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Abstract , . : 4 .,
A poorly designed knowledge base can be as-cryptic aa.an arbitrirprogram and just as difficult to

, I

maintain. Representing control kriowledge.abstractly, separately from domain facts and relations,
_

makes the design more transparent and explainable. A body of abstract control knovidedge provides
t

a generic framework for constructing nowledge bases for relatedproblems in other domains and

o-, also pro.,MI ea i useful starting point f 'studying the nature of strategies.
. 1
,. .

:

l'. Introduction 1
, ,

i

2.

The quality of a knowledge base depends not only on how well it sOlves problems, but also how on T
I I '

easily its design allows it, to be Mainlined. Easy Maintenance-the capability to reliably modify ai
. . ,

knowledgekise without 'extensive reprogramming-ia important for several reasons: -.

Knoviledge-based programs are:byilt incrementally, based on many trials, so modification 11141L

is continually required, including updateteeed on imprdved expertise; ' ,
. - ,

.
A, knowledge base is a repository 'that other researchers and users May wish to build
upon veers later; . '

. .

A client receiving a knOwledge base constructed for. him 'may_ wish to correct lid extend
it without the assistance of the,originaldesigners. .

4

A knowledge base is .like a traditi6nai program in_ that maintaining it requires having a good

-understanding the underlying design, "That is, you need know how the parts'of the knowledge
.

base are expected to interact in-problem solving.. Dep nding on the representation, this includes

knowing how default and judgmental knowledge inters t, Whether rule clauies can be reordered,

when attached procedures are applied,"how constraints e inherited and ordered, etc. One way to.

..

V

proVide this understanding is to. have the prograM explain its reasoning, using an internal description

of its own design (Davis, 1976), (Swartout, 1977). However, problemi encountered-in understanding

traditional programs; -poorly-; implicit side:effects, eaf inadequate, dopUmentation-
Y

carry over to knowledge -based !programming and naturally limit ,.the 'capabilities or explanation..

programs. For example, a'knowledge base might arbitrarily combine' reasoning strategies with facts
. -

&Out the domain. Implicit, procedurally-embedded knowledge cannot be articulated by an,
-explanation systeMASwartout, 1981b 4Clancey, 1983) and is not visible' to guide the progrp

.
maintainer (see,(Enhia, 1982) for an entertaining stUdy°61 this problem);

) .
is'.

This paper argues that an important design principle for building expert iystenls is to represent all
, , _,

control knovil4dge .abstractly, separate froM the domain khtwledge it operates upon. This idea is
, .

illustrated with examples frpM the NEOMYCIN, system (Clancey, 1981). There are many scientific,
.

t--,
, -

-
5

<
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. engineering, did practical benefits. The difficulty of attaining thit1 design is also considered.'
4

'

2. What is Abstract Control Knowlddge?
. "Control knowledge" specifies when and hoW a program is to carry out its operations, such as

_pursuing a goal, focusing, acquiring data, and making inferences. A basic distinction can be made

between the fails and relations of a knowledge base and the program operations that act upon it. For

example, facts and.relations, in a medical knowledge base might include (expressed in a predicate
'"if

calculus formulation):

(SUBYYPE.INFECTION MENINGITIS)
-- "meningitis is a kind of infection"

(CAUSES INFECTION
"infection causes fever"

'(CAUSES INFECTION SHAKING - CHILLS)
"infection causes shakingchills"

?DISORDER .MENINUTIS)..
-- "mentngitis it a disorder ",

'(FINDING FEVER) ;

. ---"fever is a finding".

I

Such a knowledge base might be used to provide consultative advice to a user; in away tipicalof

expert systema (Oudaitand: Shortliffe, 1983). Consider, for example, a consultation system for

diagnosing some faulty device. amOtypical program operation is to select a finding that tauses

disqrder and ask the user to indicate whether 'the device being diagnosed'exhibitethat symptom,

Specifically; a medical diagnostic system "might ask the user whether the it'atient is'suffering from

*shaking chills, in order todeterrnipe whether he has an infection. The first description of the

program's operation is,abstract, referring only 'to, dothain-independent reiatioqs like "finding ", and

"causes"; the seconci'descriptIon is concrete, referrno domain - dependent terms like "shaking-. a

chills" and "infection". ("Domain-independent" doesn't mean that it applies to every domain, just

that the term is not specific to any one domain.)

