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Scme method of making interences is e€ssential tc a
sophisticated natural language understanding systen.
Attempts to use classical logic in such systems bhave ©@et
with varying degrees cf success, rcne cf them tctal. We
descrilte a ncn-standard 1lcgic develcped fcr wuse 1in a
sesantic network tased syster, and the asscciated netwcrk
representaticns cf 1lcgical «ccrnstructs. Three features
extend the 1logic teycnd stardard classical lcgic. 1The
tirst i1s the introduction of ncn-standard cconnectives.
The ccrnectives irtrcduced, ¥ (ANL-CF) and © (THRESH), are
generalizaticns cf the fagiliar syrmetric kEinary
connectives. A form cf negaticn is alsc defined. The
seccnd tfeature 1is adaptaticn cf a four-valued 1lcgic
Frcpcsed Ly Belnap as a methcd cf dealing with inccrplete
and ccntradictory informaticn. At this pcint, a type of
implicaticn is intrcduced. Third, ncn-standard
gqguantifiers are intrcduced. The new quantifiers,
ALMCST-ARLL, NCNE, and CKE, €ase the rerresentaticn of many
natural lanquage ccnstructicns. FKepresentaticns cf truth
value are deieloped for the netwcrk, and a system cf
Fostulates is propcsed. Finally, a distinction is drawﬁ
tetween syntactic and serantic inference, and 1its

rasificaticns are discussed.



I. Intrcduction

e

Fecple seem tc store, cr rerenker, infcormationm they
have received thrcugh natural lanquage. Hcwever, they are
alsc capakle of Loth acting cn and cornunicating
information which they have nmnever explicitly received.
Such icplicit knowlege alsc scems tc ke a f[part cf hvusman
intorraticn stcres. Scphisticated natural 1language
understanding systems therefcre require a rethod cf
oktaining intormaticn that is nct explicitly stcred in
their data fase. Generally, such rethcds are rased cn the
applicaticn of rules which govern the extracticn cf

implicit intormaticm fros explicit irnfcrmation. Such

A desirable.feature cf such rules is an akility tc
€express them independent cf the representation in which
they may ke implemented (€.g. IISE ccde). Cne pcssitle
independent rerresentaticn is as a lcgic system. If an
inderendent, uniform representatico is possitkle,
comparisons and contrasts tetwveer varicus sets of
deduction rules are easier to make and fcrrulate. This

apprcach is followed here.

Generally, any representaticn cf deducticn rules &@may
ke viewed on several levels. Cpe level is that cf the
language chcsen for implementaticn. Ancther level is that
ct data structures created and used. B3 third level might

ke a classificaticr intc "manipulating®™ and "manipulated"



€lements. While @educticn rules ard the infcrmaticn ugcn
which they work are generally represented uniformly at the
implementation level, such uniformity is not necessarily
the case at the data structure and manipulaticn levels.
In 1ISE, tcr example, infcrmaticn might ke represented as
atomrs, with the deducticn rules as functicns (cr 1lists),
designed te deal exclusively with atoms. . kcst
impcrtantly, deducticn rules and tke irfcrumaticn tc which
they apply can fall intc the <classificaticns cf
ncentrolling® and "contrclled", respectively, at the third
level c¢cf analysis, cr they may =spar kcth categcries, sc
that deducticn 1rules, Lteing kcth "ccotrclling™ and
“écntrclled“, may treat other rules as infcrmaticn. The
latter possitility seems more desirakle, as the deducticn
rules are informaticn. This wuniform representaticn
apprcach will be fcllcwed here. This will alsc allow the
representaticn tc pcdel <c¢ne's understanding cf the
deduction 1rules, Lty «representing ther as informaticn

within the knowlege Lase.

The internal representaticn of interest here 1is the
serantic network of Shapirc, 1975a. While cthers have
used semantic netwcrks, no success has Leen reacked 1in
devising a useful, unifcre, generalized 1inference
sechanism fcr such a netwcrk. 1The reascns fcr this lack
cf success vary, and include deferring the proklerm cf
interence to concentrate on a ncre gfprecise or detailed

rerresentation (Shank, 1973), |(Fredericksen, 197Z). Cther



attempts may ke classified as lacking cne cf the necessary
elements for a suitakle wmechanism. Quillian, 19€€ and
Simrons, 1973 lack uniform representation c¢f rules and
intcrmaticn, while Palnme, 197% ard Anderscn and Bcwer,
1973 are suspect cr grcunds cf genexality. Lindsay, 1%€2
lacks roth elesernts. Scme attempts, =uch as Shagirc,
19471a,t, Hendrix, 1975, and Shutert, 1975, have Leen
successtul in achieving ttecretical  upifcrmity and
generality, ktut have faced ctker frcklems due tc their

classical approach, as will re discussed kelcwu.

The remainder c¢f the paper, which is a mcre corplete
presentaticn of the wmaterial first presented in Bechtel
and Shapiro, 1976, is in six maZcr secticns. Secticn 11
prcvides a trief ‘tackgrcund c¢n the elements cf the
semantic network and their interacticr. Secticn III, Ly
tar the 1lcngest secticn, discusses scme cf the prcklems
inherent 1in classical 1lcgic, and develcps pcsesitle
soluticns Ltased o¢n ncp-standard ccnnectives and truth.
values. Network representaticns cf all new <constructicns
are also develoged in. thkis secticr. Bcth standard and
nan-standard quantifiers are irtrcduced in secticn IV, and
the ©pcssitility cf using ther tc aid 1in ccntrclling
deducticns is discussed. Secticn V deals with a 1lcgic
rased c¢n the new connectives, and secticn VI draws an
important distiction tetween tyres cf inferences.

Finally, ccnclusicns are dicussed in secticn VII.



The network we are working with «ccnsists c¢f ncdes
ccnnected Lty edges <called r1elaticrs. The ncdes may Le
constants «c¢r variakles, with ccnstants Iepresenting
anything atcut wkich intformaticn may ke given - in shcrt,
"conceptual entities". Variakles act as  "empty =slcts"
that range, in gereral, cver tlte set c¢f ncdes. DNodes are

generally latelled, for convenience in referring tc them.

Felations may nct represent variaktle data as they are
not 1ntended tc represert ccncepts, tut rather structural
intcrmaticn. The difference may ke seen Ly ccnsidering

the twc following representatiors cf "Jdchn is a Lkcy."

sory O—2=2 >() Boy

(a) (b)

Notice that in (a) the cnly ncdes, cI ccncepts regrresented
are thcse ¢t JCEN and BCY. 1In (k), hcwever, tkere is a
third ccncept, which ccrresgpcnds tc "Jchn is a wmesker cf
the class ct kcys," or kriefly, tc "Jchn is a Ecy." Since
this 1s the concept we started with, (L) 1= the rreferatle

regpresentation.

