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Tb&t. "JOft k,,..,._ ·tdltYth•"'9rlUllftfl,••1ilfttlfJ'.ic~• called 
•constraint expreuiOns• (CE). CE maw ust fJI tame of lhe knowt.dge--representation 
techmques dlfflqped lJy Artificial lncellipnce NllUCh. A Cl MCwerk c:onsiSts of points 
(which repre.ent cluHI Df' ·•JtttsJ ~ a.y .... ~ represem the 
relatior.-ships whieh It• kftOWtt,•MW ••l'lf •tllff•). Al COMtraints are defined in 
terms of six prlmitiff ones. Tlte di:ta ·*"· a CE ft«WOl'k. ii •••Ill by proptgating various 
kinds of labels throuch it: iach tGftlCtltnt an lie vieWld at an acttff prOCflS which looks 
.for certain patterns of labels on some of lts &'CCldttd potAO. atld •IMn prtJpaptes new labels 
to other points ·W'heft ·lileh patterns OCl!Mf. ;.1.,':i 

The CE representation provides several stpificant features which are not found 
in most current data models. First, the same mechuttsm ii Gild co represent •generai- as 
well as •specmc• tnf«matiOn. For example,.,.. 111 « jDe ·Stnada ii femate• is specific, 
while •Evety pertort 'his• uniftat sex whidt ii either 'male'·• ~- u general. 

Second, et•s la~atiOn procedure ~ 1oatal c:ontiStency checking: 
Data·base inb!(l1ty am • m&m'-9*1 &y c:hltkm, al MW ._ J• conttst«M:y with the 
existing informatton. Stnce the data•• can aJfttlin ,....1 iltfatmatton (representing a 
•Rm&ntic-model• of"tht a...-.·, app1btiOn dolham). .WW 1pdtc dlKa en be rejected if 
it ts inconsncem with ·elftMr ocher spedftc data or With the ,...,.1 tnformatton. Also, the 
general inforntatton ·can ·itllf' be checUd·ror iAtemal CDMi&1•1cy. 

Third. the CE repreaemauon is wfftdefttly ·moctutar and weff--defined so that it 
has a pred• format wmamta. w'hid\ insures that ;ct•~ Mildcl9n cuntains no hidden 
ambiguities or contradiaiont. \ 

Fount.. ·CZ't ~ty attowt the labfl praptpc-. to bl ctw m paraUel, so 
that parallel hardware l:aR bw tnea to fulJ advantage. 

• 
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. 7 Introduction 

Tile ~rk reported ip this;ci~""t;,~ ;~~k·l~1...-~tation, for 

information ca.IJ~d ~·~st.rain~. e~pr~iOlll~. (~., :Xtt~ "'l~~''"~'""s .tw.9 ~jor 

feature& whic~. distlnguis~)t from ~ oth.tr;t T .. first ,1',~rM:,~.~~'Y.· with 

. jncomplet.e infqr~QD .•. lo~ •MAQple, unUk-':c;RIU.Jg9'~· t'P~~~·· a 4ata.-:»ase 

.,.uciurea:(in terms of'q Q.11 ~'-~ w..,..:.~tht¥~•;.,,.,·~·l,J.,~r.-s• 

even when .the, AAta·b~te.d~J.Jl.91 C(HJtaJ,a ~ CM"P~ ~)il;qfi,~ll 9f' ;t,be~., Th~s feaJUre 

allows the data-base tO.contajn,both. •specir~·:;:Jllf~,,~l\.!~··~ry Smititis .. the 

mottler of Jan• Smithj a~d ~gen~1· inf'C¥!W'~1 <-~ ~'~~"'~ .~ has a unique 

mother•). 

The secohd ma~ Jeat~re is th•t the~~~~-~ ~;:;,,.l~ef ~~: IRJical 
' . . . 

semantics, whic;h pr~ly ~·~ ~~ me&JIJhC'.,of f'•f: '~ pfri~ iJHn '-~~ 'l$1~~ork. 

Many other rep~tatjons J~~~ ap ~d••te 91q1 ~·<~~~h .,.~~ ~ ;~ilf~cy!t to 
~ . . 

understa1Jd th.em in a coherent wax an4 ).'tincltrs.;o~. ~f~ ~1•.Ql'.JgJh,.lf. r.eJa~ive 
' ' '·. • • of • • ,. • - >4 ,,. . ' { ~ ; ~ . • " • ~ •• < • ' ' ~ 

atrengths and ~k~ ln.adclicton. CE's ~n,tie;J iJ ·p~.,,ra~~ ~'"if~'~.~· •1qat~t· in 

that it specifies not only what any given expre11ion me.,;a~ •• ,~q~.al~ h9.:~:: ~.o ~o~pute 

inferences from it More specifically, the 1ogi<21 and procedural semantics are specified in 

terms of how various kinds of -a&bels• are allowed to. propapte through a Cl network. 

The information in a CE data·base is contained in the strUCtUre of' such a network, and 

this information is then accessed by moving labels through the net. This kind of semantics 
' 

encourages one to think of a CE data·base as operating in a highly parallel manner. with 

each datum acting as an active process which propagates labels. 

This document is divided into three main parts. The first gives the technical 



8 Introduction 

details of the CE repreaentatton, uaing exam.pies r•nc to a hypotheticat f&ata~se of 

census tnf ormatioft; ~trt frecond put is iiate pttitWaptlkat 1taM cctmiclf ~ it compares 

CE with other· r .... iattoras, diScUllel wftJ'>J: ... MiadoUf tilDes ~N ·it'tlportant in the 

first ptKe, and examJMt·.._,.,... •. whlllhtW<:!repre1Jiil&t• ts..cft a~e. The 

third and fjmr1 part ls a ·~.111 ·tldmiral app~crittdea. ',,.. .... iftclade:'slith tldngs 

•• parallel .ha._fe' •nd '~ •ibout·t .... •,•aclr1w~r ·tno~' who Jane 

Smith's real father ts. and stle*'-'t'blow dlSt'tttltMwl~'1'ttile~may btdad 

in any order (0r sklPPecf emttety) .sldCe~ U ·laqft'y M:~. 

The rea&ft IJMnall btt ·t~ed ttiat ... . flt ·put .oii*· u ftot particularly easy 

reading •• the pr...wton ~ org•i&ed to minimiZt the flUflMr .r. forwanl references, 

Which melnS that Jftie.esung ........ Ocdir only atdr .dtt 'dMJh1iiilf ,fMdtlriery has ·bfen 

'1ntr0duced. Thi -.,( ...... lot thil •rathlt aty ........ ijp•r..i•f._ ·hlvttf - it· wauld 

be poisibte to disaaU ·•·.,,_. pitlure'4 a\ ~'1iiitr1'i~~i* ·M ·a a. or -perhaps 

doubling ~Jill tf .this ~ lt'ti clllCted' tW .. Iii'•• u ·-J .,,.., Wiff skim the 

entire document fttst (.,.Mctatty pi.rt'~) kt wet• to f.t ~·~1tw big ptcture to 
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f!!1 One -- Technical Details . 

The follow.ing tbrec. a,cuona pre4ent,:the ~4icaJ.d-.ils of the CE 

repraeptation. Section L.in~ the.abaqJct1un~.JJpf.~Jec$1. '1a., .• nd const~-ints 

. in which CE operata, •rMl discuues ho.w ~.o~, r~ie~al a,nd inference •re 

1 The CE univ~rse 

1.1 Objects .~nd ~ 

The CE unJverse if '°'1lpo~ of;aCQmicpbjeS which,~~ be lilreg•ted to form 

arbitrary slaws. Each particular object either. is. pr ~ llQt CQncained,,ip any given c:lass .... it 

is impossib~~ for ~-objec~ to ~~ be ill afld not be is;l tbt: 5',llMH::~ss. Of c9urse, an 

object may be in 11\C)r,e than .one c~ and. a~""' .haY~:-~J,l\l{mta.r of objects in it 

(frcxp iero to infinitelJ: .._ny). Section U give&,fDOl:• d ... ..,,., ~ •~:~ classes 

interact. 

M. a conven~t notation,, let "f>percase ~-d~~ ~let other names 

denote. objects. Thae Jl&ll* may contain ;hJllbem. ~ Qt1t41r p~yat&qn. SometUne$ a 

name will be enclosed in single quotes to avoid confusing it with the surrounding text. For 

example, REGISTERED-VOTERS and. OCCUPATIONS '*'"''daa ... wJHlt 'Jane-Smith' 

and 'lawyer' name ob~-

----------------------------------~------
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1.2 Constraints 

As presented .-.Nii. ntt unittl'Se1 hii no strutltire ,_,..,, atbitraty' 'ssignment of 

objects to classes 'ts allOwed. ,tonitnlttttt~adtt'tt.e ~rt19cnatture·by consmitltng the 

allowable auign~· Poi- ~re,:~ antranr~•atfli!Of4NIEt>-'vmbs'-are 

PERSONS!' requites f'M't etety dbj'fcfaSsiJri~ ttf t£ttlft"t•!£rPVdTrftS 'lfsU be 

assigned to P~RS<>Hs: s«tiXi · t deftnes •·'the F,ttTdtt•ecc~·,~iiitMs' by•• specifying 

how certain panem1 · ·« Wjkt"· a·HftmttttiH-i (tor- n*lrip ... ·"ulitftffif ~ i-ni~mim•; to 

REOISTERED-VOTERS) can force other assttiYnWrtrifiu'dt'itt~.•]lnf..Smtttl• to 

PERSONS). These defmittons provide the logie&I semantics for each primitive. 

The information ill a CE data·base is representN ..,.._ '•n~hri#k ot such 

constraints comieeted to tM approprtace ctasses. .Both ·generar. iifii't-iC-: ltt;dtmatlon 

can· be re,,.'in*.tcl·i1NtM!'l~f iiit~.-hdj·d1ls1r .... fti',.. Vt~~~ schemes is 

duausea ifl·:pm· ~::·M~s~. iM.f:~·~.tiif ch~~ ~set.i1'Wc\i6r1·.:ind 

the constr~iu~ ·wilttie"~W'ai'~:~~-ullcU ;1a(_,~ 1'i&,f·~~.:itfjilWi. The 

cta:ss·points ~~1rtrb•':ai~ v.iiiittj!Jl eaw· b.J>+~teite&&Yit sRfir~•tft Ytf1t?te; t~ix t 

(e.g. 'R'EG·w.mtm.~rwe~,.... ~"•it11.MIJ~1SJltii\tira~~se 

and do not carry any d'ata·fJase infonnatU>n. The •mnnilll• of a dass·potti\ifcK as 

REGIS1"ER£~\'0TD$'.C~itWtffirri~ ot.1ftt·~-,.,. tfw rest of the 

networl,and•~iWitn'wHi&\!1~1~trtiMieitw~ttii14W.Jatt;Y.;".' 

Within th~ abstract ui•erse, the important ditlt\i1.:arr1a 'c~it·~utfi· as 

'REOISTERED·VOTERs• is itt extension (the objecu whidi it contains, in this case 
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presumably all the registered voters). Within the dllta·ba~ h-~~~ver,.the)mportant aspect is 

its intension (how it is constrained to r~Ja!e"~ ~her cla~). -~n:·'~"\e.,casef_the}ntension 

and the extension eoinckle - a class in the datai>ue can b,e constrained (defined) in .terms 
' •' - ' ;,, ~ . ·_. '. - ~ .. :'-';'~~: '·'.,_.::~ ":."'~-tlJ '. ~-"- . 

of an explicit Uating of its objects. For ex""'.!~ti, !h,, cl~ ~.~Q.O~-G~()~Ps, can be 

defined by listing ~~· four il~ g~p~ ,'a', ~·. ~~·. and 1
0': 

,. ' "< ~ .. • • ..Jc • : • ,., ~ -· :~ ;,~ ,¥ i i.. : 

a~t a class (i.e. ics exten~.>· For exampte. COf?~«,J~~:$~IJ.H'S·B~900-~ROUP, 
- • ' • _,. ' " .- ' - .... .t J ~ ~- ·' . • , •. • 

which ta a on.~Jeft .~lass 5ontaintna -.n,,~~-.·"'~ q !~~·,.)f th.e _datll·b•M! _does not 

