleculav structure (DENBRAL) , Yor geologlcal analysis- (PROSPECTOR).

Along W1th this' llst of usages we can’ brlng forth all’ the kKey

N

- v ‘ v . Y t - ' . ' . . . L . - .
. . pexist to 1nfluence problem—solvers' choices. Proverbs, maxims, c

¥

hints, suggestions, and advice ére clearly meagt to influence

decision making. Princibles, rules of thumb, ang rules proper all
. . - - - N

'?*Feigenbaum and Feldman (1963), pp.6,7. ’
. ~ \ - F/ o
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)
exist to govern condLét; and in the case of problem-solving one 'y
cnnduet is typically consciously selected. Furthermore, haQing'
chosen to follow é rule, one's subsequent decisions are often
altered by the_ﬂéw féce the prqbleﬁ now présen£s. ProgfamsL

: . § . . .
procedures, methods, and strategies are all organized sets of rules

which, however compley, ére in effect single rules themselves.

N

v Each 1s but a rulg'which’summarizes a vériemy/of.conduct for

assorted circumstances and/or through a period of time. Hence they a

too exist to govern conduct, and the problem-solver decides to.

. g WA«
follow them or not., Ff;ally, theﬁ%ther things which some '
« . ’ .- R 4 w2 N : ) . ‘ . .
s . hggristics‘h%gsfv?r% !,lyﬁg?en gélled, ”filtfrs", ”sippiifiﬁrffﬂ%§$: o
b, . ‘ “- P . - . o ] ‘e‘:;’,;é !

> "o § - e e o
transformers', and such,(segpyélwaxs to have as tﬁe1{ purpo YR
vl - . “ .

N - ?

V'restrﬁcturing of the problem s@tuétion‘so th;t one has ajdiff;%énf‘
set of optlgns from which ta‘choosg. . ‘

Thig céncludes my érgumedt, from cited keyword definit%ons;a d

from usage, that decisig§;guidance‘fs thé basic functionféf é

. !

N

F . heuristic dev;ce. I hive never found this to be deni‘ed, so there
v ) . . ' % 3 B -
1s.no real issue here. There have been-some c nfusions regarding .
. . a . . ‘ - ' ) A \ .
~ this property, hod%vef, and I will now set about
M - ' oy .

L4

resolving thgse.“l will first need to»deségibe how,;with.respéct'

xposing and Z,/}  ,

Ny

\\I‘

A
PN

v

. T to deé?%ﬁbn making, there ar

two distinct ways 'heuristic' occurs

. 'gnwthe.literatufe. Itvis_be ause of not recognizing this that some
N . S ’ RTINS . . ) o

SR e v T e i I ~f

‘authdrs have given erroneous definitions of "heuristic'.
With regard to the executive's function, which determines the

overall direction of activity, a heuristic may be used“éctivdly to
RN
‘ decide which of several. rules, pieces of advice, game moves, -or

. . . T » .
solutions to select, or it-may be referred to passively, as one ‘of .
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]

the rules, pieces of advice, etc:.which is being offered for S o

non “ '
. g . : . .
selection. The®e two categories.are not mutually exclusive, nor
f * Lo .
- 1-«‘»:" . N ,;_.‘v

need a heuristic belong to at least one category. For example, we

s

saw in the case of LT how the féur methods were pagﬁive heuristidk '

. - S . i
selected by the non—heurlstlc execqt1Ve, but,also how they were

active heurlstxcs when they were deC1d1ng whxch of the theorems to gﬁ

T ‘.