When relaticns are detined, their ccnverses are alsc
detined, and represented in the netwcrk whenever their
corresgonding relaticr is. Usuvally (again fcr

convenience), ccnverse relaticrs are nct shcwn in graghic



representations c¢f network structures. Scme special

relaticns, called auxiliary relaticns, have nc converse.

—— - —— i v ——

Conventicnally, a relaticn is ar arc tetween a node and
ancther node which represents less infcrrmaticn. Such
relaticns are termed descendirce, while thelr converses are

ascending. If this conventicn is fcllcwed, 1t may ke =aid
that one node domipates a seccnd if there is a [path rade
up exclusively ct descending relaticns ketween the first

and second nodes.

Ncdes may te classified ty their domirance over cther
nodes. Nodes which dcrinate nc cthers (tut which may ke

dorinated) are termed atcmic ccpstants ck atcric

—— - — P - —

variatles, dependirg cn thkeir rature. Variakle rcdes are

—— i o —— o —

indicated by the auxiliary relaticn :VAR, which relates
variakle ncdes tc the special rncde 1. Ncdes such as T,
which have cnly auxiliary relaticns, are terred auxiliary

— .  — ———

nNodes. Nodes whkich dcmirate <c¢tkter ncdes are termed

molecular nodes. PFolecular ncdes whcse dominated atces

g

dominate variakles are ternmed fatterns. Exanples cf
netwcrk structures are civen ip figure 1. As menticned
tetcre, atomic variatles range cver any ncn-auxiliary

node. Figure 2 gives exanples cf subkstituticns for an

atcnic variakle.
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JOHN, SEE, LOVE, MARY, HEAR
Atomic Variables MO001, MOOO3
Auxiliary Nodes - T

E Atomic Constants

Patterns - MOOOY, MOOQO2
Assertions - MOO5O0
Relations - AGENT, VERB, OBJECT

Auxiliary Relations - :VAR

Figure 1. Network Structures.



All of the nodes above, except T, are
substitutions for MOQ06

Figure 2. Valid Substitutions.



What 1s needed then, is a wmethecd of 1ipferring Dnew
network structures frcr structures already present. A
tavorite methcd of acccoplishing such derivaticn cf npexw
intormaticn frcm o©ld tas Leer tlke inccrpcraticn cf scre
syster ¢t lcgic. The kulk cf tlis parer is devcted tc the

developrwent of an arprcpriate lcgic.
1I1. A. Propositicns and Ccrnnectives

Asserticns rerresent ccrnstant fprcpcsiticns, while
patterns rerresent prcpcsiticrs with free variakles. PFrany
FrCcpcsiticns are fcired ky ccnpcunding simpler
Frcpcsiticns. Traditicnally, such <ccepcunding has keen
acccoplished Eky use ct ccorectives frcn classical
tuc-valued (TV) lcgic, & (ANLC) ard v (CR). <Such compcunds
can te represented in thke netwcrk ky intrcducing emcre
relaticns, as shcwn 1in figure 2Za. Ancther methcd cf
representing compcunds, used ky Fredericksen, 197%, is tc
treat standard ccponectives as relaticns, as shcwp in

tigqure 3kt.

Cne c¢f the most apparent drawtacks c¢f roth cf these
apprcachs is due tc the tirary natuvre cf the ccnnectives.
Fach ccnnective cap take cnly twc arguments at cnce. ke
pay write AEBEC, ftut the expressicn is nmeaningful cnly
thrcugh adopted conventicns regardirg asscciaticn (tc the
lett c¢cr tc the right). Tc Lte =strictly ccrrect, the
expression shculd ke writter either BE&(EEC) cr (REE)EC.

Frecdericksen's methcd has rc allcwarce fcr asscciaticno
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Figure 3. Possible Representations of Conjunction.
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thus making {AEB) v (CEL) indistinguishatle frcem
AE ({EVvC)EL) . It is not clear kcw such compcunds wculd ke
regresented, as there is nc ncde fcr the «concept c¢f the
conjuncticn or cdisjuncticr. The cther methcd provides a
node ccrresponding tc the ccriuncticr, Lut alsc 'causes
trouktle Ly exparding petwcrk structures encrmcusly, as
shcwn Lty the  netuwcrk structure Iequired fcr the
conjunction of ftive argurments in figure 4a. This prcltler
may te easily avoided ky noting that ANL and CR readily
lend themselves tc expressicr as n-ary ccrnectives (n>z).
Since Loth of these ccrnrectives are asscciative,
copnutative, and idempctent, tke arquments tc n-ary ANLs
and CFs may ke expressed Ly sets, which Lty definiticn are
crder independent and ccpntain rc duplicaticns. The
conjuncticn of five arqueents w®ay Le €Xpressed as
ANL (C1,C2,C3,C4,CS) and in the netwcrk as shcwn in figure

ub.

Ancther protlem alsc <ccrcerrs the netwcrk size
required tcr a ccrrect representaticn, and may kest te
demcnstrated ty use cf an example. Ccnsider the statement
"ot the five students, crly twc cr three did amy wcrk.”
Bepresenting "twc cr three cf five" usirg 1V ccrnectives
is nct simple, as shcwn Lelcw.

({C1EC2) Vv (C16C3) Vv {CIECH) vV (CIECE) v {CZECI) v (CZECH) vV

{€26CH) v (C3IECU) v (CECS) v {CUECE))E~((CIECZECIECH) V

(C1EC3ECUECS) vV (CIECZECIECE) v

{C1EC2ECUECE) v (CZEC3ECUECS))
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et ocnly dis this 1lcrq and 1invclved 1in standard 1TV
potaticn, Lut wculd require a large amcunt cf netwcrk tc
Iegprcduce. In additicn, the =standard TV formalise
requires the use c¢f negation (NCT cr ~), a prckler nct yet

discussed.

R third prcklern alsc arises frcm the kinary natvure cf
the ccnnectives. This [fprctles appears with the use cf
"derived”™ ccnnectives such as exclusive c¢r (XCR cr &) and
equivalence (ECUIV cr =). Fcr the =imple Lkinary cacse,
they are harmless encughk, tut ar attempt tc expand ther tc'
the n-ary case can result in disaster, since even thcugh
they are associative and ccanutative, they are nct
idengpctent, i.e. A®A=F and A=R=T. 1In additicn, they are
nop-intuitive fcr mcre ttkan twc arcumernts. Ccnsider XCE.
Using it in the twc argument «case, cne develcgs an
intuiticn which runs something like "it's true if and cnly
it exactly cne cf its arquaments is."™ This afppears tc wcrk
toz1the three valued case until all the argurments are
true, when A®E®C is true tcc. Intuiticp strikes cut. B
similar situation bclds for A=E=C as shcwn 1in the truth
takle kelow.