'
.The operation described here can be charatterized abstrabtly as "Attempting to confirm a

diagnostic' hypothesis" or%concrotely as "attempting to determine , whether the patient has an

jnfection." Either description indicates thp strategy that motivates the question the program is asking

of the user. So in this example we see how a strategy, or control knowledge, can be stated either

abstractly or cc:Witt:et*. The following two examples illustrate how both forms of control knowledge

4

t'
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might be represented in a knowledge tale.
,

2.1 frAin Implicit Refinement St rateg9

In MYCIN (Shortliffe, 1978), most knowledge is represented as domain-speCifiC rules. FOr exahi

the rule "If the patient has an infection and his CSF cell coVit is lett than 1.0, then it-is unlikely that he

has meningitis," might be represented as:

1'

(SAND SAME CNTXT INFECTION)
(ILESSP (VALI CNTXT CSFCELLCOUNT) 10))

ACTION:
, (CONCLUDE CNTXT INFEtTIONVE MENINGITIS TALLY -700).

O.

The order of Clauses i important here, for the program should not consider the 4csF cell count" if

-the patient does not ham an infection. Such clause ordering in all rules ensures that the program

proceeds by top-down refinement from infection to meningitis to subtypes ofmeningitis. The disease

hierarchy cannot be stated explicitly in the MYCIN rule, language; it is implicit in the 'design ofithe'

rules. (See (Clancey, 1983) for further a?talysis of the limitations of MYCIN's representation.) .)

CENTAUR (Aikins, 1980) is a system in which disease hierarchies are explicit. in its representation'

language, MYCIN'S meningitis knOwledge might be encoded 'as follows (using a LISP property list

notation):

"; INFECTION

MORE=SPECI.F,IC

IF-CONFIRMED

MENINGITIS p.

MORE- SPECIFIC

.IF-CONFIRMED

k.1

((disease MENINGITIS)
(disease 6ACTEREMIA)

/DETERMINE disease of

((subtype BACTERIAL)
(subtype VIRAL)...)

(DETERMINE subtype of MENINGITIS)

.

INFECTION)

In CENTAUR, hierarchical relations among disorders are -explicit (meningitis is a specific kind of

infection), and the strategies for using the knowledge are domain-specific (after confirming that the
t

patient has an infection, determine what more specific disease he has). This design enables
.40

CENTAUR to articulate itS operations better than MYCIN, whose hierarchical relatioAs and Strategy,

are procedurally embedded in rules.

However, observe that each nOde of CENTAUR's hierarchy essentially repeats a single strategy--try



a more explicit and nonredundant design.
#4

This is what is done in NEOMYCIN.

to confirm the presence oft a child disorder-'-and the, overall strategy of top-down refinement is not

explicit. Aikins has labeled CENTAUR's strategies, but has not stated them abstractly. By. ,

?epresenting strategies abstractly, it is possible to h ave

In NEOMYCIN domain relations and strategy are represented separately and strategy is

represented abstractly. A typical' rule that accomplishes, in part, the abstract task of attempting to

confirm a diagnostic hypothesis and its subtypes is shown below.

<Domairtnowledge>

INFECTION,
°CAUSAL-SUBTYPES ..(MENINGITIS BACTEREMIA

MENINGItIS
CAUSAL - SUBTYPES (BACTERIAL VIRAL

<Abstract Control Knowledge>

TASK: EXPLORE-AND-REFINE .,

ARGUMENT: CURRENT-RYPOTHEiIS
N..,"*\

METARULE401
.

IF the hypothesis being focused upon
has'a child
that has not been pursued,

THEN pursue that child.

;

(IJ.,(AND (CURRENT- ARGUMENT $CURFOCUS)
(CHILDOF $CURFOCUS SCHILD)
(THNOT (PURSUED $CHILD)0

(NEXTACTION (PURSUE-HYPOTHESIS $CHILD)))

le

.1( 4

NEOMYCIN. uses a deliberation/action loop, f dedcing what it should do next. Metarules, like

the one shown above, recommend what tire shot;itbe one.next, wile) ddmain :Lite applied, or what

domain finding 'requested from the `User. (details are given in ( Clancey, 1981) and (Clancey and Bock,

1982) and are not important here). The important thingrto notice is that this metarule will be applied

for refining' any disorder, obviating the need to "cqmpile" redundantly -into the domain hierarchy of

disorders how it should be searched. When a new domain relation is declared,(e.g., a new.kind of

infection is added to the hierarchy) the abstract control knciwledge will use it appropriately. That is,

we separate out what the domain knowledge is from how if should be used.