T ' &
consider next. An example oF a heurxstlc that 1s e ne1ther ..”

u,
.

categ&@y can also be found in LT. The¥ similarity Eest” is not "
: . o8 [ oo @ . .
part of the execut1Ve since all it does is change the problem

envxronment VQQT decxde the courﬁe of.problem—solvingv ‘And on the
IR ‘ _ ) .
er 1s it selected from among alternatxve activities -

other hand L

to perform stnce Cit 15 alwa%ﬁ?%pp&xed and 1t has no- competitors.
' <

T It 15vhard to say whethgr the one catggqry of usage ‘1.5 more

common‘thgn‘the othef. Mary heuristics do not make executive
. v R ? s -~ .T"'"/' _
decisions, such as "castle early" or "try rephrasing the- prdblem

But on the other hand many heuristics are not chosen from.a 115t off T
E S . .

. possible things to do at t#7s stage of problem-solving. They ;3§‘
: . . - . .
constantly working features of the system., Filters are a good

s ‘ 1 o .

example. Then again many other heuristics do act}vehyrdirect the

. 2 , - T .
'search. T All game playihggénd theorem proving programs that employ;&‘

. - | A . - ) !
"helirjstic- evaluatlon functlons do thls Likewise, many .other . /- .
\heurlstxcs occur W1th comgptifors Most expert systems or w
S . B R .

'productlon systems have long tables of heur15t1cs which the

executive must scan to dec1de which to currently employ.

-Theré@ore, ;L&\in ali, we must conclude that both these usages dre

genuine and that neither dom}nate§. o o . : .

)

.Having distinguished these two ways heuristics -can béAinvolvéd.
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Cin afgeéiéien'situation, we. have completed the groundwork for
\{) .
) dxscu551ng nebulous - problems Ilke the hierarchical organlzatlon of
probleijOIV1ng systems,‘the layers.of dec151on maklng; the locus
SR “
of 1ntellxgence'——@xnaenecdtiﬁe or*sﬁbordinate or perhaps the
M . . !

. dlfference between hlgh order strategxes and low order tactical

- A
2y, . h A e x

_5ﬂﬂ} _Qec1s;on,mak;ng,:etc.‘ All of these could be analyzed in a context
Loyl IR , v B 2 : ~
L of someﬁheuristfc;_some perfect and some random dec1510n devi es

t v R
. K

ot ‘;f ' v‘HeweVer We can do none of this here Afl I would kae to do Wwith

el ' ‘
_ Mb ' thlS 1ns;ght regardlng GXECUthe and subordlnate heurxstlcs is.
e g ﬁ,.: : y&* i . - R RPNV
§quare away some problematlc st@tements made by James . Slagle¢énd
can Ty e T e S »
James Albus. . o L! . v S . . SRL RS ) B . n o

51 altuded earlier to an apparent contradiction in James
. o . . i . e . ) . ) ;
Slagle's defining henfhstics as\gelng both act1ve and pass1ve. 2

I have no trouble with the passgzlty ’§ge;y5heuristi§;has a
ERA I . - . o . ‘f N

< 1’2 , Asxgnlfxcant rlsk” of not<being a%he appropriate next‘step” 139 and

2 o s0 can in this sense be’ con51dered one alternatlve implicitly

‘ : . it .
. selected from among others, even though the others are not even

I

\ mentioned. ‘But, as we have just seen, _it'is definitely not true
ki
that all heurxstxcs are part of the EXecutxve, tHey do not all

Qec1de what should be done next. iHven though Slagle qualified hi§

<, . A
def1n1tion withMFin this discussion A believe‘hejwas_
nonetheless meking his own stab at a gene}ally applicable

t ’ 2
' definition.!?2
L
12See. §'14 above.
. "°Sl§gle (1963), p.197.
& o “JxIde p.192. . . N

13279 Slagle s credxt we can say that he later adopted a more
" conventional def1n1txon whxeh I 'quote on p.l18 above.



as part of the executive, i.e., in control of what is done next.

