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Abstract-

This report surve.ys.the state of the art ìn knowledge representa_tion, a centrar f ielã in tne àrãa-of-äit i l t" iur rnt"iÍ ig"nàã.--'r i""basic approaches to knowledge 
""pi"iðntäiìón 

are discussed; issuesreìevant to representation syitems'are identif ied;. prototypes of impìe_mented.representation ranguages are presented. ite-"Ãpõr't 'ãõriåi, i, anextensive bibl iography
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Knowledge representation is one of the core areas of research in
Ar t i f i c ia l  In te r l igence (A I ) .  In i t ia ì ry  un fornar ized  wor ìd  knowredge is
to be represented in such a rvay that art i f ic iar reasoning systems can
assimiláte this knowledge, process i t ,  and convey resuìts to the user or
the applicat, ion domain in a natural fashion.

This report is a survey of knowledge.representation systems and of
the ìssues centrar to the deveroþment of representation formaÌisms.
Relevant nepresentatian formalisms are identi f ied along with the controì
concepts used therein. No attempt has been made to cover a] l  work in
this broad f ield; .rather.,  we aim at exposing.key concepts and trends.
The report contains four parts:

1) a descript ion of exist ing knowredge representation formarisms and
their propert ies;

2) a discussion of the issues part icurarry rerevant to the developrnenr

, 
of representation systems;

3) a selection of impremented knowredge representation languages and
expêrrt system shells; emphasis is on a high-leveì descript ion of
the i r  capab i l i t ies  and I im i ta t ions ;

4)  an  ex tens ive  b ib l iography .  l

A method of systematicaily re¡iresenting knowìedge ìs car'red a know:
ledge representation ,schene, (Hayes 1974, Myìopoulos and Levesque
l9B3). A fundamental probrem consists of grasping the meanìng or seman-
t ics of an expression within such a scheme. Different representation
schemes can onìy be compared with the'aid of a formar definit ion of
their 'semantics 

(Hayes 1974). First-order rogic is a very weil  deve-
ìoped language which has been much used to describe the sernanÈics of
(expressions in) part icular representation schemes.
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All representation schemes are biased towards,, specific. vrEys of
using the knowledge.'  They favor certain inference schemes. This study
surveys the biases inherent in different representation schemes. l{e
also survey to what extent thèse inference sche¡nes have been described
as netalevel knowledge. This is important for the conparison of diffe-
rent formalisms and för our goal of designing formalisnrs which are
fìexible in the choice of their inference schemes.'  In chapter l ,  we
wiì l  review basic classes of exist ing knowle<tge representation forma-
ì isms and in chapter 2, we wil l  expose issues which are releyant towards
the development of the knowledge representation system for the LOKI
project.

lJe wish to acknowìedge the discussions with our partners in the
ESPRIT 3.3 pi lot phase, part icularly with Horst Adler and John
Mylopoulos. John Mylopoulos provided us t{ i th much material and advise
which was incorporated ìnto this project.

ì BASIC APPROACHES TO KNOI,ÚLEDGE REPRESENTATION

He consider f ive basic knowredge representation schemes: rogic,
semantic net, procedural,  frame-based, and dìrect representation. Each
of these approaches . is discussed here separateìy.

l .  I  L o g i c

classical f i rst-order rogic is the ordest and best investigated
approach to knowledge representation. I t  consists of a dec.larat ive
component: facts or axio¡ns about the world; and a procedural compo_
nent: ruìes of inference to derive new facts from exist ing ones. In
early knowledge representation systems based on rogic, the rures of
inference were not goal-directed; therefore they created a ìarge search
space. A ski lred human expert was required to estabrish a proof of a
part icular problem.

The introduction of the resolut ion princìpìe (Robinson r965), a
single inference rule ai louing for ai l  possibre deductions in f irst-
order logic, was creating great expectat ions towards automating the
constructìon of proofs. However, the developed systems were extremely
ìneff icient. This resurted in the dismissal of ìogic by some schools.
A number of researchers, for exampre Hayes (1973, rg74, rg77l, Kowarski
(1974, t979), and B' ibel (ì975, l983c) argued that not the logic was at
fault  but thqt i t  racked the information necessary to constrain the
search .space.

Kowalski (ì974) proposed to use a subset of f i rst-order rogic, the
so-cal led Horn clauses, and gave them a sirnple proceduraì interpreta-
t ion. Horn clauses al low the formuration of pieces of knowledge.in such
a vray that they are dedicated to solve part icular problèms, thus al lo-
wing a speciaììzed theorem pFover to derive proofs eff icientìy.
colmêraueí'  implenrented the progranming ìanguage pROLOG (colmerauer et
a l .  1973)  wh ich  is  based on  Horn  c tause log ic -



Kovralski (1979) subsequently showed that dif ferent computational

behavior may arise through dif feránt formulations, although logical ly

equivalent, and' also by applyìng dif ferent control structures to the

same log ic  fo rmula t ion .

'  In the ìogic prograrming f ieìd, sone workers stress the, logic

aspect,,  others emphasize the prograrmìng aspect. Several attempts have

been made to enlarge the expressive po$,er of ìogìc progranming. This

work takes place on several levels,

- on the pragmatic level:  enhancement of the expressive power, e,g.

negation, set-of;

- on the theoretical level:  gìving a theoretical underpinning to

pragmat ic  ex tens ions ,  e .g .  negat ion  as  fa ì lu re  (C lark  1978) ,  amal -

gamat' ion of ìanguage and meta-language (Bowen and Kowalski 1982);

- on the control leve' l :  development of more f lexible control mecha-

n is rns ,  e .g .  IC-Pro log  w i th  ì t s  annota t ions  (C lark  and McCabe 1979) ,

Co lmerauer 's  Pro log  I I  (Co lmerauer  l9B3)  w i th  i t s  suspens ion  o f

i  nsuff iciently i  nstantiated . inequal i t ies, Naish' s l '1U-Prolog (Nai sh

19BZ)  w i th  i t s  more  genera l  suspens ion .o f  insu f f i c ien t ly  ins tan t i -

a ted  ca l Is ,  in te l ì igen t  back t rack ing  (Bruynooghe 'and Pere î ra  l98 l  ) .
, :

Hayes' work is of part icutar rêlevance to us (Hayes 1974, t978).

He atten¡pts to uncover the semantics of, d'ifferent representation forma-

l ìsms by  t rans la t ing  them in to  log ica l l y  equ iva len t  fo rmula t ions  in
' f i rst-.order logic, Hayes is aware that there is a problem of control-

l ìng the inferencing process but he claims this problem is ' independent..

of the part icular representation formalism (Hayes l9Bl).

The work of Reiter (1978b, 1983) ìs similar to Hayes' but oriented

towards data bases. Reiter investigates the sè¡nantic! of Ùàrious as-

sumpt ions  such as  d is iunc t ive  in fo rmat ion ,  nu l l  va lues ,  i s -a  h ie rarch ies

and inheritance of propert ies, aggregations. He axiomatizes these con-

cepts by losical reconstruction, thus defining a theoretical framework
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ìn which to judge the correctr¡ess of their handl. ing in a practìcal sys-
tem.

Weyhrauch (1980) has developed a reasoning system FOL using fui l
f i rst-order logic with equali ty and with sorts as ìts knowredge repre-
sentation formalism. In contrast to other deductive systems (l ike
PR0LOG, AURA; etc.) FOL does not aim at.a ful l  automation of the reaso-
ning process; rather i t  is intended to support the user,s reasoning in
a dialogue. l ts reasoning capabil i t ies are based on the natural deduc-
t ion  ru les  o f  in fe rence (c f .  sec t ion  t .2 .4 .3 )  as  we l l  as  a  syn tac t ic
s imp l i f i ca t : ion  ( rewr i te  ru les ,  sec t ion  1 .2 .4 .4 ) .  Th is  sys ten  has  seve-
ral features of interest for future knowledge fepresentation fonnalisms;
they are described in section 3.

The LOPS systen (Bibel and Hoernig l9B3) arso uses fui l  f i rst-order
ìogic as i ts knowledge rópresentation forrnaìism. I t  is a progranming
support system wìth a bias towards.a.st¡:ong deductive coflponent.

Logic has been advocated pait icularly as a formarism which ai lows
the integratìon of knowìedge and meta-knowledge, an issue addressed by
tdeyhrauch (1980), Gallaire and Lasserre (19g2), Bowen and Kowalski
(1982) ,  and Smi th  (1982) -

1 .2  Semant ic  ne ts

semantic networks represent knowìedge as structures of nodes con-
nected by links. The nodei correspond to concepts (types) or objects
(tokens) and the ì inks correspond to binary relat ions or predicates over
these. semantic nets were f irst introduced by Quil l ian (ì96g) as a
psychological memory model for encoding the nreaning of words and ñave
since been used extensively fôr research in cognit ive psychology
(Anderson and Bower 1973, Rumelhart and Norman 1975) and l inguist ics
(S i ¡mons 1973) ,  as  we l l  as  in  a r t i f ì c ia t  in te ì l ìgence.  They  o f fe r  a
natural, easily comprehended framework for representing knowledge.



Implemented semantic network ìanguâges include Shapiro,s SNepS
system (Shapiro . |979), 

Hendrix, part i t ioned semantic network formalism
(Hendr ix  1975,  1979) ,  Schuber t .s  ne tv rork  fo rmal ìsm (Schuber t  1976) ,  and
Brachman's KL-ONE (Brachman .|979). 

semantic networks offer the impor-
tônt capabil i ty of global ly structuring the knowledge base as wel ' l  as
some sþecial inference rules over this knowledge, This structuring has
been broken down by Mylopoulos and Levesque (. |983) into four ,organiza-

t iona l  axes '

-  c ì  ass i f i ca t ion
- general izat ion
- aggregation
-  par t i t ion

Classif icat ion is the associat idn of each token with a generic type
whereas general izat ion relates a specif ic type to more general types.
Nilsson (. |980) makes this dist inct ion by representing the former with
'e lement -o f '  l i nks  and the  la t te r  w i th  ' subset -o f '  ì inks .  Other  resear -
chers combine these two axes, exempìif ied by so-cal led , is-å hierar-
chies'.  The dist ' inct ion between types, tokens, or intensional & exten-
sional enti t ies is irnportant, as Hoods (1975) points out. Any represen-
tat ion scheme, however, must in certain instances be capabìe of usìng
types as tokens and vice versa. This is an ìmportant factor - in the
f lex ib i l i t y  o f  human reason ing  (Hofs tad ter  1979) .  Brachman (1977a)  p ro-
poses a representatìon scheme which al lows this.

Aggregatìon is the relat ion of an object with i ts parts. part i-

t ions are hierarchical structures in which everything visible to lower
par t i t ions  is  a lso  v is ib le  to  those h igher  up .  Th is  i s  use fu l  fo r
representation of t ime, hypothetical worlds, and bel ief spaces. Hierar-
chical representation of knowledge.is aìso the basìs for special" infe-
rence rules for inheritance of traits and default reasoning applicable
to senantic nets (Nilsson 1980). Inheritance of traits al lows attr i-
butes of objects or types higher up in the hierarchy to be passed on to

those lówer down.

Despite the inmediate appeal of the semantic netvrork fonnalism,
serious proÞlems surface upon cìoser investigation. There is an inhe-
rent dif f iculty in representing rerat ions between more than two objects.
woods (1975) points out the need to dif ferentiate between dif ferent
types of l inks such as attr ibutes and relat ions. Brachman (1977a) pro_
poses  a  so lu t ion  to  th is  in  fo rm o f  spec ia r  purpose pr im i t i ve  ì inks .  In
addit ion, the lack of standard terminorogy and formar semantics in the .
area serves to cloud the discussion of these and other probìems., The
relat ionship between rogic and semantic nets has been studied by
Schuber t  ( . |976)  and by  De l iyann i  and Kowalsk i  (1979) .

1.3 Procedural representation of knowledge

In contrast to decrarative representations which stress stat ic
aspects of knowledge (facts, events, and their reìat ions), procedural
representations focus on dynamic aspects of knowìedge (to*-JãEã
facts, hor{ to make inferences, etc.).  Representation foyrnal isms ì ike
logic a¡¡d semantic nets becane unwierdìy when researchers attempted to
move from small  toy probrems to more comprex apprications because of the
need for complete problem descript ' ions. The need for ìnvestigating how
to eff iciently manipulate knowìedge became a dominating concern¡ the
usefulness of domain knowledge was found to be intr insical ly bound with
the special ized knowledge about how it  is to be used (Hewitt  1975).

Procedural representatìon systems incorporate ways for explicitely
expressing control informat, ion in order to direct their problem-soìving
activi ty. Thus, part ial  sorutions to probrems which are not defined on
the entire'problem space can be admitted.. As a consequence, heurist ic
ìnformation which typicarry .  is based on incomprete knowredge can be
easi l¡r treated (Reiter l97B). In addit ion, proceduraì systems aìlow for
speçifying which knowledge should be used to solve a gìven problern.

PLANNER, the prototype for a procedural representation ìanguage
(Hewitt  ì972), was designed to expedite the inferences that ¡rere expec_
ted to be needed within an actual reasoning process rather than faci l i -
tate the class of inferences that were logical ly possible. The nature

9



of the possib' le inferehces did not change by these inference-guiding

control features. However, other inference methods beyond those found

in  c lass ica l  log ic  sys tens  can be  impìemented.  Th is  inc ludes  non-

¡nonotonic reasoning and the various forms of default reasoning.

Production systems (Newell  and Simon '1972, Haterman and Hayes-Roth

l97B) offer a procedúral sche¡e that is in many ways similar to PLANNER.