Metarules were first introduced for use in expert systemsby Davis (D vis, 1976); but he conceived



of them as being domain- specific. In that form, principles are encoded redundantly, just lice

CENTAUR's control knawwledge., For example, the principle qf pursuing common -causes befOre.

Unusual causes appears specific metarules for ordering the domain rules of each disorder.

The benefits of stating metarules abstractly are illustrated further by a second example.

J
2.2. An IMplitit Question-Asking Strategy

Another reason for ordering clauses in a system like MYCIN is to prevelit unnecessary requests for

data. A finding might be deduced or ruled out from other facts available to the program' For

example, the rule "If the patient has undergone surgery, and neurosurgery, then consider diplococcus

as a cause of the meningitis" might be represented as follows.

PREMISE:(SAND (SAME CNTXT SURGERY)
(SAMECNTXT NEUROSINGERY))

ACTION: (CONCLUDE *xi' COVERFOR DIPLOCOCCUS TALLY 400)

We pay that the surgery 'disuse "screens" for the relevance of asking about neurosurgery. Observe

that neither the relation beimeen these taco findings (that neurosurgery is a type of surgery) nor the

strategy of considering a ge I finding in order to rule out one of its subtypes is explicit. An

mative Way used in MYCIN fo encoding this knowledge is to have a separate "screening" rule

that at -ast makes cider that =se two findings are related: "If the patient has not undergone

surgery, then = as no dergone neurosurgery."

PREMISE: ($AND (NOTSAME CNTXT SURGERY))
ACTION: (CONCLUDE CNTXT NEUROSORtERY YES TALLY -1000)

-

Such a rule obviates the need for a "surgery" clay& in every rule that mentions neurosurgery, sot.,

this design is more elegant and less prone to error. Howevdr, the question-ordering strategy and the

abstract relation between the findings are still not explicit. Consequently, the program's explanation

system ca*not help a system maintainer understand the underlyihg design.

In NEOMYCIN, the above rule is represented abstractly by a metarule for the task of finding out new

data

-



so,

(Donialti'Knowledge)

(SUBSUMES SURGERY NEUROSURGERY'
(SUBSUMES SURGERY, CARDIACSURGERY)-

<Abstract Control Knowledge)

TASK: F INDOUT
ARGUMENT: DESIRED-FINDING

MET ARULE002
IF thy desired finding"

is a eubtype of a class of findings and
the class of findings isp.of present in this case,

THEN conclude that 'the desired 'finding .is not present!

(IF (AND (CURRENT-ARGUMENT $SUBTYPt)
'(SUBSUMES $CLASS $SUBTYPE)
(THNOT (SAMEP CNTXT $CLASS))) -

(NEXTACTION
(CONCLUDE CNTXT $SUBTYPE 'YES TALLY. -1000)))

This'metan,e is really an abstract generalization of screening rules. Factoring out the statement

of relations among findings from how those relations are to be, used produces an elegant and

economical representation. Besides enabling more-detailed explanation, such a'design makes the

a

.4

system easier to construct and more robust.

Consider the multiple ways in which a single relation between findingsCan be used. If we are told

that the patient has neurosurgery, we can use the subsumption link (or-As inverse) to conclude that

the patient has undergone surgery. Or if.we know that the patient has not undergone any kind of

,surgery we know about, we can use the "closed world assumption' and conclude that the patient has

not undergone surgery: These inferences are controlled by abstract metarules in NEOMYCIN.

The knowledge base is easier to construct because the 64pert needn't specify,try situation in

which a given fact or relation should be used. NeW facts and relations can be added in a simple way;

the abstract metarUles explicitly state how the relations will be used. The same generality malets Orb

knowledge base more robust. The system is capable of rnakirig use,of facts and relations for Afferent
.. .4'

'purposes, perhaps in comb *ions that would be difficult to anticipate or enumerate.q
t

. i
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3.- Studying AbstracAStrategies and S4uttur011elalions `,>" ".