‘ bengf that heur1st1csﬂonly occur in a context that fits_the‘

N
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[

Along a similar vein is James Albus's claim that "A heuristic

g

i1s a strategy for selecting rules;ﬁﬁ;e., a higher level rule for

selecting lower level rules."!3? Spo again heuristics are portrayed .

vt

Elsewhere he makes 5imilaw . Temarks:

In most cases,'thé search space is much too large to permlt ‘an
exhaustive search of all possible plans, or even any

substantial, fraction of them. The set of rules for dec1d1ng

which’ hypotheses to .evatuate, and in which order, are:.called
heuristics. . . . ) '

[Heurlst1c§ﬂmwve a] recursive nature. A heuristic™
‘ Qﬁflndlng a procedure.?* :
L

. & o
Theseklast remarks suggest the source of his preJudlce, namely, hls,"

state-space search paradigm. Elsewhere he actually describes all

LY

<

problem-solving .as state-space search.!?$ When.one has a formal

state—space nétwork defined, it is easy to imagine that all

P et}

dec151ons can be reduced to- a Q&erlng "what path shall I follow7”,

>. b

>ﬂ;follﬂ%"for mOV1ng down a pat""ﬁ

or "what strategy sha’lil:

%ﬁgr'stlcs become t@k\étrategles, and the strgtegles for selecting . -

. 4

AN

the strategies, which tell us where to go nexg.
In showing Albus incorréct we shouyld first make.clear that it

.

. o - . . :
is’ implausible that all problems can be made to fit the state-space

scheme. As Boden observes,‘it'is'haqupo‘define solutionrand

'interméd@éte states for'problems like "shall I marry him?" and '"how

'can I write a detective story?".3¢ But even within this scheme,

‘JJAlbd; (1981), p.284, "and quoted in full above on p.20. .
1341bid., p.222. | " o
'?*Ibid., pp.281-5. o . < '

~
LR N IS/ oy
N - o

TS
. R
: AT RN

€



to direct choices of what_i@%ion to choose next. 1 mentioned the

82

Y

. LY
heuristics can be applied to numerous‘background duties as opposed

i
similarity test .of LT above

v ¥

Another example is Lenat's heuristics

~in AM, many of which contribute incrementally to‘briorigiﬁing

. . , oy
projects on the "agenda" ofethings to do next, without iﬁ%%uidually
. .
choosing what exactly is done next.3’ '

As for Albus's apparént claim that a heuristic must not only

be an executive stggtegy, it also has to select an executive -
7

strategy,~1 am not’ certain what is motivating him. Let's consider’

3

what Newell calls the fclassical tongue-gﬂ—cheek e;ample” of a
heuristicf‘”alﬁays take a check — if m%¥ be a mate".*?*® For me
this is-an individual Heuristic fhat'diréctly select; from amoﬁgst‘
possible moves (paths), not from amongst possible.strafegies.
Perhaps Albus has discovered another l;yef of deiisionlin there.

ﬂe choose the general-hegrisiic, Put perhaps th%s implies searching
foann operative rng/Stfétegy‘Qp implement it in . parfiéular.

case. I suspect Albus;has in mind a particular model of planning .

: N\

‘in rpbots. BuT whether or not Alblis can be defended I stxll

[SY .. 4 R - »

believe we must conclude that all those who use heurzstlcs for JUSt

8 t .
s
apmediate direct'decis%gp making do so legitimately, and that

. - ° R v\ . s . : : ‘
41b0s.'s definition is too natrow.” But Albus has indeed struck an

- B )

-important possibility for heuristic decisions — their recursive

.apblicatiqn.h Ih:my concluding Chapter 1 will talk a little more

13‘Boden 1977), p.350. ' - )
137 enat (1978) pp.30-3. Indeed Lenat's executlve is very simple
and runs without heurxstxcs at all. ’ .
1?%Newell (1980) p.16. Newell attributes its orxgln to Selfrldge

You may have notided that Tongeé uses it as part of his def1n1t1on

See p.12 above. - ¥

g

A . S
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about recursiveness when ] discuss "meta-heuristics".

.