A knowledge base is a coìlectÍon of production,ruìes and;a globa' data

base. Production rules, l ike PLANNER theorems, consist of a pattern and

a body ' involving one or more actions. The data base begins in some
init ial  state and rules are tr ied out in some prespecif ied ordÞr unti l

one is found whose pqttern matches the data ba-se. The body of that rule

is then executed and matching of other rules continues. This account is

an ideal izat ion of production systems and most of them vary ìn the form

of  ru ìes  and ìn  the  order  in  wh ich  they  are  t r ied  (Dav is  and K ing  1977) .

Production systems have been used extensively for the implementation of

expert systems (Nilsson 1980).

ì .4 Fra¡ne:based representations

Since 1974, when Minsky proposed the hotion of frame (Minsky 1975),

i t  has played a key role in knowledge representation research. 
'A 

frame

is a complex data structure for representing stereotypical si tuations

such as  be ing  in  a  cer ta in  k ind  o f  l i v ing  ioom or  go ìng  to  a  ch i ld 's

b' ir thday party. The frame has slots for the objects that play a role in

the stereotypical si tuation, for relat ions between these sìots, and also

for frames thernselves. Attached to each frane are different kinds of
' information such as how to use' i t ,  what to do i f  something unexpected

happens, default values for each slot,  etc. A knowledge base is now a

col lect ion of frames organized in tenns of some of the cirgani iat ional

axes discussed earl ier but also other ' looser'  principles such as the

notion of similari ty between two frames. Schank and'Abelson's (1977' l

scripts have much in co¡¡mon with the concept of framès.

Examples for frame representation ìanguages include FRL (Goldstein

and Roberts 1977), KRL (Bobrow et aì.  19771, OùlL (Szolovits et al.
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1977) ,  A IMDS (Sr idharan l97B) ,  KL-ONE (Brachman 1979) .  F rames can be
viewed as a procedural extension of the semantic net formalism. I t  is
unclear how knowìedge can be segmented best to obtain ,natural,  or
eff icient representations based on the frame concept.

. '

I  .5  D i rec t  (ana log ica l  ) . representa t ions

Direct representations are schemes in which ,,propert ies of and
relat ions between parts of the representing configuration represent
propert ies of ánd rêrat ions between parts in a compìex represented
configurat ' ion, so that the structure of the representation gives infor-
mation about the structure of what is represented,, (Slonan lgTl).  For
some 'problems, ,direct representation has signif icant advantages (palmer
1978,  D i r l i ch  e t  a l .  

. |983) .  
In  par t i cu la r ,  the  probrem o f  updat ing  the

representation to rêf léct changes in the uorld is simpler, since chang-
ing one fact ¡nay cause several relat ions to becorne implici tety updated.
Hayes (1974) points out the dif f icurt ies of making precise the
dist inct ion between descript ive and direct representations.

0irect ¡:epresentations can faciì i tãte search (Gelernter 1963) and
are usuaìly ¡nore exhaustive and specif ic; thus admitt ìng.fewer models
(Funt 1976) and making for more eff icient problern solving. This can be
a disadvantage, when more,general i ty is needed for problem solving
processes. certain kinds of incomplete informatión are dif f icult  to
¡^epresent in direct representations.

t l



2 ISSUES RELEVANT TO REPRESENTATION SYSTEMS

He . novr focus on specific issues related to the mapping of real-
world knowledge into a representation formalism; tlre processing of this
knowledge; aspects of notation and system.envìronment; forms of ìogic-
based reasoning; and aspects of control interaction between difrelent
system levels.

2.1 Representation aspects

During the development of representation formarìsms, a number of
topics haye attracted part icular attention. The present section discus-
ses methods and problems related to those tooics.

2.t..| Represenfing incompìete knowìedge, default reasoning, cor¡rnon
sense reasoning

Except for situatiqns where a knowledge base model,s artificial
microworìds (e.g. Hinograd 1972), i t  cannot be assumpd that the know-
ledge base is a completé descript ion of the worìd i t  is intended to
model. This observation has important consequences for the operations
defined over a knowledge base ( inference, access, matching) as weìl  as
t h e d e s i g n . m e t h o d o l o g i e s f o r k n o w l e d g e b a s e s .

In the beginning of AI, much of the work on knowledge representa-
t ion ignored the issue of incompleteness or dealt with i t  in an ad hoc
way. Exampìes for systenatic approaches to deal ing with incomþlete
knowledge are  g iven by  co l ì ins  e t  a l .  (197s) ,  r ' roore  ( t975) ,  Levesque
( . t983)  and Re i te r  (1983) .

Closely connected with the issue of incomplete knowledge is the
issue of default reasoning. In every day. si tuations, decisions have to
be made in absense of expl ici t  informatìon about certain facts. In

' 1 2

these cases, general .knowìedge can be very usefuì for inferr ing reason-
ab le  conc lus ions .  N i l sson (1980)  p resents  a  method fo r  de fau l t  reason-
ing in senantic nets real ized. through hierarchical mechanisms. Reiter
(ì97s) and Levesque (1983) develop systematicaì approaches for default
reasoning. Minsky's (1975) frames offer eìegant ways for representing
and handling incomplete knowledge by means of , ,slots,,  and , 'defauìt

f i  ì  I  e rs " .

McCarthy (1980) addresses the issue of , icor¡mon sense. reasoning,,
from an epistemological point of view, formarizing human reasonìng
processes based on incomplete knowledge as a special non-monotonic
inference method within f irst-order ìogic. Zadeh (19g3) offers an
approach to comnon sense knowledge representation based on the approxi-
mate reasonìng paradigm of fuzzy toþic. Here, specif ic knowledge about
a restr icted domain can be extended by rneans of "elast ic constraints,, .
The elast ici ty inf luences the degree of certainty assàciated with the
infered knowledge.

2.1.2 Representing fuzzy knowlèdge and uncertainty; approximate and.
p laus ib le  reason ing

The role of fuzzy knowledge and uncertáinty ìs a much debated issue
in the AI conmunity. The standpoints cover a wide spectrum of views:
on one extreme, the posit ion is held that nothing in the world is fuzzy
and that efforts should be directed at representing this world rather
than the fuzzy knowledge about i t .  0n the other extreme, the posit ion
is held that our knowledge about the world is inherently fuzzy and that
any intelì igent process must have ways of ut i l iz ing this type of know-
ì edge.

. Among the advocates for representing fuzzy knowledge, the proposed
approaèhes vary widely: some researchers appty probabil ist ic techniques
developed in the context of stochastic events to model fuzziness. They
argue, weìI-developed exist ing methods are preferable over new approa-
ches which do ñot exhibit  substantial ly dif ferent behavior, in most
cases- other researchers propose to model fuzziness within classical

t 3



(non- fuzzy)  log ic  (Schefe  1980,  B ibe l  l983a) .  Zadeh (1975)  deveìoped a

un i f ied  approach fo r  a  fuzzy  log ' i c ,  ma in ta in ' ing  tha t  in t r ins ic  fuzz iness

cannot be captured adequately within a c' lassical logic system. In his
approach, classical logic becomes a degenerate speciaì cale of fuzzy
log ic .  Zadeh 's  work  s t imuìa ted  a  lo t  o f  research  in to  the  same (e .g .

Goguen 1974) or into alternate direct ions.

The work mentioned above focusses on formal aspecùs of representa-

t ion. In real world appl icat ions, the correspondenòe between fuzzy
concepts jn natural language and i ts representation is an addit ional
i ssue (Freksa 1982,  Freksa and Lopez de  l , lan taras  1982) .  A  qua l i ta t i ve

relat ional approach to representing fuzzy l inguist ic concepts has been
proposed by  Freksa (198t ) .

The nature of varìous types of fuzziness has not yet been suff i-
c ien t ly  c la r i f ied  to  eva lua te  the  var ious  approaches conc lus . ive ly
(Shapìro t983a). An exarnple of the debate can be found in the sequence
of  papers  by  Kande l  and Byat t  (1978) ,  T r ibus  ( . |979) ,  and Zadeh ( .1980) .

Based on the fuzzy set approach, Zadeh (. |975, . |977) 
developed a

theory of approximate reasoning. Coll ins (1978) stresses the importance

of meta-knowledge in plausible reasoning. Access to the state of the

art in approxirnate and plausible reasoning can be obtained through

Prade 's  (1983)  tu to r ia l  paper .  Qu in lan  ( . |983)  p roposes  a  sys tem in

wh ich  a  p laus ib le  reason ing  process  d iv ides  an  " incons is ten t "  knowìedge

base (c f .  sec t ion  2 , . | .3 )  in to  in te rna l ìy  cons is ten t  subsets .  Rather

than we igh ing  the  va ì id i ty  o f  ind iv iduq l  p ropos i t ions ,  re la t i ve  va l id i -

t ies of the subset dìvisions are considered. For example, the greatest

co¡sistent subset could be considered the most plausible choice.

? . 1 . 3  D e a ì i n g  w i t h  j n c o n s i s t e n c i e s

Inconsistency in knowledge bases can occur from a variety of sour-

ces. The knowìedge base may be direct ly supplied wìth confl ict ing
' information or the system itself  may generate confì ictÍng assert ions.

Inconsistencies may also arise because of faì lure to represent ìnforma-
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t ion-d is t ìngu ish ing  parameter5  such as  t ìme.  There  ex is ts  an  obv ious
necessity for recognit ion ancl proper handìing of such inconsìstencies,

The case of confl icts due to the user occurs frequently in bui lding'up 
a knowledge base. I f  the irppl icat ' ion requires this knowledge base to

be consistent, the user must be supplied with enough information to
al low correction of confl îcts. I t  can, however, be useful to include
confl ict i 'ng information in the system as in the case of representing
expert ise from several experts (Reboh l9B3). Quinlan (1983) describes a
system which defines internalìy consistent subsets of knowledge repre-
sent ing  severa l  poss ib ìe  wor lds .

The case bf system-generated inconsistency is a cofinon problem in
bel ief systems workìng with ìncomplete knowledge in which decisions are
based on default ' infor¡nation ráther than specif ic knowìedge. These
inconsistencies nny be due to confl ict ing assumptions in choosìng de-
fault  values or due to updating of the data base.

Doyle (1979b) describes a ' , truth maintenance systern',  to be used in
coñjunction with such default reasoning. Stal lrnan and Sussman 

' lg7l l

describe a system for circuit  analysis which reasons based on constraint
propagation. This system remedies inconsistencies through dependency-
directed backtracking. The capabiì i ty to locate sources of inconsisten-

çy requires a large overhead in the form of just i f icat ions for bel iefs
and deductions but this information is requiréd for the explanation
component which exposes the systen's reasoning process to the user.

2 .1 .4  Represent ing  ev idence and reason ing  ìn  be l ìe f  sys tens

Knowledge is not absolute. Rather, i t  depends on the a priori
disposit ' ion of the 'knower' and on the inferênce and updating methods he
uses for fonnìng a bel ief.  Shafer (1976) deve' loped a theory of evidence
which  ac ted  as  ca ta ìys t  fo r  research  in  th is  a rea  (c f .  Prade 1983) .

Theories of evidence are infìuenced by their underlyìng model of vague

and approxinrate knowìedge ( l{ahlster ì98ì).  A much considered method for

represent ing  a t t i tudes  ( l i ke  be t ie fs )  towards  propos i t ions  is  modaì

l 5



ìog ic  w i th  poss ib le  wor td  sèmant ics  (Kr ipke  1959) .  p rob ìenrs  w i th  th is
approach are discussed by Moore (1977) and Zadeh (1978).

2 .1 .5  Represent ing  t ine  and tempora l . log ics

Time is a necessary component of knowledge repnesentation schemes
designed to model dynami.c events. I.ndeed without reference to tine,
such phenomena as grotvth,. motion, etc. cannot be ,.  characterized and
woul.d, in fact, lead to contradictory statements: nJohn weighs 3600 g,,;
"John weighs 70 kg"- Hence, the introduction of temporaì information
el iminates a possible cause of ìhconsistency in a knowledge base.

The various aspects of t ime which must be dealt with are: èvents
which have a beginning and ending t ime, objects which change during
their l i fet imes, and knowledge which arr ives to a system at dìf ferent
t imes (Long and Russ 1983). There has been great ùrot ivat ion in. the
areas .of l inguist ics and natural lanEuage understanding toward .the
developrnent of fo¡mal represeritat ions of t ime (crystal 1966, Bulì 1962,
Bruce 1972, Kandrashina l9B3). problem solving systems have approached
the problern using state sÞaces. The inadequacy of this approach lead to
attempts to incorporate t ime expl ici tely in pì.annìng (Hendrix. 1973,
Hesson l9l lr .  The logic schooi has introduced the use of modal and
special.  temporal logics.

Prior (1957, . |967, 
1968) introduces tense operators to proposit io-

rtal log' ic result ing ìn a , ' tense logic". McCarthy and Hayes (1969)
deve lop  a  "s i tua t ion  ca lcu ìus , ' .  An  approach a iming  a t  genera l i t y  i s
that of the t i¡ne special ist.  This is a subsystem which maintains tempo-
ral relat ions and provides the rest of the systen with tools to store,
retr ieve, delete, and reason with temporal knowledge. .More recent work
in  the  area  is  exempl i f ied  by  the 'sys terns  o f  A l len  ( l98 l ) ,  Bruce eg l l r ,
Kahn and Gorry (1977), and Malik and Binford (. |993). The cormon weak-
ness of al l  attsnpts to date is their lack of abi l i ty to deal with the
ful l  dimensions of temporal logic, as was mentioned earl ier.

2 .1 .6  Represent ing  spat ia l  knowledge and spat ia l  reason ing

' In applìcations which describe manipuìat ion of physicat objects or
navigation . in a physical environnent, a system must be capable of repre-
senting and reasoning with spatial knowledge (Kuipers ì977). An over-
view of reprêsentatìon methods for spatial knowìedge can be found in the
Proceed' ings of the workshop on representing and processing spatial
knowìedge, held May 5, 1983, at the university of r ' raryland (Report Nr.
TR-1275, Dept. of Computer Science, Univ. of Maryland, Colìege park,

M D ) .

