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Abstroct

Thin.rﬂ$ﬂr describes D=-SCRIPT a languspe for representing
krowledpe 1n artifiecicl intelligernce rroprams. D-SCRTPT contsins
a powerful formaliem feor descriptions, which rermits the
representetion of siatements that are protlemstical fer other
systers. Farticular attertion is peid to problems of opacue
centerts, time cortexts, snd Inowledpe aboeuvt Frnowledee, The

desirn of 2 thecrem prover for this larpuspe is slso corsidered,

Lreerivtive thrares = rerrrsentation of krowledpe, netural
lrnrurre understardine, theorem rrovirp, copaouve contexts, tine

crnterte, 'movledre atout Ynowledsee.
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D-SCHIPT: A Computationza]l Theory of Deseriptiore
1« Irtreducticn

1-1 ¥eys of Representing KEnowledpe

lethods adveocated for representing knowledpe in priificirl
irtelligence programs have included lepicsl staterents (FHeCorthy,
Sendewall ), semartic retwerks (Cuillisn, Schernlk), and rreeedures
(Fewitt, Sussran and McDermott). All there arrrosches shere ope
fundarental cencert, the retion of predicetiorn. That is, the
tesic date structure in each syvster ir sore reprecenteolior of »
rredicate arpplied t~ objects. In this rerpect, the vericus
=rrtens are mere cr less eouivelert. Put this btasic ides rust be
extended to hendle problems of quantification and kroviledre nhout
I'rewledpe. Here the systems de differ. Ve will srpue, thourh,
that theme diff rences result frorm the dercrirtive arreretur veed
ir the rarticular systems teins corpared, rather thon fror an
irherent advartage of, say, procedures over declaratives or viee
VETSR.

fdvocates of PLAHﬁEH {e.r. Winograd, p. £15) have argoed
that the rredicate caleulus cammeot rerresent how & piece of
krovledge should te used. But this is true orly of the first=
order predicate caleculus. In & higher-order or non—crd red
declarative lenpuspe, statements could be made which would tell o

theorem prover hov other statements are to be used. FTARLTL, or
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the other hond, hes ne woy of directly steting an exisrtentinl
quantificrtior, tut this does pot mear that procedural Innprunsos
are necosenrily ircapsble of handling that pretbler.

Cur telief, then, is that the tyre of system used to
represent bnowvledpe is unimportant, sc long arc it has sufficient
exyrecsive power. This paper presents an atterpt at ruch =
syster, the lappusgpe D-SCRIPT. As the name intlies, the rost
interesting feature of D=SCRIFT is its powerfuvl formalism for
deseripticns, which enables it to represent statements thet =re
rretleraticel in cther systems. No pesition will be taker as to
what Fird of lanFuspe D-SCEIPT is. Since it is intended to
crewer nuesticns ty mekine Jeductions from a deta tame, it cer be
treurtt of ar g theoren prover. Since it operstes by comrarirge
exrrerciors 1ike the deota=tase langusges of PLANNER and CCRNIVFR,
it ersr bte thovrht of 22 2 Tﬁttern-m&tﬂhin? larrFusre. And =since
it i= Turine vniverssl and, in fact, ircludes the lambds

celevlus, it can be thourht of as & proprammirg lanpuspe.

1.2 Protlers in Representing Fnowledee

Fefore tresenting the details of D-SCRIPT, scrme idea of the
type of problem it is desipned to solve should be given. A
classic rroblem ir thet of rerresenting orague cortexts. An
cranue cortext is one which does rot allow sutstitution of
referentislly equivalent expressions cr does ret allow

e¥istentizl quantifiecsticor. For exanrle the verb "want" creates



PACF &

ar orenue context:
(1.1} John wants to marry the prettiest Firl.
This sentence is ambiruous. It can mean either:

(1.2} John wants to marry a sgﬁﬂif'ic rirl whe alro
harpen= to be the trettiest.

or:

{(1.3) John wents to marry wheever is the prettiert
girl, elthough he may ret ymow vho that ir.
Urder the first irterrretatior we can substitvte smy threre which
refers to the same person for "the prettiest girl®. Thet iz, if
the rrettiest pirl is named "S21ly Sunshine", fror (1.2) wve con

irfer:

(1.4} Jobn wents to marry a specific pirl who alro
harpens to be ramed Sally Sunshine.
t'e carnct meke the correspronding inference frer (1.7). It will
rct be true that:
{(1.5) John wents to marry wheever is named Selly
Sunshire, although he way not Inow who that
is.
Because of this property, (1.2) is called the transparent reeding
of (1.1} end (1.3) is called the copague reading. Tt i= alrost
always the care that sentences having an crsouve readine are

anbipvous with the other reading being trorsparent.
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Jo illurtrate bleockire of existertial quentifieation,

consicers:
{1.6) John wants to werry = blende,
Apain the sentence is ambipuous, reaning either:

(1.7} John wants to marry a specific pirl, who
also haprers to be a blonde,

or:

{1.8) John hes ne particular pirl in mind, but he
varnts vhoever he does marry to be 2 blonde.