This i§ Just a taste of the arguments and conceptions that are-

i €5

possible when discussing heuristics. in relation to decision. 1

have hinted at some possibly profitable areas to invéstigatefh

4

'Perhaps'the first‘priority for advancing heufisﬁics research in

’
»

this area would be an accurate account of human decision making and

' ‘ o . A o
the forms of possible machine decision making. Philosophers,
= L e :
. g . . o
psychologists, angﬁjy&omputer s&tlsts_* mrght collaberate on this.
. . L 4 T il : ’ .
| . T I ' o
: :{1 . A,.\“ . ..,
;‘::%:\’;g‘?d__‘{‘\ & ~ N Y

eor . . . Wy
o . .o ¥

<
- wm yoHs
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IV. Conclusion

(h}’ - - . E] :
A

. "

We set out to defime 'heuristic' against a historical baekdrop
. of conflicting defimitions. What emergedufrom our SUrvey of

~definitions was‘that"heuristic' could ;efer to any device used in

4 ‘\u: 4

problem-solving, be it a program, a1aa§%%structure, a proverb, a

R

But- not just. any such device.
: 1.

strategy, or a plece of knowledge

Ly There hade to be ‘dn el%ment of " . léhqess about the
' A '4*3' FO &0
device; 1t had to“be useful but need not guﬁ Aﬂtee success. Thisﬁ

iy lack of guarantee, however, applles to the entire practlcai*p1cture

. . N N
oﬁnsupplylng a solutlon. A heuristic dev;ce can.guarantee _

. . o

)

supplylng a solutlon but cannot guarantee that.gt W1ll generate the
< ’
least costly path to a solution. As foiglts Utlllty, thlS;lS
derlved from thzyheurlstqc s haV1ng captured some fact, some.
. L3 -

- 1n51ghg, about the problem domaln - All 1n all therefore,

Af e heurlsths f1t on a spectrum.of‘deV1ces in_betweeh those that are
. > — . ; . ) . RN
nandomAand uhihspired ahd those'that‘are applied aufomatid%lly
o o R v , ,
- bf- ’because they. never fa;l to plea;e, oz 1f they do fall then we |
resign ourselves to thls because w; haVe a proof that there ‘¢an he
no better deviee. - 4\__ - C .

LS .
I v

Although these two properties should be sufficient to

eliminate the majority of non-heuristic devices, most Alers use

: 'heuristic’ more restrictively still, _They.reserve the term for
Jjust those devices they haVe added to their experimentdl system in

hopes of i?pquing‘its'performahce.. Although I suspect they would
B . .

<

R : . - 84 . ,

o

. wr

i
RN
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>

\

relenquish this property upon a little.reflection} this restricted

usage 1s nonethelest prevalent. For instance, it is to be found in .

¢

the majo:itybof'definitions given by Alers themselves. Therefoge
\ : S

we must admit this property if we arfe to giVevanJAIers definition
of 'heuristic'. As for what pergofmance improvement means” we ‘found

that,.contrary to many authors,rit did not mean'search‘or effort

s

reduction, that this was only half of the-equatlon,‘the other half

.

belng a p0551b111ty of 1mprovementiéﬁ solution qualg‘y

.

. .
~——

Wlth the addltxon of pérformapce 1mprovement we have all thev
E£0,L "w’ . Lo

.
: AN

propertles nceded to restrxct the sét of pr6blem-sblving devices to

oy - ) - . ‘.

thosenthatAAIers,calL heurxstxc.‘ Technlqatly thls would suffice as.

a‘definition. Yet when we examxne all the remarks made ‘about

heurlst1csﬁln the llterature we flnd that there is a- populat theme

qot covered by fallibility, plausibility;vand perfprmance
- - L . .
improvement. This is the‘functionicf heuristics in

problemrsolving.‘”They wofﬁ by guiding search, suggestiqg behayior@h“ﬂ

- . e el

making_d%cisions,"br tqansforuing the problem so that different .

courses of actibn are opgn.. These properties are reflected i¥ thel
. ’ o - . S -