kJ.lqW Jine $roith'~ bloocl 11'0\IP• ti!eo u ci°" n~ ~oow_ t~.''"~'~ :'1l ~~e cJass. But, it 

~~~ow.~: .t~!~l~.a~t th~ _,c;Jass in ~~ ~~ ~ i~t~~ J~pw .it. re~~~s to the r.est of 

the net:work)~ For one t.hing, the, class f,lft be constrai(led to be a. S\Jbclass of the .BLOOD· 
' . . ' - ' . ~ ' ' . ~ : "' ' . ' . ._ : ' : ,"''. ··, . . ' 

' 
CROU~S c~ For ~~r. ~ per~'s blood,,,IJ>"P.~n tM!,~~ined in terms.of their 

pare~~·· b.lood groups. The import~~t ~hinc ~.o r~~}s ~~a~ <what the data-base 

•knows· (via intensions) may only be a small pa~t of what ls. tru,e in the universe (via 
. . . i ':. ; .. ,~ ·.· ».,··,:j .t.'; ~-::~- ... ,> t~~... ... ""' '•. 

extensions). (Note that_ the. Jn9nillgs of the terms •extension• and "int~sion" as used in 
·' ,·_ ·, ; • ·~-- '~.'. ·'. -, ' '; •. , ~ ·' ~ r '<_··_;··~~ • 

thll document are not the same as tbei~ rnf!&l:linp in ~, ma\hematical logic. The 
- ~ . ~ _ . . :- ·,. , -{ ;_1.._" - ·~. ·. ~ ."'l·-;;.;:"'t · i:.~r· ~_, ', ·" 

~.Jl.U~ here are siin~lar to th!* l.lsed ~JJ»Qple ~~l) . . .· . 
• • • ·- . . ... ~ . -. . ! '· ' . . ~ . 

1.<t Inference 

~h~ reason_ for being.~. ~ii~ ~telJsior.!• J~:·:fl'~,fir.st plac~ is ~~~t. ~hey 

provide the foundations for U1• .• Jocl~J .~n(~~ t~.~~ !~ ,d~ibed in_ ~iQO 

2), which in turn provide the framework for making inferences from the data-base. Here, 

"inference" means the process or accessing the data-base in order to acquire Information. 
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The kinds of inference cOnsidfred here ate: . " 

(1) Ret~ieva1 ·-the user~skf~ions;Ot tfie~iaia"-base.· 

{2) Consis~y - the 'liter adds hew inf"ormatiOn to the data-b&Se. ~ncs wants to be notified 

if the new d&ta eonfuetl1~itlt'iclilirf1·~ '. '• ~· .. ' . : i~ '·' ,, : • ~.:: ,:. . • .. ·- .· 

(3) Reduntmnty -- the user add's neW d.ta and;wariti~~~·:b.'notit'i~ Ir the ·new data is 

re<Sundant ·(i.e.' ts'imf1tied tJy .eXiStlng data) .. 0 l _•' 

This d0cumen(r~~~ i~·lsiue.i>f ~1t~1~1e'ot ~~ao.ts: ohe is 

' . ·• .·,',:"; .'~· ::.· .··-~,·:,,· .. 10: •· ••. :· \~·:··'/!:f,,.,·,'."''.::.;:-.. :;·->' : .··~.~.·-
that maintaining a corisistem cl~·base fit nae ·real Wbrter & ·cftin 'a· very ·awrtcu1t problem. 

and CE provides ane'.Pels~'s0hltt0n.· Th.! i>ther·r~uor{is dtit*'1.f tkal'i'· f'rtn• 
oi lnferenoe ..,_ :'W' nll&Wn*i alid'*' ~t~"o~eoldne • 
. For redundanc)' ch«kq. a new datttm i redundant itf kS ~ls j~st~t· ~it' the 

exi·sting d~ta--ba1e~: ye>f'~·~ a···•ye1tn0"'~sti0n •AicG ~i ~(}~~t~il\~j t~ther'~'blood 

group the ~rr.~·.,'~ ~~ft'"~ ih ~s~~--b'~l~~·~~ i~c,,1Jane 

Smit)l~s 'rath~'l 'b~-:P~ fl' ih~,;~,rae:·.~· h~r··~S.V,•"'f~·!~' io~it·~~y·' and 

redundanc·y:: if ~.~"•':i~~u~C;1~1~ ~~~wer '~~-~~ ;ff'~~0i~ 'i~ 1~~-s~r is 

"yes•(ir ~eith~'~ ~~f'kri~..5;~;cl\~ ior·~~C,:1~..a~;·~king the 

negation for· inconsistencf~l~ ::~~iei ft) 'th~· ~bov~ j~~ J~~'l\'-i..t~~ ift the 

assertion that "Jane Smith's father's blood group is !!!!. the same as her mother's• is 

i:. ··: .,,,,,_ '1 ·· :· 

intoruistent with the aistirsg' data-bate. Retrieval for 9f'lRd• ·questiOM wch 'as "-r:ind Jane 

Smith's hair co~" ~'F~ ~"~' ia~ 1iv'11( lit 'N~ .. da=..'·ltiirrii~r but involves 

:., .. :-' 
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1.-U Labels and Propagation 

The consisten~y~hecking inferen~s ar~ P!rf qr~ ~y iPl'pJ?.~$aOng la~ls through 
- • • - • • • n 

the CE data-base network. A label is an extensioo.al. devi~ 'J;aich, relat,s an object to a 
" '... ' . -- .. ~ ' -; ~ ~ 

class in the network. A label names an object and .41 ~.,,.· ·" clJss - U:ie label can actually be 
~ - ' , . ,- . ' . " ' .. 

\ 
written on a CE netWO,rk d*"'ram next to. a <:la~poiru (wh~h ~puµ the label on the classi. 

, .- • ; - ·.; ' j • ' , -, •• ' ~ - , -

A class may have more than o,ne label on ~t, and the.~ "1>81 may be used on more than 
.. . " - - ~ 

one class. Here are the three kinds of labels ('Obj' is some object): 

+Obj The class contains 'obj'. 
-obj The class does not contain 'obj'. 
-ob J The claas contains exactly the on~ object 'obj' an~ ~()thing else. 

Note that -obj ls a special case of +Obj, so anytbing SJ,icl ~lc>w ._bout 1
+' labels applies 

. ,· ·• ..,._ .,_ 

equally .well to'•' labels. 

Labels propagate through the network becausec each qmstraint looks for certain 
- - ; ;· ---~ . . . . ' 

patterns of labels on the class-points to which it is attached, and t~en creates other labels · 
. ;,, .:_:_ . ' '' ·' : ' 

when such a pattern occurs. All of section 2 ~silts of specifying these patterns for the 

primitive CE constraints. 

1.4.2 La~el Collisions 

Two labels can •collide• at a common class point in two in~eresting ways. The 
'$'. 

first is that an lnoonslstenoy ls detected whenever the same 
' , .. ' ':.,' ,~·· : : ." . . ' ... ·..,, 

olass•polnt 1ets labeled with both. ·obj and +obJ for some 

object - it is impossible that an object both be in and not be in ttJe same class. 
> - ... 

The second kind of collision occurs when a +objl collides with an -obj2. In this 

case, 
1
objl1 and 'obj2' have to be the ~· o,b~o~. This is because the class 

------------~-------



does contain 'ob jr (from the 40b jl label), and it tOntains on iv •gtj 'ft (frrki · t~ ·.d, p. ·label). 

Since .Objl' and' Wjt'\M' ~«6ri.J~ ~~~·a.ey :a~~~J~m~i~f· 'With each other 

during the 1nterence:-'·fl\1s ano~,' any ~~e to .eidWr io ~y'atref~ce to··ihe 0ther. 

For exampte •• -.'.objl allcf~jt~o~{~~~{~ttfdi~~'~a~~.~~~·(a~ ~bove}~ i In 

1enera1. any c•u r.~teei ~i·~,~·~:f'a lrin ·w 1~ueat9 ili~ ~icf. '£~ oell•r-~ ·~nc1 
., l ; 

l.i.3 Initial labelings 

To ·c:hl!C1/t~ tori~~f~•i ~, .. ~,~~:".,~a t~ '"Cit~~. ~:'Use..tion ts 

o , \ , '. ;. ~" ·.- • • • .•. • c · • .': · ''.- • , • , · - • ·' ',-'"; "> ,., ,-, ~., · • <' l,•· ~ f Ti 'j · ,; 

represented as an 'iriid&lpat&tn df iabeU m thf riltWW.' -ne 1iileiJ m tfien' propagated, 

and an inconsistency ii iftdkar.s if (for some object~') .._and .i;~;_;x) ~··&trJi"• at 

the ~me ~~'·It t~:~~'(wtt~f:~,~~'~ti:f.)j.~i~ then the 

incon~y ~i·~~~:~i~i~~'.~~,~~,J~~~..., i~~~ or 

becauae itle ~· 11'~.ri£~~1a1} ~;~-:~'a..;·d..i~~ ~~q~ ~-~'"' 

case). 

This paracraph introduces two tmportant Wttal labeling .-ttemt (whkh are used 
. . i.nciz!Hu:~) ~<f~·,:!:~·;_.~ ~; ·:. 

throughout the .-.st of d'lis dCJcument). Let 'x' .be a new objeet ._that dea not already 

exist i-n the. d~taW.- ~: ~\~• ~ :~l~·tw~ da~~~''- t~ net. 

m n 1at>e&ng1X"'1tif!i~:~d ie~!:~ ~\: r~r=:r~ ii~\~t rtte.re ts 
. no such ·~·. ~;t J.jtf& ~f ~·a .. ~:C~til~t X1~daiia;.3:i.e ~~'\~·;~n\on. 

(2) Similarly, if +x·~'Aa'ild 11i'Onllry~;·a~ i~~~:'1i)~'ihat t~ is no object 

which is in A but not IA t:.>~~~ ~~fha't'1 bi~= J'i~1 
•: ... ; : '' 
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2 Primitive Constraints 

T~is. Jl(tion discusses the six prim~tive ~1traint •pr•iQn,~ ~Md in the current 
' : - , -. ~ . '_, . ' ' ·-

formulatiOfl of the .CE representation. . . •. 

A CE ~at~·t>ase consists. of .. .a .''to~ ,c1"sr~i~~;~h~~ a~)nterconm1ct~ by a 

network of these pri~itive CQns~iQts. Since. all inf~, jpvat,v.m.1: the data-base are 
' - ~ . • ; - ? - •, - .• 

performed by propaWln.g labels throu1h, the necwork,, '- pr.tm~;ve ~str•tnt's meaning and 
< ... ' • 

beha vtor can be. cometetety se~tt\eci ~~, cerma .or. th•. ~--L~J tt,respQOds to an~t the 

lab.els it propagates Oil the basis of such patterns. r~s ~' ·&$ :el•~ too adJi a new kind of 

primi~ive constraint ~ithout having .to W!J(ry ~t PP:,;Ui~l« 1nteractJpns w.i.~q. previ911sly 

eJQlting primitives. 

In this section, each primitive ii desqi~ by gi'(iM . its in~u~ive mea.n4ng, its 

ne£wor~ symbol, the propagation rui,,s..anct JOIM,.e~a~fe~; ~°"~Its OCC:'fT U, ~oh 

3. ~The more philosophical iNUes con~n~ wl'.'lt;~~~:pr~&P,..Y" ~r~11y• ~n ~ Jlow 

they ~~re with those of .~h~ represe11taUocu are ~~~. ~n ... ~rt tl'Yo• .. 

. ')! 

2.1 The Partition COnstraint 

This constraint represents the partl~loninJ !Jf a .. s~Mr~l~s~ into exclusive and 
. ·. .' . -· . , ·;. . .·~. ··.~·r .· . ~ ~ .. l .,. ··~.-

exhaustive subclasses. The ~~work.symbol for thi_,S is !ltO~fL~~. fJlur.e 2-Ja - the s~.perclass 
'.,. • ,· • '. 1 ·~, ' ,~ '.. ' ' i" •n· .i • • • ~:J·. ,;·~ " ,• • • 

~here,'!::'> ta drawn 91' .tht convex side~ the.~fo,~~1,!h~ ~~~~s (h,r1 .. 
18' 4'.nd 'C~) are 

. . 
,drawn on the con~ve side. ~ote U..t th,re ~y ~ ~e :~.;fier1tr)Jh•n two sutJ~~es. 

and that t~' parttc..a~r left-to-rtrht ordpr..,_g of f~· 4'1~~·•·~·,P"~fllPOrtanL ~9 f,Jgpre 
( .. ' . . . .~ 

2-la, ~1:1•~. class .. 'A' is partition~ in'9 'B' and 'C'. T~ means [P~t~ .. ev,ry .~ irt,'A' ii in 

exactly one of 'B.' or 'C', and t~•t no ••tra • ~ jep;s (~~ in ;A' ~re in 'B' .or. 'C'. . . . 
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For a mor:e concrete example. figu~ 2-lb illustrates tht! partitioo of PERSONS 

into FEMALtS and MALEs.' As anaa.mpwof' a~nition wi~ ~e~than two subclasses, 

figure 2-lc partitions FEDERAL~EMPLOYE.ES irito LEGllLA'tlVE~'!MPLOYt'Es, 

EXECUTIVE·EMl'LO\'Ib. alrd' jtn>IC1AL:EMl'tOY!El.'"Fig•e 2~id' says that the 

class of REGISiER£I).;.VCtrn.s iS a subCIW or \JtRSONS -'the Unnamed class-pol~t is 

what is left over (i.e. pericifts who are ~Ot retlsterecf ~ote...,.'''ri(ure '2•le says that no 

registered voters are cortVltted ·rMo.ts (•ithout botMring tt:T ..... ttw -ilpe~la~s) .. 

Note that any of the classa may H empty:. Figure 2-f· does !!!i•'Y rhat there !!! 

any rf(istered vow~ In tai.t, all the etas~ ln figure 2;;l coutcfbt eMpty' ~Ince the empty 

class can be partitiafted into empty subclasses). However, if thfre are ·any ttEOIS'Ttlti:o

VO'rtR s, rhei• they -are C'Ol'Sltrained to be Pt:R•bHS' .M' tOAstrathed not to be 

CONVICTED•Fn.ONS. The r*ion or sutrsJ!• ·iuctt u 'fti 'R .Uts tr...,.mty enOdgh 

to deserle a atrnp4« 'Ylnbol:; ·l*ijute t-1r ~ tiiu· ~ ·wftid\'~;IYe' tnrerpieted as 

an abbreviation ror me' .... u5*S in l..fd. ·sun•17,
1

~~j~ t~~.:ig ('saying 

tha£ 'A' ii partWoned into ~ 'I' - tbey are the saJM dua) tras tu own symbol, shown 

in 2-lh. 

The five itbel ptopapdOn niles tor the partttton coM'traklt' are diagrammed in 

r igure 2-2. Each of these• hafes dtsalbei a case m 'whteh ~h ~~n.atk,.;· ·ts ·available 

(in terms of existing tabea 0rr''cta5s1Jofnt1) 'ca ~able new 1iabe1s 3rJ'~. pfJP.pk;d ~~·'~~her 
class-points; these new·~may tfrerr&n curr{~bietutther~gati0n~ The Wt.;h~nd 

side bf' each rule gives the .. nt patten 'ii ~g ~ arid' tftf Ytgkt-fl~itct 'side· gives 

tlae new propagated 1lbefs. 'l'M e~ \ ... ") ·111diclte tbt tlMrf' ma1-b'e 1·inori'~bdalses 

than are ~xplictt1y drawn; frl'th figure, 'Jc' iS ·urecs u the riltne 6r Mie11&berdbjeet - the 
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five ru'- of course apply co any ob je¢.. They are: ... 

(pl) If an object is in one of the subclasses, then it must be in t.~ .~percla51 anc;l c~n not 

be in. •"Y of t~e other.mutually ~cll»!ve subclU¥.; i.t ~....-iwq,91..the exilting +x label 

provides the informition ·"* 'x' a in °"'·°" tlJ~,s~tlft •. ·TJijl:,Jqforination is suffi9ent 

to ~uce that ')c' must~. ln the.IUJle~ and· .. ,.,, "11'~.J~ «h.-··IU~~. This 

decluc.ed infor:matiori ii ~h•~ ripr~rttecl jn WIUS· tf,M,w.;~~la wh~ch. are put qll. -the 

relevant claases. IU~4n .th.it mamier ~t 1abel4 ~p~ate." .. ~ , 

(p2) If an object ia not in the superclau, then it can not be in any of the. subcla~ This 

is a comequenc:e of (pl).- if the objeci were Jf' iPX of ,....·•.~~hen·it would have to 

be. in the s~Ja.N.-which i.s falae. 

(p3) If an objeet ii ·-Ao· the s.upuclaas. and. ii not. iA a»:·b~-ofle ot 'tha aub~las$es,. ~ it 

must be '"Ph• r.._ining subclus. Thia iurue,~. ~~"~Oi& ll ~haNstive •. 

(pi) If an object .ia.~ in ~ny·of the subda~;tW it.:qwi "~~~n thJ supel'dus, .(This . . 

(p5) If the superclaas contains exactly on• ob~ and the objee, ll.R,Ot in. aJl·b~t-o~ of the 

subclaS$eS, then the,r~n,ipg .subc~ m\lSt -~iJ.lei~ly ~hate~~ . 

N.Gte from figure 2 .. 2 that (pl)_and. ~) ~ritin.some.,.~,.'"-als of each ot~~r. as 

are (p2) and (pi). ~Jther surpri5Wgly.:~~1~J .~loyt ,J.\\p~"o:th~t th.is one cOf}straint 

suffices for representing an of the Boolean functions (set-theoretic union, i~~r~lon, etc.) 

2.2 The Object Constraint 

is to <ira w the cooatraiped class-point as !l amall "l""r'. unaaeacl '9f , .• ~4 point), Sjnce 
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such a c~ss represents exactly one ob jeCt. it ·cat1 ·be natned ·with tfwt,fowercase name which is 

the name of the objee!l · · · ·' · - ,. · · 

For exampfe; figm t-sa statfs that tfttptesfdewh:>r'ttie·US; is an ex-ecuttve

branch emplc>;ee. Figure ~A·"StaMs 'rNlt di•·'.&~ ~ ftUf 'BL'000-0JtOUP5~ and 

lists them - this iS ·m u~ Where the daw-ba11Hm:~·~!risi0nalHnFormation 

about a class; In ~"°"· tht'·;ditat.f>iit' tertatity a.:!!! haw tom~ 'tMmmat'tOft about 

EXECUTIVE-EMPLOYEES·_.;;atf if·'lnows ·ts maiw·of' tliiftt·lfnbstbtt 'tft~~UJ~-

' "·"" 

The;partittOri conmfint 'ts used in~ in-order to force the four'bfbod groups to 

be distinct objects: In C-E, the fact that two objfdl are'dJ"1tlft nfftSt~b~ indicated 

lntenstona1ty-(l.e; via·:some ccm·sfiaintsin the kta"boe),l«lltliMW Jult:anummg that two 

objects with diffttent·.,...•r&·U,..,ent·(atensioMl)·OltJi'dj: ·~'iaslkht:e Of ·this 

distinction· (due· to'''Ng'.f) iil"'ttiat~ -..~~--.,..,:net· ;'!dif~ ....... ...-11 iatf'.' t11e· 'Same 

extensional object (the pan« V'tnus)•en though~ttitf •·~i1awtWlffity:,;Jlftd.eed. in · 

som~ caR!i' 1 it·lftay..tiwM•::&r'~'impalitbtt ur:cfeddi 1~1 tit0•:•)!cts are.· the 

same. Note·· that Cl'dodi'iat'~tre·laft·txgtidt ~rtftiOn·.~-~~·-ficf\· pair ·Of 

diStinct objects. {wbidr wodkl ·be' ·qtiitt Wastehd) 'li;, attihat ts '••~fit: tcif'fie iile'. to !!lf!t 

this distinctness (by. for t!Xampfe.-~~tihg a +x ldlti db both tM''Objfd& and denvlng an 

Inconsistency). ',•.' 

The propagation rule for ob jetts is very simple: 

(ol) Each object elm "tn:oadtists• an iliO&j label naming itself.,;, 

Fbr example. ttie ·obj*t·ctAa1\lj' ~ltr!ist>'itl.rts an·liil» label ftoih:'JUW. 'r'r.j label says that 

the class CC>l'lftins exacdy tlff' tirit~M>jieeli;"wtlith'is ott.Utfe:'~t'is f'ort'itfbf the 
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' 
propagate further~ Fw- ~'1\i>Je., ln ~·Sb ~, ~ R!'/~:;~ J¥RIM~f,t· 4tf.b . to &LOQD· 

,CRQU;'S,Y. follows: _The,.,,_..t,oo :'•!·'111~1- ": +"'1·.P.· "f>'~('4't.P..:~J.i~ which allows 

. t~nique, ~ J,I~ to. hav~ ~y tJa• ;'~~~·~Jl4c~.~·~ ~tleii' labe1' ~ng 

an inf~ .. 0""'·'41u.tion,• l!J ~-·.U} ob-~ "''~~~VJ.int)~""'tb. rcseec:t19 a 

particular inference) iff it gets labeled during that ~ ~-~~nee. ,wht.ch ''1as 

notblng. to- do "'itJ\ blqcpd grq~,,Vtill,~~\M!~~ anwp~•j•cta"'(e.g. 'ab') to 

1 r >, ( 'ft;·.-·. ·' 

N,ee~~t -~. ·ob~~·:,~n -~ .'11141:'~'~: ~,¥Ji~f, v~~ty of -da~~.ase 

entiti•. ,.~.·are. q~ .. ~pa,;acr..• in,~ WP~lffllif.h~ q{J#~:IA'fl: \~ ~NJ.-;th.e.,!-!Pj«t 

'ab' t),early h~i,:ftOPhpi~l t.xl~., I,i,li~~qb*" ;~,,."·,J~"d,'~le' are not 

,pa.rtiCIJJa.r fe~lel pr ma~-'-~;l/t ~ 4 .... iti• ~ ~~ ~SinQll,,'f.,.le' 

and 'male~.i.av" ~.JtMIPi.~ll<.•J·tP~~~:.f..,...~MdP1-. ·t'-:• IJWIC·.be a ,, 

. subsection .4iscusses. what th'5.connection is. ... 
• - ,, • 

4 
,' :-,_1 . . ' ' ·'' ',' '" . '· . . .. )" ' ,' ~ ': .\. 

This constraint allows the use of binary relations. such as ·se~-:9f•t ~~~tJ,er1»r•, 
, . 

. _and "l>l~"Jr.oup-or·. ks ~WOf~ SJfll~I il d~~~ ~Q,~18':Ji.J'ffl.'2~.which states 

that,thf:~inary.,r.e~,$,X·OF hold• ~(;;lJl~~-'··~§Rlith' ~~d 1f~le'. 

Alm.rut.al) da~·ba,J.e stb•mtt have some ~'1>.t40flJtrf1~, f1J!p&~f"-~"&i~;Y.al~,~~ to 
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•characteristics• of ob'jectS '• 1•hat CE'H1tnarf W11Wfilp''cen.traliif does· ti ··ft)• niehd this 

··notion to encompiit dmatfC11~'ii i4e1tfbh ~~ti~ot9]ad lil~ •jil~SM1m~~ f '· · 

' Thts extencl«l~'CUe'if ~'iri tipw2'le,.n~"ntilitnf0f'1t &0thiiihf ·e:1ass 

"R' (the •rancei is the tman of the ~L~~l~j.' -~tW'&tbif1rMit~; 'B'. 

That is, 'R\tofttabu'~f~~~ tii'lr~~ia'ftcF~·bbject in·'D'. 

Figure·~ u1ea itrti•~;~•t~miJ&r•11·:Fn1,(li.18"•1''f~'~thir\iwarJ~)!ct 

clasjes · ror b0thjttti1cr0ritiiff1 iMf' ilW!l'•life::·~ lf~n~{tt.atqhift~iof ~an 

Note tftar'•-,_ ttgdile ~~·i~ 'df ;~; ieitkin ''B'"·)ini.ltHe. u·iual 

sense of the word. Normally, the •ctoma1n dr"fiiiilifWtal'Hirit •~:U';cilf'c)b~ 

which ,ar~ r~affd lf1tfl4f· •tM~'.'io~ihgP'flo"lir\Mi'~'*~ditnain or the 

·s£X.-0F"·re.mti0n• 1~u~~1Ml\i'ti&W;&-'•~ ift11W1~M .. d°*"fn""-'uM!d .in 

thts dotlim.ntrttte'~ fl~\~•laif'.ftaitiof·~'itiiftU~wpilt"lrHr.ii' biliary 

retauon.·: 1°h'i'"r*fite~ WM ~4heiwnte bf'"" :~~ftb!arJ:fi;iihW'-libfiliain. 

Fu~'tM~~'!._,-~WjllttHtfhfdl1WlWfflfltllfiB WJBWlf'6tlOtt to 

mythiftg. 1or·t'J(•ftti~~.ai ~~t'tt1'~~tated 

by "THINCS'. Pr~t.ty things such as chain:~1~~iti¥#'ti,iYit;~?hey 

contribute nothing to the l'lnp. The chanpd figure 2-4d would state that the image of 

THINOS under SEX-OF ia the class of 1male' aM~ W\U1l'i~tWt1fil,;\f~aJ.-(,:no 

. . . Note,tfttt~1br-f fitdlf~~HO· iMptlfi~t ~~:ii'~~0ili/i0~' r•~te 

·person arid one·mfi~-:J;j,_~~~rtrlge"-1•(~~~--r~.g;¥~1'1~~rs 
11 

in the: ranp_, i( !te~ !f fiyrfiMal.\b ~ Mtjiit W'tM~· fWfficfJ ~nl\faW i 8ue 

., 
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must be a female person).' If this existential commitment is not desired, the1 expressiQ11 ;can 

be made weaker as in, 2-te. This one saya thaUhecSE~t6B::aU.lt.iR&ONS: is contained !!!. 

the class of the two 1fiXIS . 'female'· and r{male'! ;Th& .c:lua ~;ay. t.~ .any- subclass of 
I . 

Si"£S,,(tndud&eg peuiaty the nuU:c ... ;wiJiCh'••lcb....-. etlherc,~bat-thete are no 

perJOnJ. or that .a.II ptl'IOlll hwe tJO sex>. Ar .... ~tc il1!1l requtawd '0J! dle cWiai~ of 

. "imqe" that every cl1111kt qbJICt (a,person);tae,fllateG • &t:,_.i~P • je« (a •> -
one 1implemansof achievmgthil kindd a,q...,r•tMn!inr.e MXC aubsection·(2.<l). 

0-'t ........ ilaue'is what me·'a' d!ltt1ratty,~...,,...._~,and t.ow··it ~ be 

,Jabeled. £xtensionaly,.abinarrretatioft aanadaolleht of·u•1da1tof ardeHd ~r&; each 

of the, ferm ccl,r> wttere 'a' ia an; ®'jKt iii tM derftaitl, and ~·•·• objll!lt in tM ~ge. 

So, for example, SEX~F··?A be thOUCht of aa:'* efagiwW•iiGOnta..S pairs &ad.I as 

<Jane-SmidlJ_.>i/ 411y•jx'res,male, .ecc. 2 Ttili!is:Jlil In •lllfBH al way of .. looking at 

·(intensionally) a table of alt the ordered pairs occurring in each .lllMallry0 ralraden~ 

all labels, they may be.of tbe fonn: 

•<d,r> The relation so labeled does relate 'd' to 'r'. · . . .~ ·,, 
-<d,r> The relation definitely does not relate 'd' to 'r' . 
...cd.r> Thetflilattpn, ..... '.'dhto·~,,: .................... ;'L ;:, 

As with -obj labels, •<d.r> implies +<d,r>. Also note that <d,r>s,,..lf .an exttnaional object, 

can pania..-te in all c:oostreiftl ,prtpapltoltJntlel"<JIMdik•"ob/'W.. tat)(\ ~For·examplt, in 

figure 2·4f, a •<some-child,its-motw>Ja~ DP··POl>•~\lrorn ,MQTH£R~I to 

PAR.ENTS;OF via .. A11t;'9>l). 
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figure 2~5. They are:· 

(bl) If .object 'd' is in.~ doMain,.,lftll:cdp i4Jft dte-1*iloft;,~lhfn 'r' pin t._e range. This 

. (b~) If an .object'~,-, 1'·i8 . ._«..,.,dtfn f.IWt._.,._,.,..,~.HM domat• which 

bears ·the r.etau.n te:tt It IJ 1MI kROW!fti<What tMIGDfld~,,•• ~•me watt be·UJld, for 

it (in ttd• case. '8'008" is·.., Ulld at the ,..,,ft&fnl), -• ~- of a·~'Clata· 

' 
base must cont•itt aeme prav .. •f•f"paeralinf .ch•••.-. :Jo the.rest of this 

documenc.tbeae.g.,...q -~ wtll«t111ill.ef~fillP;..,.... . .._lollowed by a 

i-digit umber. 'For ru• 482); it .is uewn dtat,-• ,._.. , •;eu. 1' · m ,the· domain·. (tRnc:e 

+g0037 is put on D); -and dlai tt -.O the ,. .... ,'Jl,;;t11,dle ~ 'r' (Mom •cg«JS7,r> is 

puton &). Silme~·---abqwbo-w·t!*,~itl,._. 

(ha) Th~ i&. J ~8'91.:(M). :Jf1¥''.ls aot •ittM . ...,.11#·'~' ja141t U.-d•in; then 

<d,r> o.n _..,Jle tais1'1ar._,.,lf d/>'Ja!,tn dw1*ti0n.:_.!if~-U.{uhthe range 

(wing bl)~ ·wbid.l ii ·ia""-

f.f .· 'r.'·.tiJ llQt ia :,._,IMP, _. !Ui . .r> is in the 

relation, then 'd' can not be in ~ ~in. Again, lf 'fl' ••1n• .._.., UMa ~r· would 

be in the range {Wing bl). 

(b5) If the domain --• •IJ·tM ont objlet !9•,· and-« .-,,. 11 • ._ tbf ·relatien, then 

'r' can ·AOC w iR ~ ,... •• 

(b7) Finally, if the doma.tn '81l~ins OD.ly the one obj!ct 'd'~,•nclctfte relation eonta1ns only 



Figures 2-6 .and 2-7 diagratn some)'f~tJ1C'5 u~lllJ. ~b.~~ttpru. ot these rules. 

In 2-6a, assume that the data-base contains the information a~ye tts' d9Ued li11e. which " . '. -. ":·.~~···· ..::>...:· .,1· ..... e~·~.: .. - ·. 

states that the sex of Jane Smith is female.. If a user of t,~, d~ta,-~~ ~J4res .to kno,,~t the . . . . ; . . ··. . ·.. . . . ... . . .n , __ .·.• ·.... .. . 

sex of Jane Smith, tt'ae user can construct the network below the d~~ Iii'.'•· In Qrd,_r to do 
' - - . - ~J :r'. - -:'': + • : • • ~~_,-, t' :~·, ;" .- - ;: '-:1 ; . - f_. - ·. 

this, the user must have access to th.e class".points for 'J~ne--$fnit~~ a11d. 'S~X-OF', but the 
-~ ... ~ 7-·- ... , '. .,_' ~ .. -·: ·:·r · .,~-_-_:·.'"'' 'i-"1/~~ -- ;~·~- ""' .. .1: .. : .. '-· · · -

user need not have access to the rest of the netWOrk. In ~rti5U,1-r, tile user presumably 
~ . ~~;-<.-- -.. . , -.- <' ~·-~-~ .. . --r~·~ ~.:.~_~:~-~;..! 1 .. ; , ' 

does not already know about the binary relationship constraint (above ,.the ~otted Une) 
: "'J .-· - . • 

which exista in the data·baae - otherwise the u11r ~kl al~J kflP.W t!te sex 'of Jane 
·i' : ;.,., . " .. ' .-'" '-· ·,, ~~~' . !« ~~- - - ,,~_.,-:· ·-;. ~ ·~ 

Smith. 

In general, a uaer interacts with a ,CE. d~~;ba~ J'! ter""' ·«>,( 5Pn,'• f~J'ed se,t of 
... ' - ' : . : -·. '. -- ~~: ·;_ -~ ;- .• ~\1,'>.t ~ ·f' ..,..; "' •. i~~- .;Ii.. l ,·.,. ~ ·:( ' ··~ 

class-points. The data-base can be viewed u a black boJ ~i!h. ~!t:m!n~_IJ• (the .. set of class-
. ·.·-l·;·; -°<,. :.i .. ·.

1
,··· ,: , •. ,; ~ ·•,,) "[(,~': ·)''.;~~ :.1-:<l.~•:'.Y1ah-· ''_<!Z,.~.::'-t) · i: I• • 

points) wit·h' which the ~~r inte~cts. In sirrap~~~· .,t,~e ~r;-~·~ t,b:e, ~~~-baJe by 

setting up an, inilial labeling on some. ter~ip'l~ !-l)d ·~•.,1. i( t~~, •u~orn~uc. label· 
- • ,_- ' J !: .. : . ·~ :: ' \~.~-~•"" __ , .. :;';,1<"'.•'. ':}~' 1:.~ ·~ ·~ 1 ,_ 

terms of label collisions). In more complex ·~ the. ~'Di!',~Js ,t~jJttt 1~ ,d•r~tly express 
• ' .: ' '" ••• " ; ' '. \ p ' .~. ; '. ' ,. t • 1 :- ' .. •, .; ,. • ' . 

the classa in which the user is interested - in 2-6a thete Js .. no term,tnaHor: 't.bt-fe1''.°0f·Jane-- ., • • ' ,-~-,, .· =·, ':.' ·:. ;;5·;:f;l '/_It. 1'-J~ :'.:- '· .. , ',.~.,,"' •' •C -'~•-· 

Smith'. Thus the user must constru,st the app~riate ~ <• .~ •mwa.I). in terms qf; the 
.• ~~ • ~, -. .;J• :. .·. <:) €,7;.! :0'~ ·.~-: ~. •, - ~~ ,.,_,;, ' . I ·" , 

existing terminals. Thi~ i.s the, purpose of th.e ~~ f,~~.-~ th•·d«~ I~: in 
. ' . ' 

figure 2~. In g~e~I'. .a user. t"1'porarily aci~.s ~~. ,a. fn.f~t ~o"~~}!,Xi$ting, fl•~·t>ase 

in order to define whatever new terminals are ~9' forJtte C¥~tJn(,r~.P,ce.: ~fter 
. • ' ,, .-- ·• _,, ,··j): , .• r ' .· .... " . ',,. 

the inference, the temporary fragmen,t can of cour~J>\~eleted. '' '' ' 
. .. ,,'. , ;. · , ' : .,_ '. ·-; .:!L; ~ · · , .. ,,;$..~ ·' ' .J: ... · · 

Having constru~ the fragmtl;'t bektw -~tae.,~otted.l~ ill,<~~ t~ uJer. kJaows 
' • · • . • - ~ •' . , • '·-' l,'.c'..,'..; '.t~>· , '"'« "!<:; '.i ~.)'; 0.e ' " ' ... 

that the object-class 'x' (t~e name is unimponant). i.s c~~f~~·~ ... \! :~l.,~be sex of Jane 



Smith. That Js, the' new rt~rnmal 'X' iS 'eon1tri1Md t0 be a clasi c0ntainiflg a single object, 

that object bttng th~ :~xot ~~~~1th.: AJti; the~objf!J-C~ ~~:is k~o~·(i~rl!n~i~ally) to 
. , ' . ; • ''. ' : •. : < ~., <.(.-;'~~. -~ ;',"~. i-.." ?):!;·,·~ ~i~> :-:r~• : -.- • ,•". e" 

be the sex of Jane Smith, but presumably there is some already aisting object in the data· 
. ' . . 

... · .. ~1. '', j,,. ··~-- .. '.!' ·~,~·.i.;';•;. >~. _':. <'.~:-~~<- ·~.~J ·_.~::.~t.' {~~-~~~ . . ···.~.· :'4 t ~~-:-.,,... .~ 
base (in thia ease, 'female') which ii equivalent to 'x' but is more •tnteresting• (in that the 

. . . • · .::.. ~·" ;. . . • : »'·. ··,;·· ,-. . • ~ ()1 __ t.. • ", ~~:'-}; ;~ ·-,:' }.fO", ~;: ,; , ·i' . 

u.ser and/or th1! data-base· kn0wlnore abOUt~'ffmi.ie• than they do abour 'x'). The user's task 
' - " . ;· .. _. . ,".•' .· -~ .. - ":.)~ : : . " ··, .· ;.; .. _':;; ;:;.~. ··:·~ :~·~f: J( -. ··.~·" ' -

is to set up: an initia.i J&Geiing such, rb&t' the piopaptton procedure can be used to find such 

an existing Object.' 
•• 4 •• • •• , •• •• 1 ·~ '·<1· ,:.'. ·1.·1,: ,·";. -~; .,•' :. "·t_·;;:· 0 

" 'L l} :~ -:'. ·. , 

An initial fabeling {tftd the subieqUent inference) Which does this is shown in 
•i;. 

figure 2-6b, which •ii a· cop,y of 2"'6a with the addition of labels. The number in braces 

, •' •' • • • <~ t.·.· '"' ~'•·,. ·:_ •.. _ .~ • .> • '' .~ •:', ''.e !;r_..>~) .i\, ,;.'{;','.::,~-~~~( ,$<' 

preceding 4Ch tabel'il ultd &>"inCikate the Order in' which the 'labets are created by the 

: " 1 '- .• .1.t·. ''··:.,_ :~, • . " ·•~5:;.~, •:'.;··' . ."'~_f,·. '·'~;., ·~ ·,,~· ', : •. :·:,,·~~f. 'i"}~A,..I ~;;J d;;iff·~- I .. ,) 

are not "actuatlj bftaed by the,<infererrce 'procedUR. Foftow-ing 'tM number is the 

· propagihon ·rt.Ji· is.ii ti'~re ::t~ '~ ·~:toi ·~rnPie •j2;.j ~l £~~.·th.~ ;thi ;.~ · ~bel 

was treated.~t'ti~ 2;:v:ii·~~'·{bf).tn•ftotfu1wj~'i..Ctis~1~~=·~;;r ~~~~the labels 

' :. '.. . '"• ·,."~;'· ,~; '.:.·~·,;\' ~::."·• .. LUlI~~~2--~~:.! ~!_ ..... ~···: :·:;;i· .. ~~:·;-;.::· . .... >~d~ t~r ~\Z-rtCikZHiu::. >';h~:;:' .. : ··.\",. ~ ··.":·:.< 

are proptpted' is tattier ~ out it contains no more Wormatton than the labels 

·' ·.· .,.,' <,.» ·,· . ·.···,. :· .• ~ ':.: ~;·,,..,;' :\~}··~_,'.. .,iL .')h'~).:~Jr: .. · ~--- :::~·~ :;,;Jir~~;i.ff{."a/+ c~i ~eJ~~_,,.;'..~- :;· · 
themselves do.)' 'The {O} ·c · label· IS ·the uws initial lmbel.ing which ttarts ·the inference -

it say~ th~fttte't'~~t:Yt~~ ul'in"~~a\i1 tfiei~lti')~~/'~~~ ~~~s~.~~~~tly 
the ob Jett 'x'. Thf. hr~~litMii ~ll·~~,: '{I)" are''ll'fttec{ by ~~ ~t)' ~~· 't;h~ :~* ·~~, 1x' 

. ...,., ... ,. , ..... ,.} ... .._.-.. .- .. ,.,. .~.{,. ... · ,· ,.,.~··-.. ... .: .... ·-.b·,. .. , .-. ~-;·~ .. ~·-n~· .. r• .::~:J ... .r~ ,,-. ~--: 
atJrotnatialty' ehialti" ~'~''lift" ... x.(11."11' ~lat. ·u:I):! whiCh" allo~i '(t>~ to pmte .·new 

Object (here, goo;8f~~ ~e.~'~bels:·:;f~ '{~;b1}·.~ 1 , 1k~'1s~~~~:~,b~·,·;;pa~ing 
;-~·,1:,~-.-;·. ~ .. ~i -~~·-·;·\.' .- ·.~·-.',(;'.·~-~-~- -:·.'._,.·H)ili~7.~".~ ·.~ .. ,~~ "'7:::1~:.r·L:ot~·,:·. ;; ~, 

(bl) to the two labels juafcreatecf' In step {l}. ·Rule (ol)aflows •rema1e· to broadcast an 

•female (la~I nurrtbfr {J))t})'~tikh'~tf&i'Witfi'~f1f~.~ ;~dy·~-'.y~~;.: .· ~·' 
AS deicribe~fin' ~(Ori· r12:'~{khtd ·of ~~i~i~ ~~-~~t\c~-;n~i'>'f'~a~· ~re 
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the -~~~~•ten1i90,~l9b~ 'r~ ~~~'~'·~•~ .. ~rm~n. ti,,Jh•,·""-'4 w~e> ~hus 

k.nq~, thllt 'x'. ~ttl.e .. ~ .of .J~t ~~) .~ ·p;AIJ~~ l8f '£~'•· 'NQt! tt,al,~l .. the 

user had to ~9 w+',i~:~~ the nttwork}:~•!w.~e~.,~.J~<J:~Jlt ."Pc. ~n iJ'.'!Jial 

1ab~1w,~ Fr~ that. th•~·~el".P .... t~"I. ~··:-1M,rP~~e.1mc~~ t~t .. )~ .. llnd 

'female' a~e tt,t"·''!" ~~ anci th~t conc:},uHolJJ'Mi'i~~.~~~.,.,~$er~,.~~:~:c;Od the 

us~r hay•, t~ be. ~!."~"~ ,,4b t~' !'t~~~.r~~. ~~~~~~;~~·i~~t~ un,:(w~~ch 

'.·, :, --~ ., 
; ;' • .!'~ , • ' 

sue~ ar.•im.jlle ilJf....,,~,b,U~ ·~"llY ~~ ~ •. ~...,,q,,5 .. 1~,;c\MM cqrnp1'X. ~a. 
-:~ . - '·· '. ' 

Figure 2·7 diagrams .~.,,H1f~ ~-~ §miel)'•.ltma.ll;~.t~~i"WY .S~. ~pin, 

assu,m«.Jhe atr~.~~v- tM ?ottecl Ii~ ~p.rt..~'*·--~;Ml4,;~ below the 

.line ly,'!.~~rya,t ~Y.t.Mj~r fQr ~'~i!f ~,.~1~~i~·,-~hat.tlae ~ta

base contain~. bCJth. "s~mc" ~ .~ "f-.~·~J ~,jf,J¥ff• ~~~- mothe_r) and 

•general• data (such as that MOTHER-OF a~:.~4~JjJ.l)Qi, cM~,th.f: .tw~.WI•:. of 

}> ~J;NT;$~).. ·N·~· ~-rwt•.a,I .9(,,., ~~ ~),,...Ji;W •11t JhoWn in 2·7 
~ . . . -; 

Th~ _u.e~~ -~-91 ~ ~ ~~-->/~.~ f.Pat 'x' ~a 

PfJ'enl. ,of:.>~,$.ub • lhat 'x' .il .•. J..-&, ibti ...... 1*'-'.·~• 'P~:l9"•"1-. •i. 'x' 

-. ~17,~Ut?•, ·~ ~~hi.f ~& ~· ·-~~r7fiai~~~ ~ ,~•·d•(a!base 

.•. whic;h:-~.:~ul\'a~~,,~,·"·· - .~ :filMI·,~~,,~ •;f-~~'6'• :C~. tke.~- or 

Jan• ~mjth~ are q~f$4d.'.in~ppepdix,A .. ,..,. . . .\u,:: . , . ·: 

.• ~av"''·-~~~tr~~ednthe. l9~ez: ,p~eol; 1'e~,Rr~tfl\f.~~~l ~$t.J>o., .. set !-IP. an 

inttta.t ~·,"1~ Th.e way toJof"° t~ ·~· is ~"3-~114:.196~~,J~~ ·x~ ii !!1'Mary 
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· Smith and· then see it th¥· Inference practdure'dtfrv• an ineen~cy (~ra the coilisie>n of 

some ,,. ~- and ··"';labf~ "l'o a'itame-that'tx'1Jl.•;,1ftry tmllh.1lhl ·a. puts ·a· ,;.>c .... .,., on 

the objeet-cflss 'Maty·Striitll'. ·The rm·· or·· the lnl1f.l '11betibg Cdnslsti of •X t,n·- •x' and 

·Mary~Sfnith on· -w•ry-stttmt'.'':TMse ~ al.lti:f-ll·w•.__..:fOJ:'tin the diag'tatn. The 

label-propagating i~ft'ren'ce pr0cedure: then uses this 'ui1tia1 ibehttg to: dtrive an 

inconsistency..- at point •A4 tlfere 1s·a cdllfsidn tit t ~x and' a~. :N&iCe or this cdllfsion .can 

be given to the user, who then knows that~· is indeed 4M&ry~'/slnce it is' itaeonsistent 

to assume ocherwlse. (An~t pc:Wtbre lntirPfet&tton- or· tiis ~sten~y is that there is 

no such •x•, meaning that; j.M Smtt1' -Cic>es · ndi n•~e;anft~~ ·putnt Pteii.tmably the 

· user assumes that she dcies -ha:vt one; so thts tntirr~ ~ tUlelf outJ · ·; 

Note that tfit itltOnttsienq· it detetted via a ·comstori 'u~·JietfttaA•: By prdpagating 

the labels 'in a d'if~-Jotdcft.'tbe'collisimfcaufd 'llav.e ~mileXW.~ sWwh'ere else. 
Thus t·he exact'~li~·~elifi'ttie ittcombtenttis ~ ·~~~~~anF.C.•'i~ lS 0nly 

importa·nt tha:ht'be~ifthtwb§ . .:; ;,;," 1~ •• 0!· 1:,:.; .,, 

··one ~tmdaf'~ iffed'\ift filure ~7 u·t•t· ~!';~11.~ W1'1*minl:some 

generated-object would M plaeed ur:'lilt ··ject~~ tW ·1*M~ =ft1iit.i)tc:t.idisi~ ii used 

instead Of the 'tenmt.a•jltt's ft~tnt. 'Petr example, ti* ~;~~Jft-~.X> label on 

p AR'ENTs« 'ls Written' tlWh 1nvri6tatef1;= tnsteid 'of' g..g;:~ ~-:1'vtl~pn:.ce5s of 

(I) generating 1 n~'Oi~re,:'gft941:·ltl PfOP*Ptlnl •r't•~·· •1ta:to ..,aM
Smith' (and a {2;b2'1 ~lfk.i>'u·b&lto'·1AR,!Hfs~· (Srcr*nnf ·-n'~Jafl~Strtlth'· on 

1jane-Smith' via rule (ot); (t) Colliding the •gt2!1f 'wtth 'thi;:·•j'M--·Smitt(~ritch then 

idenrifles the two objettJ~ {s)· thfri'flnlUf'iJsmg •jane-Smtdt.,ttn~u··ralMts wliere 'gl234' is 

used (which is legal tJtlQ~'t~:two otijd have>-beert ;ldetitif/.a ~th ea~"iit'Mr'). The 
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~1 •. . - . .. , 

In .general;<·*1\U,,Jji0,11~ut is •••l ··~ ·CM,~~Jtct ".," .1ab«I will 

~iately coltictt ~h ~h• ••• abel"9ft tbf..-~ .... .atv&J;m.~~~~t:i~ted 

obp. wi'1'a, tiJf! ~.;,ct-qlNI object. .Thua,'.·~~·~:~1fD M~•~t#I• .Qth,r •. ·so. it is 

legal to-~ .tbe objeet""lul·~ jn5*d,.ot ''"' ...... ~-~ pame .. ¥t ~hit w•y., the 

generated-object}~Mll•. ne.v~i, a.pp~f~..Qll ~'~I™"· ;r~~~tc,..i .wQt •lso b~'.'1,ued 

whtrev~ .. api>1~~14 ia, :all t~ resi of • • .x.-~ 

2.i The Inverse Constraint 

This construct constrains binary relations to bt:Jlf~~r~,Pf, e&Jh,..other.: . For 

exampl•. PARi.NT~(.)f 111d CH~~~~~•.:MUHl.W~tiW&~_j11 .t~at if 'p' is a 

- pai:•'1t·Qf 'c', tl'ell 'r: Ja ~.cbjlcl.pf 'p'. T~.,et"W4.,fY~~'t~*'11iN.-,jQ {igu~e,~;lla -

sil')ce "in¥erse".is·s~ie,~~ dPf'~l1Mltef·~~~P!J~~,:t''-~ •IKJ of 

the ·symt»ol. T~ ~ :~~ r• tqr~~i4lW~~lq.t ~;;i•hQwn in figure 

2-8b: . 

JinvJ) If. •cd_r;>,J$,Q9.onesiQe ot ..... ~~~~,•<!~ '}It~~~~ 

(inv2) If -<d.r> is,oodone s.ide •. put7~l'.'4>~:·t~.fl'~~-~~~J'~NYM'•iif .'p' 1i,S npe.~!parent 

f 1 
' th • ' i · ... a..a,;.i of • •) o c. en c s IS n~~~ p. 

,·;.,._,:';.._f 

. T,t\4q1 mtJ H ·$&id ..,_ha.;l'ril'\WY --- iJt ,,_._.if~'MI' :"by ...... < .!oth 

tbe rela"tiot>. an4 .. iU,iQ~erse . .for •~l*t.fjiW~·,3~!1~1\iifllU'P~~~erJi~rt g-ie. 

Like 2-ie, .~t -~~$ tAAt.-~he.SEX~F alb'Ui~i~~ ... tll~~<i'•t•-ea.Ped ·~·)of 
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the SEXES 'male' -and ,...,....,~.: AuUJC:uasectUt slC:ttOn 2.3, ftgur4! :2'1e does not 'Imply that 

every .person has a sex. However, 2-9& ~ Vnpty·ftliis.·'Stnte?fl.llSON&·ts;'t ... :·:itnage of 

XX under BEIMOS;()F-SEX;1far wety"pefsotf 'thett- mustte~aemei ol>jftt in XX such that 

<th~xx-objeet.~e-periOM"is·iN'BmNOS.:Ot:fiX•.(Ustrtg. dtle ._, T+ifliinveweonstraint 

in 2-9a then tortel th&t ~ltt'~1't~jciet> be ift~s£x~~ ·-~tr,·~'· has 