We car existentially cuantify over the first resding but not the

~econc. Ve cen infer:
(1.9, Ther exists scmecre vhom John wants to marry.

fror (1.7}, tut net frem (1.8).
/rother yroblem is the cccurrence of descrirtive phreses in

senterces ipvelvire time reference. Tn the senterce:
(1.1¢) The President has been married since 1945.

the phrasc "the President" refers tec an irdividual. In the

scntence:

(1.11) The President has lived ir the White Fouse
since 1800,
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"the Fresident™ refers to each President in turn.
fnother tyre of sentence vwhere the refererce of » vhrase

depends on time is illustrated by:
(1.12) John met the President in 1960.

This sentence is embipuous, but unlike (1.11), each
irterrretetion refers to only one rerson. The ambipuity is
whether "the Fresident"™ refers to the Presidemt at the tire
{1.12) is asserted, or the President in 1%60.

Ferresenting knowledre about knowledre raiser some

irteresting issues., Tor ipstance, in:
(1.17) Jchn knows Fill“s thore number.

hew ie Jokrs knowledre to be reprrsented? Ir John's rird it

rirkt be ropething like:
(1.14) {FHCNE=NUM BITL QET7-6547)
Scy, (1.7%) might te:
(1.15) (KEOWE JOEN (PHONE-NUM BITI GET7-6547))

The trouble with (1.1%) is that it includes too rmuch inforretion.
Net only does it say what (1.12) =ays, it alsc says what the
numter is. The difficulty is to refer te a piece of inforretion
without stating it.

Tor £ll these tyres of sentences, D=FCRITT provides
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rerrecentetions which allew the correct deductions to be made.
Turther, it provides serernte rerreserntations for easch mezning of
the aubipuous sentences, ond these rerresentations are relsted in

a way that exrlains the ambipuity.

2. The D=SCRIFT Iangunfe

£«1 D=SCHIPT Fxpressions
I=5CEIPT conteins the following types of expressions:

1. constents

<. voriatbles

*. ferms

4. lists
b conrtent is any slvhs-numerie (i.e. onlr letters cor nunters)
choaracter string (e.p. "FOO", "ELOCES"). A variatle is any
alrhe—rureric character string prefixed by "2 (e.p. "FX"). &
fern ir sry seguence of exypressions ernclosed in arple-brackets
(Eare ™<E Y 2E2™), A 1ist is eny sequence of exrressions
erclosed in rerentheses (e.g. "(TOO A <BARE T C>)").

[=ECHIPT observers the convention thaet all furcticons,
predicetes, and orerators evaluate their arpurente. The ruler
for evalurtinge exrressions are largely edapted from LIEP. Inm
fect, D=SCPTFT variables snd forme are treated just 1like LISF

atoms and lists, respectively. EHather than irtreduveing "CUCTEY,
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hewever, we uce constants and lists tc rerresent rre—defired

items. Tc stete cur rules formally:

1. A constant eveluates to itself.

£. A variable evsluates Lo the expressiorn which it
has been zssifned.

*« The value of a form is the result of applying
its first element to the values of its
remaining elements. This will not be defined
in peneral, but only for those exyressions
which represert meaningful orerations in D=
SCHRIPT. COne such case is that of lambda-
expressions. A lapbds—-extresrion i=s
represented ir D-OCRITT by a fore contzininge
the constant “"LAMFDAY, followed by & list of
veriatles, followed by an expresszicn (e.g.

"< LAMETA E?K FY) <TIMES ¥ 2¥Y>>m). A ferm
vhese first elemert i=s a8 lambde-expression is
evalusted in the sampe way 85 o corresronding
LISF expressicn. The resuvlt is the value of
the bedy of the lembda—exyression, with the
values of the erpurer-ts assirred to the
cerresponding varisbles. TFor instance,
arsuming ""+" has the vesual meaning, "<<LAIFDA
{7X) <+ 2 TX»» 3" has the sare value os "<+ 7
#»", which is "5"., We will irtroduce other
tyres of forms whose value is defined wher we
exrlain the rerrerentation of statemerts.