‘ . N . o . &_- . A o

- choice of words used to make heuristics cdnCrete:: rules advice, N
- . : : e L e

/procedufes, filtens. and so on. I sugzested that the search

guldance characterlzatfon 1S $0 popular because of the popularity

" in AI of the state- space frameworé for descrlblng problems 1

s

,belbeypfstate space models are so popular because as SC1entlsts

Alers can benefit by:analyzlng a-prdb}em s esﬁent;als into paths,

option nodes, states, etc. Heuristics in this framework naturallyi

affect-the decisions as to which’paths to follow. Having describea

all this I concluded the discussion of decision guidance by - Q;

v
Cad

| . . BN

\n

-



establishing that heu;istiés could be involved in direct aotive

v decision making, or merely passively as options to-execute, and

a . . : _ .
,

. that therefore some authors 'were .incorrect in thinking that altl
< . . Jary . " , .
T . heuristics chose ,whaat course problem—solving would follow next.
. ‘m.w o d e Concisely put, a heuristic in Al is any device,.be it a
LN awes % _ . - , , o o ‘
RREER TR program, rulé, piece,of knowledge, etc., which"one is not entirely

v?!f%.' . <f}-.conf1dent W111 Be useful in pfovidihg“a,praétical solution, bub/’ﬂ
t}k‘b"@ \ “., L \ »»1 b . BN ] . = g P
yﬂﬁgtat' «which one has reason to beLieve ﬁill be.usﬁﬁul and wh1ch is added

{.%n.

to a;problem SOlVlng sysbem in expectation “that on aﬁerage the
. 4 . : R e

» \(4» \

vperformance W1ll 1mprove As an. adJectlve, heuristgcf means_the -

sum of these qualxtles JUSt ment ioned whlch ‘e possessed by a,

w; o ' 3;urxstLCA - B ﬁﬁ [ . ‘ S ) ‘

T 5 \a BT 8 ) . o e ' A s

All 'in 311 Fe be11eve my. analy51s has’ defxned heur1st1c ’
P ?

explalned heurlstlc , and substantlated all the reason?’for thlS

&

PR N ]
s defln\klon in a, more thorough fashlon than has been ‘the cu&ﬁom to
’ * \\ Al ! ' . . : R
date ln{AI , AN \\_ o . . Co-
R B . PR .

£
Q . N . =
S would now lxke to make a few ess formal reharks concernlng

1 - -

’5h the- 51gn1f1cance of the concept of héUrlstlc and the d1rectlpﬁs
R

R . >

< e that” £urther research showld fxnd frU1tful S t SR

R : ‘: Although AIers make regular use of hearlstxcs, and no one
denxes the1r ut;lity and 1mportance 4one wonders how many L

A
v

apprec1até“the extent to which -the- 1dea of heurlstlc can be,

'applled I.st p{gased-to~come~acro§saone\zth$r who imarwm
\ . & .9
all human 1ntelllgent behaV1or m1ght be accounted for by
A ) 3
héurlstlcs. In his- 1977 Computers and Théﬁght lecture ”The

B s Ublqulty of Dlscovery Douglas Lenat suggested a model of Man

L ‘wgﬁﬁb whege most.intelligent_bghavior could be seen as:prob{em—solving

* 2
1 . . . PRI 2Py -
N . ! Co . N - . . RIS g
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behavl@py and where a large set of general and spec1al purpose

heuristics guide this behaV1or. He reduced both everyday and *®
. \ .

scientific problem solvxng to b351cally bulldlng models and

\

following plans _both of which have often beenﬂreproduced by

heurlstxc drlven Al programs 'Then on a second’front he reduqed .,
[

&ﬂ. -

everytia{l:ﬁgahvﬂy and SC1ent1f1c lnventlvew:ess to' the.basic

operatfin of;Judglng‘J1nterest1ngness y and he explalned how hlS AH

T § -
programwmanaged thls operatlon with heurxstlcs, and in qu1te a’ Va

- o

ax B4 v oa

natural way. 'He argued. that all that remalns 1's td wrlte programs
. . & A .
that dlscover and’develop their own heurlstlcs,\and he suggested
Ed .

bﬁe of the ways- ghls could be done

R A i
I belleve thls is a new . 1dea in the hlstory’of 1d%as ‘Here we{\

1, .