Iri NEOMYCIN, domain findings and disorders are related in the way shoWn above, and there are

appidximately 75 metarules.that constitute a cedure for deer g d ihgnoV. Besides abstracedomain

'a relations, such as SUBSUMES, NEOMYCIN'S me rules referlice:

4

:.Knowledge about metarules and tasks: (static). the argugrt of a task, whether metatUles
are to be malted iterative* the'condition. under wfiich a task 'should be aborted,
(dynamic) whethfr i task cOmple,ted 'auccettfUllY, whetheri_a_ metnrule-sacCeededAk

, n
failed, etc. It : a .4. . . , - :' -

4
t. ' ,

4

I.

DoMain problem-solving history: the active hypotheses, whett&r' a hypotheSis was
pursUed, cumulative belief for a hypothe rules using a finding that are "in, focus", a
strong competitor to a given hypothesis; etc. r

.

C, ) 2
k

, r ,.
These concepts form the vocabulary for a model,of-diegrlosis, the terms in which expert behavior is

7.

*ft

. _ .
interpreted and strategies are

. . ... 4'
, , .

4
An urtexpected effect-is that there is no ni'ore backWard chaining at the doMain level. That js, the

,only reason MYCIN does backward' chaining, during history-(history-ase is to
accomplish top-down

,a.
refinement and to apply 'screening rules. This is an important result. 1219

. , ;

studying the hundreds of rules in the MitIN %/stern, factoring out domain relations from control
., ,

knowledge, we haya-greatly deepened oyr un tending of the knowledge encoded in the rules. ..
There are o specific prOductst- a body svf a ,stra' ccititrol knowledge that can itself be studied,.as

well as dpplied in .other problem domains, and a _language `for repieSenting knowledge about
. .

disorders (in terms of causality, subVpet, etc.). We call these abstract relations strUctUral relations.

. . . .. .

Structural relations are a means for indexing domain specific knoidedge: They select hypotheses
.

to focus upon, findings to request,andifomain inferences that might be made. As such, structural

' i'elations constitute the organization, the acre n' paths! by "Which -strategies liring domain-specific
----,4 . . .

knoWledge into plat_ For example, the metarules giVen abOve Mention the CHiLD0E-and SUBSUMES

relations. METARULE001 looksforthe'children 6f .the current hypothesis in order to pursue them;

METARULE002 looks for a more'vneral finding in-order to. ask for it first.

,
These relatione constitute the langua e

t f
by which the primitive domain concepts (particularufindings .

and disorder pypotheses) are related in a network' Addirig a oew strategy often requires adding It

'new kind of struCturafrelation to the network -For example, suppose we deSire to outlays common
- 4 '

1

causes of a dikweer Ofore serious, but unusual causes. We must partition the causes of any
\ .1k

anddisorder according to this distinction, adding new relations to our language-tOMMQN,CAUSES d
i . r

. .



SERIOUS-,CAUSES.

J
.Similarly,.the applicability of a strategy de;

domain. For example, a Strategy might gig

problem clomln all fihdinge Might be equall

with- how-ir.i-search4;de;phlerarchy- Of-di

$ ow, m: ing the strategies mapplidabl
t

explicate structural; relations. On this basis
ft

.of strategied, referring to structUrepropertie
r t

Lppat has found a similar relationship bete
'in his program for discovdring riewheuristic

heuristics in EURISKO depends on, breaking

slop that the program cart inspect and mot

-concepts Ytiote "representation is refined

FACTORS skit' to every.rtumber)p -The..prOg

:that collects relatiOneamong eritriesof :ail in
. A

A _

4. Given.the Benefits; Cancit
An initial reaction might'be that for( sonic

abstract strategies--all facts and relations a

the.proceduie for confirming any given die

some device) might0 Completely situation

would appear to be an unusual kind Of;dori

principles can be applied over and Over aga

Teaehing and leareing are made incredib

problem to another. 'Domains with a ati

might be like this. Perceptual skills rely on

of data; they are might be poor candidates f

Ve also know that in many domains, for

solving routine problems. These PrOCadur

for organization management, equipment?