ADEDC A=zE=C

-]
2]
o]

R B R B T
e N B B A I T
[ B I B B I I I
e R I R A A
L B B e T I o |
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We expect A=E=C tc te true when all its arquments are the
same, kut it Jjust isn't sc. 1The classical sense cf XCFK

and ECUIV over n argurments nay le susmarized as fcllcus:

XCB[Bl,...,ﬁn) is TRUE it anrd cnly if an odd nunmkter

ct 1ts arguments are TFUE.

ECUIV{AI,...,AH) is TRUE if and cnly if an even

nusker of its arguments are FAISE.
Fepresenting the intuitive wunderstanding cf A®E@C and
2=E=C ty prcperly asscciated tirary ccrrectives is nc €asy
task. The seemingly innccent stafeuent heading &©®any
thecrems, "the fcllowing are all equivalent"™ lccks like
this when seven thinés fcllcw:

(R=E)& (E=C) & {C=L)E (I=E) & (E=F) & (E=C) »

This i1s a kigger prckler, as we wculd like tc represent as
sisply as possikle intuitive relaticnships and ruvles used
ty peorle in making sense cf ratural larguage.

Tc resclve these Frcklens, WE intrcduce twc
ncn-standard ccnnectives: W {(ANI-CF) and © (TEFESE).
These will replace ANC, CF, ECUIV, and, tc a certain

extent, NCT.

%) is the ccrnective that will dc mcst cf the wcrk,

(j
1

n
and 1s equivalent tc the functicr T, 7T, independently

1. J41"
develcred Lty George EFEpsteir focr a different [purpcse
{Erstein, 1958) . nng takes a <set cf ©n argunents

{prcpcsiticns) and is true 1f at least 1 ard nc wcre than
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J ¢t 1its arquoerts are true. It is, Ly definiticn, an
n-ary ccnnective, end can readily replace CF and ANL as

shcwn:

r =
nmliﬁl'...,an)—ﬁ. V...Vﬁn

.

Z =
A (A eece,d )= 600 8R

1

In addition, ANLC-CF enakles an <€asy fcrmulaticn of the
"students who wcrk"™ exargple. Ir +this fcrralisrm, the

Staterent wculd Lte €xpressed

3 5 ca .
5H51C1,02,C3,04,C5) .

The intuitive understanding cf an p-ary XOF is alsc very

sieple:
1
nﬂl{nl,...,nn).

Nctice that this expressicn is true if at least cne and nc
rcre than o¢ne of its arqurents are true. 1This cverccres
thewearlier ckjecticn tc the classical XC0R. EFEcssikly the
Eost unexpected Ltenetit «c¢f 2K[-CF 1is its akility tc
replace negation it most, if nct all, <cases. kith the
riviour and maximue parameters toth C, ANLC-CR functicns as

KCR, fut without any associative difficulties that right

cccur, as with XCE. Such a represertaticn wculd afpfpear
w0 (2,B)=2yE
270

Alsc, since 1t accepts ary numter cf argqurents, direct

negaticn is possitle.
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Ct cocurse, we ccould replace ECUIV with apprcpriately

nested ANL-CFs, €.g.

B=E = 2K%I2K§lﬁ.f)¢2ﬁglﬁgf)) cr
2= = _3o( wli2,E)),

15021

kut tc avcid reintroducing -the Frcklems of netwcrk
prcliteration we wish to eliminate, we instead intrcduce
TEFESE. 1This ccnrective grew ctt cf discussicns Ly the
SNeEsS Users? Grcug durirg 1975 «ccncerning netwcrk
regresentaticns of patural langquage ccnstructicns. nei
takes n arguoents and is true if less thar 1 cr all n are
true. Simgle equivaleqce ray Lte rerresented cver n
argurents Fky =etting i=1, thus quaranteeirg that all the
argurments are either true c¢r false. ﬂ@lthl,...,ﬁn) is
equivalent to the BUTIHE!Al,...,An) {rutual implicaticn)
¢t shagpirc, 1971a,t. The ttecrer with =<seven egquivalent
statements Lecomes

TGIla'E'C't'E'E'G) -

Koctice that ECUIV has keen generalized Lty TERESH sc that 1
teccmes a sort of threshold, which, when reached, requires

the remaining arquuoments tc ke true.

In addition, BNL-CF car te wused tc 1reprresent all
sysmetric Lkinary «cchnpectives. Alcng with ANL, OR, XCE,
ECUIV, and NCR, these include NZNL (|) and the ccnstant
TRUE and FALSE ccnditicns. These repriesentaticns are

shcwn kelow.
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1{A,E)=2|E
Mgt E)

2 - :r
2ﬁOlH,E) TEUE

3(a,E)=FAISE
gﬂaﬂ o E)

I11. E. The Failure of 1V

e w am m — - —

Up tc this pcint, the usefulness cf «classical 1lcgic
bas rLteen assumed, with the ccrnrectives nmerely regplaced
with cnes tetter suited tc the fpurpcses at hand. Ncw  we
will discuss scme of the prctlems inherent in IV lcgic.
The tirst has faced logicians since at least as far Lack
as Aristotle, and has created frcoctlems fcr cthers wcrkirng
in natural language understandirg. 7TV assumes that every
grcrcsiticn has & kncwn trvthk value, that it is either
true or ftalse. BAristctle tried tc assign a truth valve tc
the gfproposition *"There will Lte a =ea fight at rcco
tcacrrcw®” {Le Interpretaticne, Ck. IX) and finally
decided that it was impcssikle. Fven withcut the temrpcral
elenent to add confusicn, any natural lancuage
understanding system is faceé with the pcssitility cf a
reterence to scmething cutside its carefully pfpregared
domain of disccurse. What truth value shculd ke assigned
tc a prcposition never Fkefcre enccuntered? Cf ccurse,
answering that question is part ¢t the functicn cf
deducticn ruleé, tut even they may nct Le useful. The

same [frokler 1is wmore apparent if the syster is asked tc

reply "true" or "false" to scme prcpcsiticn, rather thanp
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cnly having to stcre scne trutbh value fcr each

Frcrcsiticn.

The ctvicus answer is that the fprcper refply when
taced with insufficient infcrmaticn is "I dcn't kncw."
This =scluticn has Leen reccgnized ip almcst all
questicn-answering systens. Ny dcn't kncw" 1is nct,
however, a classical truth value. 1t is the indicaticn cf
a total lack ot a truth value. 1In scmec sense, it is
undetermined. Frcpesiticns which the system does nct kncw
atcut «cannct ke marked "true" cr "false", kut must rewmain
unmarked. Fcr this 1reascn, #e intrcduce a third,
ncn-standard truth value, <called ™ncne" which will

indicate this previocusly unrarked state.