a sex (which is 'ttle--xx-ob~.; Ndlt1tl\lt nOnl:of,thiJ'Tetptinl1~t\a·'pmori·l.ave ~!ml 

only one sex - this tOpic'tJf +i-1 t~··~ dlrcuatii\·jft• dbifufiitfion'ti: . ' . 

As another example, figurit'2~'~ ttaa't'Sl'OUs·t:.oir ;is''nl"owtl" tnverse, 

which is means that it is a symmetrk relation. 

, ' .. _) ·~ ~ .# ' • '·· 

2.5 :The Worlcfeoriilramt'·' 1 · .. >' ·, ', · ;,, ·· ,: · .::.: :;;;.,, :< •. .:u;:f;(; .. - ,·.·:. 

··So far-;;w;fl~~tJiattheii~ft.' ili;•ditl~~ ~tLover time 

and ·represents~ a1~mftel"~t'lH"'titW.~ '~'FKa~'·is, lit hf~tiiw tadt..,i~~ifrai,the 

extensiOrt of;a: class•.Uctt·'aflftM181'm&YOT-EH'U ~twl~:~·H.wver, 

iri ·the reat~"Woffd .any'~~to.r ttW.: nt~tlaW !ll~R~t>TtRs 

gains and loses objects as new people register and old ones die ·or let their ngllttation 

expire. Also, tne·~ex~r-ttr·t' ailt'taW,.varf ~g tW1Wi;'P*1ft~t \tr 'View· 

wbieh i$ tak~.···Far.;~ikwnf)~'of :a·eermas•ta.~~:might•wariPteiCoit•ider all 

DRAFT-EVADERS10 be CRIMINALS, while other~~ ~notP ;;; ' 1 ·,' :;:;,,-;; · . ": 

Fortunately, tbenft'.15i aii~"tarn~·;~imtlM' WMtlt·i:ifSetps. sOtve''it>Otf, these 

problems, an<f •whtch'wtll't\Wne fti bi~"Oifirftcnamt<·rllore Hf fA~i1'!ctions of this 

document. The butc<ldfi ,~·16''~ Wlilttt,,.'"Wortd" :in thi1d~~! ,; N<.Wttt C.11 be 

thought of-as a·phytiNk~phy~iiiultidtr, slkhittht1ji~l~ano.tlot •1tpfil 3, 



29 

19i6, at 10:23 am", or the metaphysical situation of ·w .. at Ja~. S,mUf1 t?elie~esto be tr\le.• 

The latter might be important if Jane Sr:nith. i~ a data-base l.l.ser . "1 .. he> wants to add 
' -. . - " ; ·. ~. ' " ' 

information to the data-base that conflicts with infounation that some other user wants· to 
'· ' .' . . .. ·. ·;' ' -'.:_ . ' ' .:::-- ·, '\·)1 ~... . . ' :~ 

add - the data-base should then be operating irtc:Uffeteot world.s w~ it is ~eing Used by 
• . I• .• " • -+ ~· 

Jane Smith and. w_~en it is. being used by the other.u• .. ~ipn ~l.£U~~s m~ny.other 

such applications of worlds. 

2.5.1 Extension 

To support multiple wor,lds, it is necessary fqf tf.t• data-ba~ te> "' ~ble to contain 
• ": ·.; , < •• - -~-/ • • • ", , . I 

assertions relative to the various wor~s ~d to mak~ the ~ppropriate inferen~s fro'Y' .them. 
, . ' . ·"" .. . . 

Si~ce the inference process deals only Wi~h p_rop~~~~;~g labels, .the in(ere11c~s can be 

relativized by tagging each label with the world .th~ ~ted it. ~qr:~mPJe. if 'w' is the 

world of "April 3, 19i6, at 10;2S am" ttaen the ~bel "•x/w".JviU ~~,-'-::~~•bet rtlativ!zed 

to that world, and sin,Uarly 'for 11
·" aild "~7Jabe~ Fw '.exampi., hav.~'" •Jane-Smlth/w 

label on REOIST~ED-VOT.ERS mtes that Ja,rt' .Smith~. a rflAttt:~.ypter in wQrld .'w', 
,- ' •' . ,, _, ' - ' ... . ' "' 

' withQut making ~ commitme_nt on, way or the .pch'r -as f.9. wheth~r Jane $mith is a 
• ,', • > •• ' • - ·' " 

. registered voter in. other worlds. 

For all of the label propagatio11 rul"'.gj,V"1 so far. iUs f)ecessary to. add the 

stricture that two 1abela "'-J interact only: if t~y -~~:~I'd. ""itb. tile -aa~ world. For 

example •. in figure 2-1°' ru~ (pi) can OS p~tc,.a ~?'-t9 class.'A~,,si.Q~·tbe -x labels on 

'B' and 'C' belong to different worlds. AJso, e.!ery 'bel..~.hitch .ii pro~&llt~ qi.µ:ing an 
. . ' - . 

inferen~ must be given the same world-tag &"1 the ~~) .which .c;aU$ed ther,pr<>pagation . 

. For example, in figure 2-IOa, If pe>int 'C' were 1ab•~. ·x/w.~ then ~A' ~14·. H '-~ (~ling 



rule pi) with -x/w - the •w• 'world-tag 'being required. to relativize it properly. 

Furthermore, wotld'"~gs n\ust be taaen into a:"°""t by the bl> jeet constraint's 

rule (ol): An object-tlass such u ''t~relidem-or~M-Os' represents the sa~ intensional 

ob Ject in alt worrds. even thoOgh eX'tetmonatty If may be ct~ (there being diff1!rent 

I _\ ·.. . - , - . . , > • ' • '. , , ". ' 

presidenu at dt"°"ent timb). 'tfM:tefore if\,&;]" ii la ot>jKt-class. it is 'atlOwed to breadcast 

an -obj/w label for !!!l wotld 'w'. As in section 2.2. the data~-~n avotcf'Chb\ing itself 

with spurious labels bJ havittg an objett-class generate an -objw label only when the class 

is reached by some exilting label With a world-rag of 'w'. 

By c0nvention, the workt-tag uaed on the lniUal labtltng which starts an inference 

will be •inf' (an abbreviation· for •current mf1!rent'e~ •nd every label written without an 

explicit wotld;.ca.g Witlbe tmpbatfy· tagged with 'inr. 

In additiati to uiing worlii for tags on ~l>els, it is destr~ to be' attle to refe~ to 

them explictrly as'ob'Jecfl; Thans,•1nr. ~'. and:iti'ot .. r ·~ Wllf"* treated in the same 

manner as Other CE objeeta ('jaM'"Smuti'. YemaW: etc). For ·ffi-. lt "w.r afld -W.2• are 

both worlds, tllen the 1tbtt •w.l/w:2"on ~ dais rnea~ tttat tt.f ~~,d '1,.11 iS in the 

class, retati.ve 'to world 'w;tt. 1"tte me or'~lt llbeh it dist~:~ i:fb't now, lf is first 

necessary to describe what a wotid"'Object such as 'w.l' ·reany 1141 
..- i~ &;t1iiltty not the·nme 

sort of thing aa a per;en (•.g. •jan'Psmtth')' or,.'m ·~.g~ Y.m.ie'); 'Since a world is a 

specification or ·somt Slate ot atfaits (pltyskal or 1Mtaph;sk&1), a'M Since the Ct universe 

m9(iels all infOrlnatton in tttms 'or '~U\i objects to .:larses,' 'n 't~s ;that a· workl •rea Uy . 
is" such an 'aSSignment. Thilf ustgmnents need nbt 1)t exhaustive'"""' t~ world •w• might 

assign 'Jane-Smith' t0 be In REOIST!RED-YOftRS, •ss1rn 'jofm·Smith' not to be in 

REGISTERED-VOTERS, an~ inlkt no tommitm.,,t one way or the Other regarding 
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•warr.-Smitb'. . . , ' .. ~ . ' 

.. For COAS.,.'J _Wit~;~-~~1'1.t~1~~.-~\'! .. j~:wpi:1d~~ sho~; be 

v~e.w~ .as tepr~YP&-.• ~,~.~~~''"~~~~rt{'L~d~ .~:·.'"'rl<I )( ~k41s no 
- ~ ff 

~~·~,t ?J~.;p~.~~~ ·~~J..Qf .. :~,~~~·-~1~,~~f:r~R,~_e-vo.T.~s,._then 

.. the~ ~.bich 'w' ~· ·~::.~~.~~ alJQwa,a.~~Q),~~lt1.:f:1iY7~Wjth. !l in 

~gp1sT_J;R,ip:v~lJ'JR,~:.~1lP, ,:~~~".~'~·'-'. •• ~J~~A'"t;~M1?::X ?!~~$. ~ In 

, ~r1:~·,t~~·W9rkl •w• ~·-~~-~l~"P-'.~~JW·-~r~~'~l~q~t-:~ts'.~hi~_way 
" • - -.......... 1' ' • ' 

corresponds to the 1ronger world (in that it hu fewer cues Ot allowing boeh.f.O~~~iliti~). 
'"' ... ·" ' ... 

Now, havinl given some solidity to the rather philolaphlcal concept of •world•, 

consider again how world-tags are used in.labels. A label relates an ob~. to a ~u-~ the 

~~· ··x~w· ~ -~1ass.:c:·. ~ns t~at the~~ 'x' ~.~~ ~~J '<?~ r!~atjye_to.the world •w• . 

. Another.way of ~tatipg this is that in .world 'w' it is .~.that 'x' if, ~- 'C'. Now such a thing 
::·· • ~:..iiMrJ~c ~-~,,~ ·:..,i> -;:.:: ·· 1· :::. -r- · .. ~;',;.\ ,_ ·~:~,, -. ..-:·~ ~.,': -~1~·/, .;- -(~,~ -~;~'.· ;·i. ·:!· • T-. )'.~:J >.-,., 

. cao be. netted: ConJlder •1.n world w.l it 1* ttue thai ln. w.2 U is true that 'x' ts in 'C'.• (A 
~ ~ ;: ·' .•• ' .... ~·"'·~· t" j{.' : < • ...... ; ·~,:.:· • ~~ .... '. •( t ,,,;.[,,.,"'\'.;··.··;~ ·• ·:·.:; ·~ • -~ '• '~'j;"''~. , •. 

, ~-~~~~rd-ibut, rat_~~ ~~~~fr""· ~t~~ 'll~· ~ .. ~~.l)>el!•V..es t~ _,w.2 . . . 

. ~lie~v,~~th~t,'x;_il_in 'C'.i. J:'h;i,s ~ ~l,,J>t~~~r~i ~t"J}~ ~t>,1 _··~(w.~/w.1• 

on 'C' - th~, C?~jec~ 'x'1is ,r:etative ~world 'w~. '~~.~ .ilJ, ~-~~~ve ,~,.~w.~'· .. Jhe rn.ain 
. ~· ' .. ', ~ . ·; . .,~. ·.~: ... ·,.~:.: .,.~~- ,,tf;·.).. ··- .. ~ i. ,1'.r. ,J • •• /~" ·i - . 

p,oint.of .. th~~-~ra1,i;aph is t~ t~"'~Jf~~~ ~'1t:. ~~~:~~<~~~in lab.els may 
. . . . . - ~.. . ·-

~ikeoth'1~~.\VW~~~-.~-~J~,~,f~~ ... ~Jconv~ntion,~ch 
l . 

W()rld·.f~~sses wil;I ~· ~e n~me~ b.:egi9nl~(., ,~i!", .~~;~.·:· ~~ ,;i~~,~p~e., .the , ~~rl,<:t~class 

W..C~TH()~J~~F~Ti;i. ~~:·~t ~'fin"1 ~;tct.,,~~/"',,,.,11.;~~1 ._~hitft. ~~~. co~~i~tnt,!~ith 

,. ort~.odox«Ci.'t~~li~ r•JJl~~cloCrna· '.r~~ may~ '!M"Y-?ifr~ ~r.ld~ i~,~~ a 



world-class - fot instance, in W-CATHOLIC·FAITH two world"Objects mi(ht agrff oft all 

anfgnments except tflos't' tn,.o1ving ·SA~fAUt'SJ&tOOO~WOtJJ>"(t.e. these two 

worlds aisign Paul's bloacr grouj'J'dttrertiMyf.i ii&tj'catiadtlt aogffit•ij[lit' a\o poslti6n on 

an_d thus bath belong in u.. wor1d;.clus. txrftlsicMalty. 'W~11Hdt1c::F'AttH will 

contain a' greal many ~3~-dbjetts. atftetiltg ;~tti'·.Jh~~~ reg~fditfgt .... tial 

details. However; alt these'.'Wortd-o1)tas \¥01 ·aerie cif~08*ffi; Which,'1.te im~atit in 

'Catholic dogma - that a divine Chmt .X1*1/~h&t 1ftry·'•'i~1;1fg~~· t~at the POpe is 

infallible,.etc. 
... t 

2.5.2 · Intension 

' , .? . - . - . ... ; • .r' ~ - •· ·' ,"· .~ ' ; ? ' : ' . . . -~,~.1,;. 

As with other clui'es, it is not Aetessary that the daca~ cOntain an' exhau~ive 

extensiOnal titting of alfthe w0r1d.:C.jlicts in a wortd-i:~'.·~ ~'ieit~''.Wki.:C~~-to be 

useru1 'tntensionaity. For example. i~ 2:.a{siares·i~t ~I ·~ ·~ w:.C~TROLIC
F AITH are aJsO wor~s or w.:,Jt:m£0..eW1tiS'rtX~:PAtnr' <* fi;~i.1' to· .. represent 
all the bellefs·.held in'Mmort·~·J~~tlian'.~/~m:·ttte'ten 

.. . • , . . ' " I ,, ' 

Commandnlentl., eti1. N'octf chat 'thi smalfef' d~stl.g~ t~ ;~a~ ~J''constraint' in 

2-1ob) is the !tronger G.N <la -.ns.or wtiti is tieriffid>: ri.e ~ffioic: biDers'~luk aft or 

the generat' J~Rtiu a,elerS, bilt n6t':COf.vtrs4fr~: 'A ~l~il'wiy of,~11ng at 

this is that every si~ <•ii .. ]eafwllkh ii ~jrii\J&~il"tJefw~i.i Of the smat~r 

(stronger) world-class - ~ be tahd~t wlt~)t~'beliefl1 --f~"targer l~ker) 

one. Afld ind~. a· +w '(or' Wti•rever} ,... can''p~g,tt';t~T~;2~1rer' ktanjt~ the 

larger· Vitl' rd1e (pl). NGW ·~t' rtM!' uSe of •wiailer··w·:~~P.·-~te; t'ivitfi regard to 
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. sets for· •divW.uat: world.,.ject.\i The.~ ft ·:tbiS,,..OJI -.It •'1 'tlfftt' world 

cia..-.Allip~t•are~up-..1~··'._..,.a4 : :", :~. 

Now, just as 'VOdQ-:tais .u. ~::jll,Jabela:to ~4¥.t&t 1~ durJnt infer~es, 

somtu:onstraint exprt~sloR ia ~ tO:J!f1-~#-•·iilf•~~ . .;m ,~ fi•~:&»a1e. This 

constraint expression is~ •w4)dd·~~~ ,ibt.~.~ for .wh~~•• ~Qw~ in 

. figur• ~JOc. lea ,... ... 1' ~'I' if a-~~·~,.,_ ew!b .. ;~~ wJttch N"e in 

theworkl-dau'W'. ~.wa-..wa..~i~.:~-~o;"~ane.?n 

be r~~"9d.). 

A. silnp~ ,xample, us~ the ~~ld ~in~~:~°""'ril,\!~e 2,-lOd. T~ atates 

that the CathoUc faith' lieu.eves.~ Ma.ry u a viqin. '.M.- (~~y •. it sea~ that every 

... wQr~, wbicll is conSi.St41C1t. witbi .~:~~ f~. }J li~rili ~"91' th• YH>fklt Jn .which 

Mary is a yirgin. The aubdass ~str,ai~.used in.2-IQd ~,W:-(fATHo-..1c~FAlTH 

and W-VIRCIN-MAR'\.' is needed ~u· ttwt•••htP. ~~J!l~·•~_ich .1'_1,ry b a 

virgin b~t which are,noc CQnSQtat ;Wl~ ~· ~"91~ f~,(- '.ai ~ .wor~s ,~~Jil&ent 

with. Protestant faiths that assert the virginity of Mary but:cltlJ.,* infallibility .. '4 .the 

Mary. 

The propagation rules for the world constraint are as shown in figure. 2 .. IJ. ,]"he 

·1,..• at. tbe,,end:of tht. ~rkl•p i._tea Chat·••aa •tu•« ~•:r•-~ the world-tag 

is·unimportanJf"for tha~htU'-M'ld that'•nf ._.,~•J,tleiUtriftrrolJ,su~ for the "I-.·· 
The propag~ion rula are: 
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world._,, the~ VW*ttidto be~~ift·~A' (i#:woffd~1.,.· 1tt:idher·'itbrds~ the·+w 

· label on •w• •enables• the su..,..,'·mMtraintiftf ill ~;witlt Wdl'M·~v. iftff this 
I 

enabled subetus:~iftt!~-·Mttw_.~.~~)I"' ;~ 

(w2) Simila.rlJ, h ·enew' ~~ ·op11tisi tn tWeii1liiit lmimtef al'1-8te'(p2): 

If. x/w Is not:IA ttte.~,4~ it;(in.fttit'IWl'i't~'illbc ... ., 1··:; .,: • 

('Ats)· This ·ft'ite appaes ~~ ~ «tisihtiHt a·~~ ~)t)y -a1-w'~ilief 011, :w•. 

· Rather surprislngly,·.atfii~~WM~~ivt'~(lft&teld· of 

just passively retustng to. enable the subclass constraint, which· is what havftig ti! tiblf· on 

'W'·dots). Since t1W L•;IMl'tneaf\fJ~'lft ~ .._, _.,tfa:~·1'a'U i!iii"sdbclass of 'A', 

then':there rt\ust·fk:£~~t ~lvt to ~W'J·wtlith'ft'."f\Y.,..tr\1*i ~i1f;4A":'''As'with 

rule (bf}, it·is ribt ~ wkittltexretaibtttl) .i6Jtrw:~1WtSO:ilt'netated Ob]ect 

ts used.' In th~~"'the:'IWtUJiiai«rWjcf-tl~ltrair~ilVlh~ia:•l!·'l•.the ~w 

label~ and: eon1tr._irt&id ~ tiJ~ia.illl~ tJiW,..,~ iJ<o:> '~ :n 'l .H />, M · VJ~ I..· }11 '< .. ' 

·. '~w•)'·'lf ari~jllCtf~~~~ tlicil~ lft-at!~ww~tfhiir• ~ - 6e a 

(in world 'w'), then 'A' contains all ot 'B~ (in 'w'). Thus 'B' ii known to be a subclaa 'OF 'A' 

' :figu•~lt --.JAft ~;-...,, ... ,of:':...,.'-:ftlM'.' "1't1¥11a"tJd11•t0 show 

that· in'· au: world& :Wh.;e:-.'lt11.1.:W..1Ntrst,df'ct~tfttr11lit~ ...... 1·p!ttnulf tw;'ll ltlbllass 



do•I thia iuo aaume that WA' ts. !1!• 1ukll:• Gf W-&'.-·; T• *"':pt,joct ~x· il irt WA' 

and ._.Jn 'WI' (anQ U.· ,._Id~ ii 'iDI' *" • ii ,.,.. .,_ iftf.tre1CtoLAfcer ti•• user 

·. MCI up thil inillal ~ lhe inf__..,,.._ gmo· stan'f.IMing. The +x/ini on 

'WA' can do nothin1 ftW·U. ~ a.c •hJ~&IW 4111 .iwa' fl't; · ~1' (w3) is acttV~· by 

It and.ttws "1Ul .~'&he.-pnerated.,._..,...,. .... ..-tMfl~A' ii!!!! a subclass of 
. . I . 

'WB'. Then r-.le (wl) GM .,..,.. "'8- ........ • .. ~J.W;....,. _ ~ Wt"'band 

a collision at point 'P'. 

2.1 TIMT~M...-.. ~ 

Thia,~~ tbe ............. _,"1,~l:~· of ,a,dass. 

Conlider "P"""tin& the .iof~.~ ~- ,._ ••:~W.~ lflqtbef: It fl.,easy 

enoygb S9:•8'for. ~J:IE!iPWtJ*IDll.P~~~ ~ •. a.,aa •ique ~ 

- th&I &i.thown in ,...,.,2-&SL. r-.., •• ;_ •. '. ... ,, .. ~·i ... ~a •iffJe 

mot1ter• ..,Id btc.,....a ....,. ........ ,t..__,.,,_r-"',iMiYtdual penon. 

· Needleu to aay, UIU'I this apprwh ii "'1 .,_...,.,.,. • ...,.. .._ jlllt a. few 

inlor,.. ~.alhhl_...fl.-.-.~ ··~ 

Wl\ll dltC,,........ .._. . .._ ......... ., .......... •tw;at 

perlOn haa .. a uni._......_. N•J• )9Dr •.• ...._ ~.--....- -.f,-~WGJi ...... 



and !!!!, in rhe senSl'd '&llUd'- !f!'ptrmna,t\Mll e: ... lfnDttiltt;not:;nt-.i of 1Mm. 

The netwerk symbol' ter•·,stm,., ...... 'Ofitie·•tyfildil'...._'W·'i~<enstraim is 

shown in'fipre ~~. ~ st&tes·that \ttii·*1jl!Gt •f u<t~ MimMr,ef the cla&1·~L'. 

- Thts COl'iltnlint H'UllCl'.itt"'filtWMSG .... that ,...,~-··~~iinbther;• ·In 
' ' 

·the following text, the ·point 'CL' :wtlt i9e'~ tire M;~1~ll•as!: .of: the t-m 

constraint, and·'11t?Olnt•'-bfwili·t>e tererred;·to• the·"t•H•jd1'; :' · · : 

I~twttvety, tlwt*ff'l 'cW1.sinint ~ ,,.._ ..... ·~~ilMl\avtOt:' 'Wllen same 

• + • label (sudt itS · -tifJ/W) ·«c&ts -on tile· trip'Qt; ~f; iltc.;Jt:tfttDH' rk.t "P~ ;ts1111 that' tlass. 

Therefore, what· tstnaeetVW,'7Picl1·.,,...Nnutt'&te-..:of ,.(;'ft•'fef'fiife,·tt.e~t-M abject 

can be "bound to• 'p"'bY:,.mi •n:..p/W41teton -~ ~i"J'tMJtba~w-can &use 

further propagati0t1s. :- '', 

The one ptO.blem with this .behavior Js that illk. W.:Gl>Jtet ca,n Ile bound to the 

t·m object at any giv.en tifM. Yioi.tiOJ this ratr.._:oft;~--~ For one 

th,ing, if -p.1• ind 17.t' 1,ripjtlFtrr·me'~ ~·<u ittd~ ~Yalftilth •pJ/w and 

+p.2/w tabets"on t&&1npuf ~nt>; ttMlil .btridfng tf\em''bath .,_:;tli~'itfjict ·lit ·i~· .&me 

time would im(Jtf that dtey m'tiOlh· ... ~ ... b&Je«'~'Ul''&"~~~·· J!Cts in the 

input class wotlld :-be· nftl~y'.lidefttlfied•Wittt. tbe "4n·'.•Je :1 , ... ~flt. iif figure 

2-l!c 'the-mOther' is·otw~ not;ahie<ame(fttenliGllal) Gbjl!ft''8t erirf per$cit'~'it· too 

.,_, ; ' 

different memben·of· .. the:inpat cu:·Cklfing a:·stnrl•irifMrlte.1· Anath'er eifficu1ty is that 

some facility is needed·for:;.~'·a1f"tM,mnsequ~ of·'...-1'Mln~·(tie;·l'1 tile Meis 
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which that OJnding q....S to be propapc.cl} befcnperformtfll ch111ext binding. 

One way-to JOhte.this ~eruing'!probl•U.to tag·-&11 dleiabeb·'Which propagate as 

a COrlleftUMCe 9f ach ~r·bmding. -T~il,,....,.,.,. .,,lifnple.matter·co·tdentify 

wtH~ ·labels should be-«ased1 ~· ta.. labek·wouN bilt ·•he ,QMS· ·Widtt the tag. The most 

ltA.ightf.onwvci way to imple~t ~ ~cging ii a.ttmW> of ·Cht ~irtg world mechanism 

- ·each 4iff.111ent biRt.Ung·. '- b4 tau# wttl\,a t.1™'1• (netirlJ ...,.ated) wcarldrtag. Indeed. 

if -this world-taftifll ii- done then it il'no 1anpr .rpeci1_,q, to keep -h4', ·~e binc:Ung at a 

tim•~.r.eairiction at all .. ~r egampa.; the a~1t4:~,ancl-ttp.2Aabds which cam•·fr.om 

different bindings (at the same time) can not interact with each other a.._use .. ~ey will 

hue. (ijfferent. worlch-&ap ~ they .. w .. l b.t ~-~ ~ an4 -p.2/w2035. Thus it 

curns"out:that the.;~one;bindin1 .as a ttme• r~ qan ·be r~ by.:& ·one .1>.imhng e!t 

w.orld.~.:tecbnJque, -wttich ·a,-vo&da ~"8 dlfftmka.Q.Uled ·"7 tht .~al nature of •one 

hindto~tat a,ume.T; ~: ,· . , ·:, .. , ..... 

.. To.properl,,. lmplemaRt ·~binding pet world· it iJ·~riJ. f41r the infer«ice 

process to keep• record of wh~. ·.-rent· workli~. ~I .. -•kl~tat ri!lates re. That 

is. it +pJ/-w on PERSON$ caltSeJ,a binding of ~ac>H to 'tl,w-pt,$0'1':,-theQ it is necessary 

to remember that 'w20Si' is really just a copy of •w•, with the additional restriction that 

'the-person' is, bound, co 'p.1'. This being. the ,Qte. 'w20H' W»fla .should be allowed to 

interact with ~· onei.· even .thaugh 4w20H' can noLint:eract with other werlds in general. 

(In pankular. · 'w20Sf' mwt .noa ·.be ialktwtd to ifttefact with worlds .which represent Qther 

bindings of 'lhe-pe!'.son'.)· · 

.More-,fo.rma.Uy, 'w20H' is a stronger world than •w• •• 1w20Si1 dlsalk>ws the 

autgnmena .of·· an.Jthinl odl« than 'pJ' to ·'the-person'. ·· Tflil · being the cue. the stronger 



world-tag may be validly tubstitUtect.tot tt.e..._.kft Mle. !l'tris n vatkt because lt an 

world-tar), then the same -~,a!!!!. be .__.,in tlfe.:_.... world (tinee' this world 

allows fewer· •rbatrary ...... r.1.'.· s-. •. ._,...,..1•Mtld iri;t~ ~er.world, 

that fact mar be.·lftdbled;via·1·taer:WJ1h )he.:·*81iptrwetkfi:'ts'.fts world~:· FOr an 

example of this,: in ftpre: l•t9d. the:;;.111w off T md t1tt·•xfW21H1n·'C~'!l!l:·interact (via 

rulf ptf) to propagate'• -xNtoM::• •A• if 'wtl84" lf'ttrortgir1th«n~·w•. ;'Fh'ts ftappens 

becau• the. -1'·/w <:an haft'.,.,,__. satntttu.ttd' fer 1tt;"•Uch ;Wf6ws :mlt·tp+) to prapagate 

the ·x/w20&f to 'A',' : .. , "· 
' 

. Since t-m (onstn.~ ma1 ;be nested (u 'in a1t<txi·"""·'te.•~. :rffe pt~~ of 

generating. &·sttonp':i.WJlflld1M;act.;lNmfmg:cafi·.ttt;•1~•:•~·!!!:~1Jf:W0t1ds. 

It &s:a tre,e:arm·.-,,.jllt·•·lmflr•daift~IMD•·a·~llrigte pafiftf:wtiiJ~Pf:ltrl'Ye"rile·tO'·iany 

different bindintWQ?id'2~ ~me 2-.13e-1ttownh• (~la.fern•~ tb!FihttekatnpWiboY'e~ in 
" . 

· whidf !w®M~. UtC«~.;*tf}._., ·1*lclingltif:,_. t••tfftl·~~lst~· of ·nesting 

·. ~Hows auctr'tt'andht'm;.e"fMW'otMf~·cteep::·:1tg---dfl, •• ·jtiMli ~orld i~ the 

tree R- strongW'than· rail~ Wbttili·llMtt" 'il"tn".tW tr#<f.l;·'itl.:plHMfM::·~s par~nt, 

etc.) (' 

As an:·exa$ple,.,_i riftttn1•iJf,it =.tpJ~~ otattf 'on·i~lfnpu~ss ·or ·some 

oth~r: t'"rft!.·ten~'""-'~~~raittt'* Jiropaflfe.:w•-.Mc ·.r 1 ~fer 'ffarnple) 

-J>.1/W20S7. wblte··~•::a,tfe.WJ .. ld. r F ............. ~.· tr-;tfifMded'.· by 

this new binding: The .new world 'wpTaw 'w20M' u itf parenfi~• ftltnifiai' twt as 

its . parent. In gtllftll:I, .., ..._..:, .. ~itat:._.~ il ·alkMtd ·<fO ._.,_ ·~ a11 the worlds 

.. above it in. the tree.0-.,. WGH!..-:'w;~.lllecluseiau•_..~.,:...,.:ww~.just 
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weaker versions of it (they lack. one~_qr ,ll)Q~,bwpjn") .. 

In order to handle nesting properJ~ ti is .~fJ ~~:a~ .iq elj)licitJy ref er to 

the wor~·cass gene~ted by the b~~ R~I 'jg~,~--~1t{he J&f ll veraion of the 

t·m constraint In add1U911 to t~e iq~~,,._,.;AM .cJt•J""·~ilf;.ji ~an •jnput world

class• ('W-IN') drawn on tl)e ~nput. class ~:i"1)~ _,. ·~··t'fF~?st• CW-PUT') drawn 

on the t-m object's side:,. ('.The in .~nd:~~-~~ ~J:ll·4f~~n..~tt\er abgve. or,. ~.elow 

the cen~rline of the t~m ~straint_ symb,ol.,. thtJ ar~ ~Ufff'•tUa~Mlll taf1 ~ich'si~ they 

are on.) The world-~ gen~ted dwtoit~e}>incU"&,~~, .wt Rfl,~he W-PUT class 

- this is what l'J;)a~es it possj~le to •.. ust: -~ "89~:.'Mf ~,~ ~tfamts. ,W-IN 

exists primarily fQr ef~~~cy-: it a~ •l i :rn"'r• ,in~;~•-~,jn Jh.f.ipputA;:la~ (such 

as indicated by .•P/~) •ill..~ COJl .. d~.J9.~ ~~I R91Jclf ,)!Lit.·~ ,W·U1t That .js, the 

meaning of the t-m constraint is that the t-m object is typical of the,._. ciMJ .relativ~ to 

the worlds in the input worl4-qua. U an input.~~ 1'.r-,.~f~ {or a given use 
. . 

of the t·m conuraint ~ymbol.J~ it~pf~:~~~~(+J.~•J~,MP.~,~fUtermg.; 

The two label propa .. apqn ~ie.fpr ~ t~ ~ipi~~.s~~" ~.figure 2-H: 

(tml) If an objeet i~ .in the iilput ciu. .~n4.~"'· ~jeq~I world~,ifJB·tl)e ~ut ~Id-class, 

then • birldin'" can. ~ cr~ted ~. di1£\1~1 il;ao->. WJ4 tile. ~in~'s, qewly generated 

world. is propagaceq,,,t9 .. t~ outp~lt ~r~~ <•t·~~~-; r~-.~~·;~rJ<l is allo noted in 

the w~rld tree. (T,he diacram sho~f 1 ~he .. '-$.tl4 tr.te, ~-w£91e -~~ .af~r the new 

binding:> .If tb•re iS no irpat w~ld~tA\ln!~yob,,.Jo,•Mlp\IJ'•a._. bt·ttsed to 

create ii bir:tdil'lJ (regirdleas or the Oll.;e.'.s ~~~'-&~·· . · ,, ; .. · . 

(tf!'~~ This is the ~vfrae or (tml}. Jf a.l:p.in~&-.B~ta..}"9:.9.b~·.w~ich ii 11911nd 

to the t-m object is necasar.Uy it\ the i"Pµt c-..,~ ~·~,~~~ the binqiRg is 

.. , .... 
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necessarily in the input world-clasS: The esSltice 'of (tin2)''1m" m defining ·exactly· when a 

binding does exist. 'RM°~rrlng'.fo'l'lgure f-1.J~' th~e ~re rhief ~d!hons ~hich must hold. 

·The first is that Siltne Object (bin! -X~ muit blf ~nd·to~the\t~·6'jed.: ihe second is ,that 

the binding world (h~,~fflfor'x' mtist ~btin'fHl1.~at""'1itfl~.·;T~·fh1J.d ~dition 
',. ~ ' ; ·.' .: . . ,'·.:" ' ·. ' 

is that the world. Chere -W'.I') wt\tch "&etifves" that ''w.f is in the 'eutptit world-class must be 

above 'w.2' In -the ·world 1tet (the 'dotted line between 'w.f' andtw.2'" ari: the w~rld-tree 

diagram ihdttatmg ·tttaf'~;r ·mtld ntit ~ 1mmecii*tetr '•bove·._:t>. T-h&i is· ew:2• ,;rust be a 

stronger versidn of: 'w:t"--{t~ crea't!d ~by sO.tte' ~iitJiitg):' ¥••~ ;'t<>(ether~ these three 

conditions dff'ine What 'a tiitidlrig ts·._ it can· be seeh' from 'dte ~··flaw Of flg~re 2-H that 

rule (tml) sausries lhtse ~. 'Wh«> 11 er.lits a - ·~~: .~ ihOi (tml) T · 
that the outputwoi'ld"ca.u amtalns''!l!the biridtng~iWOtldi; ~'(triit)' statil tMt ft contains !., 
h b . d~ ,_ ·:m.·----- -. , . __ ,,, ., t e-- -1n ... 6-wor .. ~.-.,-- ----- '" --- .. , · ._ 

Pigtire ~.:n''show{itl"·W.Hitnce using bdtn ttMO ati 1ttln1''.':t~~;top ·prrr or 2-1s 

states that t'he 'dits' or:G'l >\ND~·*• £HTS· ~~'irsu -bf' ~i~'<t~f person'~ ~ho have 

children ·wfiO :hlv~;- chttd~.'·;1"6; •. thkt thU lii tne'~fe:,!~a~f tf.~' ~-class 'WX'. 

One ane .. arld .. :wx-:ts·d!WWd'tiJ ~ft.t~:oUfpllCwcJtkl-<tasstotj~,t~-;~Sir4tnt: invoiving 

GRANDPARENTS/'Frdih thit cdnStrai~~-· wx 'contaifii ix'.~ fff~'wariCts in" which 

'the-person' 'is·bOurfti; 4o ~; grandfitrertt. ; dn th~ other 1 tilnd: '. wx rs· ~tic): defined to be 

the output world-dt'ls'"f~tttt' t.;m'~tnf 1nvot\t1ng tHl::-ORXNocHi.i~oitN. From 

this· constrai~c,: WX ~~ ftftt1y thOSe' •~rids in ~kh ;~~rlnttcftlfd• i$ 'bc>tihd to one 

of the grandchildren (and hence TH!~GRA'NDCMfLl'JREN'il:ttot'il\ii,eithpty class).· S'ince 

the same output worlli-dbs'W>Cilc~~for'btith these t~ Cori;strai~ts, 'it' means 'that every 

world in which 'the-graMthTUI'-& &;&itic:Fto ane of'tH!~R'ANtit:Htt:Ji-RiN -,·5 also a 



•• :'-,';-<> •• 

worlq in which ~fl'r$CN1' ii boijnd to OJll ~ ~ (ij&Ati,Ql,_,.U~TS. (anq vic~ersa). 

Now. since T~E-GRAND~Jil!.,~~.are &p·.fac;~.c~-i1;t-d ~y dte two binary 

relationship constraints to be the grandchildren of 't~',iiJ fqll9w1 •t 't.J3t'!petP'' is 

. bound t~ IO$t pandpar~t ~l'l e~MtlJ ~ •~ 61J: ;w1*h· )~' if ""9nd to some 

person who has a:non-..np~y ~laa C>f gran~U4Mn.· 

To see how thiJ:wpi:~ in~ •·~.;M\q(, fl1.._re 2-1& corttam. the 

infor,_tion that Jaiw $mith is " c1U14 '" Mary ~la. ~fMll~:tfwc ~._at;part,'Of .2-IS 

(below the. d~ Un~ represenu ~w W,~ ,.to·"~_,..,,~'•" ··•lllMag ~dat_.....se 

(abo.ve the dQUed IU.e). .TbiJ oew AQr~Uoff\..,.,th~1,lil&J,~;·il·a· ~ild ef Jine 

Smith. Now. from ~new P1for~, .U·~~ bt;M'SllJ.a, t,e W~ t~· ~ ~h *5 a 

g.._ndmother. (~ven.thougti .. ~ ehe ne_)ll inf~·,~~:r.ef~;at ~1-to.~Jry 

Smith. and indeed the user who add.s th1=· inf oa:~..-. ~ ~..- know tbat Mal'y Smith 

exiJts). -':'"' 

The inference is started with a {O} •Billy·jones/inf label on :Bil., .. Je.qes .. and. a 

{O} • Jane-Smith/i"f on Jane-Smith. By step {<t} there are labels on CHILDREN-OF 

stating that Jane is a child of Mary and that Billy is a child of Jane. At step {7} Mary is 

bound to 'the-person' (the typical member of PERSONS). From there, two applications of 

rule (bl) yield the fact at step {9} that Billy is one of THE-GRANDCHILDREN of Mary 

(who is still bound to 'the-person'). From this, Billy is bound to 'the-grandchild' at step {10}, 

and the binding world 'w0002' is put on the output world-class 'WX'. This world interacts 

with the existing binding of Mary to 'the-person' to propa1ate (via rule tm2) the 

+Mary-Smith label to GRANDPARENTS. Note that in order to apply (tm2), the 

•Mary-Smith/wOOOl label on 'the-person' must be treated as though it were 

,. 
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·Mary-Smttt./w0002 - this la·ltgal b«auae *wG002' ts~ than \90001' ancf thus·'w0002' 

world-tags can be sub&rttoted. fot 'wOOet• ones· (lt\!fetilkt··ut··fiitn·fitSc:S ''for a simpler 

example of this ktnd of lnmactlC'Jn.) · 

The cohdUliofr.. at· !Mp· {ti} fl that IWaiy smith ii a· '~her'trt world· 1wOOOl'. 

This means that Mary is a graridmotMl"ki 'lf4f'., "-• ·~er. If Mary were riOt a 

grandmother in· ·mr~ tlNn a WMI· to' tftlt trNct '{i.e. *Mllf&mith/inf) could be placed on 

GRANDPAR!N'fSWkhoUt~ iMOrDtscericy. Hne¥er; iUdtiWca1l·ifttn'tt ~tth the 

existing +M-ary-Sl'tlidt/weoo&. (siftCe ~·ts •ge.- thd 'inf'. ind'Qnl thus bi!· substituted 

for it) te cause:an:~~ Thltt M~rytfmcteed't I~ (in 1inf'); "to put this 
~ 

another way; the ~ "1e88r: differs. ,...,. 1iftft11nty iii · dW ~ ot · sotne ·· addttlonal 

bindings. Th«efoN aff,·fab* 1fhid1 do not tenrtO ~:· ....... m • valid in 'Inf" as 

they are in ~- . AfNr d. 'WOOOI' ii fealty aftfy a lto08'tcr..ki ~ Ured to prevent 
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S Using the Primitive Constraints 

This section describes some of the HStfLll. 'l9""f»flWi~ye 'Rnstraint exprmions 
t: •• ' ··- . •' ,,. . • 

that can be constructed from the primitives of ~tJ~ 2. i;'h,, lq"l.l~~y.re of t~~s .~~ti on 
·- ;< , • . .r _·, '. l• . '· .. · 't' .. \ 

parallels that of section 2, so that (for example) •ti~ S:l 4e•~i~e •. sQ"'e ,use4 of the 
' ~ '· _. : . ~ , -). - -. 

primitive constraint introduced in ~on 2.1. 

S.1 Using the Partition Constraint 

S.1.1 Taxonomies 

The simplest combination <>5 parti~.~ts'. 1,v~lv'-1 ~rra11ging them in a 

taxonomic hierarchy such u figure 3-L T~lJ ~~- ' p;a.t av4 Qf. space, since (for 
_-_ '' ·.• .,. -· --

· example). it is not neceuary to hav~. an exeiif!t ~"" ~~t.,~weeo REDWO~S 
and PHYSICAL-OBJECTS - it is implicit in the structure of the tree. Indeed. if; 'x' is 

known to be a redwood (u indicated by ·+x/ ... ~ on l~~PQP§> •.. dlen.,~x· ~known to be 
I • • ' ' 

document comparea IOmt of th• with CE. 

3.1.2 Intersection and Union 

Taxonomies such as fi1ure 3-l ~ve • higbJJJl~i~!1: ~~cture -- each c)aJs-
~ : ,.. ' ' 

point occurs at most once as the superclau in ~· partitiot1 ~nt..~nd. at m~ .. ~.as . ' .· ' . ,'-."'' ·- ,.:, ' . - -

a subclass in some other partition. By r~laxlng thit~~' PD!~hJ.t it js po~ible to 
• .. • ~ c ' '· ·'• ' -

represent all of the Boolean functions (inter~.'f~~ipo. ~~ ~c.) lnter~n 

and union are treated here - Complement ls traced in. UJ. 
j • • . ' .... • 
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Consider intersection: Given two classes •A' and ·a•, it is desired to constrain the 

class 'C' to contlih eaacttt~ ci>jlcis wittch ~~ '~intd.m ~;'A' and 'B'. Figure 

S-2'. is a first ittempt at this/ ln'~.:2a, t• is a ~be .. ~ ~, 'A;1~ :B', so;,~; object in 

'C1 isnecmarnfiabotfi: .,A. afja·~• imt.is ~':in the ~.',Thus'<:· is no larger 

: .. ~ ... -~~ .· r~}' '.:f;.:t{,. : ,;.~ .~ .-. . 

then the inlersection. However, 'C' may be a pad deal smaQ!r ~n the intersection - in 

the worst case, 'C' could be empty (in which case all of •A' weuJd be in 'Al' a~d all of 'B' 

; • ',, >":(,. . - '.- . ' ;, ·~ ""I,:~·· --~ i. ... _. 

would b.e in 'Bl'). What is necenary is to prevent t.&ose'OIJjftu whic·h· belong in the 

intersection •c• from milta~ly ending tll> in 'Al' or 1"'. Now, if 'Al'. Were constrained to 

be mutuat1y~xdmive With''Y,'1t11en·~ o6-jed an''A,whtdtk:'~~ i~;~··couadend up in 'Al'. 
, _ • O;,; , ·: • .~ ·~ , < .. :, ~ '.; ~: , · , , .. , -1 '"· 

Hence 'C' would· 1*fe to ttntlin !!! lM Objects ill tht'-in~~ · Figure S·2b adds this 

cenURint that •A:f·'k~ft Wfth T .•• ;~ .,. d.e'~ one tfaat 'Ir ~ exchuive 

with 'A'. 

Fig"'-lre'!-6 .... ·ll6ed' conitrain·'~' to ~·.u·'or d'te i~terseetion: If some 

ob.Ject ')('is in both 'A' uh!ia',;~ itlftoltta t>e·~~ '1~.;~t~~ ts t~··t·., That is, 

starting a ~- •wt«f,J'om ·1*11· 1A' aftd T", .... 1if'...U1dn a ~ ~'t'~ -'Jter~ring ~~ ,_2b, 

such a +x on 'B' would entail a -x on 'Al._by ruJi· (p}}:'~'Ti.eft th. +K:~ ~A~"~' the ·x"e>I, ~Al' 

would entail a +x on ·'C' by rute (pS); and we are done. 

Ha vmg represeRtC the intenectiOn function, it tuml' out that 'it.~ uni~ function 

comes for free. -~ • ctaUet'.'Af lna':'lf ift'npf., ~a. "~,\r:r~irls all of 'B' 

plus alt Of ~A' which ta ftOt in ..... ·fiat is to ~~y~;J~il'~~-.~. ex~ctly 'A: iJ~ion 'B'. 

stmJtarly, 'B2' coht&Mi exacdy~A··unlon ~·. Since 'Ar~· eat ~re extenttonany the same 

d8ss, nothing f1 losrb.y ldtrig the lime iftrensiori~J c~ tor t~· ~i~re s-2c does ,~his ~nd 
names the combined clus 'D'. Thui i~'~-t( the cij,ti"~'re.,nseriu.the i~tersecti~· of 'A' 



and ·~·. and the class 'D' repr,fHllts U,leif union •.. 

hav4 to rep,.tedly. wri,ll .QUt.copies pf lipre.,~~- ~·~'""'°" ~ ll~on, figures 

S-2d a(ld S-2• show the abbrevia~·n.etwor~,t,ymboll .for,,~•~sMUGR _and union, 

respectively. One way to view them is as •macros• for the full structure of figure 3--~ '.""' in 

an implementation, the .union and tncer~Oll-~ .WPUld w :elP~4~ i~ tQe network 

of figure 3·2c,.and £bll wQUJd,be.~atJ• ICOl'ed-Ahl4-•M-

Anather way to view them is u ·..-u.· ·~d"ac.cl el. betDI tJCpanded, they 

can be implemented u new primitive conatraints, which have a ~i41icl · fllput~ut 

behavior (u ctet.rmined by_, .... -~~) "~any.r41¥d r.,<wM£.~line str~ure· 

the~ might ha.>1-. Not.only·~;t~.~.-.~~-- a{1tfJM e~panded), it 

also saves ttme during the infei:ttu:e pr~~ ~~,lflPINtt.jGn ir~1's for.the 

in~rJeCtion box (for 4P111ple) cao ~4ir~ ~-:~·.of·1t"- c..,.s 'A~,'B', and 'C', 

with~t having to worrJ about the •emal~)~ ~ pcNl!ltl ... 'Al~ anc:VBI'. Of.c.ourse. 

adding a new primkive COllSlfa.int ... incr~~;~"~iJJ)q( -~M- inf,e~ Rf~~ in 
' "" 

that it ad<U. in~ ,prof>aptipn ,rp._ In P'..., th~, dec:il• af .~ 1 'fliich nop .. primitive 

constraint expressiog1$hc>Wd.be Ifft~~~ ~h:.•kl-.r~de in&o,primiUv~ is 
' I 

a matter of illlp~~iOn tta~($. Fe>r the ~,1Qf tlfe',r~1of. sec:UQn, 3.i)t·.$uffices 

to note that just because some constraint expression is called ·~~i~~e.~~D ~tit can 

be represented in te~ro,s O,f the ,p,jmk,j.ve ~~r~~ $Jee~- m~~ that it mu~. ·be 
, . 

expanded into a Cpo.u;~IJ la{J') n~\lfOJl!. of prUJli~!'f: m _. ~~,i. ~ntation. 

>d an example, figures 3,.3 and H ~w .~~.paipg~,.r·~'-' for the intersection 

and union •primitives•, respectively. The behavior represented· by each of these rules can 



be derived from figure S-2c ((or the case flt t.WO tnpUts "A"-:and 'I').; · Pt>r pneratuy; the 

pt"Opagttion rules aft· pe 'ifti· te1'fM or· boKe"wl\ielt;cani il*ft··1"1Gtt thiff 'tWo inputs -

these N--way interNCtiOM aftd ttniOftl ca.t •'Plfllllleied W*1nf'.~f·a cuca6 of lwo-Way ones 

i,f ·it is desired fa J'edtJee;tMtft to prtinidM~'~ak 'The ruin for union ilre 

shown in figure 3-3:-

(ul) If an object ts te one oi dw inpliba then"it'. rmnt be-ift' die- Union; 

(u2) If an ob jec:t iJ not ia>tfw llltiert, thln·~it can riarifi iltail1C IMiirlptft& 

(uS) ff an.objeO'ia iR ..,. ..... IRd 6l-'Wth ~·of:dW.Jinpats/tbett it must be in 
I 

(u'4) It an obJiet:isnatU.aDJ·of:•t ..... utl;'NWl:itcatl-dltt.ift.tbt•ion'. 

(u5) lfthellbkin-..Will*"'one:el~11.'tftaf!~is.-ift·~ofthe 

inpuu, tlMn ~~1tlpat•1t._lt,...,,,M•jtt.. .'··· 

Nate tlm <tllf •tllMftt '(lil) ft' ..... p1Jte ~,..,. .......... tkttpt that (pl) 

also·makes t.t.•·of tta:e fac·'tllt ~·· .wu ... _..,.,t;·'ftwNfis.·tw ~are 

dtJalt or ttm.·flM' WiioJt <D...,..t.tlpt«teit)· 'Pfifj ~ ....... lit: .... M~ 

(ilj If a1\ objeet ts.'*"~· ane·or·tbf:~thiht]it.cd1'8t•flltJ11'.'~"1tt~ · 