important to reognize that these procedu
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causal,. temporal, and spacial.interactiona, problem:solving goals, abstract principles of design,

diagn'osis, etc. Except where a procedure is arbitrary, there must be some underlying rationale for

the selection and ordering of its steps. Knowing this tationale is-Certainly, important 'for reliably

modifying' the procedure; such procedures are often just prepared plans that an expert (or a user

following a program's advice) may need to adapt to unusual circuaistances. At one level, the,

rationale can be made explicit in terms of an abstract plan with, its attendant domairi structural

relations; a redundant, compiled form Can be used for efficient routine problem solving.

In theory, if the rationale (or a procedure or prepared plan can be made explicit, a program can

reconstruct the procedure from first principles. This approach has two basic difficulties. First, the

procedure might have been learned incrementally from case experie7nce. It simply handles problems

well; there is no compiled-out theory that can be articulated. This problem arises particularly for skills

in which behavior has been shaped over time, or for any problem in which the trace of "lessons", has

been poorly recorded. The second difficulty is that constructing a procedure from first principles can

involve a great deal of search. Stefik's (Stefik, 1980) multi-leveled planning regime for constructing

MOLGEN experiments testifies to the complexity of the task and the limited capabilities of current

programs. In contrast, Friedland's (Friedland, 1979) approach of constructing experiment plans from

skeletal, abstract plans trades flexibility for efficiency and resemblance to human soluttons. While

skeletal plans -may sometimes use domain-spedfic terms, as precompiled abstract procedures they

are analogous to NEOMYCIN's tasks.

Importantly, the rationale for the abstract plan itself is not explicit ih any of these programs. For

example, NEOMYCIN's metarules for a given task might be ordered by preference (alternative

methods to accomplish the same operation) or as steps in a procedure. SinCe the constraints that

,euggest the given ordering are not explicit, part of the design of the program is still not explitit. For
$

example, the abstract steps of top-down refinement" are now stated, but the sense in which they
416

constitute this procedure isonot represented. (Why should pursuing siblings of Et hYpothesis be done

before pursuing children?) .Aeanother example, the task
,
of "establishing the hypothesis space" by

expanding the set of possibilities beyond ;ommon, expected causes and then narrowing down in a

refinement phase has mathematical, set-theoretic Underpinnings that are not explicit in 'the program.

Stefik's abstract planning procedure of "Jeast-cOmMitment" is implicit in numeriC;rioritles

assigned to plan design operators (Clancey, 1983). Automatically constructing procedures at this

:high leveret abstraction, is ctrposed to implicitly building them into a trogram, has been explored

very little.

Even within the, practical bounds of what we make explicit, it might be argued that representing

13
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10
, .

procedures abstractly is much more difficult than stating individual situationspecific' rules. This

might differ from person to person; 'certainly in medicine 4ome physicians are better than others at

Stating how they reason abstractly: A good heuristic might be to work with good teachers, for they

are most likely/0 have extracted the Principles so they'can be taught to students.

* There is certainly an initial cost whose benefit is unlikely to be realized if no explanation facility is

desired, ontylhe original designers maintain or modify the knowledge base, or there is no desire to

ild a genetit system. But even this argument is dubitable: a knowledge base with embedded
,

strategies can appear cryptic to even the original designers after it .has been left aside for a few:,

Months. Afse, anyone intending to build more than one system will benefit from expressing

knowledge O.:generally as possible so that lessons about structure and strategy can speed up the

building of new systems.

The cost aside, it appears that there is no way to get strategic explanations without making domain

relations explicit and stating strategies separately. This was the conclusion of Swartout, who was led,

to conclude.that an automatic programming approach; as difficult as it first seemed, wasa natural,

direct way to ensure that the program had knowledge of its own design (Swartout, 1981). That is,

providing Oemplete explanations means understanding -the design well enough to derive the

procedures yourself.