2.1.7 Reasoning accounting for dif ferent points of view

As a consequence of knowledge being acquired by different means or
being used with dif ferent objectives, i t  may represent dif ferent points
of view. An example for a reasoning system accounting for different
points of view is the HAM-RPM/HAÌi|-ANS system (Jameson et al.  lggl).

Moore  (1977) .uses  Kr ipke 's  poss . ib le  wor ld  mode l  fo r  moda l  log ic  to
represent dif ferent viewpoints. l ' lcCarthy (ì979) develops f irst-order
theories for the.formalization of individual concepts. Applications are
the representation of individual knowìedge, belìef,  wanting, and neces-
sity without modal operators.

In natural ìanguage understanding, accounting for dif ferent points
o f  v iew is  essént ia I  (Schank and Abe lson 1977) .  Cer ta in  d i f f i cu l t ies
arise i f  one reasons based on knowledge of other agents. A dist inct ion
has to be made betrveen knowing someth'ing and knowing that.someone knows
something: Approaches to such problems are given by Bibel ( l9g3b).

This has important appl icat ions for distr ibuted data bases ( i f  they are
considered as reasoning agents).
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In developing representation systems, the necessity to include the
uier as part of the system has become evident. The present section
dea ls  w i th  fac i l i t i es  to  suppor t  user  þar t i c ipa t ion .

User-related aspects

2 . 2 . 1  E x p l a n a t i o n f a c i l i t y

An explanation faci l i ty is that part of an interactìve computer
system whose task is to generate for each part icular dialogue situation
an . explanation that makes,sense to the user. Such explanations .may
refer to both, the object-Ievel and the meta-level of a reasoning system
(tlahlster l98l).  Through studies of user interaction with expert sys-
tems it  has been iound that acceptance of the systems is highly depen-
dent  on  adequate  exp lanat ion  fac i l i t i es .  Such fac i l i t i es  a ìso  make the
system useful for instructìonal purposes (Clancey ì983).

Implernentatìon of an explanation facit i ty requires the system to
have 'seìf knowledge' (Mylopoulos and Levesque lgB3). l4ost experience
in des' ign and development of explanation faci l i t ies has been ôbtained in

the area of expert systems (cf.  Barr and Feigenbau¡n lgBZ).

2 .2 .2  User  mode l

The interaction between a computér system and its user has been

dominated by technical considerations about the computer system, in the
past. There is a trend to focus more on cognit ive aspects of the user.

For example, at the University of Cali fornia, San Diego, a project UCSD
( 'User  Centered  Sys tem Des igh ' )  i s  be ing  carn ied  ou t  (c f .  D i r l i ch  1983) .

Such research may lead to the development and ' implementation of a user

model which enables naturaì and individual ly optimized human - machine

interaction (Nornran 1983).

2.2.3 Prograrrming envìronment

Due to the complexìty of artì f icial intel l ìgence prograrming, a
knowledge engineer requires powerful tools. such tools include language-
or ien ted  ed i to rs ,  t rac ing  and debugg ing  fac i l i t i es ,  knowledge base con-
s is tency  checkers ,  mu l t ip te  w indow-process  mon i to r ing  fac i l i t i es ,  e tc .
Examples for such systems are the INTERLISP environment (Teitelman and
l ' lasinter 1983) and the LISp-Machine. current PROLOG. implementations
offer onìy minimal progranming environments. shapiro ( l9B3b) advocates
implementation of portable prograrming tools writ ten in pROLOG.

2.3 Control aspects

In .a knowledge representation syítem, we ca.n distinguish three
ìevels:  l )  knowlgdge expressed in a par t icu lar  fonnal ism; z)  a set  of
appl icable in ference ru les aì towing for  the der ivat ion of .not  expt ic i t ty
stated knowldege; 3) a co,Jrtrol component describing in which order the
ìnference rules are applied. The subject of this section is the inter-
relationship between levels l) and 3). confronted with a certain prob-
ìem, the systgm attempts to derive a solution as efficiently as pos-
sible, . e-9. by avoiding derivation of redundant or otherwise useless
knowìedge. Two related topics dominate the rather¡ controversial dis-
cussions ô¡ control: prograrming vs. theorem proving; the interrrela-
tions.hip between knowledge and control

2.3.1 Char.acteristics of progranming and theoreln proving

He can conceptualize a continuous space betv,reen the two extremes of
progranming and theoren proving. Theorem proving (Loveland l97g) has
the following typical characteristics:

- the problem formulation consists only of know'ledge;

the control is hidden from the user;
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-  usuaì ry '  the  in fe rence mechan ism is  comprex  and un in te i l igabre  to
the  user .

As  a  resu l t ,  the  behav io r  o f  a  theorem prover  ìn  so ìv ing  a  g iven probrem
is rather unpredictabre. suff icient knowìedge cannot guarantee eff i-
cient behavior. To take a rudimentary example, knowledge about ,permu_
tation' and 'ordering' wi i l  not suff ice for a theorem prover to sorve
sort ing probìems intel l igeni ly. To obtain eff iciency, the formulation
must be transformed into a better behaving sort ing axiomatization (,pro-
gran  t rans format ion ,  ) .

In contrast, piograrrning is typif ied by the fol lowing characteris-
t i  c s :

- a careful formulation of relevant knowledge and controì;

- problern formuratìon with the ìntention of solving a predicted set
of problems with predictable eff iciency;

a  s ' imp le  in fe rence mechan ism wi th  v is ib le  cont ro l ,  i .e . ,  the  user
is in control of the behavior (a proceduraì semantic exists).

The borderl ine between progranming and theorem proving is moving.
Our understanding of the nature of the ongoing process is increasing.
Slogans as 'computation is control led deduction, (Hayes 1973a) and'a lgor i thm =  log ic  +  cont ro l ,  (B ibe l  ì975,  Kowalsk ì  . |979a)  

i l l us t ra te
this t¡ 'end. The use of Horn cìauses with a speciarized theorem proyer
is now considered as progranming (Kowalski 1974). As a resurt of the
better understanding, the rever of progranming ìanguages is increasing.
Al l  current approaches to expert systems can be crassif ied on the pro-
gralnning side of our space. This crassif icat ion is not restr icted to
ìogic-based systems but aìso holds for other formarisms such as produc-
t ion systems, semantic nets, etc.

?.3.2 The relat ioñship between knowledge and controì

The amount of separation between knowledge and control also can be
viewed as a continuous space. Knowledge and controì can be completely
separated as fornrulated by Lasserre and Gallaìre (19g2) where.control is
considered as metalevel knowìedge and can be very general.  This tends
to be computational ly ineff icient. Eff iciency can be restored by re-
s t r i c t ing  cont ro l  to  we l l -chosen pr im i t ìves  as  in  MU-pro log  (na ish

1982) .  A l though. th is  res t r i c ts  the  express ive  þowèr ,  i t  i s  impor tan t  to
real ì  ze that unrestr icted control.  i  s not a , 'phi losopher, s stone',
(Shapì ro  1983b) .  The equat ion  ,a lgor . i thm =  log ic  +  cont ro l '  (B ibe l

1975,  Kowalsk i  1979a)  has  i t s .  l im i ta t ions :  tw idd ì ing  w i th .  con t ro l
cannot turn a search fòr an ordered pêrmutation ìnto.quicksort.

Control information may also appear as an annotation of ttie knory-
ledge, without affect ing the content of the knowledge. A typical exam-
p le  i s  lC-Pro log  (C lark  and McCabe 1979) .  p ro ìog  a lso ,  i f  care fu l l y
usêd,  fa l l s  in to  th is  c lass .  Typ ica l  i s  i t s  dua l ,sêmant ics :  on  one
hand, declarat ive semantics aì lows each fragment of the problem descrìp-
t ion to be a.meaningf,ul piece of knowìedge; on the other hand, procedu-

raì semantiós defines how the system behaves ìn solving a part icular
probl em.

At the other extreme, knowìedge and control is iñtertwined. This
is a powerful and efficient approach but has severe drawbacks. The
fragments of the problem statement can only be understood in the context
of the whole. Reading, modifying, and maintaining prograns is much
harder. The location of particular fornralisms betvreen the two extrefles
is not absolute. A formalism can be careful ly used or abused.

The kind of control which can be eff iciently exercised also heavìly

depends on implenentation aspec.ts, especial ly on chosen data structures.
This is the case with semantic.nets and frames (Hayes 1979, Reiter

ì978a, Schubert et al.  1983; Brachmann et al.  l9B3). As a f inal re¡ark,

we point to the work of üleyhrauch (1980), Bowen and Kowalski (1982),

Dav is  (1980a) ,  Smi th  ( l9BZ) ,  wh ich  d iscuss  the  re la t ionsh ip  be tween
meta-level and ob.iect- level knowledqe.
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2.4 Reasoriing methods

Various representation' formalisms favor certain reason.ing approa-
ches. The present section gives a brief overviery over logic-oriented
deductive reasoning methods.

2.4.1 
. 

Reasoning based on simple-implications

current approaches to knovledge representatìon in expert systens
are dominated by so-calted rule-based systems, whose 'rules, are inpli-
cations of the form

A  ç =  B l  ,  B Z ,  . . . ,  B n .

Best kno¡ln exanples are Horn clauses (prolog, where A, Bi denote predi-
cates) and production rules, where they denote actions and conditions.
The limitation of knowledge to such rules simplif ies the required rea-
soning; Sinple forward o¡' backward chaining is sufficient. In the.case
of Horn clauses, where tl¡e,¡resolutlon method is used, expressive power
may be enhanced by use of the 'negation as failure' convention' (Clark
ì978) and by allowing for the possibil i ty of using varlabl.es as calls;
this approach permits the use of higher-order predicates.

2.4.2 Resolution-based reasoning

Extending from Horn clause to full first-order logic requires
compìex resolution-based systems (Robinson 1965) which are driven by the
goal of deriving the empty clause. Control is complex and hidden from
the user. Some systems, nost notably graph-based systens, intertwine
knowledge, control, and data structures, e.g. connection graphs.

2.4.3 Non-resolution-based reasoning

In atl deductive reasoning nethods, incruding those discussed in
the present section, the given formulas (representing knowledge, asser_
tions, etc.) are processed by combinlng their parts into (sometimes yast
anounts of) newry generated parts. In contrast to this redundant ap-
proach the connection method in automated theorem provìng perfonns the
sa¡ne processes on a single copy of the given formulas. A concise intro-
duction may be found in Bibel (1983a), while Blbel (1982) provides a
comprehensive treatment.

This method arso mqy be regarded as a rink betneen resorution
(section 2.4.21 and natural deduction (section 2.4.4) since a natural
encoding nqy be provided for both. Further, the approach for sorving
deductive problems by rewriting and generalized unification, treated
extensively in the literature, can be easily incorporated lnto the
connection method as a (determlnistic) control for the actions of the
connection prover (cf. section v.4 gibel l9g2). si¡nilar'renarks hold
with respect to a speclal handling of equality, induction, higher-order
features, and others.

2.4.4 Natural deduction inference rules

In mathenatical logic, calculi for natural deduction have been
originated by G. Gentzen and further studied by D. prawitz (anong many
others)- They are:meant to formalize the naturar human wqy of exôct
reasoning. In AI there has been a constant interest in thése calcull in
order to provide a rnore natural lnterface for interactlon with human
users thån for instance via resolution. gledsoe gives a conprehenslve
oyerview of such approaches. A recent work in this direction is
Pellentier (1982). The naturalness of such calculi mry be ¿ombined with
the efficiency of more technical calcuti by specifying a transformation
from one into the other and yice versa. such a transfonnation is given
in chapter 4 of Bibel (ì9gZ).

22 23



3 LANGUAGES

In this section, we point to several implemented representation
' languages 

which exemplìfy ìmportant deveìopments for knowledge represen-.

tat ion. The section is structured ìnto logic-based, semantic net
based, procedural,  and frame-based languages, fol lowed by expert systern
development environnrents. Al l  syste¡ns considered are based on symbolìc "

rather than ari thmetic computation; they implelnent ì ist processing as a
basic function; they ut i l ize recursion as a tvay of describing proces-

ses; and they are interpretat ive and interactìve.

3.. l  Logic-based languages

ABSYS ( 'ABerdeen SYStem'; Foster and Elcock ì969, Elcock l9B3) is

an earìy assertative progranm'ing system which contains fe?-

tures that vere later included in the popular PROLOG la¡guage.

PROLOG ,was developed in 1973 by Colmerauer and Roussel (Colmerauer et

al.  1973) as a theorem prover based on the resolul ion princi-

ple (Robinson 1965). This language represents knowledge in

the form, of IF - THEN rules and implements a depth-f irst

control strategy with automatic backtracking. Horn-clause

logic can be direct ly represented in the language and does not

require additionat constructs. The system attempts to prove

goal clauses by means of pattern rnatching. Control in present-

.day PROLOG systems is l imited to execution of the clauses in

static order. Deveìopments for an enrichment of the control

fac i l i t i es  a re  in  p rogress ,  e .g .  in  IC-PROL0G (C lark  and

I ' lcCabe 
.|979), 

in PROLOG II (Colmerauer . |983), 
MU-PR0L0G (Naish

1 9 8 2 ) .

PROLOG is being used extènsively for expert system development

and i t  is the target language for the Japanese Fifth Genera-

tion Computer Project.
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FOL In section l . l ,  FOL (l teyhrauch ì979) has. already been men-
t ioned as.a knowledge representation formalism based on ful l
f i rst-order logic. Since there is no restr ict ion on the
formulas, FOL is considerably r icher in expressiveness than
PROLOG. FOL has a f lexìble decìaration nlechanism so that the
user can define his own language constructs l ike sorts, etc.