(i2) If an. object· it itt·tM'iMI~, tfteft· it smut tfe·ilf;.Wdtr ..... ' 

(tS) If an objectts:narmtbeiltttr*'*'81i iVtni~'ottite~ thtri~ican not 

be in the r«naintng''Mrpyt 

(H) tf an object is il\alktttie inpfm.;then ltmd bf':m rile~. 

(i~) If an input ~-enctt,· o. ob;t*it. 'and. rf1tMl olfjl!c:f il~. Iii· an· the other 

inputl, then the intlrsectka« ---~ erictly dtM olJ ject. 

------ -----"-----~· ·------



3.LS Complement 

.The complement of a class is defined'..-.~hinl .. lfl th• ~~yene wo~h is not 

in the eta~ Thus the way~ repr~nt it Uli• ,a,~~M:ll;',~~t ~1 shqwn in Jigure 

3-5a -- If T' is ~everything. in tbe.univ•r~· ~! ·~~ L\,th•,comp\ement pf 'A' .(and 
• • ' I 

conversely). This b•haves properly: ICx' i.a.irJ .'A,',.,c~ U Canrtl~ b,eJn . .,·~·. by rl.lleJp~); if 

'x' iSJ'lot in 'A' then. it mt,lSt.be ia,'1'. DJ;J'Qll <ps>~·•/•', a~ T'::.' 

To ~nstratp · T Pf9pel'lJ,.il! ~- ~1·tp ,~ ~ ~rY.~· .is a subclass of 

7'. This can be done (rat~.er w~~ly) by h&VMag.~~~-~tr&i1tt ~tw,en 

, eac,h dass and. 'T' .. lt cin· lJe done lea.WU,tefUllJ"1J.i.y.jQf •-~Pli~ttqtxla•>(lC)Pltfa'int 

from the tops of •11 ax~ (awGI\ a• .P~Y~l~~IJleTS-::it1 {fpt't S-1}.~ 7~ ·- an 

the other cla..-Jn ~ ~QOOAlJ art:theft:-~~i-~Rf,-:!T~ .. ,~~er, the real 

problem with defininJ .'T' is th• f,or ,a, ~r-~b&se1 '"mil~ !O. il-if,ficulc -to de~e 

. wh~ or not aH ~ h~ve~.:·betn~-'tO W<11P'-·~:tmpficzit) s&HN;lasses 

of T' .. In view of.~thil. it HlfOS' prefe~1t .. to1~,,fiM'Ple•~ • ,-.W'1RJIJflttivt.· i~tead. of 

a macro. f'igure 3·51:> fi·Y4'1 •a. ~orA ..-r.- ~._,_w10gure ·3·5c 1hQw1,-1he 

tw.o ob,.Q.is propaption rules: 

(cl) If an object is to' one of the complementaiy.guseuhenit .,.. . .DGt t,w in .the ether. 

(c2) . If an object is not in· one of the complementary classes then it must be in the other. 

Note that given intersection .and ~l .. h• il:,,...ble to:define, all of the 

other ~lean fµnciions. T·h111 (u prosqi.,a iA;.~ 2.J).A£ -~ m.·uil~QJ005'fated that all 

B90Jean functi.QDJ can be·repr~nted ii;a.te:r~,pf Jhe ~rtUicJft ~~J. 

Figure S.5d lobows ~11 e15a• -which. .,,.. ~ .mr •• pf ,~llCtiont, union, and 



ones are either wtse.onea or IUcky-ones (or both), that unfortunate-ones i:re ab ihOlf that are 

not rt.rtunate-ones. Incl that alt Urff'oriuna .. ar.:~y!bMi''·topp(Jse that these 

tacts already exist tn ·ftM! ttati~1e. and tWl.t a 'user·--- tO. tM,Wtt ~~yont!· wt.O 'is bOth 
' ' 

unlucky and' un.J&e is ~rify' unr.ap,y: T.o' ~-'lf1ii' ~~. ~· ~~· consth&Cts 

the raetwork fragment ti·t.Wteft ofthf:c4Gttfd· 1~ •A!•''fi'tft11•or itft~tse-oftls, 'Ai/ is 

the class of unlucky1'RS. amt: _t~~·· b tt.e··~·Jt· &e tM> ta.i:·~ ·thai:·'llre bOth 

unwise and untvtky~ 'To 11Ww'tb&ta1fJ,CllQse ill'As'~·nwt.WariiyiUM.appy ti!~. that 'As' ts 

a subclass or UNHWPPY'.iONES),'.·t'he '·in~t'ti• ior>•~x•'"titi ·A~""ancf'·~-x•'·on 

UNHAPPY-off:m fi •iasef. (»S''d~'·in ~·MJl.""t ihw~utei •n''tncOrisasM.cy. 

then:tlM user ~-tft&t-dawt*"9cl;•fdcliun6-hinlt•~itt>f.' :'. 

·Pronr'ettM'~-lat.·~A1.·nl1t'tl2>''Pfafl~:~J~·li&tf·•Jir·dd: •1-r. Frbm 

these, rule (cf) pr .... ·-x• ttt'WJS.»<>N!S' ·aft(f .. tecitv...aN-Jlt"'11Wri ··•n. tu.4>1iylekls 

-x on FORTUN-AR~ ··!',_,tld&t.:niif~~a&sl+r .. :trJfi.IKJ.JtTONATE

ONES, whldl rule". tiadf'~etu +k,iW~.;olas~t:Tlti .. ~ With 

the mttiat -x.·•UNfh\..V~;~ . .w-~t~'Nere·9*;thi.s·werer.ce 

in eff~ proves one of DeM«pn's la• {apedtk111y, t ... P.~~lit~wfdd{are ;not 

~ •• ,. " ·'+' •' t ; ~. 

S.2 Using the ObjttCo1Utraiftt: ··Dlstlnct Ob j!Cts 

One ·bs\te·*- was aot reaU, resolved in'section·t.2 ii thatot distinct objects. In 

CE. there is no easy •syf8dk• check for·Object ecpt&bty (1Uch ·at~ prinM'litnes) -

deciding whether or :not two objeetl are equat·can:fnvOIVe an· arittrmty complex inference. 

However, in niOlt cases 1t·i1 pasdde'tOstrudutt the ... ..._.,.Mt'lbe objltt'*fMlu;tfity 



inferences are very simple. ·. ' , 

The basic idea is to use a taxonomic hierarchy suet~ ~ f J.gu.re 3 .. 1 t~ stf'Ucture the . 
objects known to, the. daJa.7~. T.ta•t-il.,•Y:F1:~"19'!'!1-:'ii!ifl'l,••·':wiJH>ccur at the end 

of ~ome ~r~nch of .the ti~pnomy t1etL for:·-'~W-,~~g~-.~AT.'J.:.PARK'S

REDWOOQS might!~ pal'f!f.ioned into ,Qb~ ~~~\~.,~~tt rtprese9F. the k.r;a~\¥rt ~i~Unct 

redwood~. No,~, these.; f.t.d~ .ire ~ow~ to -~·~ff~; tbernseiY~· ~~, .they 

are an ~ubcla~ __ of ~It• ~ ~ti~~- (and_.-~ art r~llJ00,(hJ~ye). , F41rt~,1i~re, 

each' redwood is ~nown ~ ~ dtatinq: frop.t a,~I u.eJlql\"'f~~~~~::-at som.~,-.vcl in 

the tr~ ther~ is a p~rtitioJI wb.i~ ~~,Jl~WO,q~ ~ f~ ~' ~ifting the non

redwood object into di•ttn.ct 541b~~f"'·. For eu~~.;i fi.:91.efl recJ)l,opd'. and:• g!ven 

baa.rium ,are ~{lown_Jo.~4isti~ --~-..of ·t~ ~·~•:,of,~ A.~~~'J"~P:JJiCTS. 

In. 1eneral, ev•~J ~~:'M tl)~ en~-~f L_b&:f,n~~~MIW'~ ti;-f.1) ~ know.n, to be 

distinct from ev~y .,;ather su~h obje~.~~lt;:I.~:~ p•q! .i>ove tai.m is a partU;ion 

constraint which p~ts them. into JJHJtually e.x~~Y:e z.91.#fJ•· :t~ wbe~ a44jng ',new 

_Sequ8ia Nation~I P~k r-''1'00<1 (for ~amp1'l.tq.~he ~~.~~ i~~J»l~,n~~JMD;O',l&ke 

it explicitly distin~ r~~ the otb•rkoown Sequ~.~N-2~~.~~~ 7the;hi~rarchy 

of exclusive partitions above it will insure that it is distinct from every other ~.ject in.the 

taxonomy. 
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S.S Using the Binary Relationsbjp·Constraint 

S.S.l Transitive'R*UGns · · · 

If, for exaMpte, -a· ·oaa.1base "COnia:ina t~ ·Uft:~ ·ritar MstOtle is taller then 

Plato and 'tbatPau>··trttfter~~clttiir 1f-~1tiie•1;tA» .. i~er· ffiat'Ariltotle is 

taller than Socrates.· '11iis 'l1'.&iy't0· tio ff ~·s-~ftt ii:~·~~Ay (ag. Plato's 

height is 70 indles), '..btit it',ts :rmt sO alJ wtilen ·sUch :~1Wdf~tk>ri ~is AOt avai~ble. 

This ~tio,11hoW5 ·11ow:tndrtttive .~s· •ti'~µ~ tl\i.~r~,, 'bi' ificierltlyna~clled 

within· the CE representatfdr1·'e11.,.. in the 'ib-.ce ot «Wwptere ~i&i ·in'f~tton~ 

'The Jtey·!O~doblg tttls is:that'efflllh. ~·s ~tii·tfi;g\i niJt°b~ c(:;nstrained 

in terms of a'·rneti'Jcal·mra1·~: it ts eonslttil\lif '·'itt ·terlt.:s.0r.a;p~~i0ritering':with 

~pectto A:istot~· bi!tpt'~'.S«!ratel' ·hetlftt:-~itWJ~ t.On~tnu .. 1'Tbe 
I ' 

\ . '· . . .. '. .. . . 

"stackinf"" ·ef tlM! lltnar.J .~lhtp't:Ortattatiits ilhaWi M~-b'f ls·;t :convenient 

notation f-or avotding1:rcliidftr •:ltriei '.in'~t1te~·'4iagram "-~1~ 'Mdril' t'ha't alt three 

constraints baite HUGH'J'-.M.~s their retatkm: ·The ·a;,..~ ~fit .:p.r. than" 

·are· rMlnt ·t0:tf!pteaent'1ltl·"pattt11 ~··,.;;'th! remat~·w·'flil.~·:u :concerned 

wtth •xactty '1tOW .isueh "pliti*1' ~ ·Ai'I be' rep*8attiflA.f' ... ~''~<ttJ· elwting 'cE 

primitives. . \ ' " : ~ ·.. _, : . 

Since ,CE already handles the:transitive relations 'subdass•el" ,and "sup.i-c1au of" 

in a:n efficient maftller, ·ct:re -obvious thing to do is to represent ~t .greater than" in 

terms of these. That •s. Aristotle's height wiU be known to be grater Oan Plato's heig.ht 

because some class -aSSOGiated with the former ,wjlJ be a superclass of (i.e . .greater than) mme 

class associated with the .latler. Sinee "superclass of" .y reflexive (.te. •A' is a superclass of 

•A') and .. height greater than" is not (Plato's height is not greater than Plato'1 height), thiS 

---- - -->-~~-------- - -
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section first describes how to represent the ,a:cfleKi~t:pwtlM·orclering ·~Mght u great as• 

(i.e. •height equal or greater . than;. Th«t a : ~niqC.. :Sor. ••seq ting •heig,ht strictly 

~r than• is deacribed. 

. To repraent •height -..great~·'._. bkJaty:t*tffll H~EIGHT·Mi.TRlG is 

neecj~d. · Tbi~ ~p•. from •n individual heig.JIJ·~,,Pl .. ~•-lit•iif>t)-40 the.appr.'°J>rlate 

•metric heiJht.• The metric hei&ht ii a cla,ss ~·~~ope incU~fM.l::n.iiN ·ii as ·1r•J as 

anoth«SI' JndiYidual ....,ht if .and on.If if tbe .. fenner's met$ .twlclH ii :a 1uperdJss of the 

latter's. All this is diagra.mmed in figure Hbi· C~M', 'Plf{iH't>•d 'SMii~ are -he,fflltric 

heights for Aristotle, P• and Soc~ respectively.).· Now.: wwiftg tltM ·Artstode'• ·lleight 

is u gr•t u Socrates' reduces to Jhowing that SM.W !1 a ~lass of AMH, which is easy 

(just 1cart a •X ac SMli. and apply; t"le (pl) t~. . Of coe.t,._. ~ .w .. ..Q4t1iined wer il)teri.ace 

' ~ to a CE daca-bue would contain ".'macroa• ..co eMpH4l CDMtrUat.sact; u "A i1; u cau u· B 

into tb appn>prif.Ce CE ntCWOril - the~...- nllrt not bt'awartiOf"the tcaw.-level details 

involving metric heights. 

The UM of nNtttk heights as in~s-& cloa lftdee;-.8ehave properly, bu,t·it is also 
I 

helpful to have aomt·-.Utive Uteerprttatien Gf.wM.t-. dQs'SUdtc.&1 PMH ·nea.uy:· Gontains. 

0r)e .-such inrerprecatiOn i1 to consider PMW ~coacain<Ui Gbjlctt·.ihe integers from O to 

aome N. Thu. number Nth.en :un represent dwimti¥idml<he,jgbt·ift·some arbitrary units 

(such as irKhes). Under this interpretation, PMH'.1WOUld be the Gius of integers <>.l,...,69,70 

· (.aince Plaio's height is 70 Jnches). Note.that .the data-bale,Uld never. mer to these 

number"Objects explicitly - figure s-61> uses the -parua! oniering amon1 the cmses AMH, 

PMH, an<! SMH without;tVet referring to the dajeds mnaained.in them. k is clear that 

this interpretation for metric hei1ht cluses aatilflea n .. rtq\lirement th•t one slldt·:c:lass· be a 



superclus of another Wt tt.e:.fOfMer •••nts:a,,...... (or .-n mc:ttvklua1 height .... one 

sequence 011,. .• ,N · is •· supertttss of anotlter one'OJ,. .. ,M fff-:M $N~ '· · • 

Given this techn-ique for represenUng •as great -~it il'9'S}' to extf!nd it to 

represent •1trtctty:gt .... "lttam" ·All dllllt ii"fttldtift'tatt!aa*-l.,...,,. fJf •$Uperdass." 

For -example, AMH.U·t ·tttld· aapet'C..-•.Of':PfilR'lft.'··AMH• .. a"supwtltS'i Of PMff and 

PMH is not -~~u·or .JlMH/ T1'at·is;'\ff ·AM~' t . ...,.,... -"1- ·PM'a and·· there is 

some object whim iS'ift AMH'k rfOt.•PMH. Fap Md np .. s'tfm!'Mlff·b' sttll a 

superclass of PMH, lnd NMH ts known to amtatn it leaf,..tlb';p!~t'·f'ftl1l1'hidl ft'not 

contained in PMH. Stmilany;··P'MH ts"a mtctsupietdus GfSMff.' 

Now, even though it i's eaty enolugh to !!!!! ttte· fm tl\at 6tt~ dass· is a strict 

· superclats of· another, it'· it-'ftot' .·so easy «t lnftt iuttt s·faa:· ·. Satlt a ·:~strict superclass• 

inference (ifl.volvibf'•.AMff,_at-.PMM; .for .xathpte)11notr..:w-.,ta.'tWll' *"' !the ·first 

step is ·to ~--aatiAMM'ftiiftdM,•·.-.·•·fti1•t1.1i ... W'«;PMfl ~i&·the 

usual procedur:e. (i.& oy·stminf··•,.•xlinf .frem PMH allCl a .-.-.~iAM:.ff 1and :then 

watching for·an-~., 1:'w1 ...... -,.·ll,t4Jl .• : .. i._.~,iJ in AMH 

and .is JlCitjn PMH•_..,.,,..,,...~ ............. su •• .,,.t,•··~·:;X'. ,; .. . 
It is tmpor.- f6-1Me -tMt •thfe etite dMlltslan,·ef.:tt.-•• lillifiofts· lun been 

in terms of the·~lllJi.at'..._l~,;!J!!/Ht<lllTAIW rltliV.fWitfa.:.,for ehmple, 

the user.· iMe.l'f;aft '>to a ·«·,·idfil•"ib•t•l·ftJtfltt· a.Mow•,ltitetft'•ltt'I· sa'-ctt· as 

:"taller-than(A,rU.l.,,..'!,111Htb~.inteOce expanCh"f;thiS.i~t into ·tffe Aef'WOrk; of 

figure Mb. The use pit; -'t °'fllla'()S• .is also disc11U111::tn ~. ~2' - .. the impOrtant 

pointis<that thit~ itancemcd with ........ ,.OE'•:fanttiont1 ·capal9iUtift! not 

with specifJiftf. a p&11iCU11A'..,_x: for·iMWl!r ...,. ... ". 



S.S.2 N·ary Relations 

Codd's Relational Data·base scheme [Codd 1970] uses N:-a,n~re~jc>ns' as its 

pr~_mitive construc;t ~tion ~.2.1 in. ,~rt two ~r~ ~~· sysce~ ~;~h" CE in more 

detail :'"'. this section briefly ~escrlbes hqw N·ary r~ ~" ~~·~~ in C~ in terms 

of binary relations. hn example N·ary.se~ i,a.dle._IpJlowjag.fPf,~~ -A perso,n-has 

a name, a mother~ .a f""er, a. sex, and i, bloQ4"'Jl'Ou.e- ~' ~ r~ti,OJl tuple·;for;, ~ne 

Smith miiht be (7Jlfle Smjfh·. ·M~y Smi~h·. :J~:~tth•, .·r~ta\ •ab•) wh4f.H the 

double-quotes indicate that the jtem1 ill the. Uij>k,,are~~~:strinp.. .. 

One common way of repr~t~Qi, ~-MJ,r~~J~ ~,qf,J>inary one~ is to. .use 

a separate binary relation for each •11ot• of the N·tuple. FigUre S-7a uses this technique to 

represent the above N-ary relation. In this case, the binary rJla~s ~sed fpJ:,.~he 

individµal slots_ are ~E,-OF, -ma.fJ:-OF~J.fOTHE.R-01'.rc _.~M£-()F-~THER-OF, 

NAMi·OF·SEX-OF.and NAMi·OF.·JLOQD-01.C)\J.P-OF~,.•i-bolf-. .. UM 4ou~~~tes 

in S·7a. indicate ch~r-strings: for. IJCa~ th.t ~ANWF-NOTliiRPF Jane $mith 

is an object which istJ\tfAMIS!t&l!!l "Mary~·. 

Since CE~rep,reaent objects.(e.g, ~") tW;ectlJ"~npt Jpst in terms of their 

names), it seems preferable to use a binary relation MOTHER-OF (w~h r;elates a perJOn 

.. to tbe. ~ which. ~ tbeir _m«h~r) instAd of~.1111~~:¥0'.t~JlCf'., Figure 3-7b 

does this for alt the. binary reJatiQlls .in S-7a Qf.epl f•". J\l~M'itS>f., ~·i• sti'll a ctiaracter 

string. 



9.-t Using the Inverse Consua&nt 

S.<f.l Totlt RtlltiOns 

S«rton 2.'f shows how 1rhe inverse 'cenatrafrit c14.···r,e "* with the binary 

relationship c0nstrnnr cs stmr tbf n8, objlet it\: tie"~ 'cd' die tf!tidonsnip is indeed 

related· ta sorne·o&ject• ift: ttW ranp.: Few txampfl/tflVt• Mai._, thM every person has a 

sex. The; constlfUCt .UlllKf in· 2-ta mrs atdtle1'ntft Of6tft ti d tetv. ·iu O\Wl' sylhb01: Figure 

s;.sa shows tha lymbol for i• '\'CQf biMfr ftfa~ip"' ·a.a,... 'lftows: wht' the symbol 

means. AS.' in sectiOlt Sil; tfllt ~ Clft IJr either l *tnilav• ttif ,.., of it 'df1 be a new 

S.4.2 Qµa.ntific:atiort 

:Ftgunr t~tt 'S1ktws· how the crass or att~MrttftS'c:d. bf defilfe'd_ by uaing 

th~ typtcahrrember COrliininf. Jtt·Gftiwsdrt;ttdi'tia·...._.;~-dettmll:&on. and 

the t-rn- con«i'Mtir ltlelf lill!fnt fMH'I ~ ... die- Olbeit ••illltdt~'~ ln thiJ 

document. tn view of N'teH compff'"'ltf· ·ft il':fott..._..i.._,_,.:~,·or such 

quantJfimiOl'r ce N-~--·~ ia,·'tlhrW Of.,._, fttlDW ...... c!Ol\'Straints and 

tnvene cortstra.inu. · 

For Gatnplt; tipN'S« gtver:a much Sift\ptlrdeflrli&tarr Of CllAHDPAlt.ENTS 

tn terms at nl"SOftl& MCI'.· C'Hltl'.>lf.IH;.of; A':~ 'U' 'lat: oiject whkh has a 

child which ha& a dtill Whieh iS· a person~ Of course. tM emu '&.l' represents the relation 

PARENTS-OF (the invlfl'se: of CHlL.DtEN-Qf),. so another prow translation of figure 

· 3•8c is that grandparents are t-M parents of parents of persons. IA any case, ~8c is certainly 

much simpler than 2·16. . Section &s.a iff part two discuaes more about CE's quantification 

·-----~ ~--------~---



S~ Usi~g the ~prl<t ~~t 

3.5.l Hierarchical Contexts . " ~. .. . . ; 

.· 55 

S~o,n ~~ ""11tl~~.t11at wor,ld~ can .hi ,u~ tarep~-.nt a R.articul~r "poi"t of 
. . . . . . "' .... ·. , . ' . ~ l .. ·': . · .. ' . . . ,. 

view" of some user of the data·!?~ .For;.,~~le •. "4- Vfr~lW,~T~.IT.i:'J. ~. • wor14-<lass 

which represe,nts !11 t~ ·~~W~i.c~.a~,.~~~ ~Ul'a, ~hatJ~.Sll,liU\ (~user) believes. 

"I:hen fiJ~re t,9a, rep~~.the il)~o~~~tt\Jt J~.,m,~~~-~tey~,J~.~J.~~ 4r~f!; . .eva,4ers 

are criminals. , Tb't ,is. J~I'\~ .S~ieh's "v•ew" Qf tMJ~r;,~.~· ip~,4!4~ ~his Jnf on:n~tjon. 

This becomes rel~:yant when Jane, $~it~)fl!~J~t .. ~m' tn(er'n~~ i.~yolvillg .the,.<;lass 

CRI~]NA~ :-- fr~ her potnt of vi,w,tbat~ tncl,q4~4~f~ tvfdtr-. while (rCN11 some 
. . . . ' .. . . . . - . . . . . . .. . 

W~en P'rf~mm!l( ~ch. al'!. infer~~ ... ~qs n~t. for 1 ~~e )n.form~t•on attached 

to }V·JA~E·SMl'I'fi ~o be s.~e,bow. ·~nab~_:J,r,~h,,~r:~U~r9fJ~:.iflf •. rence, in a 
. - . ~ . . -. " - - .. ~ . ' ·' " ~- .. " . :· ,, 

I 

manner wb1',h c:loes n~ f.Qnfl,iq with other u~·~ poifftl;of:-N~~ Jq dg th~ a. +iq! label 

ii sc,.n•d from .. W~~~N~-S,M.tT}i ~,~r! «#·~• if\ilia,J la~YAl:-:.Jhi~ •ipf can t,ben 

proPJsate co. c~ 1\iclt u 'W.g3'. w1"ca . .i.~ ~!~·~ ln{prm~Uo.11~ This is 

i~~ ti\e ~ir~ t.h~vior. ~for ,_,bat1#tf-, +"°f,,,~l.,~~7 •. pµ~,'inf' in tht class 

W-JANE-SMJTH ~~~ ·~;.~.~ -~·.~:· ~M~1,.qttJ JM'f. ~mUti'a ~fs. 

Tha~ is, wh-1.Jane Sffl~~ .• belJ•.ves#;COPsid«red t.Q~~.-trMf~~~qur,1;tion ot~r,ent 
.. . '·' , 

inference. · 



view of the data-base; which is a specialization of the vieW taken by the project as a whole, 

which in turn is a specialization of the view taken by tW ~~ ~-'l;\vho~ etc. Such a 

hierarchy is shown in f'ilUft Hb. Note that there' may be oawwi~ ... -;i1ftM" hietarchy 

(forming a ttee) -- ih•'p11ojei:t rnight·have \Y~ts in •ddBMllffi:·]itte;~t\o have ·private 
' 

The htmrdty in ragutt .,..., fs riWaftt t6' pranet ·• ~f6tgartiration chart 

ror jane~s departtMl\t. itespdftsibitliY ror· C:~fttlbf' the· ·(iktAJ lt~M'i ~l,fk>ui leYelJ can be 

given to aclrnWstta~rs a.f ~;tevets. Thti.way. ~ ~i~ai at ·ttte •lency level 

'\,'' .- . , _ ·· _ ' " ,'.'" ·'>»:!' -~ ~ ," •J~-•·":i' 1,~,( \fl'l-~;~:;_·, I l , ., > 

(f'or examp~} cart be r'ef1«fed" u lftforlftition ·in· tu apncftiVtf ·vw~ whkb automatically 
' 

becomes plrt of •-r • lft>w it tiftw111et'lrthy:' kf~itt;';~n:y fow.f~ef vlew 

which _is inconsiseent with the· (updated) agenq-tff~·:vte.ri iif;Y ~ngfy spuri0us 

inconsisraicies ·c.o atij1ear'dttrtnfini~'iliint that'~ .fWii.• i1~1tl1e''p~eu of tracing 

th1s down {dtln1~;c~··&.~ 1 is;'lt ~~ tM. ~~-~ ... 1 -~~~er and 

agency-level '~.rk' #ilt h~uftf 'be ·:rct.wct fib~' toWJd11&W1>fWiiit-' rihih ;the 
; ' I 

organization. it is n....,.tO ~ rM'Ormuta.dit .. ...,.. ..... 1,iWCf si'a' ~'COrlflict 
wtth lower tev'etS; 'or'td ""'***'..-~it"ptUcy~ ~tiJn<atiDe' .. ~~t with 

the view tmpellid fitont' aticwe: lfhe' pomt'dr' thll fJkttCraptflt;~;;:.i~ Mi' ihtegt•ted 

ctata-base·Wittdtt:ari;~ ~rprov•~~r~·~for1'S~ilig to 

insure that the ~~ihithet-lriet'pafflnt'iftt~'~w'~ltf{Yimit ts being 

done at lower levels. ·r. 

Another uses r0r hterlrthitf dh. as,... lf'far1pm.tr~~6n. Since the 

only way Jant Srtmhts··~atei~~fdt''t!Xti1 .. t!att'w'U.ia ~·~<· 1•ldt 1latif1··ttt tre·f>ut 

\ 
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point is also without acceq toJU)e Splith's vieW., l'8- by (f)l'llj'QlU~ a'*» to a limited set 

of class·pointsJt is possible to COnJrC>I access to M,l r;hwjpf,•maWll'.~J:'-' tQ ttlem. In this 

way. the security and, privacy ~ucture o( the, Q.a~':'i>&M * be ~ ~iJe independent of 
'; . . .. ~~ 

the particular piec~ of da.ta to be JtOrcd, With~p ~ ,atructwe. 

3.5.2 Naive Pr~biUty 

TMs ,•tion #lows how.a W9fki-cla*1 h~~Y::·ari .~.~to handle qualified 

informaUon. such .u •1tt1 likely, tl\at. Jan._ $fn""''' ~ ia>MtiiY. Smitl\1~ •d "Most birds 

can fly." The ~~ ~·is to • up~ arderin •. ~.as f~ ~~· :r~. Gateto• ~uch 

as ·very likely" r,~nt a cUv~ .Qf the pfOb~; C9f1~MRl iftt0> 4~tte: .pi-.;,es. No 

attempt. will be rna4• here t9 Nl.igo •ac~ n~~ v.~ JO,J-.:c:atetl>iliies • .and mdeed 

they will not be used in a manner which supports standard probabilistic calculactcJRL .. for 

example. ~t turm ~.~t .tJI• piqomty .int~ scMR,..o( "P iliPd .Q;,iJ t¥niinimum of 
. ' '•. ' ·. 

the two indiv~u.-1,Probabiliti-.. in•d of beifll tbW p~ (u~.~bc ~mption,tf1at 

P and Q. are independent). 

In an,y .~it is,neceuary t9.explain .. aaGtly what·d'IS!dasses in 3-9c mean and 

how they are to ipfl~ Che behavior of the infertnt:ef.prOOW~ .. Like other world-classes, 

the ones in 3-9c: are use4 to enable ~,ari~ pi8"1.r infon.llatiOfl•, Jn chil-<ase, a cJJss 

pr8$.umably enab~s info~on>of the apprepdeM.protMJi- For ua~ple, w .. uKEJ..Y 

might, enable .~ Ja"' .S,R),lth',s mother,· i1 :"'~ry &mitht wbic;h1wt111~: ·meart.thQ it is likely tbat 

Jane Smith's mother is Mary Smith. Now, the c.._. ill 3-oSc ·repreatnt ,the different levels 

of ·reliability• which a user may ~an.;tof .cu~"' Thau~. if1 the user wants 
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answers ·whkh aR 'certaill', .. then ortly the 'inf'Onnatlori fn&litid 1'y ·the cbiis W ·CtR T AIN 

may be used in dcri.vtng·•l't --rs. ft che:'ti•;•~·;to ~ -.fmost certain .. 

answers, then tlte inf~ 'l'fttbW by W-ALMOST:.e!RTAlN can be used in addition 

to the W.CER:TAll't Wormattcm. ;ltt'piira.l. ·it t!W·Uler '~a partttutar· lf\tet of 

reliabiJity, then only information whtctt ts at lebt'that waildWt ifdf bfl Used during the 

inference procesa. 

Thus the general strategy is for the User to pick a' retrabhlty 1e\iel (such as 

W-ALMOST-C£RTAIN).111d an::a: +inf' tabet ftaht'~ttit··:tJhi· i'fhis ~inf will then 

enable all of the: tnrormattan attadMd to tliat 'rnet-'•a Witt il•f ptop.gate to ari htgher 

tevels'buch as W-CERTA-tN), enabbnf ·thiJ htfomtatiOlftDo.' ~tl1ty;:t11is shows why 

the probability of "P and·~ ts· t~'rntnlinum Of the li1tttvtdutl ~Utff!i: · .tp 1'itd Q;' is 

inferable . when' bettf P· 'and Q; aft ..wtled, whkff oc:CciH· #htefUW 1ftst ptObabie 6'.e is 

enabled. 

Now, iOme UMrs might not ww tO bf ttqlflrifd·:tcflki•s#~tf level' bet ore 

iniriating,an' inf'etenat·•:~•. they mtrfit ilke~f\e;~~ .. ~~'Mterence .. and 

then tell them after it ii done what its reliability lnel is. Tfdti;·i:at.U1'1 aecc.Mpttshed in 

several ways .. ·The most'bruat-ferm il to fit.at trf" die: Jftf_.,~:a ~y level of 

.. certain ... If that prod.uctt"10tntwtr; ~ thflfWt"'fOffff fetkbfftty:iciri~bettied. In 

general, t~ inferemt 1Qrl W ·:repeated· USiftf'. sG«etsiftly '~ ~y 14tvefs ·until it 

produces an WW« t.t>5*'ttftl:(...niftf that 1c1~p~'tii''lftsWff:'af all); Th~· this 

answer has the retialllillttd·•thM ;r..-fi,, whlth it thfiJtfll'tt.e ..,,..W. ll~e tl\1!4evels 

,: . -- .- ', : ~ ,,-

------------~--- .______..____~-- -- ------
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more than one world at· a time. I.n this Q"• th' ~ea !I~ prt a (d~f~i:ent) '¥orl4-o.bject . . ,·.- .' . '· . . -... . ,· . - . - ' . ,,.. 

label a~ everx. reliability level. Th~ the cme ~Uh ,~iflte$t .,..~, Yihich prfi>Ciucu an 

answer represents the reliability of that answer. A good way to implement such a multiple-. ' 

label scheme is to use the workHree mechanism intr~~ .~ ~i~ f-6 •. J~ ~his case.:.the 

worl~-objects started from the C~UfS W~~~l"A,~N., W.·~Q&T-C~T IJN, etc .• will be 
• ., • • - ' " ' ,. • .... ' y ~,,, ~ ' ' ) • '" .. • - •• ;. -, • • • • 

called 'w:-certain', 'w·almost-ceftain', etc. Furt~erl"91'e, ~JJ~- ~~s w~fl .be ~rran1ed in the 
, • ~ ' 1. :· ., - '·. ~ .' • ~ • •• ."'., • • ' ' 

world-tree _in the ~nner of ng.,re 3-9ct T~ -rt a9~tag~.of ~~i~J. th.is (ins.tead. of 

letting the different world-objects act completely ind~pendently~_is t~t .. the different .wc;arkls 
- • ' ; '.- - ' ' • ' : ~ ' ~ > • 

can interact: If for example a label with a )VOl'~~I of_. ~_:'~~~rta~' Jn~e~~ts ~1th a 
' ., ' . ' . ' - '.-f ~ . • . " , • ' . ; ' 

label with a tag of 'w~Uk_ely' at ~e_constraigt thenthe.r,,..k.~i lal:»els w•n propagate with 
. . . ,. . '. . ' ~ - ~ ....... - ~ . ' .; ' -". ' ' 

tags of 'W-Ukely' (the •acronger• world - see 2.6 ~~r- a f~ller, ~~~~·~,,of, s,~~h i!"~ractions). 
'' r, •v • ,• • ' ' .,,. 

Furthermore, the reault~nl reliability of the "tire infe~~nce can be, ~n. immediately by 

looking at t.he world-taJ of the ~~els involv~ in,,th~ ~tlis~ ~h.ch en,ds the inference -

the world-tag at the COilision will be the re~b,tlity~~v~l_of. t~ -ns~er. No~, the details of 
. . . ; \'. ' . .. ' ,- ~ ~ '~' : ' 

the forego111g are n.ot too important •• the 111~.1.fi~nt ~pect,qf it is that sequential 
• • ' ,- ''• . ·~· _.,), • " • • : " f " 

processing (•time; Clf'.I . be rather easily traded, for muk!J?.le ~~s (•space;. 
, - - '·. ~' . ' .. ' . 

Note that the probability mechani~ of this. s,ection ~n .interact with the c:ontext · 
- • • ' . , l',. •• , • • '. ' ' - , ' ·' 

mechanism of the pre~- ioµs one. For exam,p1'. J'o' .Slt)it~·~. Qa~-b~se view mig,ht ~°'c:lude 
' ' ' 

•tt is almost certain d.'•t draft ~vaders;~ qi~~~ .F.~ ;3~.dj~s ~his - Jane 

Smith's view enables the a~chmen~ of •all draf,~-tv~«s _J.re criO"li9~s· .to th.•-· •almost 
' , ' ' . , .'. ~ .:: ';.,. . ' ( ·-~ 

certain• reliability level. 

Also note that information which *5 not e~pH~,F'~ ~~Jed lY ;my 'YPrkl-class (via . ·' . : - ,, , . "' ' . , ..... 

some world constraint) is always •enabled• (because it ii not relativized). This means that 
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inf ormatioft whkh ts m>t 'attached to a relaabmty world-dOI iS atsumed Us be maximally 

re1iab1e; and that irrf~rr1cta1h"it ~ttidied 10 a·-.w• --~'u i:'itfo't·dvtews. 

S.5.3 :Relatl'li~g Otlffr" ~b· 

Sinte the wotfd c.Wtauaint '". ~ ttluivhtd, ~eniOft jj the" Nlxu tonStraint, it 

• - ·, , .· · .. ·, " .. ·.- ,:'4! '., .~;- ~;f~:.•,,.-- .~·_,.( .. f':.·~· .:• ··r- ::-., .. ~•,:: -·,-: ~ .. :~ .. -~. -
seems reasonab.te · to aslC: Wftf i'elativiied versions of the other ptitnilives constraints have 

not been preserited. Tht ~ if tbit '~ m&tt~izecf~1~~'iftt ea; be, used to 

•1nsulate1' any ·~ tfte othef p~imftiv~ s~ch'.lthat the 'pft~li1~:~.~ ~~~~~~·ble o~ry in the 

, ·, '· ·-·· - <··1?·., ·:r.· -~.- • •:."':·t:i·,-·· .... ,~ !~-. :.~· ~"';d~.• F ·:,~.--.t~1i:i~~j _~),~ -- 1 j ,;,~ .. :...:·'.·· .. · ·, t 
specified wt>rfds. For example, figure !-9( snows. an unrellltiviJed binary relationship 

constraint (t¥hich w•i colpua' From fi~i-e ·2~). ; Ftp~~ ~j~ ·jric; the woricl class 

·vr. Th~' same techrtiq0e'can 'be u~' ~th a1h1M ~~F~~~. 
Th~re Is.' h~wev~~:;;~r;e~\ 1~frrier~~~ '~;t~~; tt:'~-~~~id· 1~~n;t;~i~i, ~nd 
' - ' ,. .··,. ,,.' ·-- '·~· "'.• ,--''°"'i'" ·\ ...... ; ~?~ •. , ft''•"".IJ~~-;..-, .. l "i';!·"" -~~ -~·tJ·/"'.! ,-'.' ,,,~-

relativized vftsioris ot eHMr eon.Bifati 'riMwwfd Q)mltaiftt'Q'.ft"procftS'"]w• ial>e1s 0n its 

worlCl.:Cla~'by' f>r~rii~'~if~~idf ~y thaf ~ 's1ldlsic~~i.it'~td~ i~ \~o;ks 'w'. 

For more cOO,prex ~'l.'o~ev~.·ic':is·0!!~~\1y'~~.Me'~:•jj~ l'pa~ern of 

labels which' represencs' ~lti ~,.~~ ~e·~~ii-lt. f~'it1titi~"f~0~re complex 

constraints involve fton~~·'gf ~ifiofts '_.:;·tr'{~ wYC.1e':tt,~ si~ t~(~-~~; i~ is' not 

known whlm t>t·h~, rn.:tw fi. tht:ecw~ :~Ja11U Aitatid: ~'Ev~if~/ tf:~e ·.is no · reat 

problem - molt -~~t~rW\s·~"iiliiiJtz1eid ~stti~riil'Vot:Ve "1.iJ'~i"'ti~·~.t'~~ p~~~~ of 

•enabling• the constraint in the specifi«t workii) and not ·-· onet' "foi'.·~~~ple, .-:.o ~bels 
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3.6 Using the T·M Const~~int: Te':"plates 

Fi,~re 3-~~hows,.how ,a~ indi~~~~al ~d,:li~ ~-we"°-~f1,~ repr,~nted by N 

binary re~tionships, ~c~. one ,~P~lfy~g-°"~.:~tff'i~~·-. •. ~~_.Jncµyiclual (i.e ... one $Jet in 

the tuple). Now. ~t is_ ~ot meanin_gf_ul 1~~ ~ .~ten. -Pt~t~,ff ~~ 11 the value of 
• < • ..,; - ' ~ - ........ • ' • 

some attribute - presu.~~ly_t_he MOT~.!l\~:t~:f'"~;H'~lh'?~! ftn1'1~,~~ the 
, ,.'-··1 • - ·' 'I 

SEX-OF ~us~ ~e of the SEXES~~~~· oa;'f'Je'j,ff J;~~l,t~~ts,pn be~iecl 

for persons !!l ~en,"£1 ~--.~h~~ in ;fipifei_S-\Q;L~J1~;,p~?f'..J~,~~s.~ n"work in.S-IOa 
f .. . ,.,. ! ., . • '· 

have appeared before as i~lated fragments in.~~~-~M..,C't-::i!~~-lOa ~s to 

hint at the kind of rich interconnection which occurs in any non-trivial CE data-base. 

Figure 3-lOa is an exan\ple or a •remp1ace·: It Ules a t-m constraint to describe the 
. . . 

typical person (or whatever) in terms of its attributes. Note that only one t·m constraint is 
. • i . 

needed in describing all the attributes. This is· fortunate because t·m constraints are rather 

complex computationally and it woul_d be burdensome to have to go through the 

computations separately for each attribute. Of course in a real data-base a person would 
-· . 

have many more attributes. but one t-m constraint would still suffiee for all of them. 

As shown in S-lOa, the t«nplate only specifies the functionality (e.g. one-to-one) 

and range (e.g. female persons) of the various attributes. This could have been done 

(rather wastefully) by using a separate t-m constraint for each attribute, such as figure 2-13c 

does for MOTHER·OF. However, usin1 only one t·m c0n1traint 11 in ~Hoa hu the 

further advantage that it allows the specification, of constraints between the attribute 
\ 

values. For ~xample, presumably the-mother and the·father are married (ignoring 

complicatioos such ~ illegitimacy ·.and divorce). and· furthermore they are married only to 

each other (ignoring polygamy). Figure 3-lOb shows a network fragment which expresses 

-·-- -------------- ·----~--- -
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: ii>' 

these constraints - the clau-~ts 'he-moth«' and 'the-father' in 3~10b are meant to be the 

same one1 as· tn S:~fbl:'" tifU'fe:~'-tOb iYso i~cl~des ~,h~''r~~~;~.,·i~i;rmation that 

HUSBAND-OF arscfWrFE~F at~ in:Jenes; and deffffeS s!foUs!~F;i~ :~~;ms of them. 

• "j _ • ·' r'f.,;,· ~1.-~_... 1:·· •;,_:iir:~ ~I~.'{!>,: ~,.:1:::~·,c;~·~:~~'.}-'!-\ Jc~n ?i ·i~ :·· ·,, _,i' 

· · 1n su~; t ··tiinp~te tor ·a 'clUS "proVfdes a general structure of constraints 

which must~ ja~rta'bftK~'itnr~· of'~ch 'ot>;;J in 'i~,~~!;.''~li~ con~rain~~, can 

mvolve:etttret l»ie'ami'bui'e10r ~c!'t~an 1orle. ''$~~uratty. ~-temp~~~ ~sistl or its t-m 

' ; . ,,• ~- . 

· ... :.; . . ~ -· . 

' ' " 'l" • ~ • • ' ,, ' ' • 
< • ... ' " '~ 

,\',' i.: .. 

• ~ ' ' •I \ 

. '. ( 

'?. 

'" ( : ;, ' . ' ( ; .. '1 

I.',-: 

,\,··.·r·.-' ,..: 
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Part Twg - Episteq!ol(lx. ~ .. 

Ha vi111 examin"' t~e detail,ed s~re or ·t~. ~ (Ip pa!' one),.. it i• no~ time to 

loolt at the f orut. Se,ction. i brilf'IJ d~ueJ .w~1 ~f~ ~.ea are tmport1nt in the 

fjrst pi.,ce, ~r:diidividea th~ CE r~r~tation ~ '"''\~-leis in~dent •1a.y~1.• 

Section 5 then disal~ ~ 9f .;be r'Preaenta~l 4UMfs &Pffjopt~te to eacb 1-yer. ~sing 

these iuu.es, . ~~ti~m 6 cqmpa~es CE with oc"'r d~~:-.~~" •nd artlfi~lal-~otellilence 

representations. 

4 Generalities 

i.1 Why are repr~ntational}ssues inyaortant? 

The representations .. uied in an lnf onnatw,n·p.rocessing sy,scecp fundamentally 

affect the kinds of scructum which can be built and. Ow k.lftd• of processes which can 
. ' ' ' . 'j. , " ~ l ,.. ~ 

. operate on these. st:ructures. This is true even if two .. r'P.resenta~ions are in some ~nse 
' 

tquivalent - the differences in their b~ic structures will still aff ~ their mac:r;oscopic 
' . 

behavior; For example, ~si~'r ~e difference betwe,n RO(nan. and Arabic .numerals. 
" • \ .• ' ' " • ' ~,_ ;>, • 

. They are formally equivalent in that either caq. be "'sed to rep,resent any positive integer. 
' . ' ' . . .. '', .• 

However, it is extremely difficult to do long division (for instance) using the ~oman 
, . ' ' ' ~ . . ' ~ ' ' ,, ' . . ' 

representation, much more difflcult than ~f the. ,\table represen~UCH) is &;.1secl. In this CJH, 
' '. ''•_ . .,:. " . 

it is relatively safe to say that Arabic numerals are a "better• representation than Roman 

numerals - the procedures for manipulating the Arabic ~."~re ,n:sier for .humans to 
,, r.·- ·' .· ·,,, 

perform. 

If a differen~ of.representation can have such ~great -".feet within the simple 
, ' . ; ; . . 

domain of ,arithmetic, it is not hard to imag~ne. d)e fOr~if:':C.JY. g~ter effect$ such a 



difference can have in more complex domains. One suctt chMtam it- tttat of computer 

algorithms, and ~ts ..,_irt bas Urer&tty hUndrfdi··-or:·aarr..,..· r~tions (i.e. the 

variotts computer laJotguapi), 'tktt'Or whlcliftU»SlrM'~~ Who tttfaim it to be the 

•best: tt is nor·tbe-putpoa"or ttus doc.,..t to ~p>irf..ttt a -iawgt..age debate: 

However, it otteit is inSfru«l••tcn!ompare-a 11t;f·np~ .tOi aiSting ones itfotder 

get a better grasp ot io sttenps ana · *a1cnessa n· tt tlitr. tfiii 'in nUncfthat' sectiota & 

compares CE with other representatiOns. 

.f.2 Why is tha CI representation interesting? 

This document makes chr:• claims ror· die CE ..epr--.derlS.: The first is- that it 

has a great deal et •xp•91f•lve pcjwer .... ·It' is ·ait1)cie~tf ri~h to be able to 

-; ' : . ~ . ; lt' ' '.. . . ' ' :: ' '. . : . -

repr~t a wld~ range of inform&~. Ttie ~ cllim ii tllat Cl.' has a'rirm f'ormal 

aeman.tloa - thil altowl pnase sWernlrlts to be ~ a~ iW~~ing and behavior 

of the various. CI expressions. The natUre of this Semantic's'il'd~'.~ seetioft 5. "The 

third claim is shat eE l\as a'"'1gh degree of naoclutarllt" (ill mer~i senses of"the 

·WOrd) - this altows vartous "paru* ot the ~tten tO':b. d~~ With~t worrying 

too much about how they wUf ..,lmualr, tk togtt~ lmo \.~holes..;. '>li.o, this mGctularity is 

largely respontibJe ror Cl's abtlity to .,;.ke ~ ot,Jaralll~''1iseu.lecfllelow>. 

-t.S Modularity - Larered Decomposition 

The fact of crs modularity pemwates this entire document: Section l discusses 

label-propagation withOut reprd ro- ~·a. wm bf· Coill~rnct; ··S«ti~ 2 ·discusses the 

primitive constraintfltitliout' rtptd to the n*ro-striicrurel ~ftkh wt# be l:>Uik out of them: 