Ancther prctlem is prctakly just as ¢ld. This is the
frctlem o©f contradicticn. VPcst systenms cf icgic exclude
ccotradicticns ty caretul selecticn cf pcstulates, FLkut a
nuster c¢f teatures o¢f nmnatural Jlargquage make this a
difficult method fcr use ip ttrat arplicaticn. dgain, 1TV
logic assumes every propositicr has cre, and only cne, cf
the twc pocssikle truth values, whken the “rrcpcsiticns" a
natural Jlanquage system has tc deal with ray bhave mcre
than one value. This is particularly ncticeakle when the
syster accepts withcut questicr apy rew inforsaticn it is
given as fact. The <syster may ther Le tcld that a
particularc Fropoesiticn is kctk true and false.

Contradictions which arise 1imn this way we will «call
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Ancther source of ccntradicticn lies in the fact that
there 1is no gquarantee thkat deducticn 1rules which are
usetul in understarnding ratural larguage are€ ccnsistent.
Furthermore, oktservaticns cf buman intcrrmaticn froccessing
and teliet systems wculd indicate just the «cprcsite.
Theretfcre, contradicticns wmay alsc e intrcduced Ly
rostulates cr deducticn rules, a nmarrer which 1is avcided
ty nmost tcrmal 1lcgical systems. Ccrtradicticns arising

trce deduction rules ray ke termed implicit

contradicticns.

Finally, coptradicticrs @may arise cut of the
amkbigucus nature cf natural larguage itself. This
amtiquity makes explicit ccntradicticr mcre likely, if
unncticed, and may alsc create irplicit ccntradicticn, if

deducticn rules are taken frorm ratural language.

We are not yet prepared tc launch a full scale attack
cn contradicticn, Lut rathker we wish to shcw that it can
€exi1st in a patural lanqguage understanding =system withcut
straining the Ltcunds cf tte system. At fresent, we cnly
wisk tc arque that, since it car ezxist, we =hculd have
some way of refpresenting it. Usipg the tag cr lakel idea
implicitly advanced in the discussicn of unkncwn truth
values, it would lre pcesilkle to have tu¥c ccries of every
Frcpcsiticn, cne lekelled "true"™ ard the cther lakelled

"talse". This is the methcd used in TV lcgic, with the
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prctctypical statement ¢t ccntradicticr teing AE~2. There
are tvc okjections to this sckere. Cne is cur cld friend,
the rrcklenm of netwcrk size. Cuplicating EVELY
ccntradictory proposition might ke all right if there are
just a tew, tut we have nc reascn tc Ltelieve that there
will te just a tew such prcpcsiticns, cr that they will Le
small and sirple. The seccrd is a scrt aof self-protecticn
against errcrs. We wculd like tc wmake any data Lase check
as simple as rossitle. If the ccntradicticrns are "stcred"
cn twc separate propcsiticns, finding a single latelled
Frcrosition only means that the search is balf «conrplete.
In the «case that a prcrcsitico is true, the entire data
tase must te searched tc e =<stvre that an identical
frcpesition is npct false, signaling a «ccntradicticn.
Having estaklished the legitimacy cf apn enpty 1lakel fcr
the case ¢t an vunkncwn truth value, we ncw fprcrpcse the
latel "roth"™ or "true, false"™ tc sigral a ccntradicticn.
Fow. there are fcur truthk value which a prcpcsiticn may
take, and we are faced with tke frctlen cf- devising ways
ct dealing with these trutk values cutside classical TV

logac.

Is there some relaticn ketween threse truth values, as
there i1s in TV? Fcr an answer, we turn tc Eelnap, 197%fa,t
and the idea cf an apprexipaticn lattice. An
approximaticn lattice 1is Just é cconplete lattice which

alsc satisties the intuitive ccrditicr that dits rfpartial

crdering relation ray te read "apprcximates"™ (e.g. x<£y is
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read "x apprcximates y"). Civer cur téur truth values, an
intuitive wunderstanding cf "apprcximates" might Le "gives
no mcre informaticn than". Witk this  wunderstanding, the
tcur values tcrmr the fcllcwing lattice (called AU Ly
Eelnag):

ECTE

TRUE <<:::::>EAISE

NCME
This aprroximation lattice may then ke manipulated with a
desire to preserve classical 1V characteristics tc prcduce
14 |

TEUE

NCEE<<:::::>ECIE

FALZE
in which & is meet and v is jcin, ard negaticn is defined

as tftclicws:

A ” NCNE l FALSE l TFUE | ECTH
- ||

NCNE l TEUE | FALISE ' ECTH.
For convenience ip nctaticn, we shall refer tc these fcur

truth values Lty their tirst letters, N, F, T, B.

Sc now we have tour truly clcricus truth values, Lut
are taced with the <c¢ld ccnrectives. Fcrtunately, the
rerlacesent ot ARL, CR, and NCT will ke guicker this time.

(D yaua,B is marked at lesst T just in case at least
Ty (B, ) 3 a

i and nc more than j of its arguements are marked with at
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least T (in A4). 9 (A

: Pp——. is marked at least F just
A o ’ n) J

1
in case less than n-3j c¢r mcre than r-i of its argusents

are wmarked with at least F (in 2Y4). n@ Al,...,An) is

j__ [
rarked at least T Jjust in case less thar i1 cr all n cf its
argurents are marked at least T, ard is marked at least F

if mrcre than 0 ktut less thanm «c¢r equal tc n-1 cf 1its

argqunents are marked at least F.

111. C. Network Fepresentaticr cf ANL-CF and THEESE

. ——— - e 28— = _—— e — —_——_———_

Finally, we nust have a2 way <cf representirg ‘these
cobnectives in the retwcrk. Sirce the rumkier cf arquments
may vary and order is  urinpcrtapt, a <single tyre cf
descending relaticn <cculd =serve tc jcin argunents tc a
node TrIepresenting a cconective. he defirne such a
relaticn, called ARG. The <fparameters c¢n a ccnnective
Frcvide the infcrmaticn necessary tc its evaluation, and
so must ke ipcluded 1in tke retwcrk. Cp ANI[-CE, tke
paraseters indicate the total nuster cf arguments and tcth
the mirimupr and maxirur nunker that may ke true tc satisfy
the ccrnectives. W%e define tke three auxiliary relaticns
TICT; KIN, and PAX tc rerresent these. The TEFEZE
connective may alsc use TCI, ané additicnally requires an
indication ot the threshold numter cf arguments, fcr which
we will use THRESE as the name cf tke auxiliary 1relaticn.