A feature in FOL of part icular interest is i ts notion of a
simulat ion structure, intended to be the mechanìzable analogue
of the logical notion of model. I t  aì lows the integration of
semant, ic computations within formalized reasoning (, ,semantic

attach¡nent,'1). It also provìdes a neât way to incorporate
ef,f icient ,procedqres (e..g. LISP functions) into the logical
f orrnal.i sm.

These three languages- are examples of recent attempts to
integrate ìogic and functional progrannning, represented by
Prolog and LISP, respectively.

LOGLISP

POPLOG

LISLOG

3.? Semantic net based languages

SNePs ( 'Semantic. Network Processing System'). This system was one
of the first se¡nantic networks to have the expressive power of
f irst-order togic (Shapiro 1979b)

is a.knowledge representation language developed by Brachman
(1977b) that grew out of semantic netv{ork fonnalisms. The
primary unit of infonnation in KL:ONE is cal led a ,concèpt' ,

which denotes a set of objects. Unlike early semantic net-
works, domain-dependent relatÍons are not represented as
' l inks ,  

bu t  as  concepts  and ' ro lese ts ' .  A  ro lese t  i s  ana logous

to a sìot in a frame-l ike language. There ìs only a small

nunber of types of l inks ìn KL-ONE, each coresponding to a

concept-forming or roleset-forming operator.

'
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f .RYPT0N (Brach¡nan et al.  t983, Brachman ànd Levesque l9B3) has two

representation languages, one for forrning descþipt ive tems

and onê for nraking statements about the world using these

terms. The latter was not present in the KL-OI{E system.

Further, KRYPTON provi i{es a functional view of a knowledge

. báse, characterized in terms of what i t  can be asked or toìd,

not in terns of the part icular structures' i t  uses to represent

knowledge. KRYPT0N is nów being inplenrented in INTERLISP-D.

PSN ( 'Procedural Semantic Network') has been developed by l ' tylopou-

los et al.  (1983). This systen aims at integrat ' ing semantic

network and procedural not'ions. llith every generic obiect PSN

associates programs which specify how to operate on instances

of that object.

Ol4tGA is designed to faci l i tate cormon sense reasonÌng (Attardi dnd

Simi 1982). I ts mode of exPression include descript ions,

inheritance, quanti f icat ion, negation, attr ibutions, and mul-

t iple viewpoints. Attr ibutions and inheritance are the basic

mechanis¡ns for knowledge structuring.

CSRL ( 'Conceptual Structures Repnesentation Language'; Bylander et

al.  
. |983) 

is designed to faci l i tate the development of expert

diagnosìs systems based on the paradigm of cooperáting diagno-

st ics special ists. CSRL is a language for representing the

concepts of a diagnostic hierarchy and for ìmplementing the

establ ish - ref ine process. The knowledge to establ ish or

reject' a coqcept is factored into knowledge groups which cor-
.  

respond to  spec i f i c  dec is ions  in  the  d iagnos is : '

l ;

j

I

i
L

3.3 Proceduralr ìanguages

PLANNER was deve:loped by Hewitt (1969) for goal-directed reasoning in

problem solving. It implements full autonratic backtracking:

the PLANNER run-ti ine environment takes a goal to be achieved

and a co'tlection of theorems and attempts to find a theorem to

achieve the goal; the search strategy is depth-first. Proce-

durés are actìvated by pattern-dìrected procedure invocation.

An important program written in (MICR0-) PLANNER is Winograd's

0972) SHRDLU.

was dêveloped as an answer to PLANNER's autornated control

structure (Sussman and McDermott 1972): sometimes the automa-

tic backtracking resulted in the worst aìgorithms fo¡ solving
a prôblern. Therefore,. in C0NNIVER control was handed to the
prograÍmen, allowing, any.. search.strategJ/ to: be pursued. Hhile

PLANNER forgot sub-problem solutions that eventually lead to a

faiiurê, C0NNIVER alìows access of such solutìons from a dif-

fe¡lent branch in the problem tree.

was devetoped by LeFaivre (1974) to integrate the successful

êspects of PLANI{ER and CONNIVER in a clean and efficient

ìmþlÞmentatìon and to prqvide tools fo¡l handling fuzzy know-

ledge, degçees of certainty; statistical information, or the

like. These tools are fully integrated into the system's

control structure.

FUZZY is implemented in LISP and contains the full LISP as

suþset. It employs a powerful pattern matcher and allows for

automatic and programer-controlled evaluation. Global con-

trol is ava'i lable via procedure demons which supervise the

evaluation process. For eiample, when a lor;v degree of belief

is associated with.a.conputed resul,t '  a demon nray suspend the

ac:ua:l l ine.of rèasonîng qnd, pursue anothe!" possibil i t¡¡.

FUZZY survived P!-ANNER and CONIIIVER, most notably in the large

natural language r.reasoning sygtem HAI'|-ANS (Hoeppner et al.
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ì983). This is partly due to the transparency of the ìanguage
and dire to the ease of implementing a v¡ide spectrum of mecha-
ni  sms.

3.4 Fra¡ne-based languageS

FRL ( 'Frame iepresentation Language,; Goldstein and .Roberts

1977). An FRL knowledge base consists of franes whose slots
ca.rry infor¡nation such as comtents on the source of a value
bound ts, a sìot, '  a default value, constraints, and procedures
that are activáted when a value is bound, unbound, or needed
for a slot.  Al l  f fames are oiganized into a hierarchy which
appears  to  be  a  combina t ion  o f  c laSs i f i ca t ion  and-genera l i za-
t ion. The procedurei attacl ied to a sìot are expressed in , .
L I S P .

( 'Knowìedge Representation Language,; Bobiow añd: i l ìnograd
19771. This is a more ambit ious project than FRL. Like FRL,
the basic units of a KRL knowledge base are fra¡nes with slots
and several kinds of information attached to each slot.  Un-
lìke FRL, where this information provides detai ls about höw to
instantiate a frane, KRL is much more conceined with a match-
ìng operation for frames. Al l  on-goìng processes at any one
time are control led through a mult. iprocessor agenda which can
be scheduled by the designer of the knowledge base. KRL also
supports bel ief cor¡texts which can serve'to define an atten-
t ion focusing mechanism. , 'Self  knowledge,, can be included in
a knowìedge base by providing descrìpt ions about other de-
scr i  p  t i  ons .

Unlìke oiher frame-oriented scherhes, OUL (Szolowitz et al.
19771 bases i ts features on the syntactic and semãntic struc-
ture of English, taking as founding principle the l , lhorf ian
Hypothesis that a person's language plays a key rol:e in deter-
mining his model of the world and thus in structuring his

KRL

OHL

thought. An O!.lL knowledge base can be viewed as a semantic

network whose nodes are expressions representing the meaning

of natural ìanguage sentences. Each node, cal led a concept,

i s  de f ined by  a  pa i r  (genus ,  spec ia l i zer )  where  . 'genus '  spec i -

f ies the tyoe n. superconcept whiìe 'special izer '  serves to

d' ist inguish this concept from al l  other concepts with the same
genus.

(Sridharan 1978) is a frame representation language Uuìl t  on
top of FUZZY. In AIMDS, relat ions which are used as attr i-
butes of frames can be characterized by propert ies l ike ref le-

xivi ty, syrTmetry, and transit ivi ty.

( 'Heurist ic Progranming and Representation Language';

Rosenberg 1983) is an extension to FRL. I t  provides for

unif,orm .encoding of reasoning.knowledge as for dornain know-

ledge in a declarat ive representation. The language contains

the abi l i ty to do forward and backward chaining, as well  as to

use meta-rules.

AIMDS

HPRL

3 . 5

AGE

Expert system shell languages

-( 'At tenrpt  to  GEneral ize ' ;  Ni i  and Aie l lo  1979) is  an at tempt
to fornrulate the knowledge that knowledge engineers use in
constructing knowledge-based programs and put it at the dispo-
sal of others in the form of a software laboratory. The task
for  AGE is  d iv ided into ' two main sub- tasks:  ( t )  iso lat ing
techniques used in knowledge-based systems and programning

. those that are general and useful, and (2) building an intel-
l igent  agent  to guide in  the use of  these. techniques.

('A Prolog Expert system Sliell ' ; Hamrond 1982) is a suite of
PROLOG programs .lyhich can be used as a shell around which

other modules can be added to produce a domain-specific rule-
based expert system which can explain its reasoning. I ' l issing
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information for the reasoning
user interactively by the user
user  fac i l i t y .  APES has  been
system.

EI4YC IN ( 'Empty  I4YCIN ' ;  van  t4e l le  l9B0)  cons is ts
structqre of the MyCIN expert system, but
t ious-disease knowledge base removed. I t
system formalism to represent knowledge.

process can be supplied by the "

th rough a :so-ca l led  query - the-
implemented on a microprocessor

of the basic control

w i th  I4YCIN 's  in fec-

uses the production

T h i s  b i b l i o g r a p h y  i s
t o p i c s i
D B  -  D a t a  B a s e s
E X  -  E x p e r t  s y s t e m s
F R  -  F r a n e s
FZ  -  Fuzzy  know ledge
GC -  Genera l  and .  c l a
L0  -  Lo ,g i c
L P  -  L o g i c  p r o g r a m m i
HL  -  l ' l e ta - l eve1  s t ru
0 t  -  o t h e r
P R  -  P r o c e d u r a l  r e p r
5 N  -  S e m a n t i c  n e t s
T i  -  R e p r e s e n t a t i o n
T P  -  T h e o r e n  p r o v i n g

B I B L I O G R A P H Y

c o d e d  a c c o r d i n g  t o  t h e  f ö L L o w i n g  k e y  o f

&  a p p r o x i n a t e  r e a s o n i n g
s s i c

n g
c t u r e s  &  c o n t r o l

e g e n t a t i o ' h s  a n d ' p r o d u c t i o n  s y s t e m s

o f  T i m e

E X

L P

6 C

A i e l L o ; N .  1 9 8 3 .  A  c o . m p a r a t l v e  s t u d y  o f  c o n t r o l
s t r a t a g f e s  f o r  e x p e r t  s y s t e n s :  a g e  i m p l e m e n t a t i o n' o f  t h r e e  v a r i a t i o n s  o f  F U F F ,  A A A I ' - 8 3 ,  F p  1 - 4 .

A 1 1 e n , B . P . ' ; b l r i g h t , J . H ,  1 9 8 3 .  I n t e g r a t i n g  I o g i c
p r o g r a m s  a n d  5 c h E i l e t a ,  I J C A I - 8 3 r . p P  3 4 0 - 3 4 7 .

A 1 l e n , J , F .  1 9 8 1 .  A n  i n t e r v a l - b a s e d  r e p r e s e n t a t i o n  o f
t e m p o r a l  k n o t . | l e d g e ,  I J C A I - 8 1 ,  p p '  2 2 1 - 2 2 6 .

A m a r e l r S ,  . | 9 6 8 .  0 n  r e p r e s e n t a t i o n s  o f  p r o b l e m s  o f
r e a s o n i n g  a b o u t  a c t i o n s .  I n :  H a c h i n e  I n t e l l i g e n c e
3 ,  e d .  H i c h i e r D . ,  E d l n b u r g h  U h i v e r s i t y  P r e s s
E d i n þ u r g h .

A n d e r s o n , J , R .  r B o u e r . , G . H .  1 9 7 3 .  H u m a n  A s s o c i e t i v e
H e m o r y ,  V . H .  t ¡ ¡ i n s t o n  a n d  S o n s ,  ! ¡ a s h i n g t o n ,  D . C .

A t t a r d i r G . r S i m l , H .  1 9 8 1  .  l o n S i s t e n c y  &  c o m . p l e t e n e s s
o f  o l ' ' l E G A ,  a  l o g i c  f o r  K n o u r ] . e d g e  r e F r e s e n t a t i o n ,
I J C A  I  - 8 1  ,  p p  5 0 4 - 5 1  0 .

A t t a r d i  r 6 .  r s i m i , H ,  1 9 8 2 .  S e m a n t i c s  o f  i n h e r i t a n c e
a n d  a t t r l b u t i o n s  i n  t h e  d E s c r i p t i o n  o f  s y s t e m
0 t l E G A ,  A I  H e $ o  n o .  6 4 7 , ,  A  I  L a b .  t l  I  T .

B a r r , A  .  1 9 7 9 .  H e t e - k n o w l e d g e  a n c l  c o g n i t i o n ,  I J C A ! -
7 9  ,  F F  3 1  - 3 3 .

B a r r , A . , F e i g e n b a u m , E . A ,  1 9 8 2  H a n d b o o k  o f  A r t l f i c i a l
I n t e l l i g e n c e ,  v o L .  2 ,  H e u r i s T e c h  p r e s s r  S t e n f B r d .

3 1
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L P B i b e l r t l .  1 5 7 5 .  P r a e d i k a t i v e s  P r o g r a n n i e r e n ,  G I - 2
F a c h t ã g u n g  u e b e r  A u t o r d a t e n t h e o r i e  u n d  F o r m a l e
S p r a c h e n ,  L e c t u r e  N B t e s  i n  c o m p u t e r  S c i e n c e  3 3 ,
S p r i n g e r - V e n I a g ,  E e r l i n ,  p p  2 7 4 - 2 8 3 .