and then section 3 diseuuel these macrg.structures. Ulil'lJ :~~ ~~JitjQs:t,,it if possible 

. to dlscU.ss CE in ter~f.~f f~ .~pa~~~JtrUgfl\'.~l."J!J.~ ... );blY.ar,~ 

. (I) The idea of la~I. ~agation in ge~!:raJ; .; ... 

(2) The_ ~~t!cular 1~~~ ~tsCf!~ in_~~~~ VU; 
. ~.' 

(3) The particular primitive constraints d~i~}n_ :ttf.ffll :ct}~ IJP!J'; . '" 

(1:) The particular macro-constraints made out of.these primitives. 

each of these layers. Having a layered d~·~b·~,"~~i~ .. ~lc.es ._complex sy~ 

. ~h eaSier. ~o ~~: ~.hen ~~~,Y~~J. ~~µ~:~~ .·Q(l! .• Ja.J~r, Jhe ~tructs of the 

previo~· laytr can ~-/~~id.~~'J!o ~•atomic~ t.P,C~)~ifJtnt~ct~re can be iJOQred. 

Indeed,. Simon ~969~,p~~ .t~~t ,h,\l~ns ~.n ~~~d ~B~.1.Y~~. only ~h!?,, they 

are layered in such a manner. 
- . .,_:··· ,::· 

' ' 

or thrown away without disturbis:ig. t~ lowe~ .oo~. $!n,q .~~91 ~ch 1-yer of the, CE 
' · ' ' "' ~ ; · ~ , .• _ ,.• •. • • • • .. i,:. • - ,. •· •.· ', I . · . r 

representati'?" involved i~ ~~ ~~Iii" ~~lqn~ (~ ~!~ ;t~~J~Y>t i~ )(~i Ruite :~jble 

that som,eone else mi1ht want to qote a sim~\J,r ~y~ _i~~t~,f,'lg differen~ de~ign 
- ' :. ' . . i l : ' .;_. ; ·~- ---· • ! . ' < •• ~ .'., • ·~ ~ ,· '.,ff:- ' ' - . ~ < ',.' ' " 

decisions. In doing this. the layers below the one to be ~~!l!!(~, can ~ .. carried ~ve_r i,~tact 
'; ,, • .,.,,J_.('' ' • ' • "'. . . . • 

- it is not neceuary to r~xcav~te the f9Un4,at~ i'!,.Qrder J~,!''1Jli.nt the roof. For the 
.·. ~'-· 1, . • • . - '- -•· -~\!,~- ;,> ""-":~:~~~~.-·,·-...-~<.•I .-.· 

,benefit of th~ who m~ht be i~ter~,ci i~:.Jnakin~ MW~ ,~g~.,~~~~i~ D disc~s 

alternatives to ~ of the desiJn d~isi9~.s wta~h_.ar~~~: in1 thit.,~~t.I~· 
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5 Som. Repr~tatlonal Issues 

This sectiort prlsenu $4.Tie g~ei'al'fepresentati'onah~~«!s anddiscusies CE's 

position on them. Section 6 below below diSaJlsei'Otber'~Cit}~• posltfuns on these 

same issues. Section 5 Often ref en to ·~ ~cationi-2fti ~(~~It~~'. giving: any 

5.1· Issues relating to'1a~1~pr0pa:pt~·jh general 

5.1.t ·Modutarify·:... Ke1atin("ioei1..-tbi1obar·· '·,. .. ' ,,;, .n ····, 

Section ;4.3 dilcunls 6n~ 'und;~. rriDdularity - ttle abUltf t~· :~~M; a complex 

system into ~re-Ot-leu '.lnd~dfftt layer~~ This'sdoif ~rJ,;~) dlfr~~t'\~i~d: of 

moclutartty, ;•hich alfowrcomf,1e~' 1*1r~rmatl0n .to'be :ilPrfletliid'c-IR··t~~s·~t mor~-1ess 

independent chunks of ·~t information. Now. all of the ~~s di~u~ below 
· • : · .• •• ·: · ' • • < ·.•• • • ": t ! · « ",•'.' . , .. , .). "JC•Jf1>'\d'1f- -•,,Ai".n,f 

have thiS klrid ·or·modullrlry iO ·so;ne atellt!' they' ah reprdt tftertiRf'ormation (however 

comptex) in reinh .. C:Jr··s~mi'~ei of·~ca1l7l'm~nhigtu'.1~*'9ii~iti~·e~~~· Ho·w~ver, the 

representatitin~'dlff~t ~itft ~p~1h'bj hi,w·a glven'~tln~ J~I ~~(~\~;fu~~~ ~ith 
', •.'' ',·~ ·r--~ ••,-_" 0 :_,'•',\,. • ::,,~'1;7~•> <",: ';:•\•~ "•T'~i:i,'·•·:~. ·);·,,;'.~ ., ·"· ·-~~f''){'.}:.l -".,· ... ~-. 

another. It ls th.is iritehCHOn 'wliith afiOws more '*pbit• iftf0nna'b to be bUilt up -out of 

In.CE. laWf p~ioit pro~kte~ the ~e .nd~oriiJ:idt&~u:a;{t'~/~~~':intericuon. 

This is an ex't~eW'•l!'tiia'.n~t··!.:. ·~ ·.~·~~bfid'e~1~;;,~.c~plex 
ones. The simplkitfdt' th{cilti.Viel ~~ 'if~11~1JWi1i>e ·~ ~f'~.;ing ~('~ bt 

expression in terms. of the local meanings of the pr1mitive constraints - one need not worry 

about possible complex interactions, since there are none. In general. minimizing gratuitous 

interaction greatly simplifies the task 'of analyzing and/or synthesizing complex c·globali 

·-·----------
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expressions in terms of simpler r1ocal"). ones. t.f.~ny of the benefits of "structured 
'" :: ' ' .•.• t 

programming," f9r example, are dui; to exactly ttlll kin,ci Qf mod~larity. 

5.1.2 Logical Semantics 

The use of a simple in~raction chann•I also allows the. erecise seecification of 
' • ' '. • '>.- ) • ·: -· .• ,, '·· 

what a representation's primitives m,ean in th' first ,place. That isJ since all interactions 
. . . . . ' . 

occur through a well-understood channel, the .9Q!I eff '1Ct a prirlljtiye (or other) expression 
'< . 

can have is in terms of how it transmits and receives on that channel. Thus the complete 

meaning and bihavior of a primitive can be specified in ternu. of its input-output 

interactions with the channel. On the other Jl•nd, if a representatj~ uses a ~mplex or ill· 
. . .. ~ : " - . ' 

defined channel, then it is usually impossi~le ,tc:> conn>~ly·•~ry ~ primitive's input· 

output interacti0ns. That is, it is not wel1-defined what the re.presentation's ,primitives mean 
• ,c _J -

locally and how they interact. 

Woods [1975] a.nd Hayes [1974] both protest the fact that many representations do 
~ . . - ' - . 

!l2!, have a precise semantics. This is not to ''Y that rep.re~e~tations without a logical 

semantics are "meaningless" •• they may work. very wen inde~d 011. certain kinds of 

examples. Ho~ever, it is usually impossible to infer from the'.author's e~amples anything 

about how even minor changes in some detail will affect the glo,~al .stru~ture .. Especially, it 
-, . . .' 

is difficult to see how far the representation can be extended to cover new examples. 
. ,., •' ', . 

Another problem caused by tile lack of a logical semant,ics is that .it makes it very difficult 
. . .... ' . 

to compare two representations •• if it is unclear w~~t .one (or both) r~lly ~~n b1 S()me 
. . ; ~, "' 

construct, then precise comparison of the two is impossible. 
j ' ·' ·~ 

Yet another problem is that lack of a formal semantics :ca~ encourage sloppy 
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thinking. For ·instance, a primitive without a precise def ini.tion may end up being used in 

examples where its r!!!!!!, seems appropriate. even tfiOUp no l"ftl mechan&n is given for 

handling those examples. Woods [197!] and McDermott 09'75l point out many cases of such 

"wishful mnemonia" and other kinds of sloppy formulation. To be nlre. having a formal 

semantics does not make one immune from error. and ;tor some repr*'1rations the required 

formalization would take more effort than it wotlld be Worth. ' HoWever, having a logical 

semantia is def lnitely an anet when ttylrig to use. Study. or exttiftd a representation. 

5.U Procedural Semantia 

A 1ogiCit semantics tells what a given expressioil "means"; a procedural semantics 

tells how the expreasiOn "'btbava• PtaumablJ, a repr.Mftcatklft slits for the purpose of 

•· •J • ' , ' ' 

its being used, so one is ultimately interested in how ifbehavei. In a representati0n such as 

CE which is based on label propaptions, the logical aemanctcfand the procedu.ral 
... 

semantics are tigh
1
tly coup18d: An expression's rrieantn'g ls defined in terms of how it 

interacts with various kinds of labels, anet its behavior IS~ by these interactions. 

One advantage of having such a tight coupling ts tlt't it makes a representation 

easier to use. Instead of having to keep in mind both the meaning or the •data• (expressed 

in terms of the representation) and che behavior of' some external pfocecitire which accesses 

it (presumably expmsed in some programming,~guage). the data itself specifies both its 

meaning !!!9. the behavior of the accessing procedure. Of (OUrse the data might not be 

directly executable by some given piece of hardware, in which case a simulator is needed. 

Appendix B discusses three ditrerent possible im~tementations or c'E: ... one made of 

parallel hardware which executes the primitives directly, and two.which iimulate this. 
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Another advantage of the ttcht couplin1. ts Cha~i~ .~ • :iy~em .eas~r to debug. 

Since the a"'ssinc pr«,e<ilne operates in .. a man~ .. ~~ich par1-a.ls .;.the Jemantics . of the 

data, the state of a pr;oc~_ure (in ~f:' ;Of a. cr•sh"' for insta'c') ~ill)>~ in semantically 

meanin1ful terms. Jn tb~ ~-.pf-CE. tb~ infefel\CC,:pr~ur•:. ~·~9' ·.~ deflned as. the 

states of all the class·polnts (in ter~ of wJ"ait labeb2are ori '. .• )., ,Jb"''. if there '.•s a .~sh, 
• ' • ~ ' ' • ·, ' " • .,...., I ~ ~ • '• • ' ; 

the inference procedure's state will be easy to express in a semantically meaningful m_anner 

(e.g. •the object 'x' is known to be a person"), and things can be debugged on this level. 

Furthermore, it is the ·cue that labels are never erased during an infereQCA! -- new:<0nes may 

be p~~. on a. clasl:point. but none.qlay be removed. T~ .. nqt ooly the.c.urrent.state but the 

cOffiile§e ~iHorx of previous states i~ avaJJab~ d':'ring debt.tiJJng •.. N~te that "error 

analysi$• can be viewed-. a htch·Jevel form.of. such 4~"1~-~Jl~reip t~ "b~g· is.some 

kind of inQ>.~isteocycauaed by bad data. In tms ,ca,se..~~;~il~ of the relevant. i~ference 

can be used to ~rmine th•,path of <lata-."'*'.tt\at ... :~1the incon~~~ency, .which is 

necessary (althOllJh certainly not sufficicat) for c:\•m•ning,,qa~;y wtper.e,along ihat J.»&lh 
' .. ' . ... ·.. '~>. 

the erroneous datum lies. 
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5.2 Issues relating to crs particular labels 
' . 

The remarts tn seeti0n &.1 appty to any sysierlt Whlcft operates via label . 

propagation. The remarks in thts sectian appty·citaycto .... "hiCh use labels Similar to 

the •+obf; •.ef;arrd: ••t lilfJek ot·ct ~ D';.Cldm1.S a 'llmftar labeling scheme 

using slightly dtffrrent l&befs· .... most ~the 11!mirls' ift this.~ .app1y to·· ttlat scheme 

also. · 

5.2.1 Fregean System$ 

CE (and a11 t~ Other repr~tions cftscuui!d' tn"thiS 11ocument) are 9Fregean• in 

that their universe •mts of discrete obi!C! and !tfatlCMShi@··:among •Jects. Jn CE's 

case. this is a· consequenet of the tac:t ttaat iu tabefs· •t. wiM:t ai '*tang dl&crti objects 

io ctaues or ob jtc:ts.. n.. reason for mentiornwg &t1. ttil:~ Wte is that there seem to be 

certain Umltaddni Olt wftat ·fregan ~- dft reprellht · Kafa QfH]' distusael this in 

more derail. One of his examples ts •subsfance•:•·A m~nc:e (l'Oc:fias 1nter) ts usually not 

thought of as l>eing composed of discrete objects. A I!!!!. (or droP; 0r «an) of water SftfnS 

to be a single d!Stinguishable object, but what of the water itself? k is the existence of such 

issues which indicate that the final answen to the rtpresentation problem are by no means 

available (espeeially for sophisticated Artificial Intelligence applicatlon1). However. the 

state of the art is such that it does seem, profitable to apply Al technology (such as CE) to 

the problems of data--bases. 
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shows tt>at redun~y-dl"*g, ~nd the answcriQf: or JtSlqq:14'81U~s can be. su~ed 

under consistency checking; appendix A shows how ·this can be extended to. "find" 

quesUona. All ilJt~at ~~~14 di'~~.-·ap~¥la~:Qf' IM!l&tt<Qlf'.,l\f;f·checking is t~ 

valida~~ ,incomi~ qata in terms of wJaat i4:1J,rtady ·luw~~ .. · U ~in~~lf.lCJe, is ._<i4'~ted, 

ttJen someJ~iog 1$.~rang and)he~ppr0prate ~~ m.takl., ~ (~h~•• rejeetil.IJ the 

bad dat~. s:_,jecting 4t •n<l· lol&u:tcia. NK:~ of,,tl.i~~~S!~J.:~,*"'I .•.human to -COJ:rect 

it. Qr att~m~111 so.fl"· foma.of.aaJom.tic et~- wty.is;.fil4~MJn).·;~~. 
• . • - . . ' . ~ l, 

. ·• 

!t.2.S Addition~ I Oeleti•s /., ij¢at,s 

UJing CE, cb•kigcitte ·.~~ .~JIJW.4ata; .Wjlh ~~·.!O .e,~istioC ·data-

base is t.U. w~y ~ vaU<:a.C«:iC:bef'Qr<t·addiBC 4' • tltt· 4'~ l~:,rtpf,.tMioni :Which 

po not have a cqpsi~~~il)g ~re U...iflow~, -Vf ~ ~JOJ ,~Adling ' . .. . . . v . 

t~ addition .of ne.w. ~~ta. Si~~~:IJ. JO~ ;t,9~~'±N'1'i~. -lpec~f .means for 

handlinr qC!lttions f;lf ~isUng, ~ata .. ~n update, o~ ~~se~ ~~ 1be coQ~~'~ to be a 

efficient) means for update processing. 

CE does not provide. any additional mechanisms for handling deletions (and 

hence updates). In. general, deteting a piece of r\etwork from a CE data·base can not 

possibly cause the remaining data to become inconsistent: Inconsistency is a state resulting 



when •too much· is known (in particular. when·both an aueiflen a1'd itS'rtepttori oceur). so 

detettng som.· data. from;'an1dMMi··~ (W1Mftt~~1phidllfy, makes the 

data'-baw know les}r ii,. are~operatffln;: Noteftlilt'twliltMit,'ttfeHlattanr "a! IW$ns triat the 

data•base after.ttfe~dtltdlft··dtJet· .._--..•u-"'-·!h111.,_f:M·mea:n·ttiat-the dlta.;.a,ase 

knows •not ex.· t! 

· TtieiGW•protJtlMH.ttldl snrarill"-dertnt Ii~ w tftat: *'*~data· riright be 

stared redundantly .. Alt· aampli','t~~mtgfft eoriflift;.,..... -~tnith 'is in the 
I 

class IE·M'Al'!.B• -~-· 9tfte· Sft-&'P: Jan~' n~~'{it6rig wttlt·ttte gen-era I 

information· that ~a:ts"eht'dT rtle'·tl&Srot at>jlitt-"iti;·hn.a' 5e'JCi. Of ·'female'); In 

this case, deleting 'jlMrSiftidt,ts«tn ttW·cb'PIMMIS~WiPD!l'tiUWiihe data•base to 

forg~ the fact that Jane Smith is female - the undeleted redundant data: Will still imply it. 

A degenerate caw of this is whe1Hhe same datum ._ ... ..._'$kt .... dtMing one ot the 

lnuancefof.''if ebviM1111 ftar1mt·9'f'Ml.Olf.-tlW'~.~-,---tHf ...... :ls::-SC1ne manner of 

rechmdancy~dtecktnf:') T~t~t• !!1!~:·t1t1111tllllf'ditum· -"d.' ia if' there 

ls an inconststenq. ff ~-11.tf*ft;ttW~lbt-~. t~ctileitllFdM'um.stUI impttft it. 

Having ·demted 'tfth'' a:tloma1y~ orre·it"in· the 1Stm•iiWMlmt tti;af::o.cc'urs when· an 

inconsiSteilcy' is· d~emed. ttttttng, the add_.W 1clat&~ .J.;iSl#fte_i.._. pr~ (Gt- person) 



5.3 Issues relatini,,to.(:.l:'s.primiti.v~ .. 

5.3.1 Logl~I Conswency 

The di•.cu~on of •cc>nsist~ocy. ~~inf ~hr-9UJ~. itµs d~WJ)en,t has been 

baS:td .on the . 5uppo1i'*Qn . tb•t. wbcney_., .a ~·1 ~f ~ .proi;edlll'~ sign~ls .. an 

inC$)11~iJ~ency, tbep,there is~ fact inc~~~t"1' .. data in theda~~.Uuch "-S.lla,v,~qg both 

·Jane Smith is in the class FEMALES• and •the SEX-Oi ~·~~~:~male'")., Ho,.,ever, 

it might be the cue that the inference procedure occanonaHy lignals inconsistencies when 

there are in fact none. If the inference procedure can not •• ,~. qflt thell}he t.a~k. of 

. coqslstency checking is mad,e :Ul.at much .mor,,.4ifficult ·*:,m .wch ™'" it is not clear 
• ' -, , - ~ , ' ''·I -.. • • , , • J ". ~ 

whether .~ signalecl)n~sisteoSY i~ really. d~ ,to ~t ~~'or ii ;.st .a.tJ arp~act of 
. ' ' . . ~ 

the inference procedure. Th~Jt Js useful toJ'ae.~le to abow.tba~_., ~procedure is 
- .. • - • " ·:. 1 · ·. ' : , . ' • '. , ' ·~ ~ ' 

"1ogi~lly cqn~jstent• - that it never ,lipa.Js ~~~c:Qn~~' 

For repr~t;t~Uons with COf11Plex . .P hoc i.flf~c;e,~uret, it is very cij(fjcult 
• ' ' I. • , , ' • " • .i , : ~ - ·• 

' 
(if not impossible) to .-h~w .that th~y are 1oe>~~J ~istent .. :Fqt ,C~ •.. ~ is easy to 
I . . .· . . . .. . .. . . . . .. 

demonstrate logical consistency because the behavior of the inference procedure it, JiJhtly 

~pied to. ~h,.meaDAqJ•·af the .CE primitiV1$ .. CMllcle~: All th' t~fereoc~ procedure d°'s 

is put labels on .cla~. These labels repr~nt ~rtiOns (by ti}e lllf eren~ .Rroced!J{t) at?out 
' ~ ' : ' - " < , ' '· • • \· ,~·; • \ , ' • ' 

which e.~tensional object. a~e (and ar, n.ot) in th~ yarious,.~\~sfes. No.w.,. ;& spui:ious 

inconsis~ncy could be 9used. only by p~ttifll a •wronc· '-~!l ,O.O ~~ cla~. (~g. puttireg .a +x 

label on a class ,C wh"1. ~he d~-b~ d~,.Dot ,,QJWhfl::• qly tba~ ·~.·.is in 'C'). How~ver, 
• ., • ','" - 1 4";...:. 

~tion 2 sh~~s th.at tl,e. ~nference procedure ~ly P~•c~•i:thf: •11igh~· ~~els: for ,each 

primitive in section 2, its label-propagating behavior is directly Qf!fiY~ from its meaning. 

Thus there is no place where a spurious inconsistency can be introduced. 



Note that a demorutration of logical conShffi'fcy requites tbree tl\ings: A logical 

semantics wh!ch describes what the representation means; a ~url-t semantics which 

describes how the mrenmce~lllt'behtYes; and Rime tGf.m·Ot~mnttectlon.between the 

two to show that the beha vtor ii tn: raa mrnpatible With t• meratng. ··nut it is 1nfpOsslb1e 

to demonstrate the 10g1cat consistency or ' repttsenlltioft flhl.ch' dot$ not ha'it both a 

logical and a procedural semantics. 

~J.2 Logical COmptetenen 

A repl'esentatton ctn be satd to be togt·c:atty complftt ·1tr ev-ery possible 

inconsistency in the data can be found by t1\e mfftn~ pramd~(g.V*i' Wtough time); It 

turns out that CE is~ c:ompffte..., a stmpf4fex:a:mpte is 1ttcnm· mf1Ptt!H. Ms«, lf 1s clear 

that 'A' and 'C' conratn;tht' same bbjKts (ttntt IMta 'A• at\tt 'C' must cOriiiin exattty the 

same objects as '11
). ~f'Yet, ll 1s !!!!t. potS1b1f ·to· aer1ft an · i~~Y starting with the 

labeling that some Ob Jett •x• is in 'A' bUt is not tri tc• - ·non. 'Of tfti Pil;pafitlOn ruleS can 

be appli~. 

Now, all knowtt cornptert inteten(t procedlltes for wrtldenfy riclt tepr~Uons 

(e.g. those containing at tea.st the Boofftn connectives) ·end· tip 'taklffc time proporii0t.a1 to 
I 

an exponential function of the size ot the d'ata·bast being tnecl. t~deed, Karp·ag72] 

presents ri'lathematica1 evidence to the effect that any complete' Qir erence procedure for any 

such representation rrrust tile exponential time. 'fflus <rot a ~te1f targe data-base, 
I 

having a complete· inference· procedure 1S of absoluttly no benefff un1eJs one is prepared to 

wait a very very Jong time White it r11ns. 
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5.S.S Practical Completeness 

Since logical.~~ is 10 impra~~~ the.~t ~~a;t ?"be.hoped fQr is that 

a data representation. be reasonat;aly ~Plett ~· ,eff ~tJlt wit~ r~~t:-~ the ki11d1. of 

structures that are most commoQly en'ounter.S in the .._..IJase. J .. ack~ng any _ larg~scale 
,, -- ,·, •,, .. 

empirical evidence as to how CE and Qt)'ler ,._.,r~s pet.f.or~ .1n p11~e. the w"e of 
" • ' · ~ , • · , - I '' : ~· ~- l - -

practical completene'5 ~ nQJ be resQlv,,i; ;th~ np 1~t·1~~· C)f.,U in sec;tion 6. 

Ho~eveJ". it is reasooable to sa.y that CE ,p~ ~!' .~ .... p~· '°nstrUCU ({qr humans) 

such as ~all A ar• a· in a computationalfJ: $.lfJ)~. ~qner. -ntl t.hat ~~e degrt!~ of 

~mpu~tational ~lexity inv0Jv14 in P~"l~ q,..,..,,.ioq,con:elates reaspr.iably well 

With the expression'5'11\tUitive, ~mpleXUJ. \Y~~ller OJ'ri,ot '.Ut~f,is pf a~y,import_ance 

r~ins to be seen. 

both •generat and •specific• information. An· example of 1enerat information is; •Every 

person has a unique sex, which is either female or male•<. f~.;l·l~· .An .example of 

specif~ inf qrmation is: • ~ Smith'l~ iJ. f IP}a1'~ U°jgw;' ~l"fa~ ~. ,sinc;e the CE data 

representaUon and infereq~ proc-1u..,.. ;~e ,no,J••~-~ 4~iMtiqtas 9'w~; ~general• and 

·specific,• tbe str;igle. mferes.b proc*tlure ;~pcl-.C~ Ml qf .4~1 • foJJo~g, kinds. of 

inconslsteneies: 

0), Specif" vs. Ceneral (or vice, versa}. Some p•,ff:fP8Qfic.4afa:,is,tnconsistent wi~ the 

general infQrmation. fqr eumple. t~ specific inform,aUon ~' .~J~~e Smittl's ~x ii .Mary 

Smith• ii inconsiatent wit" the general inf~.tttat·~«f-fP'l'ipq's., i•i~her ~e or 
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female." (Presumably the general informa.tion contains a taxonomy such as figure S·l 

which has SEXES be rnut0a1ty exctusive With PHYSiCAt.()"fjSCTS. t'h'\ls it is known 

that tht ·Ob Ject 'fAry-sinith· 'is· not 0ne or th'e ObjeetS *Mari' Ind 'f emaaer:> · 

(2) Specific vs~ speeiflc: TY/l> pteeeS. ot·~ifk· c:ili'-'-f•'rnilwaltf indmsistent. For 

example~ "Jane' Smith's sex is f*'aie• and "jarte sntfth~t set' 'is ·tnl1e.' . Ea.ch is cc)nsisrent 

wtih the general 1rrtOnM,tion~ bUt'they aTe tncatisfMent wttlt' ~h"btK.t. · · ( ·. 

(S) ·cenerat· vs. g«ierat:· TWo ~·aritJ\e·gerterat lntor..,.tiori'i~·muttiany ·inccirisistent. 

For ekamp1e, the gtneral Wormaman m&ctit·tontath "alllitart·~~eH·arf ctfmihats• a1bng 

with *some draft evadets art'titots" fnl "no·:tiMn IN'aimilWa•~ 61:ith i an' '1n'con•1srency 

· c0uld arist~for instante) it·ihfgriral;informaHon:cmwtram dlft*'"r.wttes. 

It is slgniHcant that the same procedure which. decects. mcanti~les · involVing 

specific information can also detect inconsistencies in the general information. For a given 

data consistency-checking application, this f eatflfe->matei it;;~titsy' · eatiet\ tO "d~g· 

·ihe gtneral w0rmat1bn·wttitt\ B .. te wu.t ta'chedt tfW'~l-'Jt.:'JftffwmaUon. 

' _,i 

5.Sis Incomplete lnfom.titm · _, 'P ·· · · · .: :: '· 

In·ad4tti0n n>'btiftf Uefut1fof conmtency dltc~: Utirlflti'*d primitives 

f'or general and· specftk-• frit.onurion''fiati!ltitet' the' rern•Mr''ot: ~-'lriftirmation. 
For example. one mltht haV.•the' tlltoririatiOn' 'thlt'"atl ctntf~ite aim1~•ll' ·wtthout 

having an exhaustive list of aH the draft evaderi. In _$0Me representations~ ·ihe:'ohtf way to 

state that •an dnfhMdett~~itrUhfiib! 11t6 tak¥ ititft··a:Ujfldf if>ttia.tt' ~ifm· and to 

St'lte· indlvidualyY for·:each o.nw:that'~: ll a 'd'tinlftlt: -~ciitJ wiy'·tt>· ~M-'tfie query 

"Ate all dtafl evadt1tatmiiia1s?"'"il't0'~e·evt1fNWHtUd'"d~tfn*ili' In 'a.e·cfata-
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base and check if he is a criminal. lt so happens thal of all th' ~~.re~niaupns listed in 
I • • , ' "· 1, ~ , • ',,' ,.~ . , ·' ~ 

section 6, the 2.!J.!I ones that can both mak.e sta~"'81ts and.•nswer queries.a,~ut ~nco"1p1ete 
' . ' ~ . . ' . ' . . 

information are those which use the same prim1t1:ves for ~~1 a~ specific. 

5.3.6 Q.uantification - Exp1ici~. I".'plici~ a_nd. ~,PY 

For those rep,resentations which qq, repr.•Je._t1>qtb:. g'nera1 and .sp~ific 
• ' •.· ' . ' ' i • ~'' . ,. . • 

information in a similar manner, some ~qs is~~ for~disttncu~if!i. th~ ~wor; ... For 

example, •(HM P~RSONSEX)• might mean (ii\ .~,. IJ~~L rep~esen~tion) that1 

some person has a ~x. or that every person h'-s a ~· or th~ alJ P:F~.t tu''V' .~~ sa~ sex. 

etc.. etc. Ther~ seem to be three diff ,rent tlChniquel for hJind~":,the d~i\'l~µc;tll 7b~ween 

The first is to explicitly differentiate the two by associating different quantifiers 

with each (or by associating a quantifier with one and leaving tb~ other as unmarked). In . 
CE, explicit •gene,r~1· quantificauon. ~.r ~~~ts .U,,.ptov•d'4,:Y~ the typical-member 

constraint (with an unql:f•!'ltif~ objects ~"I ·~.Jc1"" In ~t ·~·}hiS, ~hematical 

logic provides explicit quantifiers for both •g111-erat~.,.anq ·sp~ifiF• (i.e. ~v·. and •3•, 

respectively). 

The second techn.iqu~ is to use.,primiJives .which ~yolve .. UllPl~~it .quant4fication. 

In CE, most primitives are defined '" such • ~~er th~t tb.,,.J;, ca~., pe a'1pli'4 to general 

classes u well a~ s~fic objects. ln some, sense, CE ~\y,~1s ,vith J•r'ral classe$: "IP a 

specific individual object is represented a~• class_ w~i~'~' ~~P~'l-r' t~ be con~~ained to 
-' . " ~ ' . 

contain exactly one object. To see the quantiftca~. ifflpl,ic~·in }~' p~•n:Utiv~s, consider 
; . : . ' . . i ' . . . ~· . . . 

figure 2-8a, which states that PARENTS-OF aiacLCHlLi>REN-OF ar' inverRf of each 
' / i •' ~. -:'. ~· C ' -~· >-, ·,; • ~· ; c~ ' • • : " • '- ' - ' •' ' ,,, 
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other ustng one prttftitlve constraint (and no explicit quantifkMion). In mathematical logic 

(which m•ll•i alt quantification "etcp1ictd. the same' th~ng woutd be written as: 

VxVy[PAREN'r&-oi(-X~y} Iii CHlLDREN:.oFfy,X)l 

The third technique for handling the distinction between •general• and ·specific• 
- .. . . "' . ~. ". ': .~.: ;'. i ; ".i -~ - ! 

is to ignore it. This can lad to am&ipities sUih u the abo¥e •(HAS PERSON SEX).• 

This technique wtlt be ealled •stoppy quantfficati0n:11r ~'~ 'cinty those representations 

.• ' ' - : - . . '_ .. _ . "' ' i - .. ,> ·:- ... - --~1 ' • . . .,. - ' ... - ·, 

whic'h do not have a foglcal itmantfcs ran prey to sloppy ceuantification -- having a 

semantics prevfr1ts one from. ambiguously usinfiUch ~:-u "ha$.~ w'oods Ci9's1 ~nd 

Hayes tl974] poirit':0ut seY~rat kinds of sloppy qu~ntiFicati~n., Of course. those 

~ ' ··- . . ,,_ ,·. ~ ·' ~; ·:: :·~-- ,,_-~~t1~ :"..' 
representations whitb· do not auow bOth reneraJ and specif'ic mtOrm&tiOn have no need for 

any sort of quanrif ication in the first place. 

5.9.7 Worlds and States 

One major ditf.eren~ b«Wftn,CE and other r.eprelentatianS: lies in CE's use of 

the •world object" and "world class· cormructs. A worls~]m· represents a· (partia.Uy

specif ied) stati! of the- vniverse, ~nd a worta-ctass reprnems a c0t1ectwn Of these. A 

significant f eattire of CE is that it treats worlds as entitles· which can. be manipufated in the 

same manner as. sttnpter •objects. That is, world-1>bjlcts maf 'be ·qua~fied·, may participate 

tn bin:try rellttonships, and may in gtneral be uaed in all the ways. that other objeets can. 

Thus it is possible· to rea~ !fil!!!l worfd~ in additiOn :to reaMnin,g •within• them. 

Appendix C shows how the unif ormitfOt this 
0

~p~CJ\ mak~ it retatively easy to reason 

using "knowledge about knowfedge11 {aueh as 'imy knows who )lne Smith's ~J father is. 

and she' doesn't 'kno~ that h. knows.") This may ~ay have applicatl~s for intelligence 
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data-bases. 
,.:t:, ,_ 

5.-t Issu_. relati.,;~ GE's n~~pr,imtt~V~¥,[~~f:•·\., ~ 

5.-t.l '~'°'sen~tig,n:~I Comple~eneu 

.·-·.·-.' 

•',• 

The se,cti~s on ~tea,•~~ •. ~ ~W~~ ~~~~· di~u~,,the 

completeness of theJpf•rt'lr~~tczsectuJt.<~~;._t~~:·~:~'!-:~~~~-J.l.j~ i~. is)n _fi~t;i,ing 

ina>nsisten~); T~j· ~ic>" ~~U4tl a:dlff~J,sort '!f_,~u:,,~,{llJtamtati~ is 
' . 

•repr~~ti~allr, 1~~· f~ a ~yen f.P~*"'~ if ,"1 ~~t~ -~~~ ~~u~r:~ ~ f~Ji. the 
• e "" • • • • • " "• ;, ~ • " • 

application ~~ . ~- ~'!~«(a~ strufWr,•.,Jn~~~~, &9r~•lt~· ·:if~~ Jjk4'7 1Pl'.P,~~cal . . .-- . ,. . ' ' . 

, completeness, is difficult to judge in ·th~,~~~',' ,~1 ,,~i~ifi~~J,ft.!J'~\ln~~of 'mpirlcal 
> • 0 ' {A r-.~. • • " - ' 

evidence, and in any c:iae it is relative to the particUlar application. One purpose of section 

S is to show that various useful macro-structures can indftd be built ,9\u. qt th' CE 

primiti~e$· To recap~, i~ stm~r,s f'*J~~ ~-:~~ff: ~~ies, Boolean 

connectives,_ ~ilti!l~ .9'>~~ t1'n~~l'lt r~ N.1fJ,, .. ~~~-~ltr~~ .. ia~erse 
_,,, < •• • ,. - • •• - • ,_ -. \ 

relations. ~erarcJ>ical,,~tcxq, l'.lf.iV,t pr:c),~>,~~'1'D• .•. ~., Jt~ ~"kl. 'k' . .tQo ~ch 

space .l" ~on 6 eel ~t~ {lqw, ~*'~ <l(1 ;\11(.1",~W;n~·:r,pr•".O~s 

5 .. t.2 Proc;eciu~l AU&ch~t . -,,, . . 

'I;'h•~~ .. f~Q(Jl~·~~w~~~~~~1~~·G~J1a™'les 

f~irly .well. l»>~cld~!i~., t~t,1-fe .~. ~.~~~·-fUl~tly ilia~J>ut 
' I 'I • 

,which are. i~~~tJ~ SO(ne of the.ad!~ ~11W''ft~S~·t~.~ q .. Q'l' of 

these is· ·procedural attachm•r1.t•: This ;•UO,Yi•a.~~\'$1)'! e~'i¥rtp,,,t>~ ~c"'~ to 
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various pieces of data in such a manner that accessing the data causes the appropriate 

procedures to be invoked. 

For example, s.ome syst•ms: handle additions to Uae :data-base ·by running 

~. :', '" : ; :, ~ ~.. . . . ; ~ -
procedures which are appropriate to the spetific dltum being aelded, and similarly for 

deletions and updates. Thil wit be callecf•~nr«tdent• ~I. in thathaving the data 

-~ •, ·. " - ·. - .. ) . (· . ' ' ' . ~._ \, ; 't' ' . . . . . . ·; ·i '~ • ''.<; :~ . . ~. 
(to be added or whatever) triggers the procedure. ·Anbther exUfti>le is that procedures can 

be used to derlve certain itnds ot d~~ dJrrng an ln'tiren~ .:.. t~ approprtat~ data is 
•• _ , ; . . .. ~ . _ ~ .. , , - • ~-:,: .- -':i I : r. '.,~- ·- i .', .. , : ' . . 

computed by sotne 'procfdure (using perfllps, bltaer data ln MM'' dara·;;.a;ase)~ instead of 

actuatty ha vtng the data· blexP1ic1t1y : present nha · wm ~,_,~w -'$nlequei1t"' processing. 

1n that nfeding the data trigrert the procedure. 
\:. 

5.4.3 Events 

Another im~nt reptesentttionar · construtf wftrth •ct· dees not curreritty halld le 

ts the ri0tton of "'e•enu•: S~p1y put. ld'~ent C:i»t....,,.df~'6ne' 1 ~bafige in' the world 

· (\\ihich mighr have to beyrwf'tected as a tha.~r• to· tl'A ct•\'l;..&ise). :Wltw~'C:'.E d0es have 

provtsi~ns for accotriocta1tirrg chinges tn tb'e "ta-t*lf (M 'sWcdiln 5:2~ on· additions. 

deletions, and updatts). However, C! cutrfntlf has no !mit1r·r!Pt~tatiora for -.the 

meaning of an event. For example, a representation of the event •getting married• should 

presumably say something about what must be true before the ~~t:cairtl1c.e place (e.g. in 

· the USA the ·beinfl'tittmr tnarrlld mdit ~"Of dtft~t~•'w:.r l\WH-aqlable age, and 

ne>t already bemarnm)."'fh~<ffdon;-a1'·ev~...p~don1shO&wfsptcity ~hat chan·ges 

as a consequence C>f the· etient - ·for "'glttlng nttrtt«t." ids ~ly ~ry to change 

the beings' maritaf Sta.ta•· and, tb lrtdlcate' thtt they ~~e new spoij~. , ..... ' .· 
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One way of representini aJJ tbis 1" ~o .t:1P"•~': lt!· e.v"'t as tJle, .~Ufference 

between a "before" statf and an "after" sea~. So.~'-·~~e~~'9f :,,uiJ)g q\arriecl~,,w4J.uld 

specif_y the above prt!C91'lditions (dif f ~"1t ~~ ,._), ~. -~~; after-~.~ w~u.ki specify the 

postconditions (marital status is •map-led',~ .~)NJ ~i~~,t~ ·~c" "'PplQ¥h for 

represe~~ing_even.ts, in that the·event_(which..'°"·'~'.o(.t.'!O ~~1~';\~---~ •. ~ransition .. '?~~f/een 

them) is specified in terms of the two $,~&tic Jta~l. anc:\.)I\• nature.pf theJransitje>n is 
< , • ' ' • ,. ' ·~ ' :·, • ~ ' • ,. • ' • 

deriv~ from th~s. 

Another apprc.ch will ~e called the ·aynal'l'lic" yp~ll: In t~js C>I?'• t~• q~f ore· 

state and the ~l'\Jit.lon -~ sp4'cifiecl, apd t~ afl,«-~lf, .jtlt. follows as.,~ .CQll~•D~ of 

"doing" the transition to the before-state. The stand•rd '~J,;of do~'lg}hisi,s to .. h~ve the 

transition be some procedure which is execu"9 UJ ~~~J,1'!.til~.~ore-~~C!:into the after 

state. Since the static. ~pproach can . ~ ~ sajd ~ ,speci£Y;• ~ure ,0fllp1U;itly~. in terms 

its ef_f ~ts on the before-scate), the defininl ch~~~~-,.OC t)la !d.J11aroit apprpacb wi~l be 

considered to be tpat the prQCld_\lre wh~~ sp~~'~'~e-:tm1siJ~Ol;l ~ ~ ~!Jck bo5;. The 

structure of suc}:l a Pf!JC~Ure is unimpQrtan;_ Ji~- '' ·~ ~¥ :~~~~~ed in the eU_~ it 

has~ terms of tra.nsforming the before-sta,te. 

This is h~rdly th• place to en~r a ~i~ssj~H~·qf .t~.,,p~Uosophical nature of 

events and the "best• w•y to repr~t them. Howey~~~,~·~ rr.sol,l;a,b~ to inclw;le some 

discussion of the technical advantages and disadv~t41es .~~}he ~"ic aac:L.~JR~~ic 

approaches. A major disadvantage of the static approach has been termed the "frame 

problem• [McCarthy Be Hayes 1969]: It is not sufficient to just specj.fy the ~Ufferences 

between the before and after states - it is abo n~y. to somehQ~ ~ecjfy that ·nothing 

!!!!. changes (µnless perhaps it is a ntce$Slry cor:a~.'1~- of the . .$p.ecified cbangl!s) .. for 

-- - ---~-----------------
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example, getting married· p~mabty does ti« chanp a petlOh's tex· (or parents, or blood 

group· - the lbt of .:what does hot tfaa'nge; i~ cteat1y foo huge tb fiPitatly inuirlefa'i~). 

The dynamic appraach does nett hate thil dlftliltlty sinte th~ transition 

procedure presumab1f trtows eiact1y: what asp~b ·or tht · befote.:.state'. to" ~11ange. and 

anything it does not touch !ir ipso ftctO 'unchangeCi.' ·ri<iwever, tf.e·'bfack~bOf natu~e of the 

procedure makes it much m0re difFU:utt' to reason abou't ·~~ents {a~ opposed. to just 

performing them). For example, using the dynamJc approach it is im~lble tc:> deeide if a 

given after.:.stat~ c°"'Jd hU,"1"esultec!'tr~m • giveh s~enf _: a"{5'. no{~61e to run the 

event's black-box procedure i,ackwards• in;an atterripr to·aeii'fe 'a:1tiW~re-sta~ ~hkh could 

have produced the given affet-state. · 

Given that the two approaches are goad fOr two dlfretenf things, an Obvious 

solution is to have both. T:he problem With·this is that'itlfs riot' g~nerany possible 

(currently) ta show that' i gfven trlnlitton procedure torr«'t1f iitlp~~ts "a · g:iV'~n static 

description. That is, it i$ 'quit!~possib1e thit"the dynamit ~siri~ti<J,n'Jarfd ,:ihe static 

description of purpottedfy ihe lirrit'oent'; ate! :'1ot iri:ra~t "~Wa1erii:J''T~ U1•&1re this 

equivalence, one either needs a powerful procedur.:.analysis IW:•'rui ~ 'i'f' the:dynamic 

description does indm·satisf1 'the static on~) ·or ·an· 1!4uatlt ~1''·~~ure-synthesis 

technique (to dertve th~ d}'n&TnlC dncription 'givin the ·static en~.· ifOth :af th~e iii' quite 

beyond the current state of th~ ·art. 
~ ; . ' . 

5.of.4 Arithmetic 

One c:oncept which th~ Current fbrtnulation of ct' hts t 'great d~l of trouble 

\vith is that of •number." It is poufble '(bt.it'quite un\i,~ldy)'to··~p'MJ:'~'~Wlb~:l·~~fefms of 