£. A list eveluates to & forr with identicsl

structure, except that free veriables are
repleced by their velues, If 7YY has
revicusly been assirned the value "AY, then
" {LAMEDA ?Y} EFG{: 7X ?!fgj will evalunte to
nCLAMFDA (7Y FOCO & FY)om.

It i= worth noting that the way lambdo-expressions pré lists
are defined mskes it very easy to write fumctions which construct
ceoplex forms. For example, consider "<LAMPRS (78) (TCC (raR
(GRITCH %X}))>". The result of arplying this to "2 is "<F0C

(VAR (CHITCH 7))»". & copprreble TIST functicn weuld heve to be



TACT 10

teilt ur with "CONS"s to achieve thir result.

7.2 Represcenting ¥Fnowledge in D=SCRIPT

The most basic staterents are these which express sirrle
rredicaticn. A statement of this kind is rerresented in I~SCEIPT
bty a ferm whose first element is a corstant reprezenting the
rredicate and whore other elements are constarts representing the

ot jects of the predicete. For example:

2.1} The sun is 2 star.
Z.2) Flockd is or BlockF.

cculd be rerresented as:

(2.7) <STAR SUND
(2.8) <0l BICCYA PTOCKED

A =inrle rtatenent abeut £ stetoment, such as:
(£.%] John believes the sun is 8 =tar.
would Te:
(2.6} <EFTIEVE JCHN (STAR SUM)>

The inportant thing te notice about (P.6) is that the embedded
staterent is represented by a list. This is because we need &n
exrressior whose value is (2.7) to be consistent with the
cenvertior thet predicates (in this cose, "believen) evaluste

their arrvments.
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1o rerresent rore complex stetrments, twe tyres cof
cxtensions are needed. The simpler of these is the sdditien of
lepicsl cennectives. D=SCRIPT uses "CR", ™AND®, "HOT™, ard
"IKFLIFES™ tc stand for the obviocus logical operations. fr in
(£.6) the embedded statements are expressed as lists. So:

(2.7) If the sun is a star, then PlockA is or
EleckE.

would be represented bv:
(2.8) «<IMFLIES (STAR SUN) (OF BIOCEA FLOCKE)>

Thki= retetion reflects the fact that in D-SCETPT, lepicsl
cermectives orerate or the statements therselves rather thon en
their truth-vzlues. "IMPLIES", then, is rot computed as o
Peelesn functien, but rather ir computed by asserting thet ite
first srpument i=s trie, ard attempting to rrove its sccond
errueent.

The cther extension required for complex =tatemerpts, ond the
ore that is most important teo ocur theory, is the use cf
deseriptions. There are three tyres of descrirticons In I=DCHTPT;
existentizl descriptions, universal descripticrs ond defirite
descrirticons. A description is & form vhese first element is
"ECHE" (existential), "EVFRY" (universel), or "THE" (¢efirite);
whose szecond element is a list contairing 2 voriatble; and vheoro
third element is an expressior whese value is o stoterent.

Deseripticns represent the corresronding tyvres of natural
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lenrunpe descriptive rhrares:

(£.9) a tlock <SCOME (%X) (FLOCKE <X)>
every rumber <FVERY {?T% (MUM 7Y)>
the tatle <THE (7X) (TAFLE T¥)}>

Scne exanyles of sentences contairing deserirtive phroses and
their rerresentations sre:
(2.1C) The fether of the bride is harpy.
<FAPFY <TFE (77X} (FATVER %X <TFE (?Y) (FRIDE TY)>)»>

(P«11) Jchn owns a dor.
<CWN JOHN <SCHE (7X) (D00 9X)>>

{2.12) Every boy likes Sants Claus.
<LIKF <'VFRY (FX) (BOY TX)> SANTA>
lletice thet when descriptions aypear ir staterents, they are left
e ferns. Thir ir because, unlile emtedded stotements, we are
tellire atout the objects teo which the derscrirtions refer (i.e.
tbeir values) rether than the descriptions themselves.
The rctation we have used so far is not sefficiert te

ex¥rrers siaterents contezining more then one occurrence of the

sonme deseription. In the sentence:
(£.17) Fvery boy either loves Sarta Claus or hotes hir,
the rhrase "every boy" is the subject of both "loves" and

"hates". We camnnct use the following rerresentation theourh:

(2.14) <CR ELDU’E <FVFRY :,'.?:{ BCY *¥)> SANTA
FATE <EVFRY (?¥) (ROY 2¥'> sSanTAY:



becaurse this neans:

(£.18) Fither everv teoy loves Sarte Clsus or ever
boy hotes Santa Cleus,
which, of course, is quite different. Ve can overcome thir
difficulty by using lanbdas—exrressions. Ve will reprerent (2,17)
by s
(2.1€6) <<TAMFDA (TX) (OR (LOVF TX SANTA) (FATE 7Y SANTA))>
<EVERY (7Y} (FOY 7Y)>>
This can te read ss something like Ythe yredicate Y iz true of
every boy," where the predicate X is "loves Santa Clevrs or hotes
hirp."