B i b e l , t l .  1 9 8 2 ,  A u t o m a t e d  T h e o r e m  p r o v i n g ,  F r i e d r .
V t e u , e g  f '  5 o h n ,  E r a u n s c h w e i g ,  t ¡ . 6 e r m a n y

B i b e l r t l .  1 9 8 3 a .  K n o w l e d g e  r e p r e s e n t a t i o n  f r o m  a
d e d u c t i v e  p o i n t  o f  v i e t , J ,  T e c h n i ê a 1  R e p o r t  A T F -
1 9 . - V - 8 3 ,  H a y  1 9 8 3 ,  T e c h n i c a l  U n i v e r s i t y  l ' l u n i c h ,
ã I s o  t o  a p p e a r  P r o c ,  I F A C  S y m p o s i u m  o n  A r t i f i c Í a 1
I n t e l l i g e n c e ,  L e n i n g r a c l ,  U S S R ,  P e r g a m o n  P r e s 5 .

B i b e l r l . J .  1 9 8 3 Þ .  F i r s t - o r d e r  r e a s o n i n g  a b o u t
k n o t , J l e d g e  a n d  þ e I i e f ,  T e c h n i c a l  R e p o r t  A T P - 2 1 -
I X - 8 3 ,  S e p t .  1  ? 8 3 ,  T l . J  H u n  i  c h

B i b e l , t l .  1 9 8 3 c .  H a t i n g s  i n  H a t r i c e s ,  C A C M  2 6 ( 1 1 ) ,  p p
844-832.

B i b e l  , Ì . J . , H o e r n i g , K , H .  1 9 8 3 .  L 0 P S  -  A  s y s t e m  f ã s e d  o n
a  s t r a t e g i c a l  a p p r o a c þ  t o  p r o g r a m  s y n t h e s i s ,  I n :
A u t o n a t i c  P r o g r e m  C o n s t r u c t i o n  T e c h n i q u e s ,  e d .
E i e r n a n n r A , ; e t  a I . ,  M c H i l l a n ,  N e w .  Y o r k .

E l e d s o e , l , J . L l  .  1 9 7 7 .  N o n - r e s o l u t i o n  t h e o r e m  p r o v i n g ,
A r t i f i c i a l  I n t e L l i g e n c e  , 9 ( 1 J ,  p p  1 - 3 5 ,

B o b r o t ^ l , D . E .  1 9 7 5 .  D i n e n s i o n s  o f  r e p r e s e n t a t i o n .  t r n :
R e p r e s e n t a t i o n  a n d  U n d e r s t a n c l i n g :  S t u d i e s  i n
C s g n i t i v e  5 c i e n c e ,  e d .  E o b r o h ¡ , 0 . , C o 1 1 i n s , A . ,
A c a d e m i c  P r e s s ,  N e t . . l  Y o r k .

B o b r o H , D . 6 .  1  9 7 7 .  A  p a n e l  o n  k n o l . ¡ l e d g e
r e p r e s e n t e t i o n ,  I  J C A I - 7 7 ,  p p  9 8 3 - 9 9 2 .

B o b r o u l , D , 6 . , C 0 1 l i n s , A . l i .  ( e d s l '  1 9 ? 3 .  R e p r e s e n t a t i o n
a n d  U n d e r s t a n d i n g :  S t u d i e s  i n  . C o g n i t i v e  S c Í e n c e ,
A c ã d e m i c  P r e s s ,  N e w  Y o r k .

B o b r o w r D . E . , N o r m a n r D . A .  1 9 7 5 .  S o m e  p r i n c i p l e s  o f  .
m e m o r y  s c h e m e t a .  I n :  R e p r e s e n t a t i o n  a n d
U n d e r s t a n c l i n g :  S t u d i e s  i n  C o g n i t i Y e  S c i e n c e r  e d .
B o b r o H r D . , C o l l i n s r A .  r  A c a d e m i c  p r e s s r  N e u ¡  Y o r R .

B o b r o w r D . 6 . , t l i n o g r a d r T .  a n d  t h e  K R L  R e s e a r c h  G r o u p
1 9 7 7 .  E x p e r i e n c e  w i t h  K R L - 0 :  o n e  c y c l e  o f  a
k n o w l e d q e  r e p r e s e n t a t i o n  l a n g u a g e '  I J C A I - 7 7 ,  p p
7 . 1 3 - Z 2 2  .
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H L B o u ¡ e n  ,  K . 4 . ' ,  X o t ¡ ð 1 s k i  r  R .  A .  1  9 9 2  .  A m a l g a m a t  i  n g
l a n g u a g e  &  m e t a - l a n g u a g e .  I n :  L o g i c  P r o g r a n m i n g t
e c l .  C l a n k , J a r n l u n d ,  A c à d e n i c  P r e s s r  L o n d o n r  p P
153-177. .

B r a c h h a n r R . J . '  1 9 7 7 a .  t l h a t ' s  i n  a  c o n c e p t :  S t r u c t u r a t
f o u n d a t i o n s  f o n  s e m a n t i c  n e t t , l o r k s ,  I n t .  J .  t l a n -
H a c h i n e  S t u d i e s  ? ,  p p  1 2 7 - 1 5 2 .

B r a c h m a n r R . J .  1  ? 7 7 b .  A  s t r u c t u r a l  p a r a d i g m  f o r
¡  e p r e s e n t i n g  k n o w l e d g e ,  P h . D .  t h e s i s ,  H a r Y e r d
l j n i v ; ,  a L s o  B B N  R e p o r t  n o .  3 ó 0 5 ,  B o I t ,  E e r a n e k
and Net , ¡màn I  n  c ,  t4ay  1  978.

B r a c h m a n r R . J .  1 9 7 9 .  0 n  t h e  e p l s t e n r o l o g l c a l  s t a t u s  o f
s e m a n t i c  n e t w o r k s .  I n :  A 5 s o c i ã t i v e  N e t l ^ ¡ o r l ( 5 :
R e p r e s e n - t a t i o n  a n d  U 5 . e  o f  X n o H l e d g e  b y  C o m p u t e n s t
Ê d ,  F i n r l l e r r ' N . V . ,  A c a d e m i c  F r e s s r  N e H  Y o r k r  p p
J - f U .

B r a c h m a n , R . J .  1 9 8 3 .  l , l h a t  i s a  i s  a n d  i 5 n ' t :  a n
a n â l y s i s  o f  t a x o n o n i c  l i n k s  Í n  s e m a n t l c  n e t u ¡ o r k 5 t
I E E E  C o m p u t e r ,  S p e c l a l  I s s u e  o n  K n o H I e d g e
R e p r e s e n t a t i o n ,  0 c t o b e r ,  p p  3 0 - 3 ó .

B r a c h n a ' n r R . J . , s n t i t h r B . C .  ( e d s )  1 9 8 q 1  S p e c _ i a I  I s s u e  o n
K n E t . ¡ l e d g e  R e p r e s e n t a t i o n r  5 I 6 A R T  N e t . t s f e t t e r  n o .
7 0 ,  F e b .

B i a c h n a n  r R ,  J .  r  F i  k e ' s , ' R . E .  ; L e v e s q u e ' H .  J .  1  9 8 3 .
l { R Y p T 0 N :  A  f u n c t i o n a l  a p p r o a c h  t o  k n o w l e d g e
r e p r e s e n t a t i o n ,  I E E E  C o n p u t e r t  P P  6 7 - 7 3 -

B r a c h m a n , R , J . , L e v e s q u e r H . J .  1 9 8 3 .  K R Y p T 0 N :
I n t e g r a t i n g  t e r m i n o l o g y  a n d  a s s e r t i o n r  A A A I - 8 3 t
p p  3 1  - 3 s .

B r o d i e , l ' l  . L . ,  z i l l e s r s . N .  ( e d . )  1 9 8 0 .  P . r o c e e d i n g s  o f
t h e ' H o r k s h o p  o n  D a t a . A b s t r a c t i o n r  D a t a  B a s e s  &
C o n c e p t u à 1  M o d e l l i n g ,  A C H  S i g a r t  N e t ^ l s l e t t e r  n o .
7 4 .

B r u c e ,  E .  1 9 7 2 .  A  t ï o d e I  f o r  t e n p o n a l  r e f e r e n c e s  a n d
i t s  a p p l t c a t l o n  i n  a  q u e s t i o n  a n s t . , e r i n g  p r o q r a n t
A r t i  f i c i a l  I n t e l t i g e n c e  3 '  p p  l - 2 5 .
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L T J B ru yn ooghe ,  l l  .
p r o b l e n s  b y
P r o c e s s i n o

1 9 8 1  .  S o L Y t n . g  c o n b i n a t o r i a l  s e a r c h
i n t e l l i q e n t  b a c k t r e c k i n g '  I n f o r m a t i o n

L e t t e r s  1 2 ( 1 1 ,  P P  3 ó - 3 9 .
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B r u y n o o g h e , H .  1 9 8 1 .  i n t e l l i g e n t  b a c k t r a c k i n g  f o r  a n
i n t e r p r e t e r  o f  H o r n  c l a u s e  1 o g i . c  p r o g r á m s .  I n :
H a t h e ü a t i c a l  L o g i c  i n  c o m p u t e l  S c i e n c e ,  e d .
D o n o 1 k i , B . ,  E e r q e I y , T . ,  N o r t h  H o l l a n d ,  p p  2 1 5 -
257 .

B r u y n u o g h e , l ' l  . , P e r e i r a , L . H .  1 9 8 1  .  R e v i s l o n  t r f  t o p -
d o t . ¡ n  l o g i c a l  r e a s o n i n g  t h r o u g h  i n t e l - l i g e n t
b a c R t r a c k i n g ,  R e p o r t  l r u L / C I U N L ,  K a t h o l i k e  U n i v .
L e u  v e n

B r u y n o t r g h e r l , l  . , P e r e i r ã , L . H  .  1 q 8 4 .  D e d u c t i o n  r e v i s i o n
! y  - i n t e l l i g e n t  b a c k t r a c k i n g  .  T o  a p p e a r  i n :
I r ¡ | p l e m e n t a t i o n  i s s u e s  o f  P R o L o G ,  e ð .  C a m p b e 1 l ,  .
E 1 1 i  s  H o  r u , o o d  .

B u c h a n a n r B . 6 .  1 9 8 2 .  N e t ^ ¡  r e s e a r c h  o n  e x p e r t  s y s t e m s .
I n :  I ' l a c h i n e  I n t e l l i g e n c e  i 0 ,  e d ,  H a y e s r J . È , ,
! i ! h i q l U . , P a o , Y - H . ,  t ^ , i L e y  &  S o n s ,  N e w  Y o r k , ' p p
2 6 9 - ? 9 9 .

B u 1 1 , L l . 1 9 â 2 .  T i m e ,  t e n s e ,  À n d  t h e  v e r b ,  U R i v  o f
.  C a l i f o r n i a  P u b l i c a t i o n s  i n  L i n 0 u i s t i c s  1 9 .

B u n d y , A . , E y r d , L . , L u g e r , E . , H e 1 l i s h , r .  r O " r r " .  r H .  1 9 7 9 .
S o l v i n g  m e c h a n i c s  p r o b l e n s  u s i n g  m e t a - I e v e I
i n f e r e n c e ,  I J C A I - 7 9 ,  F p  1 A 1 7 - 1 O 2 7 .

C e r c o n e , N . , G o e b e l , R .  1 9 8 2 .  K n o w L e d g e  n e p r e s e n t a t i o n
a n d  d a t a b a s e s :  s c i e n c e  o r  e n g i f l e e r i n g ,  F r o c . .
C S C S I / 5 C E I 0  F o u r t h  N a t i o n a l  C o n f e r e n c e  I
S a s k a t o o n ,  S a s k a t c h e H a n ,  p p  1 7 2 - 1 8 2 .

C o 1 l i n s , A .  1 9 7 8 .  F r a g n e n t s  o f  a  t h e o n y  o f  h u m a n
p ] . a u s Í b 1 e  r e a s o n i n g ,  T I N L A p - 2 ,  p p  1 9 4 - 2 A 1 .

C o l I i n s , A . ,  [ ^ J a r n o c k r E . H . ,  A i e l I o , N . ,  H i I I e n r H . L .
1  9 7 5 .  R e a s o n i n g  f r o m  i n c o m p l e t e  k n o n l e d g e .  I n :
R e p r e s e n t a t i o n - a n d  U n d e r s t å n d i n g ,  E d .  

-

B o b r o w r D . E .  r C o l l i n s r A . ,  A c a d e m i c  P r e s s ,  N e w  y o r k ¡
p p  3 8 3 - 4 1  5 .

C l a n c y , t J . J . 1 9 8 3 .  T h e  e p i s t e m o l o q y  o f  a  r u l e - b á s e d
e x p e r t  s y s t e m -  a  f r a m e w o r k  f o r  e x p l a n a t i o n ,
A r t i f i c i a l  I n t e l l i q e n c e  2 0 ,  p p  2 1 5 - 2 5 1 .

C l a r k ; K . L .  1 9 7 8 .  N e g a t i o n  a s  f a i l u r e ,  I n :  L o g i c  a n d
D a t a  B a s e s ,  e d .  G a l l a i r e r H . , H i n k e r , J . ,  P l e n u m
P r e s s ,  N e t . ,  Y o r k ,  p p  2 9 3 - 3 2 4

C L a r k , K . L . , M c C a b e r F . G ,  1 ? 7 9 .  T h e  c o n t r o l  f a c i l i t i e s
o f  I C - P R o L o E . - I n :  E x p e r t  S y s t e m s  i n  t h e  H i c r o
E l e c t r o n i c  A g e ,  e d .  _ D . f 4 i c h l e r .  E d i n þ u r g h  U n i v
P res s ,  pF 17.2-149 ,  -
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L P C o l m e r a u e r ,  A .  r K a n o u i ,  H . ,  P a s e r o ,  R . ,  B o u s s e l ,  P h  -  I  9 7 3 .
l J n  s y s t e m e  d e  c o n m u n i c a t l o n  h o m m e - n a c h i n e  e n
f r a n c a i s ,  R e s e a r c h  R e p o r t , .  G r o u p  I n t e l l i g e n c e
A r t i f i c i e l l e ,  F a c u l t e  d e s  S c i e n c e s  d e  L u m i n y ,
l ' l a r s e i l l e

C 0 1 n e r a u e r , A . 1 9 8 3 .  P r o l o g  i n  1 0  f i g u r e s ,  I J C A I - 8 3 ,
p p  4 8 7 - 4 9 9 .