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.. 

cardinalities of classes, such as is done in· certain axiomatic fonM~~'~b~c .. It is , 
~~b.11-tt>f~~,~~t~~""'M!lft~o~Jl,~one in .Peano's 

,~~n~l'.,,-,.~.f~1~ .... d~f8•r~MJ!11Jttlite ~op~ral 

,, i(~,~~;(a~rffl'G.¥."M • .,_.t\rMMJ). .. :c 1 ~I•,;.;. :'.;•' ;; , 

.·. · ;J8:1~,~~ ~"'°-~ ~~-M._Ns.~,i~~e ~F.GC!'4Nfal• 

• 1. applJl!l\C~)JMMl,._R,WiJW!MMi\li .............. ~~-fA¥::the 

.... t.fJ~~."'M~;i'~-~,if'lt~tiMJ1ax1· .. 1JAo~~1~<ff,,Uaese 

r'Pr•~~f}.Gd;-._,u;f~~~ -.ilMl>iiAlilMM ... ~Mn•ic .. ~ of 

~'~~~·· -~~1S9'rr C.*'M' WlMfll• .. -- M,,-.~;111.i!!&. 
arithmetic. . t,, ~ ' ... 

,'.t 

., . '· .: .• ' ... ' .. ~ : 



6 Some Representations 

The· section· ·cttiC:tfftes ·seVer'at·r~~lonl'·in' tetm' ot··fhec· tssU.S· presented In 

section s. No tttetnp't is· made· to eXpldri; lfie dtttfi!ent" replesa1tations flt great deratl -

anyone desiring such details should ~su.lf ~e<ibtlt~flhyf'' !rtie reprenntatlons 

considered here are Choleft"fram those ~ ·~ tfata~(IJBW~ OM!ld's relational 

model), mathemattcal lagk .Aflfft-ordtr: prtiltb• aMWUJi· 4ilf'ihW :Slm9fition ·((luUHan's 

semantic memory), and ,.artificial ·.mtellgem:e; EP1ariWer-4ili •1~~ Sltnanti~ 'networks). 

This is a· miOrtably li!pretefttative'll~.·-bit.iUgfMiires•-*.,~tw~ ICfeaSi especially 

. ·1hose which. curretidy ·lack ·IUfffciently COfta'_. d~dil\ •tt'.(/M~RLlK''[Moore Be 

Newell 1974], and "frames.• [W1nograd 19'5D. 

6.1 An Aside: •Assertions• vs. "Networks• 

Before proceeding· with indivltlual discussions. of: each of the above 

representations, it is instructive to group them into two ·broad· dasmt .. those which represent 

data in terms of "assertions•· and· those which use. •networks.• S.JfltlA:tlcally, ,the difference 

between the two· is obvious: Network representations (such. u ·CE) encode their data in 

some kind of graphical· nitwork, while assertional representatiafti.: pnfer a Unar notation. 

For ~xample, f'igure 2-1aJa .a network representation for •the.sex of Jane Smilh is female." 

A corresponding assertional representation might be •(SEX-OF Jane-Smith femater. In 
I 

general, tokens which. appear in assertional notations correspond to points (often called 

·nodes i in net work. ones. In; addition; spresslons nested within assertions can correspond 

to network points. For example, an alternative assertional representation for figure 2·<fa is 
j •. 

·female •(SEX-OF Jane·Smitht: Here, SEX-OF is a fynsUon and the re1ult (Jf the 



function is represented by the whole.e~p,ress~9fl."L~~X-q~,p..a'°"~k~)*. 

Oiven thia kind or rather direct syntactic corrapondence between auertional and 

network notations. itis perhaps tempting to say that the only;}U(~~~-fbem i•·the 

syntax used, and that there ii no reason1.,GfJ>er.~ ~·l!l'r~:~~JN1• CO the 
' : ' '· '''" "' - < ~~ 

other. Indeed, when •network: inf orm'-ClOJI. ia tottr~. ~,~o I 1c~~~~er .the network is 
' - ,~·; ,:'; , ~':~' I,: -, "-• .. ;.··'' • ··.>~·.• ~ . " ' . . 

usµally first .en~ed in~ some ~!~Al'. nfU~~ !~ich"~rc~nl.m,.\ .cap. ~\J ~.-d·· For 

example, various parts_ or CE have ,b~~. !~t~'t'·~~ ;l,J'.' ~J~ •. wh~r req&Wu that 
• - ··~. - • : j. 

everything _be encoded u earenth~~f·,~~ ,r_t;ten<' .~.~ ~· .U&ion for 
' - ; ·. ' .. ·~ . . '· 

However. there !l more than a syntacti~. d,tf(•renc:tJ~~t'l'..,'l qet)Vorkl_ ~d 
:. ,'t :;..,_, ~ >' • • •• :' •"''; ~:. ir. ;> ~I' .~ •; .~· .. , '·' •· - '~'<'--.~"'· • 

&4Jertions when it comes to er~nl)hef"· .~1~, nOJatioJt~ ~.~ .. ~I ~Reql~ "' to 

emphasize the !2£l!c~nrJ«t'9p•_betw-,m,_thi~S,.,:•~4,t~~ ~:-.f~:(;epr~tations such 

u CE which operate on t~e basis of ~cing_ ~~--~ '-~~h: ~~&w ... pn t~ ~ of CE • 
. ·~ • ! ,, .. 

the local connections provide .. t.~~1 pat~ a~-w~ic~ .. ~'.}R~}•fld,t~re~cw.Gttaer • • _, •• J : _, " ' 

kind of processing). As~rUonal_notations, OR}~e ~t),~r. ~•O,d~;~ph_l\~-,the
1

~ytµaaic 
• • v ' :..··· ' 

patterns or_ the expressions - they are usually ,~~n! ... ~·~:qi' aeuern matching 
• :·,. ·', • ·.-.. .: ' ••• ,(o;l 

which compares two whole expressions at c:»ne ~~ffl,:"(~~.~ ·"'v~g co do it.i",:tenm or 
' c ' ·. , • ·::.:~-~:.~. ~:,,; ··~-. '.. ' 

local connections). or course, at_ so~ level _the,.~ ~tc~ iqust PM" ~1 CQnflectM:Jns• 
' . ; . ·-·. . ,, ',,; ' 

(e.g. the fact that two tokens are ~ual), but' th41 ·~,..,:. ii ... ~n,Jd ·~. thi$ lev-1 or 
• ,... •. 4-<. ; . • . 

detail. 

-
Thus in the discussion ~hich fol~~~,~y~ !:~!1.~.,~~ •network-based• if 

' . ~ . ·. . . . . . . ~" . . . ,~· 

they process information in terms of local conn~~-~ ~~~~~.u t~,~,the 
,, ' ' ' ' , .... 
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rather more •g1oba.-.connections provided by pattem:...natching •. 

6.2 A5sertkm·based· systems. · 

6.2.1 · ·. COdd•s Retattonal Data. Mocfel [Codd l9'10J 

· The- prHnittve construct in Codci's represent'atiOra 'is the flat N-tuple, and a 

relation i& a class ot st.icl\ N.;.tup
0

les (just as iri CE a binary relation is ext~sionally a class of 

2-tuples). The •s10U- in each tuple . cOntain atomic values (~ch as char~aer strings or 

numbers) - they do not p0int to other tuples:'. 'tllp1es are a~ via ~tt~~n matching -

the standard accessing . operation ii to ·create a new relation consisting of all tuples in an 

existing relation (or c~roduct of relations) whkh ~h.,a ·gtvel'l .pattern. The user 
I 

interface to a relational data-base consists ·of a high,.level query language, which gets 

compiled (or intfl'Jlreted) into a· seriel of pattern-match ~ 
'· . . . : . - , . . . ' . . - - • • ; .. . ~ ' -~ . f :. •• '.: " - .' - . , . ·, . . 

TI\e logical semantics for this' system is the •rerat10nar algebra;• which describes 
\• . . { '~ ' 

how relations may be rnurUngfi!Jfy stibsetted, projected, etc.· ·The procedural semantics ts 

embodied in ttte pa!tem~mitther which, imp.1eme~rs theae oper~ti~n~'.J Thus there is a 

reasonably ctose coupling betWeen the log.ical and pr~ral ~ntics:· 
. '· i..::.·. ; 

Ai· fer corisistenty checking, this an area of current research. Much of this 

reSea.rch is dev~tect to devel0p1nc additional represenra:tions · whi~h can · be used alongside 

the tuples. One reasen that. some other representation is rtffded is that the tuples 

themselves deal only·wjtf'I. ·vafue· objects such a numbers and strtng~ _:·there is n~ direct 

way to refer to real-word objects (such as persons). 

When per!otming additions.· deletions. or updates, it is necessary to do special 

processing to insure· tha:t the usumpti0ns ot the relational ~lgebra. are not violated. For 



87 

example, during additions it is necessary to check th~.g~~,1Wi»Je.JRt.l?' a~Hd ~~ not 
v 

, dupli~~ on:~. that)s ai,~~c\J1 tJ1er,,~, j)~r.,,g, .4!-~~Jl: ~ }~rY· .to,.~ delete tho~ 

tuples whictl. ·d~d ~:, tl)e , ~in.~~ Jr~,~ .Gf· :dffnd on.~ ~ltJ, ~urns 
out to~ quite con:'Rlfx,~~ 1,1.a ~op!C,~f.~f:~Af~, :.~:{ "· 

It' ts easY, ~ ~ ttl~t Coqp's ~ ~~pi,1~sr.,~·.~~~· ~It is 

consiste,nt.. because tJ,e ~~~{'!~t~~·~ ~. ,AA.f:M·~'~FP ~~h~f~ is a 

direct ~~ of the. ~ie&:J ~~l~ (t"': rt~~·~ rPti~r~~'~ rnaJ, be. ¥1ery 

difficult to show that a given implementation of a pauern ..-;~$ .~~menis the 

·;.··relat~~na! algeb~ (~1'JJJ,.,btp ·~~··~~~'.~._,,f?~t~~!M"Jeneral idea is 

.. , ,simple._ Al ff6 ~~.··~~ .. t ... ~~a,ti~\p~~~sft',,,~~.,is,~~Y',(W:'ls~U~g of 

.. a finite s.!t '[If re'~"~,~~,,,t?einJ a ~~~·,~~'Jt;£~~-~;~~,a¥~ .exh&tutive 

enu~tion_P,~q~e wtJ.1,.~ a~~~ :.·t 61 ,, .. , • ,· '.:l<i •. 

Now, the major limitation qt Cc:?~l!;:i~ ~.f:lt~f~;.~ ab"~.,ne J~F!lities 

for expressing general information. Since l~!ff~,,~~~~~~;~ll;.~Uon 5 

,d!f*ld in __ some w11y ~ ~~"~'~;~.@~-;~":~-~ ~cij~ss them in the 

. _ CQnfeJ<t of tt1,is r~~~~~· ,,W~tb. ~~~fft~~·~ Rf ~~y, .. '™fllr~~pl~ 
• ----. •• -'•-••L '"''_,,...·,. ,.,,.. ,,..._.,.,._. ,;o,-.,,.,-! .,, 

~t>.ove, ·~,other rea.tp9. ~~ -~ • :,~~J·~~ c,(~ ,ex,r~J~~~fency 

COf1~t~ts .~• that th~, ~,.atll)flV~Y• .. ~!1~~,'j· ffl ~i~~ .. /~iJ!!~r~wP.1'•ve 

a ~n~,ue sex. °"'. ~ '~~· or· .r~Je~. ·~ ~.l~'O~~ft~~%i:·"n ~ri~ the 

ability to handle,ten~J .. ~~fffl'~·fiC>n ~ t~-(~,,~f~'.a,tw.~{:£ and 

Codd'• scheme. 
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6.2.2 Planner-like Languages 

The Plann«·:fike languages 'are th4! tesutt Or one· approach for adding 'general 

information to a Codd·Uke \:fata~~se. These' langutgel'~~fe 'developed fo.r arti,ficlal 

intelligence applications. and· inciu~'l>lanner [Htwttt 10121 ... COnniver,,cM <:Dermott. Be 
I 

Sussman 197!1.:.COL·'[Peple ·fmJ, and Q.A1 £Rullis0n !t !1 lml ·itor pur~s ·of this brief 

discussion, no dUtiltttion Will'be l'nlde among t~ (fvett· tlic.i(h. sigritttcarit di(f eri!nces do 

exist) -- the dtseussi~1 ts in terms otttie·genera1 appr.ch, •. in •terms' Of sOme particular 

incarnation or this a;>proaC'h. 

There are two companent5 or these'represetttatiOfts .. l'l\e first •• an assertional 

data-base which is eisentlatly like Codd's. The c!iff~cefire nit~: tn Codd•s scheme, 

the tt,1ptes are <irm•· th~·a'.pptoptlat't rtbtwn, while in ~ aita~bases the app.:0.,riate 

relation is ·in• each tuple (by having the tir'st slot 1ri the tlJp~ 'be' the r.eJatM>n's 'name). Also, 

assertional data.-bas'f tuples may be n'e#ed. suc'h as 

·ccoLOR-<:>1 li..6tK1 tDARl(·Jh:rm·. 

The second aitnponent of l'CP1inner~fite r4tefertt'l•Ori ''h'andte~ ·th~ ge~eral 
information. "rhi's 'is"'done uling QititedUrat .atfich~ ~f4~~'~in' 1s~ion 5.4~2. The 

prc>cedures are attached tO patt,irtfsuch as 11COL~t::O~ ?X ffl"~·jw~'stldl :~ p~ttern 

is .successfu11y' nlatched ~pin;st'ln assertion·ir{tf\e ta~~:·& Pitter~~s vartabl4!s.(h~re, x 

and V) get bound.'to th'e appropiiate piece~ of;th~ assertl~ '(e.g .. X, .. BlOCKI and 

' . . . ...... ,. . , ... " ., . ,. ' . '.. ' . ., l i:;~<;)!'~, • ... ;,' '· .. : . . ' ... 

V • (DAR·K RED)). Thts btndll'ig precess is the way a procedure receives its arguments -

the procedure has access to the bindings of its pattern's variables .. 
,: ' 

Both •antecedent• and •consequent• processing are done using attached 

procedures. For antecedent pr~ssing, there is one set of procedures for additmns, and a 
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sep~te set for deleti~ns. When a datum is about to ~ ad(l~ -~,th~ ~~ertional ~'~a-base, 

all "addition" procedures an,ac;hed to pattero-. which "'~h t)ie. .?•t~rn-.~re ~~ecut;ed. T~ese 

; prQCedures may in turn a~ the ciJta·b~se.:Pfl"l~Jy 1 ~1~,ng ~!m'>PI.C:f~_r,s to~' run. 

Simi~rly, app.ropriat~ "del(tion• procedureJ.,,.ar, e~~~ ~llepi ~"(iat~rn Js .<i~let~, , for 

consequent processiOg, th,~e i. another set Qf Proced~~; fC)~ •"''fr.''"-~ .~rtiqns which 

match a 1tven patt,r(l. For eiam,ple. a COl),5'Att.t•nt pr~ritr•1t4,Ua~he~ t() tt'ie pat~ern 
., . ' ' . . . j . . -··," . ,,· ·' ' .. " ., '.)_ ... '-:::! . ". . '·. . . 

·(PRIME ?N). might generate the prime nwnJ)er((U of,J~C:•¥.ffi,~ml i~ftasib1' .t~ store 

them all dir~1y as ~rt~s of the form (PRIM~ 2~. C!~ftef E, 3)!,,(J!~l~~; 5), etc.) In more 

complex c:u~s, the gener~t~ng,procldures can t~lves a~~: .the ~a~~-base, pos,~_ibly 

invoking other procedures. 

N~~· since. all processi~j within a s~~tem )~~~ o.n;i,,J>~n,ne~-:~~~~- langu~ges is 

contro~led' by the attached p~ures, the "p~ural; ~~~' o.,~ be)1avior) of the 
: • ' c ' ·~- '")· , ·- ,. • '~ lt· ' , . ~ 

system is de,termined by the user who codes these pr:ocedures: Tfl!I• little can be ~id about 
. . ... : ., ' ' -

a Planner·Uke system's behavior "in 1eneral," blcauae little?"-·~ said -m ~}9 about 
' ,<' - - ' - '. , ••' '_- { .... -

the ~~a vior of ~ny ,Pl'Oliamming fa.ngµ11e .. AJ a ~u~ ~ . t~j~, ;~tlere _.s, n,o built-in 

logical semantics for the meani~gs of the .a111rUon1. F~~i~xa~pJe, the .~ss.e.ruon 

•(NOT (COLOR-OF,BLQCKl ORE_~N))" ~.q1ean ~h~tb~~·- ~~ not green, !!.,the 
. ' .. '·· --· .-.:·.: . "" .· :, ,· ,· ' " . . 

relevant proc;edures have been coded to treat: ~OT~,~~ ·:~ Jts :~~~om.ary .mean.ing. 

Thus it can be very difficult to determine the'~' ~"l~.~f ,J~YeJ1&sserti~n, si11ce it 

depends on the whole. structure of procedures irmalled ii\ Jhe •Y~ .(which may be very 
' ' '. . ~ i ~ .• .... ~· 

complex). 

Since there 1- rio.1eneral logical se~ntics, t~~re ~!' ~ ry~,Jen,~~I way of doing 

consistency checking. AISQ, notions of "logi~; ~· apd '-i~l CCH'llpletene~·. are 
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inapplicable without a logical semantics. Consistency checking S!!!, be implemented ror a 

particular application by having the •addltl~n· procedilres do ~hatever checking is 

necessary before a datum ts actded, but this requires that !!!"the. information about what to 

check be· coded dl;ectly fn the procedures: 'Thus when ·ne\v cfied.s are· needed it is necessary 

to change an the releVant procedures, whic1' can be very difTicult. ···A~ it i1 impossible to 

do •general vs. gener11• c0ns1atency checking, since tlie general information is i.,_plic:it ·1n the 

~ructure or the procedures and is not dltectty maniputa&1e: 

Some Planner-like languages (e.g. MicrO-Planner [S0ssrnan !t al l970D handle 

universal quantitication by explicitly iterating through the set or l"elevant pattern-variable 

bindings. For example, the notion of •every dark red object• is represented in a procedure 

as a loop which iterateS'through all Of the bindirigi of ){ f0r a.Hertions 'which match 

·ccoLOR-OF ?X (DARK RED))11
• This of courie means that t.be class being ·quantified 

over must be reason1bly sman .:.. •every pers0n• wolild take too long, and •every prime 

number• would take infinite time. Ai a; conerete example, the query .; Are all draft evaders 

criminals?· is answered by enumerating all ~ 'the tnown draft e'ladefi and then checking 

each one for criminality. Not only will this take quite a while if tfiere are many draft 

evaders, but it requires complete inf ormatton a>ncerning exaetly · wfiO" all the draft evaders 

are .. Robert Moo;e [19'15] is currently researching the probaem of handling incomplete 

inf ormatton within a 'Planner-Hite syitem. 

The langua·ges (tA4 and Conniver do provide a mt!d1aniSm for handling 

multiple worlds. Each world-class (called a •contexti is implemented as a list of 'iayers.• 

Each layer describes the dlfterences betwier'l'itteff lnd ttte cof.tixt re!'tesented by the 

fo~lowing layers tn ;the list. This imptement'Ation rnakd it ft.1y t<i" (iiate a htera:tchy of 
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contexu without unnecessary copying - only t~;·:~ion• ~~ ar~ ,dU:ferent n~ be 

_recorded. Uaing t~ ~texu ~4 ~ a,pgrqp..- ~'J~Jt;\l,~J e,o represent events 

clpamtcally - 11 tverf ~~cakes a W~•M~~~M.~~•-ccant~t which 

is tile bef'~i w~;an.~~ 111.-1•....._'"~~~ t~c~~lllf. 

l;lowever, ~Uke.C~ ww~-cla~ .... ~.ffe'"*·~~ ~~~k.: ,That 

ia,)t ia noc ~U>r, to,~.Us!ficon~rfor !'~ ~,~ µ¥1•l'r ~ l>°s":ble to 

determine. wbetbcf_ qne con~~-is._a ~-Hr*A,~ ~'-~~ '!btfe U1 C.~ um ii 

-..ny .done (tty ~1-~at the fJrJC WOJ:klU.. is,~; .. q,~ t~~~>~ :· 
w~c" ~'··P:~r10. thl,tQpjcl Ustec:l.J•~---~~~:~~· ~n ~ 5, 

tt\e-ooly pnes ~hi~~,-~~-r)~·lik• ,~~.u~.-,~ _.,.,.. :~-~~~J; a;,elat~,.and ·~~~Rt~pns 

(such u ·An bi~s qp fJ7 •. ex~t a few ~-N,~~-~~>~· wJl,i'ta ~can 
' •. ·. - - - . ; • '' ' . . ,,. ' • ·-' l ,. -- -- . ; ". ~ . 4• ... ~ •• '5... • ••. , -- .1 < • ' ' ' 

' ' 

EJ(ceptigDJ cin be ban4~ U$iQ~ _th~-~t~t ~ <?~~a. 91ew.~xt from an 

old _ ~e by adding an. adpiti.9"al IH~ impl._ ~ J1'e ,~, ~ -Rr -~~~q~ JJ~e tt1e. Q~ one 
• 

•!$'11~ where expljc~ di ff er_t~~~~ are 1~~~. tn Jh~_ 11~,! ~Y~· N~C1('1 ti!!t the not_~on of 

_•aubq)ntext~ (i,e. ~'~~x~.gto."VP Jrom.an'her ~-1>7 ;a.~~n~.l~,taY~).):is 9uit' di~f,erent 

from the CE notion of one world~lus beinc a su~ of anoe15 .. ln .. C,f;:}~ftlubclass 

-r.nay be differer,~ trom,Cb• suw~u~y ~lng,~.(~.,~,.j~~~·,·mp~'!). but it !mill. 

be ~ns4Jtent with_ the-~~~.: (j,e, tJ may n~. '\npw cU(f~j.. c:)n '~ Plb~r ban~. in 

~· aq<a ~niv~r a IQ~~~-mJJ}~·~.ar~~!'f .. ~rf,..:~~. ~text. 
- ' 

__ Jn, J\.l~ro-r,7,. .tht rnajqr_ fllJJcUap~t ~~~~~"':~l'MP-_(~i_;~~ ~~'·"'!.~~.-Uke 

languages are (I) that CE facilitates consistency checking. and (2) that P.~aan,.r~like 

} '~ ; ' ' . .. ' 



f;.2.S First-order Logic and Resolution 

ln the format uAialty used by humaftS, tile primitives bf f'frst-Order logic intlude 

variables, constants. Boalean connectiYes, N-aty func:ttoft•· ;tt~g. SVM·OF(x,y)), N•ary 

predicates (e.g. OREATER·THAN(x,y)), and exp1idt .. ntififn (V 'al'fd 3). •1esolution• 

[Robinson 1965] ll the madrine"-Oriented intererite pt~dre ttHntnonly dSecl with first-order 

logic. It requires that expresstons be converted to~ c:Gnjunctiv~'tt0t'l'nia1 form,• which 

basically involves t~nsforining them to rem0ve the constants, the Boolean' connectives, and 

the explicit quantifien. Oiven a set of expreSSioris tn this format; the-'~ltrtion proctdure 

uses ·unification• (a pattern-matcher) to combine t1fO iXllting h·priSieris am! thus generate 

a new one. This new ctxpresslon is then added to the set ot ctxptess&ohs, and the unification 
. . 

cycle repeats. Usually, the cycle is repeat«l until an inconsistent dprewon· is generated -

as with CE, this implies that the original set or expfeuions wu 'inc:cl\S"fstent. 

Thus resolution Oike CE) iS otiented towards tonsistency cheeking. This requires 

first-order logic to have a logical semantics, and requires resohftlCJn 't0 have a corresponding 

procedural semantia - there are in fact f orma1 arpments which ·demonstrate that both 

these conditions do hold. Furthermore, resolution is kn0wn: to ~ M logically c0nsistent 

and logically complete. 

Like Planner, first~rder logic does handle general information. Unlike Pla'nner, 

the general information is expressed in the sarne manher. ll 'the specific information. 

Furthermore, first-order 1oglc can handle 1nconfp1ete· lnrormttl<>n ~ if is hot necessary to 

have information about a1t the members of a class in order co make itlt~nces concerning 

that class. 

So far. first-order logic and CE seem qulte Similar - &r is nciw time to look at the 



di ff erenu.. For. one. firat'G'Cler logic h~ ~iai~ fomtal clif.Iiculties with upre$$ing the 

notion of eq~Uty (i.e. identical ob jecU). T"- dtffku~iel laG.Jo var~ attempts to 

extf!Dd resolution to_hamUe oPF,~entiiy in, a~ ,nacwal. manner. IJl.CE. equality is 

simply a degenerate case of subclass, which . is. a prjmi&ive. ..,.._. d if-(4J'en~ i• ,that. f;irst-

" 
. order logi' can hapdle artthmedc (~ ja4eed. -llNNl Gf; mat~t_icl) .,... i_t· uses. tM ·rorma1• 

. app"*h d"'uuecl iA ~ 5.-t.4. 

. However, the ma..jor funwonal dtffer~ctt ~:ftrst-..der Jqgk: u•~ CE- lieS in 

CE•s UJe oLworJ§l! H first .. order loeie hu no.~..-4-GOP•t.r~t. T:llis male.ea it very 

.. diff icuk (if :not impGUible} for firat;,grdJr Jotic- te ,~ hieC'arehkal contexts, knowledge 

about knowledge, etc. Some Al reaearch has • ..._. OI\ d!M ~e Qf: adding worldt to 

. f ir_st-or(ier Jogi~ . notably by McCa~J.- {e.g"' McCarthJ k_ Ha.1t14'.l.9&9lt 7 this ts still a wide-

open area. 

6.3 NetwQ(k.-based system$ 

6.!U DBTG and COJOL 

The local CQMections in a DBTO net.work _[Coc:ia.sJ.I 197H ._.,... the access R!!h! 

aton1 which a COJOL ,PrograJa may trace in orcter SQ,,_ acoet4· to the. v•rious •ords in 

the_ 4aia-bue. Th•s thlo interaction channel (L& lJM .. ~ .tn whiqb the ·1oca1• data 

structures interact to make more •glot>AI• 9MJ) conal~ • .of :tM·:pat;"jcular CO&OL 

procedures which access the network. 

As discussed above with respect to Planner•Ukie: languagea,, using arbitrary 

procedures as part of the interaction channel IN&N: Chat»thertJ can·be.JlG general logical 

semant.iQ for the representation. That la. what a -pantcuJat pia·ef. ·data-sc:ructure •means• 



ts ~Hy 41p.-nc on ttw ·ctecalltd· behaVlor at ta.;,......'Whtc:tt access that data. /u 

above, tr a ~ IRkta flticE ...,.,..;fffett if ·~Me ·'m•ltan a seneral 

constttency-chetki"C .,~ ··f'er'IHtince·suctr a' pt atiit\ft'e~~ n.tl'tO'· know what 

the data-structUres man "' order to tetl· tf- tfM1 M Cin~t•AO; ltf'blT'C, almoit ail 

cons&stenty ~ing~ at the ~·fil'u'~j....,._;ot .,..) mast be explicitly 

coded into the particular proerams which- do the ~'ttt tmKt-e 'P1*'1nilrfike 

langng-. 't>&TG· ·1111 lltde ·provaton tor,.· proacl'ilfll 'attiliiMtiM!' Tftlt ·mans that the 

COBOL pre>gnms·ttftd to·~no.er·~······,..,. .... ~ h)··a··n&1"G 

tystem -- there it no WliJ ·to- ,,...latltattadt·.w ptoMdWft~w:ttte nlevant d'att·1as 

opposed tb comblning0 1h'tM &I ifHMe ..... tel!!ltam): 

Tr.ere are cW·COIWtae t'urtlferdtfM_.;~f~WCt'6tlW. ~tions 

(such as Codd's), but these are trrele-vant to comparing DITO with CE. Tfie'major. 

difference between DBTG and CE ii that vittually an of the lftteteatlng lnf ormation ln a 
' -

DBTG system (•generar information, tnformatien atM>ut wfijf ;ff* 5~ rnft.n. 

etc.) · 11 burled deep Within the partk:ulat COBOL procecNftl'~~ d( betng more 

directly ·acxessHHt· (ftw ,..,._or mWntent, chlcliftt, t ..... "ic.l 'tt 11 of course true 

that DBTO ean. dO anJdNftg that Cl (or ...., ..... ~ 1Ml4iit··~M' ~tt;.db~ tiUt ordy . 

becauae COBOL ii a TUftftl 'ilnWlrlM-~ .....,..:....,IJBT0-1tbl·iffry tittle 

',} 

&.S.2 Q.uillian~ aen.uc Memory 

On• .. 'Ot th• fint __.h1••d rtp........., ~ .. Iliads 8t&1J model for 

human assoc&at:-ve memory. TIM J\•~ Me~'cin,..•tt~ •..emtng 



·con~· (auch u ·4.·, 11
11)ef.t

11
, "•t", -.) i~ oy -.,-"PJ8$f8tiftl ··~iicms· 

(e.g. tbere might.be Ji~.~f!'tiog."~" toc~.·4.~:JQd·~._at.•.fU'·~~HJlaWJ' inqiqJJng 

that dogs eat meat). ThJ .mem~J At ;IJ.SFe4'•tw. c-. •·~"'•4,Ji•MHDI the 

shortest path of associations connecting them. Thus p.. · ~· a;.d .•meat,• the shortest 

path might be the one through "eat.• 

Tbi.J: ii VerJ '"""'h ill~ .,;rit 9f:·:p.l._ic'M: ...-~.i~ion •ts. and is not 

at a11 . .,...u. co be .. a nlPd~ Qf .mpr,.~r«d.::~~.t ... ,l.t ·.J,or,.""'le •. tbe.-~ve 

example: could ~· ~·-U·.A*.n c~t;~~ ~·;~~·.'-~;'~~·• meaflltJf:;«her 

than that of ~· ~ .. ti•·· NQ~ . .._,~. -~.~~~·s iy""1\ linds 

the .shortest path iJl. a..,.ai*'tcaJJr.~1~~·. T~~~~pro.pJCatn-markers 

along the links breadth first (in paral1el), starting at the two r~ t.oqepll r ••. ·and 

·~"). Titus ~e·Jllace wtaer.~two "-.V•·~ .... ...,.,.,.Rteld.to lie along 

·-he .sJac>r~patb l>et ..... ·the two,g~• icon.,_ .;l'.bl::,.....l~~ility ol this; lies 

in thef~th~n~"-accomp~J•r·~•: .... ia.parallet 

~ly ~·~~is,•.~tt WtUlllf'#l,~fh• •~· It is 

. ind~ ~e ~'It exempUI• IM>ll l~MAL-., •!' M~·of CE.: ,For 

~e,.,it does hav:e a kind of lofP.l ~lt~ ~- -.~.,~ '-botMll':path" .Gan be 

rigorously defi,..S in cerm1 of .. I~ .~1., D• ~ ~f.11.il ·atNighJfOJward 

(paralletmar.k.er prOJMg~on). and'. ~-4;089~4Gnr ... tlft1iltei~Ka-I J.ntt proc:tdural 

semantia lies in '~i ~ :parallel._p~•.-·l~,,_.111 ta .fi"dmi the1 .fhortest 

path. 

Unlike CE, the cr.itical aspect of Q.uilUan's scheme is the timing of the 

propagations ... if they are not done strictly breadth first thm the first connecting path 
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found might Mt o. .the 'fhorttst. · In CE, the ordet *" wffkh ttn.c• ~·done ts tuetnant -

a different onter may:-.ae l'iabet collttien to Gctufi*3f'd.,._ piil'ldia a C£ -.·but it 

itortly the~•Md ilt&ttil1,iA8tN~llf'~! : 

6.3.3 Semantic Networks 

Ha•mg ·iftti'm .... dte. llahd In explllt ~1«if 1!8'ks and nodes to encode 

meaning, q,nian. and ...,..tried·1it'app1J·tlidhWtW.kr lriilnltr1r06Jemi:'''Q)ft1Uan's 

· [1969) TLC ~ was an· attempt •;ac;i~·~iilft usmg··an ub!ritled 

verston of his Mnanttc··mem.ry. ··Ttat ~· CIGiWbta· W•dlA!ff!itfltidS ·or· ttnb, with 

different ru1el0for ~.-..-..:,...,ihtm: ,..t ...... ftl'dtftioftt •h n·the 

abovt •mftt1 ftt dop.~ 

' . 
19751 OWL [Martin W7tl·•ftld la1t1"'alitlltllJ "*•'~:togac.l~lfts. This 

leads to cOftfutrons •h -u tftt :'.".....,,, qut .. tffteatroft~ ·~ 1ttt'· Mctton ''5. The 

•prowdarat terhantto• ·n.r a semaittic '.1'etwen.: s,.nrM taiMli'W- ~ied in some 

complicated jlt«:edw. ICJr -travealfftg ttte ~. ftldNt''laW DIT-8-:·~att~ertglnal 

idea of we1...r1nect paralW1niatler:prepa1*Udlt ..,..1to·ftaw..,. ~;as~'too 

Ued up wt th • vet'{ mive ••. of MUrophfitelttt,· lia-Hat W. iftftftg' ·cm< how· tl•tngs 

shoutci be- reptewntld ~n· a atMpdtft.·" ffim~1'lteiittewpefMtlC'SE" *tfMPts ·to striJw' that 
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· 7 Some History 

7.1 CE's Past 

As can be *" frQm section 6. r~rcb on CI hu bee.n in,f luenced by work on 
' ·• .. ' ::.i..· ' 

mathematical logic _and by work. on semantic netlltotkJ. Jrom ~ht~lic;al ~ic COfll~ the 

emphuls on having a well-defined. semantics fer a.II CQDSflUctL. Also, a. C4. •World• is quite 
' ·" ; ' ' ' '· -· :: ••• > 

similar to. a logical •lnPdei • the. major difference b~g that JO k,>gic the models are not 

themselves manipulable objects in .tJle rtprQen~n, w,l\ile i9 CE the worlds are 

manipulable. from semantic: netw~~ research. co.neJ Jh• ld'!a_ of par-.llel marker 

propagation and the idea that everything should be spectf ied in terms af local connections. 

In addition,· the work which initially interested me in the idea of doing •semantic• 

computations using networks is Lamb's linguistic research into Stratif icational Grammar 

D..amb 19aa, 19691 Much of the philosophical perspective which 'underlies CE is derived 

from Lamb, and so are some of the notational conventions (e.g. the symbol for CE's 

partition constraint is the same as Lamb's •ordered OR.1 It is clear .to me that without 

Lamb's influence the research leading to thiJ document would never have occurred. 

7.2 CE's Future 

>J mentioned in section 5, CE can not currently hand:e events, procedures, or 

arithmetic - one obvious possibility for future research is to extend CE so that it does 

handle these. Representing events is currently one of the hard problems in AI research -

the clean semantics of CE's notions of •world• and •world class• may prove useful here. 

The appendices deal with several topics which are not as well worked-out as the 

body of this document -- fleshing out the details of these topics c·nnding,• 



98 

·implementations: and '\nowledge about knowledge1 ls another task tor future research. 

•Knowledge abQUt knowledge• is espec:ial1y promising because this topic concerns itself with 

the' relationship' among different wortdi(the •ttafworta,'""riie ~i;;ihtth tepresenu some 

person's l>elieh, etc.), aftd CE is •·repteientattcMf1n·\tihfdi af11 e'isfto:.:m:t~·:ritts ·about 

worlds. Tandtng• ts t toplc Whttta ri&st bt wot-k1d O&it in ~Jae&it1tfi' &ct« for Ct to be 

practical tor reahiata.;base:·appUcations, lnd Jn.its of "'ttll-rlfjt~· ate df course 

always important wh~ ofti·ia p~hlf a ·i1eW·tW.,~ttoit. t ~tM tf.i~ ct :IS'a system· 

which can tn raet bt built upewa by myt.tr Ind ~lnchiiit ths;H&' just il pretty toy. 

;<' .. 

• I. -··"}'· -:" 

.. ,.. . t·' 

! ' 

/.' • < ·' ... 

-' 
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Appendices 

The body of this document is oriented towards consistency checking, which entails 

the ability to answer •yest no• qu~ries. This appendix brif(Jy .di~y,es thr" tt:ehniques .for 

handling ·rind• quertes, which are queries of the for~ •f4ne1 aft 'C>bject.J 'x':such that N .. • 

• 
Within the CE framework, the starting pqint for ~,~ch a. query .. is to: E!f!struct 

(intensicn:lally) the class which. ~nwru all the desired.~ and Jba, so determine whic,h 

objects are in fact in that clus. For eKafllPle. "FiQd .au t~ clNldr!ll,l of Jane. Smith• would 
I 

be answe~ed t>y COMU'Uctiag the taSS 7.' in flgt.&te 1'·J ~ th19 ,fJ~ing all the objects 

which are constrained to be in 2'. Clearly, an ot>jtc:t is.in, i· if:-.llf'.ld:.onlyif it is kno~n (by 

the data-base) to be a child of Jane Smith. 

The three techniques presented below are different ways of finding.~11 the objects 

. in a class sue~ as 'Z'. , Of cQurse, if the .query is •FtllCl t!l!:e!. ... : then the ~Find an• 

procedure can be run until the fi,a abject :is ~«Ind (after ·Which the pre>eedure can be 

halted). 

Al "Find the .. .- using Object Identification 

If it is known tha.t the "Z• class contaW tJ'.aajy PM· ob,,ject, then finding i.I quite 

simple. Figure 2-6b shows an inference for "Find the sex of Jane Smith: Here •. the ."Z· 

class is the object-class 'x' (which is constrained to ~n the si~gle .1ex of Jane Smith). 

Starting an ··x· label from this class, the goal iS to h;we '•( iQentified with $Ortle objeet in 

the data-base (in this case, 'female'). AJ described Jn •tican "'' tNs, •deRttficatffMI occurs 

when a • +x· label collideJ with an •-rem.ie• .label.- th.ii "'-' t"-t· 'x' and 'female' are the 
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same objeet. Thus the label propagation procedure has found the tingle objltt in the "Z" 

class. 

A.2 "Find aft •.• • · mtng SuctiOn . 

When- thi'T ct.• contthts more·thm a:'SintftebJllCt;;tttere is stiff a sample 

techruque which catt be Uled'todo'the1fimlfMI. ~trftgtlft"M'Utd the ~y -rind all 

redwoods.• The. bdc Idea ·bftrfnd-'the "'sutaori" .,.-lqdf~tl t0 ·ttatt a 1g....1ec1 '•~· 

label from the -z· cli.ss fin tiffs clse, lleDWtJOl)S),·ancUhlm 1t0te·~llthe Obji!cts to ~ich 

the ··g0096• p,,...atel. fft >l, U 1t~~lear dtat'h ~,,,,..1Jropapte down "the 

tacx0nomy using rUW<pt) · untH ·tt riithes a11 tW<lejeda ·*t w ·blrtant .:(tor exampte, ·the 
I 

objects which a1'! the known' S«luo&a NatiOl'Ml''~· ~- -1hete· llb)!tD'· 'are not 

shown· in· the ftg...,-e. ' 

· It remainJ (0 be chMonstrared Um all fM'11bjina' ~- bJ the ·~· are 

indeed :in ·ch• "Z~ Cius. s..,..e·'IUdr • ...,. •• ·'.'~--- • ·jft: T~ Thea it 

would be consistent to label -z· wlth "-obt Thu "-obf label could then propagate ift 1he 

same manner as the •..,ooe&• did, a~ thua reach 'ob/. Stnce an objlct-class such as 'obj' 
r· I ' 

can broadcast a;1 11-obf label, the 11-obf andthe 111•f-·Wiill:~at 'obf, tnditating an 

inconsntency. Thus tlw orftidtt auumptiorr dfif•ob"/ -was- nat :!ft ·~ tt ·false, so in fact 

ev~ object rea~ by the ·.geoga• rnua"be:ln ~'."!"' clai. . 

This techntrpae is calfed ·-.utti0a1•·'bec2U• the· T clafs .rids t'Jat •.•rtabels in an 

effort to •-pull Objeetl tftto. it• ffntng!tlone'a sudmn 1.-ahrWR*; t'1' user' is left with. the 

probfem of' deterrntttlng -wtde!r hta'"b&R Objects 'have;IJIN!lri :raltf*Mij the •..go<J9if'. Prom 

the user's point of vlfw,· t'fN'.dlW-1>a•·COnt&tt 'Ota bta'Ck 'kr'wttti ·.om.· classes being 



IOI Appendix A 

accessible as •terminals· - the termina,ls consiJt of all the classes which the user knows 

something about In particular, the objeet-c._ All whkh tt. wer is interested wilt be 

among the terminals. So, what the u~r need1 .tQ; do 11 · tQ. look> .at i.11 the ,obJ«t·class 

terminals and see which ones have the ·~·on them. Of course for• large data-base 

the user will need some sort of aut~c monitor ~·. ••~4M ter.miJJals and signal the laser 

when an interesting label (such u the •-g00e&j arnves. k·it;notdlfficult to see heW such a 

monitor can ~ conatructed (either out of harcl.~ Ol' •~part of a.CE sptem simulator). 

A.3 "Find au ... " using Reflection·· 

The one pro~lem with suction ia ~t it it verJ; iocomplete .... there are many 

simple. ca.sea in which the ~r.d ·~11 beflocneJ· blocked an!i can. not propagate far 

enou1b to reach the relevant object.a. figureo·~·2,8ows a simple~ ot·this. The network 

above the dotted line states that Jane Smnh is a child Qf Mary. ~th. Alld that Billy Jones 

is a ~hild of Jane Smith. Now, ·the query ii "f i"4 all IJ"lfldchiJdrtn qf Mary Smith: The 

network .below the dotted line constructs the class 'Z' to be the,chttdr«n of the. chi.lclren of 

Mary Smith, and th~ task is to find all such objecfl ifl''Z'~ Gkerty. 'Billy-Jona' is an object 

in 'Z'. To see this in terms of label pr.ptions. just start an •.,amy-jones· Ja)MI from 
' 

Billy-Jones. By applying rule (b2) twice (a.long wUh rule pl) and then rule (bl) twice. a 

·+Billy-Jones• will propagate to 'Z', iadic:ating thal Billy-jonel i•.-in<Med in 'Z'., 

However, suction fails to propagate a ·-· label ffPlll "'/.' co 'Silly· Jones'. S~arting 

from a •-goo97• on •z•, there are no propigation rua.a whidu:~n be appUect What is 

needed is to start from the other end - some mean1 . .is.~. t.o nave 'Billy-~es' st~rt an 

"•Billy-Jones• from i"'lf. Al described in sec~ 2.2. it is infea•it>le·to ~ve evgrx objeet· 