Exanples ct network structures may lte seen in figure t.
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I11. [. 1Inference

Faving estaklisted a useful et cf trvth valuves and
gore ccnvenient ccrnectives we £till lack cne cf the mcst
irpcrtant elements c¢f a logic, tlte akility tc |use kncwn
intcreaticn to inter new infcrmaticn. In 1V, this akility
1s vested in material isplicaticn (> cr IFF). Hewever,
the suitatkility cf raterial implicaticr fcr such uses has
teen attacked ty lcgicians (Arderscr ard Eelrap, 197%) and
fsychclogists (Kintsch, 1974). <Cne c¢f their ckjecticns 1is
particularly relevant tc a ratural larguage vunderstanding
system. The oLtjecticn, <simply =stated, 1is tc the fact
that, in TV, a falseé prcgpecsiticr imgplies anythibg, and a
trve rproposition dis dsplied ty arything. [c we wish tc
say that any implicaticn whcse antecedent is false hclds?
Rgain, .ccnsider the Frcklen cf ccntradicticn. A
contradicticn, at least classically, is always false, and
so isplies anythirg. Apnderscr and Eelrafp (197%) bhave made
perhaps the Lrcacest and =mcst ccnplete criticise cf
material implicaticn, ip whkick they assert "MNaterial
implicaticn i€ no mcre a ‘kircd! ;t inplicaticn than a
Flunderkuss 1s a 'kind' ¢t lruss." PRlcng with the
criticism, they prcpcse alterrative relaticns, whkich are
intended to mecre clcsely apprcximate the intuitive
understanding ot implicaticn. Crne cf these new 1relaticns
surtaces again ip (Belrap, 197%fa,t) ard is simply defined

cn L4 as “gcing upkill®™. TIf mcvirg frcm the antecedent tc
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the ccnsequent in the lattice invclves taking a dcwnward
rath, the implicatiocn lncﬁ an eptailmept, in Anderscn and
Eelnap's terms) is false. Father than keing always (at
least) T, an entailsent whcse artecedent is contradictcry
1S ncw T only it its ccnsequent ccntairs T. Truth takles

tcr IME (defined 3s ~AvE) ard ertailmert (-2 cI ENTAILS)

shcw cther interesting differences.

> N F T E -2] N F 1 E
N N N T T B 1 E T F
E T T 1 T E T 1 1 I
I K E T E T E F T F
E T E T E E P F 1 T

Notice in particular that every entailment kas a single,
well-detined truth value (T cr F) and 1s never
undeterrined or ccntradictorye. Ccnsider the expressicn
A->A. 1If we have a well tehaved lcoic, we wculd certainly
hope that this imgplicaticn sculd always ke true,
regardless c¢f thke truth value assigned tc R. RAs can Le
seer, this is not the case fcr IME. BAs Eelrnap has ncted,
ENTAILS alsc ¢freserves truth apd falsity, in the sense
that 1t never leads from trutk tc tte akserce of truth cr
trce the aksence ¢t falsity tc its presence. IME is
guilty cn tcth counts of ncr-preservaticn, as can ke <se€e€n

trce the truth tatle.

Having selected a suitakle implication ccnnective, we
must ncw find & way tc <rTepresert it in the petwcrk.

Entailment differs frce the sinmpler ccrmectives ANLC and CF
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in that, while it is alsc Lkirary, it is pct symeetric.
E->1 doeslnct necessarily fcllcw frcm A-DE. {Indeed, cne
would e greatly disturted if it did!) Ceneralizing tc any
nusker ¢t arquments, as was dcne ir ANLC-CE and TEEESE,
131,...,An)->tﬂl,.-.,Em) ray e read "the disjuncticnp cf
the As entails the conjuncticn cf tke Es®", and atlreviates
the n times m rules af the f;rn ni*>Ej, 1<i<n, 1<j<m. As
in ANL-CF and THRESH, a use cf ENTAILS will ke rerresented
as a node, with descending relaticmns tc the argquments.
Since the sets ct arguments are distinguished, they nust
te uniquely idertitied Lty wvuse cf differemt descending
relaticns. We chccse tc call tiese relaticns ANT and C(,
intended to ke =<sucgestive <¢f artecedent and ccnsequent

respectively. Examples are shcwn ir figure €.

I111. E. DNetwork Fepresentaticr cf Truth Values

A1l assertions and patterns &nrust have their truth
valﬁe indicated in scme way, as tke classical ccnventicn
extends tc cnly twc truth values. Classically, tc state
"p" is equivalent tc stating "A is trve." Ey the sane
convention, "~A% is _equivalent t¢ "3 is false.“" Tke
Fresence c¢r atsence cf the negaticp £ign is sufficient tc
determine the truth value cf the expressior. Ecxever, a
tinary chcice is rct sutficiernt tc distimnguish arcpg fcur
truth values, suck as we LFave ir I4. €c, the last
ccnstruction needed fcr a wuseful  fprcpcsiticnal 1cgic

systew is a methcd ctf indicating the truth value ct the
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asserticns and patterns. 7This is bkandled ty intrcducting
an auxiliary relaticn, <called TVAL, +which 1relates an
asserticn or pattern ncde tc ancther rcde which represents
the truth value of the expressicn represented ky the first
node. This metbcd grcws cut «cf the =earlier idea cf
latelling, and examples are shkcwr ir tfigure 7. Cne
unusual feature needs tc ke pcirted cut; expressicns that
are nct tound im  the netwcrk either explicitly 4
implicitly {deduced) are assumed tc rave a truth value cf
NCNE, that is, they are neither true ncr false. This
acccrds with the mctivaticn fcr thke estaklishwment cf the

NCNE truth value.

I1V. A. Cuaptitiers

Ncw that connectives and truth values are settled, it
¥ould ke desiratle to include mcre than ccnstants in the
deducticn rules. In éiassical lcgic, variakles are
included thrcugh tke use c¢f quartifiers and predicates; a
siwilar pFpath will ke fcllcwed lLere. Asserticns and
ratterns, whick thave fteer furny Ilccking [fprcpcsiticns
(teing made up of many parts, rather thar Leing =single
entities) may now te viewed as predicates. The variaktles
in the patterns range {generally), as ncted Fefcre, cver
the universe cf ncdes ir tte retwcrk, keing validly

sukstituted feor by cther ncdes.
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Classically, quantifiers serve tc specify kEcundaries
(or lack ot Lcundaries) cn the class cf sukstituticns cr
instantiaticns which may ke made fcr the variakles they
rind, such that thcse =sulstituticrs will retain the
validity of the exrressicn ip tte sccpe cf the guantifier.
The classical quantifiers vV {(RI1) ard d {EXISTS) specify
toundaries as follcws: ALl has nc upper Ltcumnd, and 1its
lcower tcund is equal tc thke rumker cf T[pcssiktle
sukstitutions; EXISTS bas the same vupper Etcundary, Lut
has a loser Lound cof cne valid suktstituticn. PFut ancther
way, ALl insures trat apy substituticr fcr its variatles
is wvalid, while EXISTS insures tkat there is at least cne

valid sukstituticn.