C r y s t ð 1 ,  D .  1 9 6 6 ,  S p e c l f i c a t i o n  a n c l  e n g l i s h  t e n s e s ,
J .  o f  L i n g u i s t i c s  2 ,  p p  1 - 3 3 .

D a h l r V .  1 9 8 3 . , C u r r e n t  t r e n d s  i n  l o g i c  g r a m m a r s ,
p r o c .  o f  t h e  L o g i c  P r o g r a m m i n g .  l . l o r k s h o p  ' 8 3 ,

P o r t u g a l ,  p p  5 7 8 - 6 0 7 .

D a v l s , R .  1 9 7 7 .  G e n e r a L i z l n g  p r o c e Í l u r e  c a l l i n g  &
c o h t e n t - d i r e c t e d  l n v o c a t l o n ,  P r o c .  S y m p o s i u m  o n
A r t i f i c i a l  I n t e l l i g e n c e  &  p r o g r a n m i n g  L a n g u a g e s ,
R o c h e s t e r r ñ Y . ,  I n : - S i g p l a n  n o t i c e s  v õ l  1 Z ;  B - | . , '
S i g a r t  n e u r s l e t t e r  n a .  6 4 ,  p p  4 5 - 5 4 . ,
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D a v l s , R .  1  9 7 8 .  K n o l l t l e d g e  a Þ o u t  r e p r e s e n t a t i o n s  a s
b a s i s  f o r  s y s t e m  c o n s t r u c t i o n  &  m a l n t a i n a n c e .
P a t t e r n  D i r e c t e d  I n f e r e n c e  S y s t e m s ,  e d .
t l a t e r m a n r D .  r H e y e s - R o t h r F . ,  A c a d e n i c  P r e s s .

D a v i s , R ,  1 9 8 U a .  l 4 e t a - r u l e s :  R e a s o n i n g  a b o u t  c o n t r o l ,
A r t . i f i c i a l  I n t e l l i g e n c e  1 5 ,  p p  1 7 9 - 2 2 2 .

D a v i s r R .  1 9 8 U b .  C o n t e n t  r e f e r e n c e :  R e a s o n i n g  a b o u t
r u l e s ,  A r t i f l c i a l  I n t e L l i g e n c e  1 5 ,  p p  2 2 3 - 2 3 9 .

D a v i s , R .  1 9 8 2 .  E x p e r t  s y s t e m s :  l . l h e r e  a r e  t 4 e ?  a n d
[ . l h e r e  c l o  w e  g o  f  r o m  h e r e ?  T h e  A I  l ' l a g a z i n e , . 3 ( 2 ) ,
p p  3 - 2 2 .

D a v l s , R . , E u c h a n à n , E . E .  1 g 7 7 .  l 4 e t e - l e v e l  k n o u r l e d g e :
o v e r v i e w -  &  a p p l i c a t l o n s ,  I J C A I - 7 7 ,  p p  9 2 8 - 9 2 7 .

D a v i s ,  R .  r B u c h a R a n  r B . 6 .  r  S h Ð r t L i  f  f e ,  E .  H .  1  9 7 7
P r o d u c t i o n  n u l e s  a s  a  r e D r e s e n t a t i o n  f o r  a
k n o u r l e d g e - þ e s e d ,  c o n s u l t a t i o n  s y s t e m ,  A r t i f i c i a l
I n t e l l i g e n c e  8 ( 1 ) .

D a v i s r R . , K i n g  r J .  1 9 7 7 .  A n  o v e r v i e t , |  o f  p r o d u c t i o n
s y s t m e s .  I n :  H a c h i n e  I n t e l l i g e n c e  8 ,  e d .

.  E l c o c k r E .  r H i c h i e r D . ,  E I l i s  H o r t . t o o d ,  C h i c h e s t e r t
E n g l a n d ,  p p  3 0 0 - 3 3 2 .

D a v  i  s  ,  R .  ,  L e n a t ,  D .  1  9 8 0 .  l { n o w l e d g e - b a s e d  S y s  t e m s  i  n
A r t i f i c i a l  I n t e l L i g e n c e ,  l ' l c G r a w - H 1 1 1 ,  N e w .  Y o r k .
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I'lL d e K I E e r . , J . D o y I e r J . .  r S r ¡ s s i l e n , Ê .  1 9 7 ? .  A H O R D :  E x D l i c i t
c o n t r o l  o f  r e a s o n i n g ,  p r o c .  S y n p o s i u n  o n
A r t i  f i  c i a l  I n t e l l i g e n c e  a r ì d  p r o g r a m m i n g
L . a n g u a g e s ,  S I G P L A N  N o t i c e s  1 Z ( B )  |  a n d  S I E A R T
N e w s l e t t e r  6 4 ,  p p  1 1 6 - 1 2 5 .  .

d e K I e È r , J . , e t  a 1 .  1 9 7 9 ,  E x p l i c i t  c o n . t r o l  o f
r e a s o n i n g .  I n :  A r t i f i c i a l  I n t e l l i g e n c e :  A n  t 4 I T
P e r s p e c t i v e ,  e d .  t J i n s t o n , F . H , ,  B r õ w n ,  H I T  p r e s s ,
C a m b r i d g e , H A .

D e l i y a n n i r A . r K o H a l s k i , R . A  .  1 5 7 g .  L o g i c  a n d  s e m a n t i c
n e t w o r R s ,  C A C H  2 2 ( l ' t ,  p p  1 A 4 - 1 9 2 .

D i n c b a s , H . 1 9 8 0 .  T h e  H E T A L O G  p r o b l e m  s o j . v i n g  s y s t e m ,
a n  i n f B r m a l . p r e s e n t a t l o n ,  p r o c . .  o f  L B g i c
P r o g r a m n Í n g  l ^ | o r k s h o p ,  D e b r e c e n , H u n g a r y ,  e c l .
T a r n l u n d , S - A r  p F  g 0 - 9 1 ,

D i 1 1 i c h , 6 .  1 ? 8 3 .  E n i g e  k o g n i t i v e  A s p e k t e
f e h l e r t o l e r a n t e r  H e n s c h - H a s  c h i  n e  S c h n  i  t t s t Þ l 1 e n ,
G I _ t ^ J o r k s h o p  u e b e r  f e h l e r t o L e r a n t e  S y s t e m e ,
E  r L a n g  e n

D o y I e ,  J .  1 9 7 9 a .  A  t r u t h  n a l n t e n a n c e  s y s t e m ,
A r t i f i c i a L  l n t e l l t g e n c e  1 Z ( 3 t ,  p p  2 3 1 - 2 7 2 .

D o y l e r J .  1 9 7 9 b .  A  g l i m p s e  o f  t r u t h  m a Í n t e n a n c è ,
p r o c .  o f  t h e  F o u r t h  h l o r k s h o Þ  o n  A u t o m a t e d
D e d u c t i o n ,  A u s t i n ,  T e x a s ,  p F  9 t r - 9 6

D r e y f u s , H . L .  1  9 8 1  .  F r o m  m i c r o - w o r  l d s  t o  k n o t 4 l e d q e
r e p r e s e n t a t i o n :  A I  a t  a n  i n p a s s e .  I n :  H i n d
. D e s i g n ,  e d .  H a u g e l a n d , J . ,  f 4  I T  p r e s s ,  C a m b r i d g e ,
l f A ,  p p  1 6 1  - 2 A 4 .

D u d a , R . 0 . , e t  a L .  : 1 9 7 9 .  H o d e l  d e s i g n  i n  t h e
p r o s p e c t o r ,  c o n s u l t a n t  s y s t e m  f o r  m i n e r à I
e x p l o r a t i o n ,  I n :  E x p e r t  S y s t e m s  i n  t h e  l . l i c r o -
e l E c t r o n i c  A g e ,  e d .  l , l i c h i e , D . ,  E d i n b u r g h  L J n i v .
P r e s s ,  E d i n b u r g h .

v a n  E n d e n , H . H . 1 9 8 3 .  L o g i c  a s  i n t e r a c t i o n  l a n g u a g e ,
T e c h n i c a L  n o t - e ,  D e p t .  o f  C o m p u t i n g ,  I m p e r i a l
C o 1 l e g e .

F a h I m a n , S . E . 1 9 7 9 .  N E T L :  A  S y s t e m  f o r  R e F r e s e n t i n g
a n d .  [ J s i n g  R e a l - t J o r l d  K n o u J 1 e d g e ,  H I T  p r e s s ,
C a m b r i d g e ,  M A .

F i  k e s ,  R .  ,  H e n d  r Í  x ,  G .  1 9 7 7  .  A  n e t t , J o r k - b a s e d  k n o t ^ | f e d g e
r e p r e s e n t a t i o n  a n d  i t s  n a t u r a l  d e d u c t i o n  s y s t e m ,
I J C A I - 7 7 ,  p p  2 3 5 - 2 4 6 .
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F i l g u e i r à s r l - l  .  1 9 8 3 .  A  k e r n e l  f o n  a
l a n g u a g e  i n t e r f a c e ,  F r o c .  o f  t h e
P r o g r a m n l n g  t l o r k s h o p ,  F o r t u g a l ,

F i l n a n r R . E .  r L a n p i n g r J . , H o n t a l v o r F _ S .  1 9 9 3 .  H e t a -
l a l g u e g e  a r i d  l ' l e t a - r e a s o n i n g ,  I J C A I - 9 3 , .  p p  3 6 5 -
3 6 t .

F i n d l e r r N .  V .  ( e d  )  1 9 7 9 .  A s s o c i a t i v e  N e t u ¡ o r k s :
R e p r B s e n t a t i o n  a n d  U s e  o f  K n o h J l e d g e  b y  C o t l î p u t e r s ,
A c t s d e m i c  P r e s s ,  N e t | '  y o r k

F o r g y r C . , ' H c D e r n o t t r J . ,  0 p S :  A  d o n a i n - i n d e p e n d e n t
p r o d u c t i o n  s y s t e m  l a n g u a g e  ,  I J C A I - ? 7 ,  p p  9 3 J - 9 3 9 .

F o s t e r , J . H . . , E I c ó c k , E . t ¡ .  1 9 6 9 .  A b s y s l  :  A n  i n c r e m e n t a l
c o m p i l e r  f o r  a s s e r t l o n s :  a n  i n t r o d u c t i o n .  I n :
l " l a c h i n e  I n t e l l i g e n c e ,  e d .  l ' l e L z e n r B , H i c h i e , D . ,
E d i n g u r g h  U n i v . - P r e s i ;  E d i n b u r g h i  þ p  t Z Z - i Z V ' .

F o x r l ' 1  . 5 .  1 9 7 9 .  0 n  i n h e r i t a n c e  i n  k n o w l e c l g e
'  r e p r e s e n t a t i o n ,  I J C A I - 7 q ,  p p  Z B Z - 2 8 4 .

F r e R s a r C .  1 ? 8 1 .  L l n g u i s t i c  F a t t e r n  c h a r a c t e r i z a t i o n
a n d  a n a l y s i s ,  p h . D .  t h e s i s ,  D e p t .  o f  E l e c t r i c a l
E n g i n e e r i n g  a n d  C o m p u t e r  S c i e n c e ,  U n i v .  o f
C a l i  f o r n l a ,  B e r k e l e y

F r e k Ê a ,  C .  1 9 8 2 .  L i n g u i s t i c  d e s c r i p t i o n  o f  h u m a n
j u d g m e n t s  i n  e x p e r t  s y s t e m s  a n d  i n  t h e  ' s o f t '

s c i e n c e s .  I r l :  A p p r o x i m a t e  R e a s o n i n g  i n  D e c i s i o n
A ñ ã 1 y s i s ,  é d .  E u p t a r H . H , , S a n c h e z r E : ,  N o r t h -
H o L l e n d .

F r e k s a r C . r L o p e z  d e  H o n t a r a g , R .  1 9 8 2 .  A n  e d e p t i v e
c o m p u t e r  s y s t e m  f o r  L l n g u i s t i c  c a t e g o r i z a t i o n  o f' s o f t '  o b s e r v a t i o n s  l n  e x p e r t  s y s t e m s  a n d  i n  t h e
s o c i a l  s c l e n c e s , 2 n d  t l o r l b  C o n f .  o n  M a t h .  a t  t h e
S e r v i c e  o f  H a n . r - L a s  P a l n a s .

6 a i n ' t e s , B , R .  1 9 7 5 .  F o u n d a t l o n s  t r f  f u z z y  r e a s o n i n g ,
I n t .  J .  M a n . t ' l a c h i n e  S t u d i e s  6 ,  p p  6 2 3 - 6 6 8 .  :

G a L l a i r e , H . 1 9 8 3 .  L o g i c  d a t a  b a s e s  v s  d e d u c t i v e  d a t a
b a s e s ,  P r o c .  L o g i c  P r o g r a m m l n g  ! , J o r k s ' h o p ,  p o r t u g a l
' 8 3 ,  

F Þ  6 0 8 - ê 2 2 .

G a l l a i  r e r H . , H i n k e r r J .  ( e d s  )  1 9 ? 8 .  L o g i c  a n d  D a t a
.  E a s e s ,  P l - e n u m .  P r e s s ,  N e t . l  Y o r k .