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. clau in the 4ata-baM,._dcaat an •,.• label, un.- tNI: WOUid' swamp· the system. · Tlius the 

· goat of the~··~ i1\lcuawtr•:.,..anmwtiof:utlifhlm T'Whtcft Wltrreach 

che rlltvant ob jtca(llldt 11 'ai1r,-.JeMt')'Sftd ·fmll*tlrl6iftl <I·· the· ti'relnant and :too. All 

ob jfttl reach«l i1y thil label' wtl theft reAlict .kcl ttiiltt • .r ~ · kn<f· l'htn onty rtle anes 

whkh ar• rruty itt T:wll ....._Hylflave 1·a·~~ti1Nf~ twT. Th•fls, me liiftial 

label ·ltftt out froM ~ is ...... co.._ a .... n...,. -~.·-- {nlattft to the' size of 

the daa...,.)rMd tMn't'*9tsttea.4o1Jjllll'tlt..,,,_,~ . .:if1 T by ha./ing 

them broadcast thetr ·.·.labels. 

The ~d scage of this proc:eu is 1.tready wetl'crlflnecl "'* as dexribed in sedion 

2.3, an ob:ject-clan;.,_..., • .-.............. .,,., .• tit·Mcfticfby any other label 

(indudtng the' one liM tut frem:1T>.: ft-Hnratffl to ..__...,flnt·Wlp--~-taW 'ta be 

aem out r·rom CZ';· TMslRUlttM·a.Wtypr.r ~"'fMw,.••, r..,,'and·-·:.~ ~~'be 

euily blocked. ca11,m•t11W·1atelthe-T 4ldrelf:,~ftle ~~. •.~, and"•.1abe~ tt*·"?" 

label M• no NW1 semanlkl - a'~ 1'billliill • ._..,., ....... ifrat ftwclass ·11 lornehow 

''··_..- ' !'.''::: 

One polliile p,.,..adon r11tt:·f•,. .·••-, •r·whei any·tonsettint dtitects a 

"?• en any attachtd'dasrpoiM. it shaull' ,...e a-'-P""'tctitl 'Or'1ts Other attached dlss

points. Thit rui. tGUbin;a q,u11an•tile "WaV. ,.,... . .,.~ ~'Prof*pttng eut trom 
the initial "r to tMf1-'Clat1 Wftith 'Is· aoiMltlid {tftitlil stat'h~,alnle) tO;-&•-by some 

path of con•tr•ittts an4 petnta. Stnce tfttf 'Nlnaiftt '6ttjed·{f.t. ones ln -z·> must be 

connected t0 ·-r ·by ·!Im! Mh IJlldt, tldt·~ ~ ·a..'ga ... ~ ·rd 'ha~e T 

reach eftr'J r..Want ob.Jett (wMch.;wttHMn· rtrlect b&tl:ftl·"'•"" 1a-.f t:lnfortunately, this 

partiallll' propagatieri rit1ec wil GUM tM T rcrftidtf:!mt 'poittf Urthe n«work, unless 
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the network is really two or more totally disjoint ones. That is, everything is likely to be 

connected (via some possibly long path) to everything else, so this propagation rule is not 

selective enough. 

The details concerning a more adequate set of propagation rules for "?" have not 

yet been worked out -- that is why this material appears here in an appendix instead in the 

body of the document. 



10. Appendix B 

B Implementations of CE 

This appendix describes three· possible i~pllment&aons of CE. The first uses 
~ / 

unconventional cellular hardware to do the label propaptiens .in parallel: The ~d is a 

·_ .» .. ::, ~~:t. 1 • !i~~;fr.~--1~1) ...... : ·:1~~ ~ 

modification of the r&rst;whieh uses an array or rnicroProc..ors (and is more feasible than 

· , · ,:i,-/}. ·· ;; '~~~.· : 1:'-: I ". 

the first with curren' technology). IThe third ~is one that actually exists -

-."''; ,, 

the label propagation~ are performed ustng an ordinary ~I-purpose computer. 

B.1 Using Cellular Parallel Hardware 

The bc1;1ic idea is to have each constraint in the data-base be an active processor 

which continuously looks at its attached class-point for patterna of labels which match the 

constraint's propagation rules. When such a match ii found, the processor propagates the 

appropriate labels to other class-points. Each clus·point ii a J'81ileer which indicates what 

labels (if any) are currently on that point Thus each constraint is a processor which reads 

and writes the registers corresponding to the class•poinu attadMld to that constraint 

The maiti limitation or such a CE machine Ilea in the number or labels which 

might pile up on a single ctua-.point There are bukally two ways to approach this. The 

first approach is to endow each point with a fixed number (N) of slots, each slot containing 

a pointer to a label. Here, the number of labels on each point ii limited to N, but the total 

number of labeg in the whole network may be much greater (lince each point may have up 

to N different labels). The disadvantage of this scheme is that each of the label slots will 

be several bits wide (the log of the maximum number of labels allowed in the network at 

on·e time). If this number is M, then each point requires N times M bits, and the constraint 

processor needs to be able to copy and compare these M-bit la.bell. This requires either M 
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wirea cqnca,~ing; 4'~h coo1tr&40t tp. ~h of i'J>O.in~. or ~ ~lt•p"~~ ~heme UJing 
'· ... ' . . . ' . . ~· ' 

few.er wirea._,Either oft~~ ••ter~•'iv~ is~~~~"~~.~PA~~~oieotf~nt_ to mip~_mi1e 

bot~ the number of ,~i~ and ~~"~flex~~ ~;~~ P~: .. 

The second approach allo'!!, ~h. f.~ ~~er wi~ ,ar,a4. ~·~p.Jer,.er~~sor~· It relies 
,_:''.i- i' ; • . ; ' • : > •, .- " ·., • J. I._~.,• ,. , '• ' • '\ ,. •" • 

on Umiting t~e ·number of different label$ in ~h.• entire .~9rt.. (~9i ~LO!J each point). 
:· -· , ·: -'·.,.. •' ·· "· h · · ,;; __ ._;,,:J,. ." r, .. >~ .. ~, ·;· • ~, '· , .. · ~ 

Au.uming ~ha! N .!~beb are allow~, the~ ea~h- "oint~.~ 1~1~. h• !,!i. 2N ,J?i_~.s w,,,r~ll of 

storage: Each ~f'el is repr~n,~ bJ, !WO f)!ts. WhC;lle f9'a!~.~t~ i~.Q~~te ~~·· •.•, •.•, •nd 
, . --'; ··-::."· -. , ·. ., : "· eo. :,l , ~ '~ ~ >, , ...... ,_ ·: ·1 . -- - '" .- ·.-" . ··~ ~ , , .. -- • ....,. • 

·none.• With t_~is scheme, ~yk)J_ a.Jabel. ~~·9:~! ~~~M!~-; ~IJ 2Jiits: ~the_ ~i~~ .~ing 

indicated either _by a ~in~er of ~,N .• ~~-~:~ "'*kil~~~~ ,T~~R"J~£~U,poi,1:'t§,.runs 

the •poin_t bus•. ~.~ich.,~t;td•. ''J9t .~•·n~~- to ~~,1 #*~~slf'CI •ri~'M; the 'il~liM of 
' •. ~ .- . - :, _.f 

and its current state is ·.·or •111•,,AAd vice v,i:.,.,, 
- . -. - ·: . ' . . . ' ' '· .. ~ ; "·"'' - .,· ··; 

. The p~~ti~i9" -~~~ints ~n~ the-~I" ,~'!~iftf:IA~9,-;!°'~!~ ~ kl).~~·- 1"~~t is 

•1nsic.le• a la~I (be~nltil1W:~~ onlX}~Jh• ·~~-lf:.:~"Nt;b\t:W ~~~iQtlJW have 

to be able to d,~~ a ~pie~ la~el f!'!C>Jf' :~~~<~~·,;Ii~.~ sy,slem 

must contain one ~~slot ~I ~·~hie~. ~~'"t~,~Jpr .~c~;~l - eUher, an 

object/world pair, or an ~~-P!ir/worlq mR1'- .l'llf,. ·~19~,,Prt,R( ,~c;h_,,.,label.,~ a 
), ',· ,,,,•. ,.'>:"·. ~ , ;·:.~•,...; •'.-•~ ,•.,;,:, '"_.'.,•;;l ·-,;i,.-..1,.}'.:o- ··~•··~'-·-·'l>.,l>f· .. ·,. ··•· 

log-N po~~ ~ the labe~ }".' ,i~~· label ~ry 'ftl~ iJ,,~~·"°•'· :'-'~r~. •rid·~· . To 

allow a~ .to this ~· :thei:e ~st)>~ a ~J ~~:, 'h'fih Bt~~1,the co,ra~~tJ e>( . the 

label me':"°'l for: ·~~ by t~-~ .~5!~.i~t -~: .. rhi, .'19· lithtr' ~ ~qrl~, ~ a 

request basis or in_ sonle synchi:cm~. ~~~~b-~ ~:~~~ cory~~t'ts ·~~J thrµ ~ in 

order with the proper synch). 
·;, 
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binary relati0nship constraints can nne@te new ~ 'Thtl. must tJe·· tartctled by. the· 1abel 

bus either on a request ·l*ltk ·or bjhlYtiig'aU. iitat.led fabi1'
1

~ij·.Tots ~"wtgnable 

ab.out ob ~t iden~if itationfancfabOut tfte worittJe>: · · · 'l 

Finany. tbere must be 'a procedure t~i\rowli.1• new ~iies whm a new datum is 
. . .·. . .. • ., .. •>· •. ·; t. . ; ' . ; 

added to the data-base, Otherwise it would be neceuarj 'to change pteces or hardware every 

.·' - ,; . -- - ; .'. - :,{ .• ~ ··<·.·· ;' ,· .e-,..-t::··~~· ... · ai_'. .. #., ~ .. ,·. ~: . '. 
the particulaf kind of pr-tmttlvt' consttilnt.WhlCh a.f'Celt.unpJements1. and ·tias fixed wires 

attached to I through 4 pof1't tegi~teri Whlelt' It. "ctwni•' '(ffie nu~ber. (,f pol~s .being 

determinect by the tYPe or the conStrllnt)~ ;N~. a'new''datdm"tl~·t0·t~'data~ba~ by 

adding some new cor:straints. A new ~inf ii •atdld; by '.a.it ... ; ·a.Hfurrently-unused 

proeesS6r cen or ·the . cot~· t)'pe and· 1Mt1rig• its ·ewnea • -~~1~' tfle:· ap~~riate other 

. points in thf · nnoi'f.· ~- t~' pomt are ·-UnieCi• 'it ~ ~idi~· ~epment ii.e same 

class and henc~ their ~istetl·n\usfbe' kept in,:thi S.'ire •'tes~c~ctiie·y ~ust b~ ~~ired 

together.• Now, figures 2~1r and'2~1h shOw such i ·~ire*~ lf~ a1'pa~"~~raint with 
~ - ' ' ' ' : ·. . ' -. : , ' ' . -· ,,, ('_ -- --~·- : .,,,~, . '" , ·: ) :, . - .' - ' , " - ~ . ' 

only one sobc~ss. Thui ·the tutt or •growirig ·a "1ffri!" &'tWftn two p(,int:rigiiters l:ran'siates 

to the task of aCt:ivailng eriough or ·tt1e cur1ent1f'~riu~ 'f,.~tiiJ.ttori~rl:iGii, to farm a 

chain ~ween the f'OJntt 'fhi ctiatn wf1fadii.,.fpfc;papb!·•W~1ta~ r~:,~ctl or the 

original point .. r~tsterl to the otlier .. · To' grow :the ~cl.a.ft; .~·4Jiii~'n-ii'~ ·~a~~· rrc>nr~ or 

sl>eciat labels which pri,pagate only th~~h'. unuted '~flartiilon '~st~~~ts J,~~. be-' st'arted 
, ,·-~~'<.L_ :.~':,,(: :.:; ·.·'i,': ',, , . 

from each of the original point-registers. The place where the t~o 'wave fronts first 

: - ,.. . .,;•_. -···'. ' . .: _.- ;'.' ' ,_'.-,·--~,,-_,,--·.:.:". ~·{';-,·:_~'.~-~-·~:-.;. t;''l._ 

intersect is then known to be. part Of the shortelt path.~ng'tite original points. The 
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unused partition constraint which is at the place of in~r~~ ~n~·~~~ itself, and 

propagate a wave of 11a.ctivate yoa,1rse1r• Jabali '1ack .aJa~I b,oth. wav~ f(onts. Those 

parti_Pc>n con$traintf in Che original waV,e fronn ~· do Sf! s;~h'~ .~~~~· Jabell. are 

not part of the cha~n bllf\l.grown.IJ\d tbus ~.unu~~ 

Of course. 19~ny .detaJ,ls still recoain. to. bt .workpd 9~ bef~r~. a cel~ular .·CE 

machine could ~ built. tv~ if cu1rent .LSI tecl\pology 4' ~ af the ta$k. 

B.2 Using M icrqpr~rs c·~ccive pagej 

Since the cettu•~ ITIJfhines propqaed iPov.e ar. ·'*Jf,k~y to ~x_y~ for a while yet, 

it would be convenient to. be able to UM eutffnt tec .. otpjy .. ta .impJ.mcn~.,,he CE 

parallelism. One way .to do thil iJ to:MimcrtU,_~ •tecM •pages·~· each .'fith its 

own microprocessor for propagating labels witlma ""· ~'°'"l'~ .lM!l~fk With QI a .page 

wquld be implementectu a Jlnlr.ed-Ust #WCtUfe.,so tt..:~ ~tgrmr.tipg wires in cellular 

hardware ~ not ~r~ Each .procasor hu a~ ~i~ .~.·~·a,; •~ve~-in ;uWition 

to a common •mail but11 
wll~h is ~ ta qpor~;(•,a~ ua119n) labels which .crOJS page 

-
boundaries. 

It would not be unreasonable with pr~t -~ to Jtave a ~I~ chip which 

contains the processor and the link411d--1ilt memor:J for a _,Je a>afi• These '•-1:d then be 

stacked up to make tl\4 ~-bale. with more dajpa b4ing Nki5Jo dn··stack as CM data-

base grows. 

----------~~-------
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B.S Using a Digital Computer 

A CE systePt hat been lnlplemented to provide tttenda~-ba* and the tew-Jevel 

inference capabilfty for .tM ;'MACSYMA:Afiaor• CGenftfiihf1"'1i:·.11AcSYMA is a 

very complex system for doing sym.ttc 'l'MtHm.da~ Mwl1ltte5actt1sor is' a proposed 

subsystem tO aict users wMii· thef need fietp. Tbe '*·wil ~ \¥>1th the advisor in 

more-or-less nauiral Engtbt\: The advilOl"·:u.es· tflt·tn,~';~ iffit ~iitory of the· user's 

interactions with MACSYMA. and the advisor's own knowleqe about MACSYMA in 

general and this user in particular in order ~f~ltr'ad~.···.,,...:'advtsc:ri' conSis'ts or 

an Ehglish parser, a high·lie~el 'problem dver. ana:-. ..,_M1 tiara-base and inference 

capabtllfy · (f« which: OE is used). 'Thi data·base mna.tn; .-.ttatty a11 6r th~· ad v"4>r's 

informat.OO·about f'fAC&¥M~:ifta'.Uout thleuer;; · ffe6ifte1• ... •'tllat'tM!.ti dkta· 

base wm contain aboUf 20ooc·conlniriti. I !i .: . ' ·; 

T·he CE systfm· tfjf!; for the advt.or Is' tmpfententetf in· LISP without any 

multiprocessing. 1>~ ilsimulilW·byha\1n&"•'priiWtty- M'pf¥ptions ttj be 

done, With a sequential ·syitemf·it:iJ :Wrf·ilftpeftWfttf>to1hli"VI iW8 Mutistks fbt d«kling 

which propagation to do next - doing them purely breadth--flrst (as parallel ;hkrdWare 

would) is quite wastf'ful' Two or· me het.triJtacased 'tir.'' .i ·. 

(1) Propagate•+• labcis in pret.etenc:e to:"•• onft; For eampli/tt is Muth· less ~xpehiive to 

propagace ·.'*: labels .upwa'* in ·a ta•onerny (mdt· ti AgUff'" tfint'nrte (pl) than ·it ts to 

propagate •.• labels downwards using rule (p2). luically, this heuristic says tkit is ulual1y 

more informati\e to kn9W what '°'1\fthing !! as opposed to what it ls !!2£. 

(2) Propagate existing labels in preference to generaun1 new ones. This is a useful 

heuristic since the implementation is limited in terms or the number of different labeb that 
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can exist at one time. In addition, it prevents inferences from wandering off into long 

nestings of relations (caused by rule b2), such as "my father's briJther's political party's 

candidate." 

There are other heuristics which will be described in Genesereth's report on the 

advisor. 
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The probfeihS: lrttolved: wtt11 tepreMttthtg· 9klact#Wge 1bthtt kncnvtedre• are 

interesting both technica.lly and philosophically; they are also quite dirflitatt. - This 

aPt*ftdtx showi ·w1om'e or the»,. .. Clfr &;1.w.rt.t usmg'~ CE ·workr 

construct, which allows explicit statements to be made about various worlds (both phyikal 

and metaphysical). This appendix is divkled into five ltCtionl: The first two deal with 

"belief•; the third ar.d fourth deal with '\nowledge• (i.e. '\rue• belief's); and the fifth 

briefly discuuea modal logic. The exaanple used thl'VU(hout this appendix is the following: 

•Bmy knows wt-o Jane's real father is. and she doesn't know that he knows.• 

C.l Belief 

To introduce the idea of "belier,• this section uses a simplified version of the 

above example -- the full version i1 Uled later. The limpllfied version is: "Billy believes 

that Jane's real father is John, and Jane.doesn't believe that BiAy believes u.• Figure C-la 

represents this using CE. 

Region (a) of C·la states that Jane's father is the object 'I' (named acronymically). 

Without having any other information· about '1' (which region (a) does not). all this says is 

that Jane has a unique father. 

Region (b) states that W-JF•J is the class of alt worlds in w~ich Jane's father 

equals John. What it literally says is that W·JF•J is the clasa ot all worlds in which object

class 'jf' is a subclass of the object claa 'John'. (Al has been mentioned many times, one 

object-class is a subclass of another if and only if the two ob jlCts are the same.) 

Region (c) defines W-BILLY to be the class .of all worlds which are consistent 
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with Billy's beliefs. Of course, the relation class 'IELIEVES' has no a pa:iori meaning to 

CE (ju.st as 'FATHE~:-rOF' <iqes not), ~'fl ik~~,~au..im~,,,t,~t,the, uJer always uses 
' ,• •,•. 

'BEI,..IEVES' tom. Cl>e re~n ~~~M ~jy;p~l~a"4;;:aµ.~h~ '!'Oa:~"'Ob~ ~~ich 

are con.sis~~t with tl)at individual'.s beU~fs. ,.:Tbe_~~';l\ELJ~Y,~~ ii of. CO&JrH arbitrary 

and i.s n~ paa:t of. tlt•.~·~~~se in apy. ~~:'. ~:::. the i"'BO'."l•~ •W:~ctural teau.1:re of 

· ':BELIEVES' is that all rcferenc,s ·tO·Q indiyjqual~s be\4.CJ,art ma4"1 via thJs clau. I 
~. . ·' _. • • i " . ' ''•, ·' ~ • \ , ' f •• 

, 
belabor th~f poin~. only ~o ~ptl&liJe:~~1 'JAl·A!l~:l?llfB i~~uffd ...... '~ELIE YES' 

. ·~ - ~ . .~ "' . ' 

'• 

Region (d) states. f:hat :Billy. believes. tlft ~e't'.. f\f~~ :~ JotuJ. Th~t ~~.,very 

world in W-BlLLY (te. every wo~Jd ~onslJ~~t"w.4h JJUJ:,J ~el)~f~)· ••also~ w~rJ41 in 
. . I 

W-JF • J (i.e. is a world in ~hich Jane's fatht( ~~Is J~n). Aa,iJp~t~o~ '" tM use <If the 

subclm_c~maint mea~s that W-~U.L¥. Js gMfO{ ~~n,W .. ~J.~ :&illy beJ~vu !! least 

t"'~ ~·s father i~ Jphn, and he ,Qt,y ~ve Ql,lp,tr Chiap,., ... 

RteiOn (e) adds the constraints that Jane does not,..'-"• taat Jilly. eelieve1 Jhat 

her fat"- ii John. ·~ 'Vith W-BILLY, ~ cas.. W·.)MIE GGQ~6 •II wwJds which are 
--. ' ' . . ~ ... . . " ... . 

conSistent w-ith Ja~•'.s .. b~lief~ TJie c~t1W-~JJs aJl ~orkla,m. whkh.&illy believes 

Jane's father is John (1.e. all worlds in- w~ici.::W·l~Ji.~Y iJ. f&f01li'1' t~n W-JF•J>. The 

ptrCltion ,constr~int then incans that ,there it no-c~-ta, W .. JA~. whi~h ii al•o in 

, W-BBJF·J (t,e.the twp ~lasst~ are ~tu•lly::exCi~vW, T"-JJ.1lim;1.9' ,!Jane's possible 

world-views allows f k th~ po1i1ibWty t~t ;'1S.ijlf ............ •, ¥ete Hteraliy~;in every one of 

Jane'1 wgrlcils iti~.tb.e,(.a5'. CiJ•t. W·BILJ.,.Y; if·•~...,... ~W~Jl·J•: That Js. in a.u of 

Jan~·.s worlds there Js.fQIN .world in :W .. BlLLY _...,.. •• W· JF• J;:10 Bdly hu at least 

one. possible. watld in which. Jane's fat~u Df!l johlt.1 . . , 
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C.2 i believe ... • 

There~. one remaining··pfbbtentwith figure C·la. 'Rtgioll'·(e) states that in all of 

Jane's worlda it ts not the case thlt W-ll~L\? ts a sutXllis'tK W;;Jf•J, while region (d) 

states that in !J! wertas it !! tht case that the W·BILLY'ls' sutk a st.ibCtass - since the 

subclass constraint in 'tegtori (d) is nofte1atfvized. it'ii~~·fot· all worlOs. Thus it is 

necessary to relativiie ·regton (d)., Wetl,'W•IBJF~Jis· a1ttadt·'·d~thid as· being exactly 

those worlds in whtch the s\a~li ~ t\lkb: 'htus tl\e. subdasl COl1slraint in region 

(d) can be deletai, and something new should be conn~;M W-ii.Jf~J ofhe question is, 

!!h2. is the one who. t>ettivei ·tf1at. -11111 belit~es. ~.., The ariswet ts' t~( the data·base 

believes it. Therer~· a Wbrtd"Clasfis ·needed ·to teptesent · thf data·base'S •point of vt~w· -

call it T. Tken figure C·lb shaws Wlilt slaould 'be· added when r.lon Cd) is deleted. - it 

states that I (the data-ba'Jerbetleve tha-t:atny Wile~~.' &&viOraity, the etas$ 'I' is -~sed, by 

putting a "+inf" label on it as -part or t'M initial 1abelfng. Tkis enlb~ wftatev~ is' a:~ched 

· to 'I', aud1 asthe 1W·BB'JF:-J· · 

Now in one sense everytl!inr in tfre data-base' iS qijattf'iecf by i (the data·base) 
' 

believe 5uch1nd-such• - afrer all. t,_:.'cflta1o.'** 11SW can :~~v~t!d as 'being an , entity 

with a point of view, much as BfllY. ·and •jane'tr!'; :ne'reamn' , •. needlng' an explicit 

repreaentation for i (the ata-0t11r ts that it may w ~rrfO repttsertt oth~r }>olnts of 

view which con:fUtt ,wit* the ckti'-base's~: lr(tfie abott ~ample, J'ri'~s p~tAt df view 

regarding 'Billy'1 i>eUefs is diff-effrtt from ·the cfa:~tme'S;iaftd ff\h contllct ls what 

motivated the intro(~aion of T in the tirst piatt1 · ·By htVfnf VI expltdt T, rhe data:;,ltase 

can keep track of the dtffertne:eibetween facts ft tteuevea tOi>e~iri a'tf·wortds (including 

Jane's, for exariple), and facts whidt it belitv•to·h R'*Gtfy'fn"itiwlt'tfOtlds. The next 
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section deals wit~ how the c,Ja~7base ~l'l. r~r,"'nt. titefact c~ ~pe 0£ .. th~,tTiany worlds . ' ' . . ·~ ' ~ . ' ;. ' ' . , .. ' 

are •true" and the ~. (like J~e~s) are ~9£ tru.e. 

,The sim~.lified v~r~ of the ~l.l!W~· r'.Pr~tf:P in J;Jaur:e ftzl.~ deals ~nly .w.ith 

. "beli~f·" How~v~r. the. origf~~I e~imp'e ,d~.11 0 \lli"'-~k.MJVl,'41~" ~- ~ot only does 'Sl11y 

. ~liye that Jane's fa~~e~ .••,)Btin,_ he~ ~t. .• ,;P~~~-~'"to .. ?:Y· th~t w~teverthe 

data~base be.J~evea 14 r ~~r~JY "tr~e· (•t .~ ~2~'f, ~~the ~'ttT~~ ~ ·eof't,erned)~ T'1is 

is quite reaso~abJ~ - "'ter aJ~. :~ow. ~kl. ~he ~'f~flt.,.t.Y~ ;~Jis~ 1,nytltingJf it )"ere 

in continual doubt about the validity of what it believed? Of course, there ma,J. be qse.s, in 
· .. ' '' 

wJiich it .is d~~ira~Je to r~pr,~nt t~e fact t~.~~~~~ ~~~f;~~~~si~rs,i~s'Jf to be an 

unreliable source of i~f ~rmati~ r~r~i~g ~i~ t9.pi~ ,-; . ~tlis~ ~ bt ~ndled by the 

•probabilit( ~~hanis~ d~ribed .1.~,~ion. S~t"~ in tf'e ~~,t°;f t~e ~~ov~ example, 

the fact that it is .y:ue .t'1at J'f,•'i {~th~; ~, J~ ·'-~: ~ r~~..,ced ,by Lid in& the. f rag~ent 

. s~qwn in fig~~e c;-1~: Now, both .J~h~ ~~}~~~·~ye ~AA~·P~(• r,ther is John, 

which rrialc.es.J.ohn'i1,beJief "t04,•; (~•r,ti ~ ,~~--.. ~~~~). . ., 

The p~~ ~.~~}~Js ~heme iSJ~t '1'ft~7-;~.1~f~~.~ b~:tfacfJX,that ':Yh~ch 

~~e da~7~ase ~Uev.es:; .It i~}'.~~b~, to ~y t~ J~ ,~"'.~·~ ,.b~J.j~f~ rpntain. 2!l!X. true 

statements, ~~t it is us;ire~so11a~j1!. t~ sa¥ lb~~ \~t1Jla(~~~\bt!;Uefs q>11t•in !l! true 
. , . ' ~ ()" ' ' " - " , ~ . 

. statements - the d~ta-base ~ai~lt~~ ~ot ~v~·~i~:!i,.~~r~tio* ~t every~ing 

. that is tr~,e ~n t~e univer~., ~. t~.e:.:.4,~~~~:~ I)~ .ttiv~~.~~-~ll~\~nf~t~ '!Jlo 

does?. The soluti~ i~ to !=f~~ a wo~14~1ass ~~9Pt ·"~-~·~9~Ja.~n all tfle 
. ~- . ·~ . . .. 

worlds which are consistent with •reality." 
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Now, it is desirable to retain the'lbove nottoh 'that eveiyttiing the data-base 

believes is true, even though the data-burs ._Ws dJ ·• '~pais ~11 truthS: This is· 

represented in figure C-2a. As usua~ the direction of the subclass arrow is from stronger to 

weaker: God's Detlefs (i.e. reality) are consistent with the. ctiti.-6ase'S beliefs, but Cod 

believes manrother things in additlttri. ·~·that w-ci:n:rtftilh'i be's0 str~g as to be a 

single object R·epresenttng W;.OO'D as an objett,;ttus'~ ~n·tll~t rl'od allows only 

one pesSible untve-rse. Atth01Jgtr'ttte issue of wffflthet ~·u\.uv~'is· iodne,.'or ·manr"'mtght 

be of philosophical ihteteft to sbme, lt appears'to h'lve rM> ~nnklhmp0rtance her~· - I 

have not yet f OUr.d any atsa for which rt makes a difference wh«her or' not W-00 t> is an 

ob~-ctass. 

Using W·Cotr makti it possible. to abstractly dilcrlbe two dltf erent aspects of an 

entit·y's •wisdom.• The first aspect is that mrytfilhg the entify 't;eueves is in fact . true -

this is shown in figure C·2a. The ~ aspect is thatth4' entity knows atf thfre is to know 

. . . . . .·· • ·•· ... ' •. ·:.;T ! ...•. , 

(i.e. an truths) •• this is shown· in C-2b. The combination of 'tftt. two of course means that 
. . 

the entity knows eKactly what.God does; Now,; ffds ·1'et&Otf ·or;'\bs0J\ite wlSdOm°'' is clearly 

' . ·-:- . ~·,1:', t '1.i·"' ,"J . ' 

not very useful -· often sorneone is Cbnsidtred tC'U~e wise ontf Witlf respect to a given 

subject area. o·ne prisslble sotlltion is to 'dlvid'e OOd•s llhOwfeap into·~eral domains -

figure C-2c divides knowledge' into the- domlins ot'"ac~man.ting; •f:n'athemadcs~· and 

•other: Th~. to say that BUfy knows everything there is to Jc.now'a6out. ~ccounting, the 

nerwork in figu"e C-2d can be used. Of course, ddrilatris sueh as "aeci>unting" are ~uch too 

large for most purp0s8 .- they ~n be further a·1vkkid·untlJ an"ippfJpriate siie is reached 

(such as "Bnty knows an· there is tO know about aceountirig. for rrie~geti u~lng the pooling-

of-interests technique;. 
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_Of CC>Mrst.:JIPt uaial che.nam•·w"!~COUNi'l~Q~doeH1et·mea:n that·the 

data-~ ther$J ~s whtl tl»,._ia:-:of,_~)lo' lt"mar be ~rf for some 

app&i~s.tct ~· W.-ACCQUNTIN~ . .,,... ... , r.riJ._..:.~ i :C.,ic f« fvture 

research. 

C.4 , InterWQJ"ld Object$ 

Th•abQ¥• dUQ11~of W~Qp~aot .... CO:;~'V, ffl'!Ch·ci,Artf,C{ft~ce to 

the example Qf J•'•· f•~ - tYerJd'ainl wc,l'U,~JlJ-~ng·ttie;~J.~iqn in 

f'igu1' C-!CJw•~ ·-I·, -~u~ w~ ~~ .. ~e, ~41· ~str~on 
I 

in.'!qJves the &$1~q»"6o".' tbat. the ~~b~,~l\P~~ ~?~I:~~- ~It. rr~e .. ~lft-;.this 

assumption cu.-. ,no diff~ ~ the,·~ ~-. .IQ ~ c~e~da~base .d(les. k119~ a.II 

the rellv~nt. f~ · tioflever. f#jure Ci.~ ~ ~-~;l~hl.oqglnaJ •wnPJ~< w1'ich 
I 

is ·B~llJ knows whc;, Jane's.fa:th.~ Ja ... • • .n,ot *BiJlr,~~nq,~ J~~·~:~~~ is,John: .The 

problem ii that Billy may know that,J•n''.$ f'1htr ~ ~q '9f:·~~Yer), ~~t th~ da~·base 

does not know· it. That is, there is an entity (Billy) who knows !!J.2r! than the data-base, 

which means that the data·baae can not be used u the arbiter of ~.th ... Thil is why 

W-GOD ,~t~~ fpr die e~ple. , · 

A rephfaainc .of the. rek~~q~ari Qf, tbe .. .xamplta. Jt; '~Uy a.u.v• "'at Jape's 

f~tr is: q!, ._.,d Jaae's fa.ther ~.in fact,~: T._Ja. bGth ljlly,A;Rd G,qd be~ve. tllat Jane's 

father ii Jden~I to. the obje:t 1
C1C', but~daja~-:-n#Jti:apw ~t~~ eU.,a~µt 'u'. 

Al .. a fjrJt ~pt &l:,1'P"""'lling ,Chit '".._1,ipp"e; Cio.1a.::~ is,~t to. rtP]a,,,.the 

relevant~ of c-aa. 
The problerp, y.iitb C-Sa is1hat, the ~J.tFt-c•• ·~(cu·~ a ~fcr~t .-~~anal 
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object in different wc;,rlds, just as tn· Npre 2-91 ~h•prtlidlRt-ef•ta..US' can be different 

people at different times. In pantculat, 'u•can ... fNreftlif'Or"Geit IMt Pot BtffY,·Which 

goes against tlt? idea that Ood &ftd ·Mlly shou1d haff-tM'!!!.!! 'u'. T1te"ftfkttton is to 

introduce a new primitive constraint, the •tnterworld object. constraint, the symbbl· for 

which is shown in figur~ C-3b. This constraint acts the same as the ordinary object 

constraint, except it a~ways represents the same extensio!fl ~ 1ri' au wdttds. Its Jat>el

ptopagating behavior is th1t saifte· as tM ·nortria{ 'dbjikt t:oMttabi'i' i'Ute;(bt) ;.., it broadcasts 

an ·-ob'r label. The' differen* is that cotUsiern tiltween sattr-. 1'bef''and a "+Objt• label 

can occur regar-!tess of ..+tether or not tfte !Wo-Wbe1r'haift .. nine world"'tag. Thus 

objects tn diffe~nt worldt ·can become idenfltiect with' each !Other. This beh'a\tior 

implements. the fact that the imerwortCt Qbjl(t (iri ·1n~t 'C!onstructtOti) represents the 

same extensional object in· an· worlds;~ ly mating th• 8'~~·;;..tc1• .n· ·tntet~tirfa Object. 

the example is completed: Th1' dara-.base knows.·th2:t Bt11f khOws ·the lder\tltJ 'ot Jane's 

rather, without the data.;.baie ittitf 1c.now1nr that lientty. 

C.5 Modal Logic 

Modal log!c deals with (among other thingl)'h' dtstlftCti0n between •necessary• 

truths· and •contingent• truths. A neCessary truth ·tr.Oif that' tf'tnti Mn the definitions of 

the terms used - f'or exampre. it ts necessarily ·true rtfar ~ff ero-. are tJirds, if w~ use· 1:>tow• 

and"'bh'tr with their normal mftitilf&'S. Ho'9ner. it ts only~ttng.,.tly we: that all crows 

are black ·-no tegn1 laws would 'be violat«f··if ·i''flit*'UGW .,.,.,timOrrow. MOdal 

logics are systems in which the distinction between ·~ry• abd. •toritinpnt• can be 

explicitly specified. rrnhJt sen•; CE can be· uted • .,,,, 1'ioc:t•f ·Wgit' 'Ptpi CL1a srates that 
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I 

all crows are necessarily birds - the subclau constraint holds in !ll e•kil evor19! .. Figure 

C--tb states that all crow1 are, a»nt!n1ently black_ - tbe au~ ~-~int holds in tltl! 
- . , . . 

reality. but it might n~ hold in. some Qt~er. Tb~.~Jh•,d-.ta~~ a11o,.1Jor,the f>O:P1biUty 

that in some worlds it ~igf1t not ~ t~'- ~_ lhat•ll c:tows !'re ~9'-' 

Another asp~t o( i:ru>,dal lo&j~ dtal, ,Wi~h-~otu.ts ~ as ·want,• as in ~John 
... -· • ; • : ' ,. ,.; • • .. c ' l' "· ,_ ~ \; - ' ' ,. - .· . 

wants _Jane to be with hin\• A rou1h tra~ of tlais jJ Jb&JJ~)),n ·~esi!es· a worlGl in 
' • • \ • • • '-. ~- • ' • ~. ~ ·, J 

which Jane is with him. This can be represented directly by -introducing a binary rei.~on 

DESIRES with the same form as BELIEVES - it relates an incUvidual to a class of worlds. 

Working out the decatll of this is a topk ror future research. 

-- - - ---------
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D Design OeciSions 

As With any research project. certain more-or-leSs arbitrary 'design decisions had 

to be made during the formulation ot, Ct in ofder that the ~k mtght proceect This 

appendix briefly dilcussa some or these dedliohf aM sorfte'.' aternatives to them. The 

main reason r or intludtng th ts appt!ndi1 ts thu, for certairf applications oi' CE. some or 

these akernatlve d't1stps might be prtrerab1e to tfte ones d~tG!d in the body of this 

document. 

D.l Other Labels 

There are alternatives to the use of "•", ·-·. and ••• labels. One such alternative 

is to eliminate the "•" label. The only interesting propagation rule which this change would 

eliminate is rule (b5), and for some applications thiS rule might not be necessary. Rules (b6) 

and (b7) were ircluded only for completeness - they refer to relations which contain only a 

single ordered pair, and this notion has not yet proved to be useful. 

If ••• is eliminated, it is necessary to reformulate the process or ob jeer 

identification. With •••• identification occun when an ••• collides with a ••• {or another 

"•"). Without"•", identifications occur when a·.· reachft an object-class. Thus the·.· will 

have to come tn the object, instead of the ·.·and the object'• ••• being able to meet "half 

way.• This may rrduce the number of object identifications -· whether or not this is 

important depends ore the particular ,application. 

Another alternative is tq add the ·-.· label. If this label is on a class, it means 

that the class is empty.· Here,·~· is a notation for "all objects: so•-.• means that all objects 

are known to b! not in the class. This label fits in well with the existing propagation rules 
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which involve "•" -- after an, "•" means that the class is a1mos~.~~51~1· F~r, inst~nce, 

since they ar~ ~-e~,~t'~~y ~'!lP~Y· J~.~ a4diJj~!l,H1._hOf~ipJJ mar ,,e of wse in _some 

application~ particut..rty wh'-" t"'re ,~t,~ many emplJ. ~· . , . 
' - ' ' ·• , ' , ' ';; • " :· - • • I ~ " •' ' - • • • - •' ~~ • ., ; •-

A further ~~native ~ ~o ~~- ·~ ~.}~ ~~&)•~~ iq,fll~_GI' of·.a d.~fferent 

scheme. The, ~isting ~bets au_rer,r_WJ$1P.77.~4lf'~ ~~.,?:n~~se4 in W~ich 
' ' ' ,';- . ' 

the labels refer, to ... ;i~~;~~ su~~: ~ ~' ~ t,~~,~~. 
~ ., , -

".-A• on a class •c• means that 'A' is a subclass of 'C'; . 

• ... A· on •c• means that 'C' is i subclass of 'A'; 
· __ -1) '.' ·'.~ i , .. ' . ~ , ~; ~ :; ;·,, L ,- : 

. In t~is sch~t ~4:°":\~rres,ffl~ .. ~(~Jf "'"u:·~~ ;f:iff1rf~~~l}O .. "~;~ !ind a - _,. . 

combination of."~~ ... ~d .• .. ~·.on .Fh~.~~"en~ ~::ff'~,, ;,.·1-;~~ «~1~.~:~~ ~MS ts 

known to be a subclass <>*: the oth,r)., 1;~ ,.p~pcton ~.~ f CJ.f, t~e pri.m,it~~' ~st~nts 
. · ~~ .' _;t .. -· ,,.,,_; :L , :"" .f ,.: . ':; .. _,_,~:~tC:') ~~'-,, : '·'~ ~1 ._ ••• , .. ~ .• - •. · ... -· ~ 

can be. mod if~~. to :hand.le th~~~ la~~ .app~r~~ t~ ,~~ ,~~~ ~~i~ sch~ _~et'n 

from th~ f~ct that i~ ~oes not ref er. to_ ~~,l::;fM: ~~~~~j~: 11 ... ~r~~r '€: ~~~ the i~~ of 

"object" (e.g. single-member class) can be for~~~ ~t, aH,: ~- .9l~er,. kind of .~abel is 
. ··~ ·· ~· .. ~:.J ' · '- '; '·,,. ,(.~pf ·.-.:-~· >-/·.; :..t-f1:-J ,:, '~'t:L ,, ..! 

probably needect. For another thing, it is not knowable whaher the c~ ~ifl&' referred 
.. · ; '""'<" ;~ .... " _.. _-,_,,, -:.-, .. ~,.·_r,- : .. :~. _.~ !.t;";._.J ._,::?~ .z~ r~ .. :;:!· ,r;:,, *- ""·c:. • 

to are empty or not - all the classes could. be empty ~nc:l the labf1s .wouJd st~ll prqpagate . 
. .... _ · , , ~ 1:~~ - -;·,:.. ~ ,·~ ... ~,.:· _ t.t""."~:1 ... ,;. ~-- r~ ~'~.)- 1 \~_~' ,- ;,,··;;_;:· - · ;-:," • 

Thia actually m~~t -~an adv~n~e ~~- ~~·~:~~-\~~, ~i.":1 ffl~!-~11 ~·~~ ln 

the necwork. be non-empty. 
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0.2 Other Objeets 

Currently, CE has two kinds of objectS:which cah appar in labels: simple objects 

su~h as "x•, and ordered pairs $Udl u •cx,y>~ :It: Jtay bt wef\lfio inttoduce other kinds of 

__ , _ ~ _•- · .... :· , :_-. . : , .. -· . .,.r : ~- . ·;. -- -_. , , : >-

objects for certain applications. For uampfe, c:Onsidir integer arithmetic. Special integer-

ob jects ·s·. ·-tr, etc. an be defined, and primitives such u ·~','i)•' aFac.t "difference".can be 

defined which use them. For handling inequalities, ot>jidj. Ca.n be defined to represent 

integer intervals, and these Can be manipulated by constraints Whtch upress the various 

inequality relatio"ls. 

• • ,~- F - ' ' : ~ • ; • • 

Another kind of object is the nested ordered pair, such as <a,«b,c>,d>> . 

Nothing in this document has required them, y. nOthing ~xptkitly prohibits them either. 
' 

. ,. °"J" .· ·.;' ·.' i "' · .. 

It clearly compli~tes things to allOw labels which are arbt~rify deep. nesting$ of pairs, but 

this complexity might be worth~hile in some ca'..:· Foi ~-thing~ LlSP·like structures can 

be built by defining a primitive COnitra&nt r; CONS which can be used 'to put these pairs 

together (and take ~hem apart). For another thi~g. quantificatioo · ~Id be performed 

without using the t:m · c0nstraint. The basic ·1dea i• to intrOduee a p;imitAve for relation 

composition, and Jet the bound (quantified) objects be explicitly carried along in. nested 

tuples. This teehnique is equivalent to Skolemization in first-order logic. It is not hard to 

' ' ~ '• 

work out the de:ails of such a scheme for relation composition - such details are not given 

here primarily because the resulting expr~ons Mtm. to-be very1