Ve heve 2 sirpilar situation with resrect 'te the score of

ouantifiers. It is net clear whether:
{2.17) <GREATER <SOME (7¥) (NUM 7¥)> <FVFEY (2Y) (HUr 77)5>
rerrecente:

{2.1€) For every number there is some larger
number.

or:

(£.1E8) There i= some numbter which is larger than
every nunbter.

We will heve to arbitrarily choose a rule to disarbtipuste (2.17),
but by using lanbda-expressions we can aveid the difficulty.



(£.18) cor be represented by:

(£.20) <<TANFDA (7X) (GRFATFL <SCME (FY) (NUM 2Y)> F¥)>
CFVERY (%7) (NUM %Z2)5>

ard (£.19) can he repres zented by:

(2.21) <<LAMPDA (%X) (CRFATER %X <EVERY {'F".'r.’} (WUM Y23 )>
<SOME (%2) (NUM %Z)5%
Arelyzingr these expressiors in the same way as (2.1€) will show
that they have the correct mesning.

Tt should be apparent that exictential and urdiversel
deseripticns in D-SCRIPT serve exsctly the sare fumction zs the
nuentifiers of the predicate celevlus. Ip view of this, it may
e erbed vhy we have used 2 differert notatior. cone rearsom ir
thet cur rotation makes it possible te write expressicons vhose
~irvcture rore closely recembles 1he sentences they rerresent.
I'erefully this mabes them more intellipible. The more imrerternt
rearor, thourh, is thet heving & single exrression for a
cererivticorn nekes it ecasier for an interpreter to manipulste

thom.

£.7 Yoerngl Senantics of D=-SCRIFT

“he rrevious two sections outllined the syntax and informel
scrantics of D=SCFIPT. This secticn sttempts to show how o
proFrew could be written that would interpret [-SCRIPT stetements

ir accord with their intuitive meaning. The detpils of this will
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e sonewhat sketchy. One reason for this is that choosine proof
sirategies and using heuristic informetior are conplicnted
problens that we cannct e¢lzim to bave selved. Secondly, creesting
a thecrem prover is not our main peal. Vhat we are tryvinge te do
ir te show the sort of descrirtive system necessary to reyresent
tke irferration contained ir ratural lanpuepe =tatements. The
turpose of this section is to establirh that cur netation for
that systen is “well-founded".

The rrogram we heve in mind weould take a =tatement ar itfr
irput and determire frem its data tase whether the =tetemert i
true. For stat-ments which are simple prediestiors, the rrorren
leoks for another s!atement ir the dete bhese which matches the
firet statement. The statrpert wheose truth is being determined
will e called the "test staterent"; the statement in the data
tese to which it is being comrered will be called the “"tarpet
=taterent”. To rrove a corplex statement, the proprar would
btresk it dewn int its componernts and Trocess them zecordime to
tlhe scrantics of the cperstors invelved. Similarly, = corrlex
terpet stetement rust be broken dewn to its comporents for
processing, but the rules are different. Se, in explainirg the
sepantics of complex expressions, analyses will be piven for
their use boetk in test statements and in tarpet statemente.

Twe btasic statements match if their ceorrespondings elements
match. In peneral, expressions which are not statemerts ratch

whenever their valuves are identicsnl. & veriatle which hers not
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btren reeirned 2 value natches any expression, end is essifFned
thet exrression’s value, These rules apply to both test
statenents and tarpet statements. As an exanrle, suprose "5" has
been essirned to "TXE", "TY™ is unessigned, and "+" hae ite usual
meanirp. Then "<FO0 & 7Y>"™ will match “<FOO %X <+ % 433" gpd wyv
will te assifmed to "TYV,

e will not pive a complete proof procedure for lopical
connectives. It is a well understoed rrotler and is rot of
rrimary inportance in the rheromens we wish te exylair. Tut to
sverest the kind of procedure we have in mind, consider "ANT" =nd
"IMFLIFS"., In hardlirg these expressions the distinction betwveen
test rtatements ard torpet statements comes throurh. To rrove
"eARD x y2" beth x and y nust be rroved; tut in metching
cepethine arainat "CAND x y>", the match succeeds if either x or
¥ matches. "<IWFLIFS x ¥>" is trve if in a hyrothetical state
where x ir asserted, y car be proved. A tesmt statemert will
neteh a terpet stat ment "<IMFIIES x y>® if thE:tEFt rtaterert
metches y and X cen be proved. "CE" ond "NOT" =re sorewvheot pore
cerplicated but can be hardled in much the sape woyv,