G a l l a i r e , H . . , , L a s s e r r e r C .  1 9 A 2 .  H e t a L e v e l  c o n t r o l  f o i
l o g l c  p r o g r a m s .  I n :  L o g i c  F r o g r a m m i n g ,  e d .
C l a r k r T a r n l u n d ,  A c a d e m i . c  P r e s s ,  L E n d o n ,  p p  1 7 3 -
1 8 5 .
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T P G e J . e r n t e r r H .  1 9 é 3 .  R e a . I i z ã t i o n  o f  a  g e B n e t r y - t h e o r e m
p r o v i n g  m a c h i n e ,  I n :  C D m p u t e r s  a n d  T h o u g h t '  e d  '
F e i g e n b a u m r E . A .  r F e l d m a n , J . ,  M c E r a u r - H i 1 l ,  N e w
Y o r k ,  p p  1 3 4 - 1 5 2 .

G o g u e n r J . A .  1 9 7 4 .  C o n c e p t  r e p n e s e n t a t i o n  i n  n a t u r a l
e n d  a r t i f i c i a l  l a n g u a g e s :  a x i o m s ,  e x t e n s i o n s  a n d
a p p l i c a t i o n s  f o r  f u z z y  s e t s ,  I n t .  J .  I ' f a n - H a c h i n e
S t u d i e s  ó ,  p p  5 1 3 - 5 ó 1  .

6 o 1 d s t e i n r I . P . , R o b e r t s , R . B .  1 9 7 7 .  N U D G E ,  a
k n o u ¡ l e d g e - b a s e d  s c h e d u l i n g  p n o g r a m ,  I J C A I - 5 ,  p p
257-263.

G o l r l s t e i n r E o b r o t 4 .  1 9 8 0 .  A  l a y e r e c l  e p p r o a c h  t o
s o f t N a r e  r l e s i g n ,  C S L - 8 0 - 5 ,  X e r o x  P a l o  A f t o
R e s e a r c h  C e n t e r .

G o l r l s t e i n r B o b r o H .  1 9 8 1 .  A n  e x p e r i m e n t a l
d e s c r i p t i o n - b a s e d  p r o g r a m m i n g  e n v i r o n m e n t :  F o u r
r e p o r t s ,  C S L - 8 1 - 3 ,  X e r o x  P a l o  A l t o  R e s e a r c h
C e n  t e  r .

H a b e l r C .  1 9 8 3 .  L o g i s c h e  S y s t e m e  u n d
R e p r a e s e n t a t i o n s -  p r o b l e n e ,  6 t l A I - 8 3 ,  7 t h  G e r n a n
l . l o r k s h o p  o n  A r t i f Í c i a l  I n t e l l i g e n c e ,  e d .
N e u m a n n r B . ,  S p r i n g e r - V e r l a g ,  B e r I i n .

H a n m o n r l r P .  1 9 8 3 .  A p E S :  A  u s e r  m a n u a l ,  I m p e r i a l
C o l l e g e  Ð e p t .  o f  C o m p u t i n g  r e p t .  n o . 8 2 / ? .  -

H a y e s r P , J .  1 9 7 3 a .  C o n r p u t a t i o n  &  d e c t u c t i o n ,  F r o c .  2 n d
H F C S  S y m p o s i u m  C z e k o s l o v a k  A c a d e m y  o f  S c i e n c e s '
p p  f 0 5 - 1 1 8 .

H a y e s , P . J .  1 9 7 3 b .  T h e  f r a m e  p r o b l e m  a n d  r e l a t e d
p r o b l e n s  i n  a r t i f i c i a l  i n t e l l l g e n c e ,  I n :
A r t i  f i c i a l  a n d  H u n a n  T h i n k i n g ,  e d .
E I i t h o r n r A .  r J o n e s r D . ,  J o s 5 e y - E a s s ,  s a n  F r a n c i s c o .

H a y e s , P . J .  1 9 7 4 .  S o n e  p r o b l e m s  a n d  n o n - p r o b l e m s  i n
r e p r e s e n t e t i o n  t h e o r y ,  P r o c .  A I S E  S u m n e r
c o n f e r e n c e ,  l J n i v .  o f  S u s s e x ,  F P  6 3 - 7 9

H a y e s , P  . J .  1 9 7 ? .  I r i  d e f e n c e  o f  L o g i c ,  I J C A I - 7 7 ,  P P
5 5 ? - 5 ó 5 .

H a y e s , P . J .  1 9 7 8 .  T h e  N a i v e  P h y s i c s  M a n i f e s t o '  I n :
E x ' p e r t  S y s t e m s  i n  t h e  H l c r o - e l e c t r o n i c  A g e r  e d .
H i c h i e r D . ,  E d i n b u r g h  U n i v e r s i t y  P r e s s '  E d i n b u r g h '
p p  2 4 2 - 2 7 t r .
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t n H a y e s r P . J .  1 9 7 9 .  f h e  t o g i c  o f  f ' ¡ : a m e s '  I n :  F n a m e
C o n c e p t i o n s  a n d  T e x t  U n d e n s t a n d i n g r  e d .
H e t z i n g , D . ,  t d a l t e r  d e  E r u y t e r  a n d  C o . ,  B e r l i n '  p p
4 6 - 6 1 .

H a y e s - R o t h , F .  1 9 8 3 .  B u i l d i n g  E x p e r t  S y s t e m s '
,  A d d i . s o n - t l e s 1 e y ,  R E a d i n g ,  H A .

H e n d r i x , E . G .  1 9 7 3 .  M o d e l i n g  s i m u l t a n e o u s  a c t i o n s  a n d
c o n t i n u o u s  p r o c e s s e s ,  A r t i f i c i a l  I n t e l l i g e n c e  4 ,
p p  1  4 5 - l  8 0 .

H e n d r i x , G . E .  1 9 7 5 .  E x p a n d i n g  t h e  u t Í 1 Í t y  o f  s e m a n t i c
n e t w o r k s .  t h r o u g h  p a r t i t i o n i n g ,  I J c A I - 7 5 ,  p p  1 1 3 -
1 2 1  .

H e n d r i x . , G . E .  1 9 7 g .  E n c o d i n g  k n o h l l e r l g e  i r l  p a r t i t i o n e d
n e t H o r k s . .  I n :  . A s s o c i a t . i v e  N e t r . ¡ o r k s ;
R e p r e s e n t a t i o n  a n d  L J s e  o f  K n o u , l e d g e  b y  C o m p u t e r s '
e d .  F i n d 1 e r , N . V . ,  A c a d e m Í c  F n e 5 5 ,  N e b J  Y o r k ,  p F
5 1 - 9 2 .

H e w i t t , C .  1 g â g .  p L A N N E R :  A  l a n g u a g E  f o r  p r o v i n g
t h e o r e m s  i n  r o b o t s ,  I J C A I - ó 9 .  P R  H e u ¡ i t t ' C .
1 q 7 2 .  D e s c n i p t i o n  a n d  t h e o r e t i c a l  a n a l y s i s  ( u s i n g
s c h e m e t ã )  o f  F L A N N E R ,  P h . D .  t h e s i s ,  D e Þ t .  o f
H a t h e n a t i c s ,  l ' 1  I T ,  C a n Þ r i d g e .

H o e p p n e r r t t . ,  C h r i s t a l ] - e r r T h . ,  H a n b u r g e r r H .  t
H o r i k r K . ,  N e b e 1  , 8 . ,  0 ' L e a r y r M .  r [ , J a h 1 5 t e r r t l  .  1 9 8 3 .
B e y o n d  d o n a i n  i n d , e p e n d e n c e :  e x p e r i e n c e  k i t h  t h e
d e v e l o p n è n t  o f  a  g e r m a n  l a n g u a g e  a c c e s s  s y s t e m  t o
h i g h l y  d i v e r s e  b e c k g r o u n d  s y s t e m s ,  B e r i c h t  A N S -
1 ó ,  R e s e a r c h  u n i t  f o . r  I n f o r m a t i o n  s c i e n c e  a n d
A r t i f i c i a l  I n t e l l i g e n c e ,  U n i v .  o f  H a m b u r g .

H o E r n i g r K . H .  , | 9 8 0 . 6 e n e r a t i n g  s m a 1 1  m o d e L s  o f  f i r s t
o r d e r  a x  i o m s ,  P r o c .  o f  t h e  E e r n a n  [ , l o r k s h o p  o n
A u t o m a t i c  D e d u c t i o n ,  S p r i n q e r  V e r I a g .

H o f s t a d t e r , D ;  1 9 7 9 .  G o e d e l ,  E s c h e r r  B a c h '  E ( a s i c
B o o k s .

I s r a e I r D . J .  1 9 8 0 .  t ^ l h a t ' s  t r t n o n g  t t i t h  n o n - m o n o t o n Í c
l o g  i  c ?  ,  A A A I  - 8 0 .

J a c o b , R . J . K .  1 9 8 3 ,  U s i n g . f o r h a l  s P e c i f i c a t i o n s  I n
t h e  c l e s i g n  o f  a  h u m a n - c o m p u t e r  i n t e r f a c e '  c A C l ' 1
2 - É 1 4 ) ,  A p r i l .
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0 t J a m e g o n r A .  r H o e p p n e r r H . , l , J a h 1 5 t e r r t , l  .  1 9 8 1  .  T h e  n a t u r a l
l a n g u a g e  s y s t e n  H A H - R F N  a s  a  h t r t e 1  m a n a g e r : .  s o h e
r e p r e s e n t a t i o n a L  p r e r e q u i s i t e s .  I n : ,  G I - 1 0
J a h r e s t a g u n g ,  e d .  N i L h e ] n r R .  '  S P r i n g e n - V e r l a g '  p p
459-473.

K a h n , K .  , G o r r y ,  G . A .  1 9 7 7 .  H e c h a n  f  z i ' n g  t e m F o r a f
k n o | . | l e d g e ,  A r t i f i c i a l "  I n t e I l Í g e n c e  I '  p P  8 7 - 1 0 8 .

l ( e n d e l r A . , B y a t t  t v ! .  1 9 7 8 .  F u z z y  s e t s , '  f u z z y  a l g e b r a '
f u z z y  s t a t i s t i c s ,  P r o c .  I E E E  v o l '  ó ó ,  p p  1 â 1 9 '
1639 .

K a n d r a s h i n a , E . Y u .  1 ? 8 3 .  R e p r e s e n t a t i o n  o f  t e n P o r a l
k n o N l e d g e ,  I J C A I - 8 3 ,  p p  3 4 ó - 3 4 8 .

K e l l o g  1 C .  1 - ? 8 2 .  K n o ! ¡ l e d g e  m a n a q e m e n t :  A  p r a c t i c a l
. a m a l g e m  o f  k n o u ¡ l e d g e  b a s e  a n d  c l a t a b a s e
t e c h n o L o g y ,  A A A I - 8 2 ,  P P  3 0 ó - 3 0 ? .

K o r n f e 1 d , [ . 4 .  1 9 8 3 .  E q u a l i t y  f o t "  P r o 1 o 9 ,  I J C A I - 8 3 '
p p  5 1 4 - s 1 9 .

K o $ a 1 s k i  t R .  1 ? 7 4 .  . P r e d i i a t e  l o g i c  a s  a  p r o g r a m m i n g
I e n g u a g e ,  P r o c .  I F I P  C o n g r . e s s ,  S t o c k h o l n '  N o r t h
H o l l a n d .

K o w a l s k i  r R .  1 9 7 9 a .  A l g o r i t h n  =  L o g i c  +  c o n t r o l r  C A C t ' l
Z 2 ( 7 ,  I  p p  4 ? 6 - 4 3 6

K o u ¡ a 1 s k i  , R .  1 9 7 9 8  L o g i c  f o r  P n o b t e m  S o l v i n g ,
N o r t h - H o l l a n d ,

K r i p k e r S . 1 9 5 9 .  A  c o m P l e t e n e s s  t h e o r e m  i n  m o d a l
l o g i c ,  J .  o f  S y m b ,  L o g i c  2 4 ,  P P  1 - 1 4 -

K u i p e r s , B . J .  1  9 7 3 .  A  f r a m e  f o r  f r a n e s :  r e p r e s e n t i n g
k n o w L e d g e  f o r  r e c o g n i t i o n .  I n :  R e p r e s e n t a t i o n  a n d
U n r l e r s t ã n d i n g :  S t u d - i e s  i h  C o g n i t Í V e  S c i e n c e '  e d -
B o b r o u ¡ , D , 6 ,  r C o 1 1 i n s r A . H . ,  A c a d e m i c  P r e s s ,  N e u r
Y o r k ,  p p  1 5 1 - 1 8 4 .
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K u i p e r s  r B .  1 9 ? 7 .  H o d e l i n g  s p a t i a l  k n o u , l e d g e r  I J C A I -
7 7 ,  p p  2 9 2 - 2 9 8

0 t

K u i p e r s  r B .  1 9 7 9 .  0 n  r e p r e s e n t i n g  c o m m o n s e n s e
k n o w l e r l q e .  I n :  A s s o c i a t l v e  N e t t ^ ¡ o r k s :
Rep reseñ ta t i on  and  Use  o f  Kno l . ¡ l edge  by . .Compu te rs '
e d .  F i n d l e r r N . V '  r  A c a d e m i c  P r e s s r  N e t . |  Y o r k .

L e v e s q u e , H . J . 1 9 8 3 .  T h e  l o g i c  o f  i n c o n p ] - e t e
k n o w l e c l g e  b a s e s .  I n :  C o n c e p t u a l  H Ð d e l 1 Í n g :
p e r s Þ e c t i v e s  f r o m  A r t i f i c i a Ì  I n t e l l i g e n c e ,
D a t a b a s e s  e n d  F r o g r a f t m i n g  L e n g u a g Ê s ,  e d .
B r o d i e , l ' l .  r l ' l y l o p o u l o s r J . ,  S c h m i d t , J . ,  s p r i n g e r -
V e r . I a g ,  N e H  Y o r k .