The power of these quantifiers, particuvlarly that cf
ALL, is ditficult tc use ettectively. It is hard, fcr
exasple, to think cf a predicate which is true fcr all
elenents of a wuriverse as fpcssitly diverse as that cf a
seuéntic netwcrk. ¥cr this reascn, exclusive use <cf an
implicit AIL quantifier cn expressicns is nct acceptaktle,
torcing the inclusicn cf at least kcth of the <classical

quantitiers.

We alsc wish tc ke akle tc add expressicns tc the
netwcrk which, wkile pot tautclcgies, may ke useful in
understanding natural lanquage. 1This should ke [pcssitle
¥ithcut intertering with exfressicns already ir the

network. It wculd Le [fcssikle tc restrict the ©pew
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clcsely related to intuiticnistic lcgic, and 1is
interpreted as "nct the case that C(x) is rmarked FALSE."
1The idea is that tlke expressicn hclds fcr any substituticn
which does nct directly ccntradict the ccnsequent. 1In the
aksence ¢t such a contradicticre, Alh functicns in exactly

the same way as All.

A number ot matural lancuage <ccnstructicns wmay ke
represented ky use cf trese guartifiers, tut rany cf these
rerresentaticns fparticularly tbkcse invclving AII and
EXIS1S) are very corplex, resultirg in disprcpcrticnate
increases in network size fcr trke intuitive ccomplexity cf
the <ccncepts e€Xpressec. Ip additicrn, studies indicate
that classical quantifiers (ALl and EXIS1E) are highly
artiticial and ncn-intuitive tc urtrained uvsers (Martin,
197%), {(Thomas, 197%). For these reascns, ®e intrcduce
tuc wmore non-standard quantifiers in an attempt tc mcre

closely model iptuitive ccrcepts.

NCNE is formed ty «ccllagsing a ccrrective intc a
quactitier. It &ids in tke <sinple rerresentaticn cf
ccncepts such as "po one in their right nrind wculd try
that,” and may te expressed classically as shcwn:

NCNE(X) (E{X)->C(x)) = RIL (%) (E(x)~>~C(x))

(where ~C{x) 1i1s interrreted "C(») is marked FAISE").

The last new quantitier is CNE, which is the sare as
the UH! wused ty classical logicians. Fcr this reascn, it

is ncp-standard cnly ty virtue c¢f Leing a direct
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irplerentaticn rather than ar aktkreviaticn. CNE sets
tocundaries cn valid sutstituticrs ir thke same way as ABAIIL
and EXISTS, e€xcept that its vuvpper ard lcwer kcundarieg are
tcth one. CNE asserts the e€existence cf exactly cne
validating <sukstituticn fcr the variakles it tinds. Ap
equivalent expressicp may le ccrstructed using classical
quarntifiers, as skcsn.
CNE(x) (E{x)) = EXISTS(x) (E(X)ERIL (y) (E(3)~>(x=Y)))

The new gquantitier 1is SUp€ericr tc the classical
ccrstructicn using EXISTS and RIL fkecause it mcre clésely
sodels intuition, it reduces netwcrk size, ard it avcids
(or at least [Fpcstpcnes) thte fprcklem cf representing

€equality.

The applicaticn ¢t quantifiers is =straightfcrward.
[educticn rules are "used" bty firdirg asserticos in the
netwcrk which fully instantiate a rule's artecedent side,
and using the sukstitutions derived frcm such asserticrs,
ccnétructing instantiaticns c¢f tte ccnsequent side.
EXISIS and CNE may ke dealt with Ly generating a ccrstant
to till the pcsiticns teld ty veriatles, thus charging any
deducticn rule quartified ty cre ct these cuantifiers intc
a ncn-quantitied asserticn dcminating cnly constants
(pcssitly including fully Lkcund rules). 1In the case cf
EXISTs, this :eplacénent is perfcromed withcut excepticn.
To freserve the uniqueness incicated ky CNE, hcumever, it
1s pecessary to first search tke netwcrk tc find 1if a

constant already exists which would satisfy the rule. If
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such a constant exists, 1t is used as the ipstantiaticn.

It nct, a nev ccnstant is gererated, just as with EXISIS.

ALl and KCKE éo not limit sulbkstituticns. Therefcre,
under the prcvisc that sukstitutices withir a rvle must Le
vniform, tinding @ oDpetwcrk structure which will fully
instantiate the antecedent c¢f a 1rule is sufficient tc
rersit the asserticn cf tke ccrsequent c¢f the rule
{negaticn ¢t the <ccnsequent, in the case cf NCNE) under
the same sukstituticns. AlA, which |has a turther
restricticn, requires in additicn tkat the negaticn of tke
consequent under thte substituticrs cf thte antecedent fail
to te fcund (cr quickly inferred) ir the netwcrk tefcre

the ccpsequent ray ke asserted.

IV. E. guantifiers apd Fule Crderirg

——— . — - S e b e i e e o

The cancept of likelihccé cf velid sulkstituticns, as
retlected in the freceding interpretaticns cf quantifiers,
It wculd <seem that the mcre likely the pcssikility (cr
impcssikility) ot valid sutstituticrs, the mcre generally
applicatle the rule is. We are ccncerned ncw cnly with
gquantitiers cover an entire deducticr rule. Cuantificaticn
cver fpcrtions ot a deducticr rule is ccvered elsewhere

(Shapirc, €t al, 197¢).
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EXISTS and CNE need nct even ke ccnsidered in suck ab
explicaticn of applicaltility sirce, as merticned refcre,
they may te replaced ky ccpstants which irstantiate tlre
variaktles they quantity, as ir a Skclem functicn. This
leaves cnly ALL, RIA, ard NCNE. AIR is useful cnly 1f the
negaticn ot 1its «ccnsequent is nct fcund explicitly cr
quickly deduced ir the retwcrk, i.e., there may e cases
in whach it is nct applicakle. RAILI ard NCKNE shcw nc such
restricticns. %itl the idea cf applicatility, quantifiers
cf deducticn rules can ke used tc crder prccf trees. 1If,
tor example, twc rules are availatle tc reach a particular
ccnclusion, 1t 1s possikle that cre will ke nmcre likely tc
te arplicakle than the cther. 1In light cf the discussicn
atcve, an crderirng tased cn agpplicakility cf quantifiers

wculd place ALL and NCNF tirst, fcllcwed by 2AIA.