The really irportant part of our procf rrocedure i= the
treatment of descriptions. Definite descriptions are the
simplest. "<IHE (7X) (...%%...)>" evaluastes to the constant
which wher sssipned to "7X" pokes "<, .74, ..2" troe. T there i=
net such 5 constant or if there ir more than ore, the value eof

the deserirtion is undefired. For exsmple, if "LFSSY mears



"rritipetically less than"™, then "<FOC 73" matchers:
(2.22) <FOC <TEE (7X) (AND (TFSS 7X 4) (IFES 2 %¥))>>

This rule for evaluating definite descripticons aprlies to beth
test statements ard tarpet statements.

Tor existential and universal descrirtions, there ic sppin m
difference between test statements and target statements. Ir n
test statement, arn existential descrirtiorn metches anvthirg that
mekes the body of the description true. That is, "<FCC <SOME
(X} (BAR 7X)>>" matches "<FOO A>" if "<EAR 7X>" is true vhen
wEYY js assipred "A". For the case of a tarpet s=tatement, the
pvelustion is more difficult. If we know that "Some ter i= foo,”
wee covld sinply give it & nepe and continue. Fut pivings o nare
wruld ioply thet we krow which bar is foo, which is net true.
Tretepd we car creste a nage end say that if the rew name were
the nome of the object that is asrerted to exist, ther snything
which we can prove about the rew rame is true of the chjiect. Ve
dc this by creating a hypothetical stete of the deta tese In
which, if the new name is "GO0O", we pssert "<FAR GO9°%". The
terpet statement then beccmes "<FCC 00993,  fpother wey of
rutting this is that "<SCME (%X} (BAR 2X)>" evelustes to "GOOOMW,
with the side effect cof creating & hyrotheticel state of the date
bese in which "<BAR G€99>" is asserted. When the hyrothesis is
discharped, the new name beconmes undefinped, arnd we are not ir

denger of suprosirg trat we kmow what the name of the cbject is.
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The treatmert of universsl descriptions i= the exact dual of
that for existentiel descriptions. In a test statement, we know
that wvhatover we can trove about an arbitrarily selected rember
of a class is true of every member of the class=. So Just as ve
did fer existentisl tarpet statements, we set vup = hyrotheticsl
state, produce an erbitrary uriouve name, and secert thet it ies o
nember of the class. Analopously to vhat we snoid tefore, "<FVIRY
(9X) (TOO 7X)>" evaluntes to, say, "GC111" with the side effect of
creatinge o hyrotheticel state in which "<FO0 C111>" i=s gererted.
Also in duality with existential descriptions, in a terpet
sletesert 2 vniverssl description matches anvthing vhich mekes
its bedy true. For exarple, "<FCC A>" matches "<FOO0 <EVERY (7X)
(VAR T¥)2en if "CPAR %¥>" = true when "7X" ir asecipned wAv,

oW ve ern see whby lonbde-extressions are irreortent for
rerroreptine infrreation i D-ECRIFT. Fvwaluatine existential =nd
uriversal descriptions scretimes bkes the side effect of chenFing
the dete tose.  Loter we will introduce other expressions vhich
also do this, If we heve other deseriptions in the staterent, we
need to be rble to cortrol whether ther are evalusted in the old
dita tese or the rew. Ey "larbda=fying™ = stetement we cen bring
cre or ancther descrirtior to the cutside and force it to te
evalusted first. In this way we can contrel the crder in which
expressions ere evalunted. A detziled exarple of this will be
Fiven in cection =.3.

In this trief surmery, we have riven the tarest cutlines of
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# proof rrocedure.  bWe have not di=cursed eny of the corrlex
irtercetions smorp these lopical cpernters. Fut heopefullr we
heve laid a sufficient foundation to talk sbout the irrves thet

are the resl oint of this rarer.