~~~attl~ai andawkward to 

use. 

-----·-~ 
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0.S Other Primitive Constraints 

Since CE is highly modular, it is possible to introduce a new primitive without 
~ {' . ' 

having to worry aboufhow lt will interact with•» :t~- .,sttnc pri.,Wtives. Indeed. 

throughout t~ ~ument new primitives haw been ;r~lJ iOtrodu~ .or proposed 
• • • ' ~'?\ ' J 

(e.g. in the immediately preceding Metton)._ Sinee· CE .. ii built ~tirely ~• of label-objects 

and primitive constraiDtS. any addiliolt to CE wtll be either iR,#1'"'4 ~f new objects, ,new ,, 

constrl,ints, or both. '· 

One sue~ possible addition iQvolvet .•procedural 1lttadune1tt• as d~ribed in 
,_, f, . ~ 

section 5.4.2. Within the CE framework,_ this involves defining a new constraint which 
r: 

behaves normally - it looks for appropriate patterns of la._.. ~ .. ~ ~ched class-points, 

and propap~-new labels when 5'1Ch patterns ~· However. !D!S!..thli constf,mt might 
., . . '); .,. " 

be an arbitrary procedure for accessing the outside world either to receivte information or to 
;;,1 

produce effects. For example-, the claq 'P.£~$0NS' lniP'. be tied via '""h a procedure to 

an. external file which 11* all the persons. A_ •19b;v.&nr• ~,,eact:Jn,g ,this claP causes the 

procedure to add 'obj' to the 1 ... -0f per"°ns, am! a ~-ol:tlilaf'.~,~mel-~ inc;onsistency if in 

fact •911 j' !!. a .person on the list. 

The major limitation on the power of iuch a p~~ isJhat :is must have a 

weU~efined semantics in terl1ll. of label propaptionJ, In the 1,E~NS' example, the 

semantics is easy to express since the file in the outside world corrf!lponds quite directly to a 

CE class, but more c0mplex procedural interaction •h. the~· world will certainly be 

more dU'ficult to exp"5S in CE's terma. This is an area for tu"'{• research. 
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Figure 2-1 ~The Partition Con1tralnt 
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• • ••• • . .. . • •••• • .... 
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• • . . . • •••• • • .. . • •••• -x -x +x -x -x -x -x -x -x -x -x 

* •x * •x 

~ (p5) ~ •'!f••> 

• • ••• • •••• -x -x •x -x -x 

Figure 2-2 ~ Rul•• for th1 Partition Constraint 
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thrPras idenJ.:. ~ EXECUTIVE
of-thrUS U,__--7+----.a• EMPLOYEf:S 

BLOOD* GROUPS 

fa: 
1111le female 

<2-3bl <2-3c> 

Figure 2-3 ~The Object Constraint 
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* SEX-OF 

I 
~male 
S111i th 

* B 

I 
._l\_. 
D~R 

• SEX-OF 

I 
;~111ale 

i SEX-OF ~ fe111ale 

•-----tf\ SE!ES 
PERSONS V 

male 

i SEX-OF ~ fe111ale 

•----lf\ X!~~ES 
PERSONS V -y-'" 

ule 

~NTMF 

• • MOTHER-OF FRTHER-OF 

Figure 2-4 ~The Binary Relationship Constraint 
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• +<d,r> • +<d,r> 
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.:---V-. ••••> 

·~· +d +r 

• • +<gBB37,r> 
I (b2l I 
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·~· +gBB37 +r 
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(bJ) I 
••=•> • • ·~· +d -r +d -r 
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·-4---:: 
(b4l I 
•••a> 

·~· -d -r 
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(b5) I 
••••> • • ·~· •d •d ..,. 

• •<d,r> • •<d,r> 

~ 
(b6) I 
••••> 

-=~ • • -d 

• •<d,r> • •<d,r> 
I (b7l I 

.:---V-. ••••> 

·~· •d •r 

Figure 2-5 ~Rules for the Blniry R1lation1hiP Con,tralnt 
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I SEX-OF 

"' ·I 

12,bll+x 

I 13,oll•female 

SEX-OF 'i 11,b21+<g0838,x> 

Figure 2-6 ~A 1imPle inference 
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------ }o_...., ___ ................... , x 
11,,lPtx 'lll•x 
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~-'··::,,,, ~·"·'' r ·····-> r 
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t ( inv2l 
••••••> 

• 

Figure 2-8 ~The Inv1rs1 Constraint 
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• •<r,d> 
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PERSONS f\ 
*'~~ 

r·~· 
* BEINGS
' OF-SEX 

* SPOUSE-OF 

FIQur1 2-9 ~ Exa111Pl11 using th1 Inv1r11 Constraint 
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~"·JUDEO-CHRISTIAN-FAITH 

* U-CRTHOLIC-FRITH 

<2-l8b) 

* ) U·VIRGlN-11RRY 

U-CATHOLIC-FAITH 

<2-18dl 

Figure 2-18 ~The Uorld Constraint 
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*A 
-x/w/ ••• 
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••••> 
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+w/. • • 

• B 
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-x/w/ ••• 
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••••> 

II 
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+x/w/ ••• 

FICJur1 2-11 ~ Rul11 for the llorld Constraint 
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• II 
+w/. ·• 

* B -x/w/ .. • 

*A 
-x/w/ ••• 

lj 

""N/ ••• 

* B 
+x/w/ ••• 



I.IA ••----l 
181+)(/inf 

1$6 
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ll,w31-gB153/)(/inf 
12,wll+g8153/)(/inf 

p 1----··-----+ 
ll,w31+g8153/)(/inf 

i---...,.IJB 
181-x/inf 

Figure 2-12 - An Inference using the IJorld Constraint 
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* MOTHER-OF 

0---l~ D 
Jane-Smith l/ Jane-Smith's-mother "+••i 

<2-13a> <2-l3b) 

* MOTHER-OF 

I 
PERSONS 

<2-13c> 

-x/w 
8 * 

}-· '\ '"" '\ '"" w2837 

c * w2935 w2935 
-x/w2834 

<2-13d) 12-13e) C2-13fl 

U-IN * * U·OUT 

CL 

<2-13ql 

Figure 2-13 ~The T~pical-Memb1r Constraint 
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+·•/..2/ .. , <tm2> 
•••••> 

Uorld-tree befor•: 
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+w.1/,,, +w8882/w.l/ ••• 

* * 

• v .,;.am/ ... +>e/w.l/~ 
Morld-traa afters 

- - - w.1 - w8882 

+w.l/... +w.2/w.1/ .•• 

* * 

. v .,; .. 2; ... +>e/w.l/~ 
Uorld-traa afters 

- - - w.l - - -- w.2 

Figure 2-14 -- Rules for the TyPlcal-Membar Constraint 
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Fi...-. 2-11 -An 1nt ... we u11n. the TWPidl-flellHr Constraint 
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* j,jEIROIES • \ 
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•••• 

SEQUO IR NRT' L * * OTHER 
PRRK'S REOUOOOS REOUOOOS 

Figura 3-l ~ R sample taKonomY 
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* B 

* Bl 

* B 

\ ¥81 
A2 * * B2 

(3-2bl * 
c 

13-2dl A *~. C 
B•~ 

A*=EJ-.• <3-2el . U D 
B * 

Figure 3-2 ~Intersection and Union 
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Fltlre 3-4 - Rule• for the lnterseotlen CeMtralnt 
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<3-Sa> ~ 
A * • B 

<3-Scl 

+x/ ... *---D--* <ell 
••••> 

-x/ ... •-0--. (c2l 
••••> 

<3-Sdl -D-:-IJISE-
. ONES 

R3 ,.---,/ .. : * 

·~ 
'°\~: A2 * .. * 
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+x/ ... •-0--. -x/ ... 

-x/ ... •-0--. +x/ ..• 

u 
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+ • UNHRPPY-
ONE S 

Figure 3-S ~Thi Complement Constraint 
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FllUN 3-1 -A Tr1Mltlve Relation 
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• B 

(3-8a) 

o-• ~-•R 

D •1----t~---• R 

<3-8b) 

¥ • 
I 

•:----1 >-----11---1 ----· 
PERSONS GRANO-Pr.RENTS 

<3-8c> 

CHI~DREN-OF 0 

Figure 3-8 ~Using th• Inverse Constraint 
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• CRIMINRLS 

• DRRFT
EVRDERS 

C3-9cl 

+•-CERTAIN 

+M-ALftDST-CERTAI• 

+U-YERV-LlkELV 

• II-LIKELY 

Inf - w-c1rtain - w-almo1t-c1rtain - w-v1ry-1 U:1ly - w-1111:111.:1 

<3-9dl 

1.1-JRNE-SllITH * ) • 
I 

·-j ) 11-RLMOST-CERTRIN • 
I 

) DRRFT-EVRDERS • > • CRillINRLS 
<3-91) 

Figura 3-9 (3-91 - 3-91) -- Using the llorld Constraint 
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• SEX-OF 

(3-90 ·----1----. 
PERSONS xx 

• SEX-OF 

PERSONS 
<3-9g) 

• 

n * u 

Figure 3-9 <3-91 - 3-Sgl ~Using the llorld Constraint 
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• ltOTHEl-oF 

SEXES 
• FATIO-CIF 

C3•181> 

J&IF£"'3f. 

Fiture 3•18 -- A Te11Pl1te 
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Figure 5-1 ~An e~a111Ple of IncoMPleteness 

Linear notation: <A <B Cl Dl 

Network notation: 

A 0 

B c 

Figure 6-1 ~Linear and Network notations for LISP 
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z •--~~· CHILDREN-0' 

D JanrS111ith 

Figure R-1 ~Constructing the •z• class 

f:JI I \I-Jones ) . 

* CHILDREN-OF 

Figure R-2 ~Example for Reflection-finding 
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<c-2al lol-GOD •---------+----• I 

Cc-2bl LMOME-ENTITY • ) * U-GOD 

Cc-2c> 
U-RCCDUNTING •----l ~ 
Ll-MRTHEMRTICS t:----l n LI-GOD 

U-OTHER •------IL,__ _ _J_ 

(c-2dl II-BILLY•-------~---- lol-RCCOUNTING 

Figure C-2 ~ Knowl1dg1 and Uisdo• 
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Figure C-3 ~The Interworld Object 
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CROUS • 

II-GOO+ 
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THINGS 

Figure C-4 ~ "Nece11ar~· and "Contingent" Truths 
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