NEOMVIN's factoring of knowledge into domain and strategic knowledge bases is comparable to

the input requirements of Swartout's automatic programming system. However, NEOMYCIN

interprets'.ffs domain knowledge, rather than instantiating its abstract strategies in a -compiled

program; (Maintaining the separation is important so the metarules can be used in student modeling

(London and Clancey, 1982).) Moreover, NEOMYCIN's strategies are abstract, unlike the domain -

specific "principles" used in Swartout's program. This design decision was originally motivated by

our desiie to replicate the kind of explanations given by teathers(Hasling, 1983). However, we now

realize that representing control knowledge abstractly has engineering and scientific benefits as well.

5. Advantages of the Approach
The advantages of. representing control knowledge' abstractly can be summarized according to

engineering, scientific, and practical benefits:

Engineering.

o The explicit design is easier to debug and modify. Hierarchical relations among
findings and hypotheses and search strategies ,are no longer procedurally
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embedded in rules.

. o Knowledge is represented more generally, zo get more performance from less
system-building effort. Wo don't need to.specify every situation in which a gii/en
fact should be used.

it o The body of abstract control knowledge can be applied to other problems,
constituting the basis of a generic system, for example, a tool for building
consultation programs thai dq diagnosis.

Science. Factoring out control knowledge from domain knowledge provides a NIA for
studying the nature of strategies. Patterns become clear, revealing, for example, the
underlying structural bases for backward chaining. Qomparisons between domains can
be made according to whether a given relation exists or a strategy can be applied.

Practice.

o A considerable savings in storage is achieved if abstract strategies are available for
solving problems. Domain-specific procedures for dealing with all possible
situations needlgtrbe compiled in advance. .

o Explanations can be more detailed, down to the level of abstract relations and
strategies, so the program can be evaluated more thoroughly and used more
responsibly.

o Because strategies are stated abstractly, the program can recognize the
application of a particular strategy in different situations. This provides a basis for
explanation by analogy, as well as recognizing plans during Amowledge acquisition
or student modelling.

Representing .control knowledge abstractly moves us closer to our ideal of specifying to a-program

WHAT problem to solve versus 'HOW to solve the problem (Feigenbaum, 1977). Constructing a

knowledge base becomes a matter of declaring knowledge relations. HOW the knowledge will be

used needn't be simultaneously and redundantly specified.

An analogy can be made with GUIDON (Clancey, 1979) (Clancey, 1982), whose body of abstract

teaching rules make the program usable with multiple domains. Traditional CAI programs are specific

to particular problems (not just problem domains) and have both subject matter expertise and

teaching strategies embedded within them. The separation of these in GUIDON, and now the abstract

representation ,191 strategies in NEOMYCIN, is part of the logical progression of expert systems

research thit begarlwith separation of the interpreter from the knowledge base in MYCIN. The trend

throughbut has been to state domainspecific knowledge more declaratively and to generalize the

procedures that cattrol its application.
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Another' analogy can be made with database systems that combine relational networks with IogicY

Irogramming (e.g., see (Nicolas, 1977)). To conserve space, it is not practical to explicit4 tItoruvery
..

).relation amonuntities in a database. For example, a databaseitbOut a population of a ountry might

record just the p= s of. each person (e.g., IMOTHEROF $CHILD $MOTHER) IFATHEROF

$CHILD $FATHER)). A. sep -. to ochcof general derivatiim axioms is used to retrie e other relitions

(the intensional .data ). For example, siblings can be computed by the rule:

r
(IF (AND (PERSON $PERSON) 00

(MOTHEROF $PER N $00THER)

qatil(PERSON $PER )

(MOTHEROF $PERS N2 $MOTHfR))
(SIBLING $PERSON $PERSON2)) .

5------, , °

Such 'a rule is quite similar to the abstract metarules that NEOM CIN uses for deducin the

presence or absence of findings. NEOMYCIN differs from datab -systems in that its rules e

grouped and controlled 094.Lctomplish abstract tasks: Only a fii of NEOMYCIN's metarules make

inferences about database relations; most invoke other taskSYstich as "aik a general question" and

"group.and differentiate hypotheses." Moreover, the knowledge base contains judgmental rules Pt'

evidence for the disorder hypotheses: TheSe diffe4ribOs aside, the analogy is stimulating. 4Alit'
suggests that treating a knowledge base as an object to be inspected, _pasbried about, and '

manipulated by abstract procedures--as a database is checked for integrity, queried, and extended by

general axioms - -is a powerful design principle for building expert systems.
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