'seen as evolvfng through hlstory W1th problem solvers as ' m rely

thelr substrate med1ums 30 It affects our view of peoplm -
N A N e s . g e, "
Magnanlmous acts ‘and heanUS ‘ones are equalrzed as mere}y behaV1or /
i

gulded by@subJectlxgly plausrble sets bf rules. The path Lo great I

J N
coe
ach1evements and e‘pert knowledge is seen less as a matter of
p:-3 o z
genluscot*special t%lent;and more as a matfer of aéquiring good'
w A . - B - . |
. p , _ _ . -

-
hid . N Ll

:\IJ’I am reminded of nggagd Dawklns The Self;sh Gene (London'
. Granada Publishing LimMed 1978) where genes are portrayed in a

. similar réle. o s , L,

]

haJe‘Nan descrlbed not as a ratxonal anlmal not!as a mach1ne, not
.as a soul .and. matter paxrlng, not as a stlmulus{res;onse E )
transducer, not as.a collectlon o?’servom;ohanlsms,“but as a uﬂer \\‘
’ “and manager‘of thousands of rough andwreagy rules and’deV1ces/that
“ g o co - -, u . _ ,
; are by and.large effeqtrve.; Thrs perspeetlve has its own j /‘ . o
‘meta;hys;eal 1mpact ’ Methods of dolng thxngs aQZ made.cencn/te and /_ "
. o . e J [ o / >
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heuristics. Education focuses less on acquiring a big set of facts
and skills, and more on good thought habits and acquiring certain

key heuristics, expecially those for learning other heuristics, for
. . “

imppoviﬁg theé~ones one already has, and for motivafing one to keep

all these key heuristics active. These are bat a few of the
" discoveries made possible by adoptimg the heuristic metéphysié. 1
| . -

expect ihe Beu;istic perspective will grow in popularity on,accodnt
of its explanatory/power'and its potential fof practical impact:f
Areas like education, psychology, iaw, philosobhy, anthropology,
etc. coulld enrich their models of Man by incorporafing it.

'I wish to close By talking about two topics in heuristics

studies which I believe are but barely chdrtered but possess great o
L "/

potential for AI. These concern meta—heuristics and heuristic

interactionl These topics point the direction in yhich our concept
of heuristic may some day evoglve.

Several heuristics researchers have seen the need éor adding
mechanisms to their programs for the lgg{gigg,of heuristics.
Creating new heﬁristics can be done either from scratch or by
transforming old methods. For this process to be mechanized a
general formalism for r:yx,seﬁting heuristics is needed. To date It
hav; only seen formalisms tor heuristic evaluatiog‘functions and
for productiog rules. Research into the types of formalism for all
types of heuristic devices, with acco;nts of their advantages and
disadvantages, 1is ne;ded. Then for each formalism what we need are
mechanisms expresse@ in that formalism for/ doing the following
types of things: monitoring behavior and judging when - heuristic

is needed (eg., gross inefficiency is present, current methods are
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tedious, etc.); assembling expressiogs in_pne of the formalisms
;that are relevant to a pfbglem and.offef a possibility of helping
solve it, testing these expréssions in neai o mock situztions:
evaluating the expressions.tested; promoting he . .ourab y
Vevaluated expressions to th; status of heufi;t; 5 ’;dyxnfegramiﬁg
these effectively into the structures that hold the existing set of

heuristics; continually monitoring”the performance of .heuristics;

demotlng those that are no longer suitable to the current

"

environment; sensing when a heuristic can be improved; creating a
new heu%istic by generalizing a group of valuable but similar
heuristics; creaﬁing a new hguristic‘by specializing a heuristic to
suit specific situations; and so on.