Z. Solution to Eerresentetion Problems Usinge D-ECRIPT

*.1 Descriptions iP Crague Contexts

In pﬂnerﬁlg’ﬂeénripti?e thrases in orpoue cortexts sre
sukiect te more than one interryretstion. Furithernore, nt lesct
cre of the interrrelations seers rot to behave accordire teo
ncrral rules of lepiesl menipvlation. Lockine rore clos=elw,
oreque cortexts primarily cccur ir the corrlerent conctructions
al verbs like "wapt®, "beli~ve", "lInmow", etc. There verkte nll
heve the rroperty of descr’bing somebedy 's model of the werld.

Yhen we soors
(%.1) John wents to marry Sally.

what we nean is that in Jehn®s medel of the werld, the stote:
(2.2) John i= married to Sally.

is considered desirable. The ambiguity of descrirtive threser
ariser from the guestion cf whether the deserirvtive phrase ie to

by evoluated in ovr medel of the vorld or the model of the



PACE 20

subject of the sentence. To illustrate this, recanll the

senterce:
(%.7) John wents to marry the prettiest rirl.
Ir I=SCRIFT, the opague reading is represented by:
(Z.4) <WANTS JOEE (MARRY JCHE <TPE (?X) (PRETTIFST 2X)>)>

The reascrn thet there are restrictions on substituting othker
exrrersiors fer "<THE (?X} (PEETTIEST TX)>" is thot the =toterent

which szetually contairs this descriptien, i.e.:
(%.5) <MARRY JOHN <TFE (%X} (PRETTIEST ?7X)>>

ir rert of John®s world medel. If in our rrogran we represent
Jehn s worleé rodel by o meprrate dsta base, then the expressions
wvkich rey be rubstituted are theose which are eguivelert in thet
dirte Tesre, not in the rair date btese vhich rerresents our wvorld
nedel.

Te rerresent the transparent reading of (*.7), we mpust tale
the description cuteide the scope of John"s medel. Ve can do
thi=s with 2 lambde—exrrescion:

(T.E6)] <<LAMFEDA g?x% (WANTS JOHN (MARRY JCHN TX))>
<THE (¥Y) (PRETTIEST Y>>

This =ays that the statement we pet by eveluatinge the description

ir our mcdel =md substitutinge that value for "2¥™ inp:



TACE 21

{3.7) <MAERY JOHE 7¥>

ir norked as o desiralle state in Johr’s worlé model.
The analyeis is gnaleopous for exisrtential descrirtiers. The

twvo readings of:

(¥.£) Jehn wants teo marry & blonde.
cen be rerresented by:

(Z.9) <WANT JOEN (MAERY JOHN <SOME (7X) (FLONKTE %¥)>)>
fer the oraove resding, ' and by:

(2.1C) <<TA' DA {?R% (WANT JOPN (MARRY JOEFN 2X))>
<ECHT (?Y) (FLONDE 2Y)>>

fer the trensrerernt readire. (3.0} means:

(*.11) Jchn wents there to be 2 Tlonde thet he merrice.
ard (.10 merns:

(*.12) There is = blonde that John wants to rarrv.

Sc the resson we can”t make s "there is..." peraphrase of (7.9)
ir that rather them being an existentiel steterent, it irs on

argertion ebout ar existertial statement.

.7 Descriptions in time contexts
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In order to discus=s the rext =met of examrles, we need n wnv
to rerresent time. The basie Tact here ir that any predicate can
b pede Lo vary with time. Ever those that we choose to coneider

elernz]l een be alleped to depend on time, e.p.:
(%.17) Two used to be preater than three.

To account for this ir first-crder logic, we would have to make
tine an explicit parameter of every predicate symbol. Inctead,

wee will represent time by 2 context—structured data hese

(FeDerrott). Py this we mean that the data bese will be troken
dovn inte a series of sub-d-iz bares, or contexts, each of vhich
rerrerents the state of the world at some particuler tire.. This
crn be efficiently irrlemerted, as it is in CCENIVER (Sussman and
HeDerrott) by specifyinge each context by recording the

oI ffererces botween it and its predreoessor.

Toe vre this kKind of deota base, we need a speciel predicate
"T=f-T" wkich tekes as its perereters 5 staterent and the rerme of
a time cortext. "<{T-A-T & 13" mesns statement = i= True #t Tire
t. The formal semantics of "[-A-T" are that it attemrts to rrove
& in the time context named by 1. Ve alsc need to be able to

renerate references to tice contexts. For instance, the rhrese:
(7.4} when VWashington was President

wculd be rerresented bty the description:
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{(Z.18) <THE (7T} (T-£-T (FRES WASHINGTON) 7T)>

Finelly we need the one-place predicate "TIME" to make quantified

statenente about time. We would represent:

(3.16) Three is always greater than two.