L e w i s , H . R . 1 9 7 8 ,  R e n a m i n g  a  s e t  o f  c I ã u s e s  a s  a  h o r n
s e t ,  J o u  r n a l  o f  . t h e  A C H ,  v o I .  2 5 ,  n o .  . 1  .  ,  J a n
1 9 7 8 ,  p p  1  3 4 - 1  3 5 .

L l n s k y r L .  ( e d ,  1 9 7 1 .  R e f e r e n c e  a n d  H o r l E l i t y ,  0 x f o r d
U n i v .  P r e s s ;  L o n d o n

L o n g , l ^ ¡ . J . , R u s s , T . A .  1 9 8 3 .  A  c o n t r o l  s t r u c t t ¡ r e  f o r
t i m e  d e p e n d e n t  r q a s o n l n g ,  I J C A I - 8 3 ,  p p  2 3 0 - ? 3 2 .

L o v e l ã n d , D . t l .  1 9 7 8 .  A u t o n a t e d  T h e o r e m  P r o v i n g :  A
L o g i c a l  B a s l s ,  N o r t h - H o l l a n d ,  N e w  Y o r k .

l , l a l i k , J . , B i n f o r c l  , T . Q ,  1 9 8 3 .  R e a s o n i n g  i n  t i m e  a n d
s p a c e ,  I J C A I - 8 3 ,  p p  3 4 3 - 3 4 5

l ' { a r t i n , H . A .  1 9 7 9 .  D e s c r i p t i o n s  a n d  t h e
s p e c i a l i z a t i o n  o f  c o n c e p t s .  I n :  A r t i f i c i a l
I n t e l l i g e n c e :  A n  l ' l I T  P r e s P e c t i v e r  v o I .  1 r  e ó .
t f  i n s t o n r P . H . ,  B r o t . | n , R . H . ,  T h e  l ' l I T  P r e s s ,
C a m b r i d g e ,  H A ,  Þ Þ  3 V 5 = 4 1 9 .

t ' f c A r t h u r  1 9 7 6 .  T e n s e  L o g i c ,  R e i d I  F u b I i s h .  C o m p .

l ' l c C a r t h y r J .  1 9 5 8 .  p r o g r a ñ s  t . t i t h  C B m m o n  5 e n s e .  I n :
H e c h a n i z a t i o n  o f  T h o u g h t  P r o c e s s e s ,  P r o c '  5 y m p .
N a t .  P h y s .  L a b . ,  V o 1  I ,  p p  7 7 - 8 4 '  L o n d o n :  H e r
Ì 4 a j e s t y : 5  S t a t i o n a r y  0 f f i c e ,  A l s o  i n :  S e m a n t i c
I n f B r m a t i o n  p r o c e s s i n g ,  e d .  t 4 i n s k y r ' H . r 1 9 ó 8 '  H I T
P r e s s ,  C a m b f  i d g e ,  l ' l A ,

l , t c C a r t h y  , J .  1 9 7 7 .  E p i s t e m o l o g i  c a 1  p r o b l e m s  i n
a r t i f i c l a L  l n t e l l i g e n c e ,  I J C A I - 7 7 r  P P  1 0 3 8 - 1  0 4 4 .

H c C a r t h y , J .  1 9 7 9 .  F i r s t - o r d e r  t h e 6 r i e s  o f  i n d i v i d u a l
c o n c e p t s  a n d  P r o P o s i t i o n s .  I n :  E x p e r t  S y 5 t e m s  i n
t h e  H i c r o - . e l e c t r o n i c  A g e r  e d '  l ' l i c h i e r D . t
E d i n b u r g h  U n i v e r . S i t y  P r e s s ,  E d i n b u r g h ,  p p  2 7 U -

? 8 7  -

H c C a r t h y , J .  1 9 8 U .  C i r c u m s c r i p t l o n -  A  f o r m  o f  n o n -
m o n o t o n l c  r P a s o n l n g r  A r t i f i c i a l  I n t e l l i g e n c e  I  3 t
p p  2 7 - 3 9 .
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U L H c c ã r t h y , j .  r H a y e s , p . J ' .  1 9 ó 9 ,  s o m e  p h i l o s o p h i c a l
p r o b l e m s  f r o m  t h e  s t a n d p o i n t  o f  a r t i f i c i a l
i n t e 1 ] i g e n ' c e .  I n :  . 1 ' l e c h i n e .  I n t e L l i g e n c e  4 ,  e d .
l ' l i c h i ' e , . 0 . , H e 1 z e r , ' 8 . ,  E d i n b u r g h  U h i v . .  P t  e s s ,
E d i n b u r g h r  p p  4 ó 3 - 5 0 2

l " f c D e r n l o t t  r D .  1 9 8 2 .  A  t e m p o r a l  l o g i c  f o r  r e a s o n i n g
a b o u t  p r o c e s s e s  a n d  p l a n s ,  C o g n i t i v e  S c i e n c e

.  6 1 2 r ,  p p  1 0 1 - 1 5 5 .

t " ' l i c h a l s K i , R , S . ,  B a s k i n r A . B .  1 9 8 3 .  I n t e g r a t i n g
m u l t i p l e  k n o t 4 l e d g e  r e p r e s e n t a t i o n s  a n d  l e a r n i n g
c a p a b i l l t i e s  i n  a n  e x p e r t  s y s t e m :  T h e  A D V I S E
s y s t e m ,  I J C A I - 8 3 ,  p p  ? 5 6 - 2 5 8 .
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H i n k e r , J . 1 9 8 3 .  I s s u e s  i n  d e v e l o p i n g  e x p e r t  s y s t e m s ,
p r o c .  o f  L o g i c  P r o g r a m m i n g  [ , , | o r k s h o p ' 9 3 ,
P o t t u g a l ,  p p  2 0 4 - 2 1 5 .

H i n s k y r H .  ( e d )  1 9 6 8 .  S e m a n t i c  I n f o r m a t i o n  P r o c e s s i n g ,
T h e  H I T  P r e s s ,  C a n b r i d g e ,  l ' l A .

l ' f  i n s k y  r l 4 .  1 9 7 5 .  A  f r a m e w o r k  f o r  r e p r e s e n t i n g
k n o t , ¡ l e d g e .  I n :  T h e  P s y c h o l o g y  o f  C o n p u t e r  V i s i o n ,
e d .  t l l n s t o n , p . H . ,  H c E r a u - H i 1 1 ,  N e t ¡ l  Y o r k ,  p p  2 1 1 -
7 7 7  .

H i z o g u c h i  1 9 8 3 .  P R O L O E  b e s e d  e x p e n t  s y s t e m ,  N e t . ¡-  G e n e r a t i o n  C o m p u t i n g  J o u  r n a l  1  ,  p p  9 9 - 1  0 4 .

l l o o r e r R  . C .  1 9 7 5 .  R e a s o n l n g  f r o n  i n c o h p l e t e  f n o w t e O g e
i n  a  p r o c e d u r a l  d e d u c t i o n  s y s t e m .  A I - T R - 3 4 7 ,  A I
L a b .  l ' l I T ,  C a m b r i d . g e ,  l ' ' l a s s

H o o r e , R . C .  1 9 7 ? .  R e a s o n i n g  a b o u t  k n o l ^ ¡ l e d g e  a n d
a c t i o n ,  I J C A I - 7 7 ,  p p  2 2 3 - 2 2 7 .

l - l o o r e , R . C .  1 9 8 2 .  T h e  r o l e  o f  l o g i c  i n  k n o H l e d g e
r e p r e s e n t a t l o n  a n d  c o m m o n s e n s e  r e a s o n i n g r '  A A A I -
8 2 ,  p p  4 ? 8 - 4 3 3 .

l ' l y l o p . o u l o s , J .  r L e v e s q u e , H . J .  1 9 8 3 .  A n  ó v . e r v i e t ^ |  o f'  
k n o t , J l e d g e  r e p r e s e n t a t i o n .  I n :  c o h c e p t u a l
H o d e l l i n g ;  P e r s p e c t i v e s  f r o m  A r t i f i c i a l
I n t e l l i g e n c e ,  D a t a b a s e s  a n d  P r o g r a m n i n g
L a n g u a g e s ,  e d .  B r o d i e , H . , H y l o P o u l o s r J . '
S c h m i d t , J . ,  S p r i n g e r - V e r l a g r  N e N  Y o r k .

t 4 y l o p o u I o s ,  J . ,  5 h i  b a h a r a r  T .  r  T s o t s o s '  J  -  K .  1  9 8 3 ..  
B u i l d i n g  k n o l ^ | l e d g e - b a s e d  s y s t e m s :  t h e  P S N
e x p e r i e n c e ,  I E E E  C o m p u t e r  1 ó ( 1 0 )  r  0 c t .
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N a i s h r L .  ' l ? 8 2 .  A n  i n t r o d u c t i o n  t o  H u - P r o 1 o g ,
T e c h n i c a l  R e p o r t  8 2 1  Z ,  D e p t .  o f  C o m p u t e r  S c i e n c e ,
U n i v .  o f  H e L b o u r n e ,

N e þ ¡ e t r l , A . , 5 i m o n  r H . à .  1 9 7 2 .  H u n a n  P r o b l e n  5 o 1 v i n g ,
P r e n t i c e - H a 1 1 .

N i l s s o n , N . J .  I  9 8 0 .  p r i n c i p l e s  o f  A r t i f i c i a l
I n t e l l i g e n c e ,  T i . o g a  P u b l i s h Í n g  C o . ,  P a l o  A l t o ,
c A .

N o r m a n , D . A .  1 9 8 3 .  D e s i g n  p r i n c i p l e s  f o r  h u m a n *
c o n p u t e r  i n t e r f a c e s ,  T o  þ e  p u b l i s h e c l  i n :  P r o c .
C H I  C o n f .  o n  H u n a n  F a c t o r s  i n  C o m p u t e r  S y s t e m s ,
B o s t o n ,  D e c .

P a l m e n , S . E .  1 9 7 8 .  F u n d a m e n t a L  a s p e c t s  o f  c o g n i t i v e
r e p r e s e n t e t i B n . , I n :  c o g n i t i o n  a n c l
C a t e g o r i z a t i o n ,  e d .  R o s c h r E . , L l o y d r B . B . ,
L a w n e n c e  E r l - b a u m ,  H i J . l s d a l e ,  N J .

P e l l e ^ E i e r r J . F .  1  9 8 2 .  C o m p l e t e l y  n o n - c l e u s e l  ,
c o m p L e t e l y  h e u n i s t i c a l . l y  c l r i v e n  a u t o l n a t i c  t h e o r e m
p r o v i n g ,  T e c h n l c a l  R e p o r t  T R  8 ? - 7 ,  D e p t .  o f
c o m p u t i n g  s c l e n c e ,  U n l v .  o f  A l b e r t a ,  E d m o n t o n ,

P r a d e r H .  1 9 8 3 .  T u t o r i a l  o n  f u z z y  s e t s  a n d  s y s t e m s ,
I F A C  C o n f  . ,  l ' l a r s e i l l e . '

P r i o r , A . N .  1 9 5 7 .  T i m e  a n d  H o d a l i t y . 0 x f o n d  U n i v .
P r e s s ,  L o n d B n .

P r i o r r A . N .  1 9 ó 7 .  P a s t ,  P r e s e n t ,  a n d  F u t u r É .  0 x f o r d
U n  i v .  P r e s s ,  L o n d o n

P r i o r r A . N .  1 9 ó 8 .  P a p e r s  o n  T i m e  a n d  T e n s e .  O x f o r d
U n i v  P r e s s ,  L o n d o n .

0 u i 1 1 i a n , J . R .  1 9 ó 8 ,  S e m a n t i c  H e m o r y .  I n :  S e m a n t i c
I n f o r m a t i o n  P r o c e s s i n g ,  e d .  H i n s k y r l ' 1  . ,  T h e  1 4  I T
P r e s s ,  C a n b r i d g e ,  M A ,  F F  2 ? 7 - 2 7 o .

0 u i n 1 a n r J . R .  1 ? 8 3 .  C o n s i s t e n c y  a n d  P I a u s Í b l e
r e a s o n i n g ,  I J c A I - 8 3 ,  p p  1 3 7 - 1 4 4

R e b o h , R . 1 9 8 3 .  E x t r a c t i n g  u s e f u l  a d v i c e  f r o m
c o n f L i c t i n g . e x p e r t i s e , .  I J C A I - 8 3 '  P F  1 4 5 - 1 5 0 .

R e i t e r , R .  1 9 7 8 4 ;  0 n  R e a s o n i n g  b y  D e f a u l t ,  P r o c .
T I N L A p - 2 ,  [ J n i v . ,  o f  I l l i n o i s  a t  l J r b a n a - C h a m p a i g n .

R e i l e r r R . 1 9 7 8 þ . 0 n  c l o s e d  w o l d  d a t a  b a s e s .  I n :
L o g i c  &  D a t a  B e s e s ,  e d .  Ë a l l a i r e r H .  r M l n k e r r J .  t
N e H  Y o r K ,  p p  5 5 - 7 ó
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L o  R e i t e r r R . .  1 9 8 0 .  A  l o g i c  f o r  d e f a u l t  r e a s o n i n g ,
A r t i f i c t a l  I n t e l l l g e n c e  1 3 ( 1 , 2 ) ,  P P  8 1 - 1 3 2 '

L 0  R e i t e r ' R .  1 9 8 1  -  0 n  i n t e n a c t i n g  d e f a u l t s r  I J C A I - 8 1  t
p p  2 7 0 - 2 7 6 .
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