These heuristic mecﬂanismﬁ, because they operate on other

heuristics, are called meta- heurlstlcs Meta—heuristics offer

T
particular promlse because of the recursive pgtentxal they afford.
They would enable a system‘to imp;ove its level of performancé at

improving its level of performance. Albus, Feigenbaum, Feldman,

.

Findler, and Lenat have-expresseg similar sentiments.!*°®

Heuristic interaction is another subject in its infancy, which
a future analysis of the céncept‘of heuristic will likely have to

deal with extensively. An example form of such interaction might be

**°Albus (1981), p.222; Feigenbaum and Feldman (1963), pp.7-8;
Findler (1976), p.607; Lenat (1977), pp.278-80; and Lenat :(1978),
. pp-48,50-1. ‘, ‘

Lenat has taken major strides in proving the value of
meta-heuristics. His heuristic l'earning and improving program,
EURISKO has successfully employed meta-heuristics to learn
hebrlstlcs for playing a naval war game, to devise new heur1stics_
for AM to use, and~to discover a heuristic for speeding up LISP
programs, among other achievments. See Lenat (1983b), pp.73-86.
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cooperation. Cooperatioﬁ between»heuristics an¢ other heuristic
and non-héuristib devi;es as theyiwork‘powards soly;ng a problem
mares :° difficult to;évaluate eéph heuristic - confribution
independently. For example, a chess heuristic may be useful when‘.
used with certain othér_heuristics,~but harmfﬁlvotherwise.
Competition is another iﬂ&erestiAg,férm of interactioh. Some
heuristics ﬁay be less able at Eolving\préblems than others, but
part of thgir activity may invalve infLuenciﬁg.pther devices to

w

eliminate their competitors or to give preference to themselves.!+!?

Ways of policing heuristics, administering justice, or organiziné
te . . \
the problem=solving system so that su¢h injustice is minimized, may,

need stiidy. Another problem in heuristic interaction is how to

N

manage a set. of heuristics so as to optimally disperse them and

avoid overlapping jurisdictionsb but, at the same time, to cover as

many of the problem ;ituatiShs‘as are likely to be encountered.

i 7

This prbblem;is a biﬁ like trying to select players for<a baseball
team. One doe; not ﬁeed five‘good shortstops, five good catchers,
etc.; one needs one or two good players‘at each outfield and base
position, ;everal gdoq pipchers, egc; Then tﬁere.are”problems-

surrouﬁding dependence.. A heuristic that makes use of other

\‘;devfcgs can be more efficiently expressed, and the system as a

wholé\may benefit by allowing the sharing of resources. But should

-

these subordinate devices change or be preempbed by a heurlstlc s

neighbors then this heuristic's behavior and even survival may be

*43This has actually been observed by Lenat in one of the
heurlstlcs EURISKO created, which would do nothing'but associate -
itself W1th any heuristic of high worth and therby acquire worth
1tself' ~Lenat (1982), p.229. -
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affected:

Cocperation, competition, dispersion, and dependence are but a
few of the ways we may be:ab1e~to interpret the behavior maqifested
in a éréblem—solving system empioying multifarious devices; be they
heuristic or not. The probable utilify but.un -rtain effects of
many of these devigces in any so complex a system suggests that many
of these devices would iq fact qualifyugs heuristics. Hénce, as
Alers build ever more complex problem-solvers; thé_p;evalence of
heuristics should incfease and so should ;he gtudy of the.forms of

.

§
their interaction.

I hope my analysis of heuristic has clarified ‘its meaning, and
1 hope my remarks above about Man the Heuristic Problem—Solver,

- N C e . .
meta~heuristics, and heuristic interagtion have impressed the

reader with the concept's richness and potential.
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