Ancther way cf lccking at fules is in terms cf
anticirated etfcrt. This wculd ke a measure cf the effcrt
expécted tc use the rule. BAgain ALl and NCNE are ucseful,
with e€tfcrt experded cnly ir =settirg wvup Lirdings Ly
tinding a netwcrk structure tc instantiate their
antecedents, while ALIA requires an additicnal check cn
Fossitle sutstituticns ty searcltirg fcr the negaticn cf
the ccnsequent Ltetcre wmakirc tke bindings. Crdering cn
antic1pated ctfert wculé then result ir the same crder as
applicakility. Using these w©methods of crdering can
thcpetully) reduce the rescurces e€xpended cn a given fprccf

cr deravaticn.
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NCw it is necessary tc defirne a netwcrk
representaticn tcr these quantifiers. We define an
auxiliary relaticn, ¢, whick relates a fpattern «wkich
represents the expression tc te gquantified tc a ncde
representing the quantifier. The ncde linked tc the
quantitier should Lte a pattern rather than an asserticn,
as there 1s nc sense in quantifying cver <cconstants. Tc
indicate which variaktles are tcurd Lty thke gquantifier, a
relaticn named VE is incerted tetueer tke fattern ncde and
all thcse variatles Ltcunéd Ly the cuantifier related tc
that ncde. This is wade fcssikle Lty the fact that, fcr
any quantifier ¢, CxCy[Ei(x,y) ;=CyCx[E(x,y)], thus making
Fcssikle the attreviaticon C(x,y)[E(x,Y) ]« 1f a gpattern
pode 1is related tc a qguantifier and all the variakles it
doginates are tcund ty VE relaticns frcr that patterr ncde
cr .cther [patterr ncdes it dcmirates, the pattern ncde
represents a deducticn rule withk nc free variakles, and 1s
thus anp asserticn. An exanmple cf a netwcrk representaticn

ct a quantitied deducticn rule is shkcwr in figure €.
V. 2 Icgic

The most familiar representaticr cf 1cgical =systerns
is axicmatic, with a nusker of pcstuleates given which
allcw derivation cf all expressicns valid in the Icgic;

and bpc cthers. These gfpcstulates ccrsist cf axicrs, crI



36

ALA O< s 10034

b

ENGINE

AUTOMOBILE 10028 T 0030

"Most cars have an engine.”

Figure 8. Fully Quantified Deduction Rule.
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ccnstructicns whichk are detined as valid, and which &may
theretcre Lte wused at any pcirt, ard rules, which gcvern
the insertionm and deleticn c¢f ccrrectives ard expressicns.
Fost axicmatic systems «ccnsist cf axicm schermata, which
rrovide a general tormat for the axices, which are fcrmed
by vuniform sukstituticr fcr the variatles used in the
schemata. As axicn schemata are ccrstructicns just as any
cther, with the excepticn that ttey are gquaranteed valid,
they wmay te represented directly ir the netwcrk as

deducticn rules.

B commcn rule 1s @mcdus [pcnens, CI detachment.
Applicaticn of thkis rule results 1in asserticn of the
consequent ct ap ertailment, when the antecedent is true.
This Frccess carnct e represerted directly 1in the
netwcrk, and so must ke tandled Lty a fprccedure ttrat
creates (tuilds) a new asserticn which is identical tc the
ccnsequent.ct the entailment, fprcvided the apprcrriate
ccnéiticns tor applicaticn c¢f tke tule hcld. <=imilar
frccedures are required fcr cther rules, such as
adjunction. The fprocedures whichk fprcvide the pcuwer cf
rules are a part ét an interrreter whcse puIfCse 1€ tc use
explicit intormaticn tc derive implicit irfcrmaticn. The
interpreter {descrited in Stapirc, €t al, 197€) 1= the
tacilaty wkhkich utilizes guantifiers as indicatcrs cf
ettcrt, and which needs an indicaticn cf truth value. 1t
1S e€ssentially a thecrem prcver, with the rules {shich may

te changed) as a sukpart. Since thke axicms and rules are
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not tixed, Ltut =may ke chanced Lty prcviding different
netwcrk ccnstructicns and prccedures, it 1is [pcssikle tc

experiment with different lcgic systens.

The simple lccic systen fresently keirc implenmented
was cevelcped alcng with tte retwcrk representaticn ncw in
use. Fcr the most part, it simply crew, with little cor nc
thcught given te a torrmal, refpresentaticn independent
expression ¢t postulates. The rules, inkedded 1in the
interrreter, are variaticrs c¢r tre theme cf detactrment,
designed so that cre may, g¢iven A-DE, infer E directly
trcs intormaticn sufficient tc shcw A. Tke first rule
prerits the use of the ENTAILS ccnpective this way.

F1. From R-2E and A tc 1infer E.

In acditicn, four rules fpernmit 2XI-CF and TERESE tc Le
usec as the main ccrnective cf a deducticr rule, allcwing
a single ARG to te inferred wker apprcgriate inforrmaticn
is availakle abcut the other 2EGs. These rules are very
nseiul, as they, in <cortinaticn with thke cther S i by
Ferrmit a single predicate tc te derived frcr an
artitrarily complex deducticn rule. The special rules fcr
ANLC-CF and TEFESE are:

F2. Frcso HJ{B ,...,ﬂn) anéd r,i>C and

n-1 i l{a ,...,Ak_l,ak+l,...,an) tc dnfet ﬁk.
B*. Frcnm neilnl,...,hn) and i<r ard

n_lﬁ“;lml,...,Ak_l,akﬂ,...,an) tc infer A .
Fi. Frocm nﬂglﬁl....,an) an¢ j<n and

e l lh ,...,A1 1'Ak+l""'an) tc infer ~Ak

[mark A, FALSE].

k



BS. Frce ©O_.{3 _,-.=e,A ) and C<i<r and
n i 1 n

Sl
DT
n—lmi—l{ g g

[mark 2 EALSE].

see-sB ) tc infer -~A
n k

k-1" k+l

Further postulates, shcwr ir tatle 1, aid in
specitying the interacticn c¢f varicus «ccronectives and
truth values. They fcllow frcm the earlier defiriticns cf
the ccrnectives. In ccriuncticr with the rules given
aktcve, they permit the sukstituticr cf cre ccpstructicn
tor ancther, whiclt hopetully is sinpler (fewer ccrpcrents)

cr €asier tc prove.

A1 descrikes TEFESE in ternms ctf ANL-CE. Since the
relaticnship is ecssentially ar equivalence (as are thcse
in 22 thrcugh A8), RE€ allcws either argumert tc ke used as
the antecedent. A2 and A2 pfpermit the elimipaticn cr
intrcducticn cf certain restirgs cf ANL-CKs, nctakly fcr
the. pure conjunctive and pure disjurctive cases. It is
impcssitle tc deal with the general case sc easily, as
€every ANL-CR wmay nct have a urique set cf arguments. A4
relates the negaticn case ¢t AN[-CF as arrlied tc a
general torm to a different nestinc. AS and A€ treat the
sarplificaticn of RNL-CEs with arguments cf kncwp value,
while A7 and A8 deal with the pcssitility cf cut cf kcund
paraseters. Finally, A9 ard A1C, which are entailments
rather than equivealences, fermit tke rewriting cf certain

ANL-CR constructicrs whkile fpreservirg trutk.
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Rs the purpcse c¢f these [pcstulates 1is wmerely tc
rrcvide a method of wpanipuletirg retwcrk =structures,
rather than a formal prccf thecry, rc attempt will ke made
to pfprcve formal f[prcperties, =suck as ccnsistency and

corpleteness, ftor the sjysten.