(2.17) <T-A-T (GHEATER % 2) <EVERY (%T) (TIMF 9T)3»>

Given this notation for time, we cen solve the associsgted
rroblems which we raired earlier. As in the case of opague
centexts, the solution derends on whether a description is
evelunted in the context in which a stetement is made or the
certext which the statemert is about. Reealling the rrevious

e¥amnrles:
(¥.12) The President has been married sirce 1945,
ir rerresented by:

(Z.1¢) <<LAFTDA (7X) (T—A-T {}AEHIED 7X)
<EVERY (?T) (AFTER 9T 1945)>)>
<THE (%Y) (PHES 7Y)>>

Ir (%.19) the use of the lambdo-exprersion puts the description
"<THE (7Y) (PRES 9Y)>»" outside the tirme cons truction, =c it is
evalusted in the context imn which the statement i=s made. On the
other hand:
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(Z.2C) The President has lived in the White Fouse
since 1BCC.

is rerresented by:

Z.21) <T=A=T (LIVE=-IN <THE (%¥X) (PRES %¥)> U=H)
<EVERY (7T) (AFIER 2T 1800)>>

Here the description is inside the time construction =rnd is not
evaluated vntil the time description has teen instentizted. The

aralysis is the s=me for:
(2.22) Jehn ret the Fresident in 1960.

except thet in this esse the time r-feremece is definite. Cme

irterrretation is given by:
{Z.27) <T A=T (MFFT JOHKE <THF (%X} (FRES %X)> 1960>
ard¢ the other is giver Ly:

(Z.24) <<IA FDA (7%} (T=£=T (MFET JOEN 2¥) 1960)>
<THE (7Y} (PRFS ¥Y)>

7.7 Krowledre about Erowledgpe

Cne cof the guestions we raised in the berpinning wes how to

represent :

(.25} John knows Fill“s phone number.



PAGF 2F

11 we knew the nurber we could rerr-sent (*.2¢) by:
(3.26) <FNOW JOHN (PPONE-NUM FITL xxx)>

where xxx is the number. We do krow cne description of the
number, nemely "Bill”s phone rumber". If we substitute this into
(*.26), however, we pet a trivial statement:

(Z.27) <KNOVW JOHN (FFONF=NUM PIII.
<THE (%%) (PHONE=NUM FIIL 2X)3)>

wrich meprs:

=.28) John knows thet Fill“s vthene rumber is
Fill’"s phone number.

tret ve need to do is to remove the occurrence of the description
frew John's world model irte cur world model. Once agsin, we can
de thi=s with £ la: bda-expression:

(7.20) <<LA “DA ﬂxl ENOW JCHH (PHONE=NUM EBITIL ¥X))>

<THE (?X) (FFCNE=NUM PILI. 2X)>>

This reys that if we were to evaluste the description "Fill’s
rhone nunber" and stick the result in (%.26), we would correctly
deceribe John s krowledpe.

Te see the difference between (2.27) and (F.72), suprose we
krow that Bill has & Thone nurber, and we knovw that John knows
that Fill has a phone numbter. These factrs are rerresented by:

(#.%C) <FPONF=NUM BITI, <SOME (7X) (KUM %X)>
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(=.21) <knCw JOHI (FICNE=KUN FIIT <8SCHME (%X) (HUM 2X)>)>

Given this, we car prove (%.2¢) frop itself. Tlotice that in T-
SCRIPT this is nop—trivial. Complex statepents are never rroved
by sinply looking to see if they are in the deota btase. Rather,
they ere broken down to their tasic ccompenents and these
ccmporents are processed sccording to the semantics of the
orerators combining them. In the case of "ENOW" the semantics
are to shift the preoofl te the date Ttase of the person deinp the
krewirg. Sc even to rrove a statement from itself, the semantics
really hove to work.

In trving te rreve (7.29) the lanbda—exrression mekes us
first evelvate "<THE (%X) (FHONE-KUM FIIL TX)>". Ve do this by
trrine to find a ratch for "<THOR[=NUM BITI 2¥>", If we don't
brow I'ill"= thone rumter wve cen’t do this directlr. (7.7C),
hewever, entitles us o create & hyrotheticel state in which some
arbitrary conctant, say "CTT7" is esserted to be Fill's number.

S¢ to prove (%.29), we attenpt to prove:
(Z.72) <ENOW JORE (PECHE-NUM EITL GT77)>
with the hypothesis:
(F.7%) <FHONE=NUK RIIL G7T7>

Te prove (J.%2) from (%.29) we process (3.29) much the sane ars

before. This time, however, we already have (Z.%7) in the dats
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trsey so "<THF (¥¥) (THONT=NUM PBITT. 9X)>" evaluates to "CT777"
directly. OCur proof then reduces to troving (7.%2) fromw iteelf,
which reduces sgain te proving (3.7%2) fror itrelf in the éata
bese which represents Johr's verld model. (%.7%) is & teric
statenrent, so it can be inferred from itself immediately, and the
ertire proof succeeds.

How suprose instead that we were trving to prove (2.70) from
(*«27)« 'The proof would te the sare down to the roint where wve
renercted the subgoal of troving (%2.22). To prove this fron
17.27;, we heve to prove (%.3%) from:

(Z.%4) <THONF-NUM BITIL <THE (%¥) (PHCNF-IUM FTIL 2X)>>

ir the context of John"s world model. Put this time we cennot
ure (7.73) wher we evaluate the deseriptien, teceuse (¥.77) ie
arserted only in ~ur wvorld model, end the evaluation i= tolking
rloce iIn John“s. What will happrer is that (%.%1) will be vred to
rerernte enother arbitrary constant (e.p. "GESEY) in John's world

ncdel. Ve will them try te rrove (7.73) from:
(2.2} <FHONF=NUM BIII GEES8>

Since "GTITY does not match "GEEBEY, the preoef faile.
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£ Foture Vork

In this raper we have presented » formal lenrvere for the
reprecentation of knowledpe. We have shovn how irforerstior whick
ie difficult toc express ir other formslisms cen be exyresred ir
our lanpuage. And we have suppested how 7 thecrer prover cculd
ke desipned to make deductions in our lanFuspre. Cleerly, the
next step in this reseprch is to bwild that thecrem prover.

Iven ss 8 first-order thecrem preover, it would s=eem to have
advantapes over existing theorem rrovers. For ome thing, since
it would handle qé&ntifinatinﬂ at any level, it weuld be =tle to
deal with statemerts in the form in which they are most neturslly
exrrereed.  Also, the type of procedure we have discussed is
cenmletely serantiec ir the way it hendles logpicel operators,
vhich secccrdinge to at leart ore currert A.T. doctrine iz & Cood
Thing.

It will vrobebly be wore difficult te work out how
rredicates 1ilte "T=A=T" and "ENOW", which refer to other dots
beses, interact with the traditionel logical operstiors. Put the
pay-off here is greater. If we carn progrem a thecrem prover to
treat YENCWY in the way we have proposed, we will have telen o
first step towards creatirp rogrers which carn think about
thinking.



PACT 29

Fiblierrarhy

Fewitt, C., "Descrirtion snd Theoretical fAnslysis (Using
Schenata) of PLANNER: A Ta @ for Proving Theorerrs nnd
Menirulating Medels in a Robot,™ Report AT TR=-2%58, M.T.T.
f.I. ILaboratory, 197:.

MeCarthy, J., "Prograns with Common Sense,™ in Sernntic
Information Frocessirg, FMervin Minsky, ed., . a0 =410,
Camtridre, Hoess.: M.1.T. Press, 1968,

HeDernott, D. V., "Assimilation of New Informstior by = leturnl
lanpuape=-Understanding Syster,™ unrutblished S.M. theris,
FaI.T., 1973,

(willian, M. E., "Semantic Memcry,"™ in Serantic Information
ITrocessing, TT. co =010

Semdewall, E., "Fermal Methods in the Desipn of Cuestion-
tpswering Systems," frtifieinl Intelliperce, Vol. 2 (1971),
TT. 129-145.

Schan¥, E. C., "A Conceptusl] Dr-perdency Reprerentztion for =
Computer-Criented Sementics," Memo AT-E7, Stanford A.T.
Troject, 1 67.

Sveemen, C. J. and D, V. Felermott, "From PTAFNER to CONNIVFR - A
repetic sppreach, ™ Preoc. FJCC 41 (1972), tr. 11T71=1179.

Vinorrad, T., "Procedures as & Rerr sentation for Dmte in o
I'ropran for Understarding Natural Tanpusge,™ Report 2T ThE-
1'?, T'I-I-IITI- ﬁ.ﬂ-I! ]Ehﬂrﬂ't—ﬂr}rg 19711-