V. Sermantic Versus Structural Inference

S — . e i e o e e e —

Bs ncted tefcre, it is pcssikle tc represent all cf
these axioms in the netwcrk. Whether they really kelcng
there 1s ancther questicn. let us ccntrast a typical
deducticn rule, such as tke cne ir fiqure &, and cne cf
the axicms, say AS. Ttere is a striking difference.
Notice that while the ceducticr rule ccntains a numkter cf
atcrmic constants, the only "ccnstant" in the axicm is the
gquartitier, wkict 1is really ap auxiliary ncde. In
additicn, it is nct clear hkcw tc 1rerresert n argurents
{where n is a variatle) usirc tte AFC relaticn, cr hcw the
petwcrk will do the arithmetic tc find j+1 withcut
"cheating" {using the specialized ccrmputaticral functicns
ct the CPU). Similar prcklems are reflected in all the
axices. While all axicrs bhave at least cne atcwic
ccnstant in the uriversal guantifier, and scme have cthers
in the rfparameters tc ANL-CR ard TEFESH, these ncdes se¢en
tc re scmehcw ditferent tkar ncdes svuch as JCER and
AUTCMCEILE. Also, many ¢t the axicms seer tC ILeQUIIE s=CIE
sort ¢t specialized "™massacirc" «c¢r ccnditicn checking

(€.q. in A10, is 1>C7?) wlich seess cutside the reale cf
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the petwcrk we have discussed sc far. Can this afpparent
difterence Ltetween axicms and commcn inference rules te
tormalized, expanded, and used tc make 1inferences @CIre

€ffacient?

Tc tind an arswer, we fetvrr Lriefly +tc classical
lcgic. lagic fraditicnally has teer syntactic? that is,
it prcvides methods of manipulaticn tased =s=clely c¢n the
torr ¢t the ckjects with which it deals, rather thar cn
their ccntent, cr semartics. Ir tlke serantic netwcrk, the
tors (structure cr syntax) cf ckjects is determined Lty the
relaticns. which «ccrnect thte =semartic ccrcepts 1in the
ckject. It an ipference rule ccntaicps nc fixed semantic
concepts (atomic ccnstants), tken its applicakility and
results depend <sclely cr tte relaticns that exist, i.e.

the syntax cf tke rule.

The petwcrk representaticrs we have 1intrcduced have
trcught with them a numker cf pew relaticns and, ip many
cases, new auxiliary rcdes (€.C. guartifiers, truth
values, ©[parameters fcr ccrnectives). With the exéepticn
cf these new auxiliary ncdes, the axicrs are Furely
syntactic, as they deperd cnly cn the relaticns invclved.
Fowever, the auxiliary rcdes irtrcdvced ty the 1lcgic dc
not have the sare "feel" atcut ther as dc such atcrmic
constants ac ECY. They are merely ccrnvenient wmethcds cf

stcring intormaticn needed Ly a syntactic prccess. With

this dastincticn ir wnind, all tle aricms may ke classified



43

as syntactic interence rules, irdererdent cf cserantic

content.

The criginal ccncepticn cf the netwcrk made a further
distinction tetween nodes and relaticrs. Felaticns are tc
Le viewed as non-ccnceptual infcrmaticn, a scrt cf glue tc
hcle the netwcrk tcgethber. As <such, tkey «cannct ke
discussed, visualized «cr dealt iith directly 1in the
netscrke. Tc¢ work with relaticrs, as the axicms dc, we
rust gc outside the netwcrk. 1Tke clvicus place tc ¢cc is
to the deduction rule interpreter. BFecalling that the
rules ct the syster are already tere, we wmay recast the
axicrs intc rule form tc facilitate their inccrporaticn
intc the interpreter. Tkcse axicos whkich were <stated as
equivalences will leccme twc rvles, while thcse stated as
entailments will Lecome cne rule. 2 typical rewriting is
shcwn tkelcwu.

BAY. Given TR _,-sssd ) e infer wltly ooed e
11 s A n n-a i n

[frce 281

In the network representaticn [fpresently 1in use,
several cther pcssille inference rules are syntactic, and
so shculd prcperly te included ir the irterpreter, rather
than teing constructed in the netwcrk. 1Tlese rules deal
with set memtership and the sulset - surerset relaticns,
and the transitive tempcral relaticn EFFCEE (see cShapirc,
197tt). 1The tormat fcr trese <rules 1is descriled just

tetcre the rules thenselves.
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a € Rl C Re - T ¢ is writter as a F1-FZ L

FEF1. CGiven x SUESET-SUEERSET ¥y and y SUBSET-SUFEESET z,
to infer ¥ SUESEI-SUEREBSET 2.
FFZz. Given x MEMEEF-CLASS y ané y SUESEI-SLUEERSET 2z,
tc infer x PEFEEF~-CIRES z.
EE3. Given x EEFCFE y and y EEFCFE 2z, tc inter x BEFCFE 2.
DS with all cther rules in the irterpreter, these 1ruUles
are universally quantified cver all varialles aprearing in

ther.

2s work with tte netwcrk ard refresentaticns
ccntinues, a <clcse watch skculd le pnaintained tc 1instre
that any interences whick are Fpurely syrtactic, ratter
than <semantic, are remcved frcr the petwcrk and placed in

the intergpreter.

¥1l. <Ccnclusicn

—— i e o ——

We have develcped and fpreserted a fcrralise fcr
making interences in a semantic netwcrk, ard have drawn a
distincticn tetween twc differert tyres c¢f 1inferences.
This tcrmalisn wWas rctivated Lty examining certain
shcrtccrings and incorvenisnces irterent in «classical
twc-valued 1logic, suck as .ditficulty ir representing a
lack ct truth value or contradicticn and difficulty ir
expressing iptuitively simple ccncepts. 1In develcping the
torgsalism, twc new rcn-standard ccrnectives, ANL-CE and
TEFESE, were intrcduced, alcrg with a fcvr—-valved lcgic

and three ncn-starndard quantitiers, AILFCSTI-RAII, NCRE, and



45

CNE. 1The prcklems resclved Lty each cf these intrcducticns
vere discussed. It is bhcped that thkis wcrk will expand
the wusefulness ard pcssitilities cf semartic netwcrks as
rodels ct human inforsaticn systens, and trat
~investigations will «ccntinue in tkis area, kLtkcth tc
disccver the strategies actually used Fty fpecple and tc

inccrpcrate them irtc imprcved ncdels.
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