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Tb&t, "1)0r:S ~,,.., .. tdltYth114$..,IUII .......... lfJ'.1c ~. called 
•constraint expreuiOns• (CE). CE ffllllel ust fJI mme of lhe knowt.dge-representation 
techmques d~ lJy Artificial lncellipnce NIIUCh. A. Cl MCwerk c:onsiSts of points 
(which repre.ent cluNI Df' ·•JtttsJ ~ ~ _,,. ~ represem the 
relatior.-ships whieh at• kftOWlt,Jt;_. ••'If •*""Jc Al COMtraints are defined in 
terms of six prlmitiff ones. TIie di:ta ·"-· a CE ft«WOl'k. ii MC■ld by proptgating various 
kinds of labela throucll it: iach tGftlCtltnt an lie vilWICI at an acttff prOCflS which looks 
.for certain patterns of labels on some of lts &Uldltd potAO. atld •lhfn pn,paptes new labels 
to other points ·when ·iileh patterns OCIIMf. ;• 1•,':i 

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

Second, CE's la~ation procedure ~ 1oatal c:ontiStency checking: 
Data•base inb!(l1ty am • m&m'-med &y c:hltkiffl al MW _. J• antSMncy with the 
existing informatton. Smee the data•• can aJntlin ,....1 iltfatfflatton (representing a 
•semantic-model• of"tht 41<NWe't app1btiOn dolham).1ieu 1pld'fk dlKa t2n be rejected if 
it ts inconsntem With ·elflMr ocher spedftc data or wtth the ,...,.1 tnformatton. Also, the 
general itiforntatton ·can ·itld' be checud·ror iAtemal CDM1&n11cy. 

Third., the CE repre,emauon is wfftdefttly ·moctutar and welt-defined so that it 
has a pred• rormat ._mta. wnidl insures that ;ct•~ ..,..,._ tuntains no hidden 
ambiguities or contradiaiont. \ 

Fount., ·CZ't 1IOlktlli1ty atkM the labfl pn,ptpc-. to IN ctw itl paraUel, so 
that parallel hardware 11111 bw t.illCl to run advantage. 
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. 7 Introduction 

ltttroc\Y~0Q 

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

information ca.lJ~d ~•~st.rain~. •~pr~iOlll~. (~., :!JI~ r,e~~''"~'""s .tw.9 ~jor 

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

. jncomplet.e inf.qr~Qo •. iof tMAQple, unUk-1:,:R1U.Jg9'~, ,tep~~~•• a 4ata.-:»ase 

.,.uciurea:(in terms of' q Q.11 ~J-~ w..,..:~~t•~•;.,,.,· ~-"' ~r.-s· 

even when .the, AAta•b~te.d~J.Jl.91 C(HJtaJ,11 ~ CM"P~ ~)#;9fi,~ll 9f' ;t,be~-, Thjs feaJUre 

allows the data-base tO, contajn, both. •specir~•:;:Jllf~,,~1\-!~. •~ry Smith,. is .. the 

mottler of Jan, Smithj a~d ~gen~•• inf'Qr~~' <-~ ~,~~"'~ .~ has a unique 

mother•). 

The secohd ma~ Jeat~re is thJt the~~~...--~ ~E,,.l~ef ~~)RJical 
' . . . 

semantics, whic:h pr~ly ~•~ !~ meaJIJhC'.,of f't,ff: ,~ pfri~ iJ¥en '-~~ '1$1~~ork. 

Many other rep~tatjons J~f~ ap ~d••te 9ql ~•<~~~h ,,.~~, 1~iff~cy!t to 
t . • 

understatJd th.em in a coherent wax an4 f'tincl,rs.;.o~. ~f~ ~,•.Ql'.JgJh,.lr. r.eJa~ive 
' ' ,.. • • of • • ,. •• >4,,. ., {~ ; '. . • " • '·. <. ' ' ~ 

atrengths and ~k~ ln.adclicton. CE'1 ~n,tiQ ii •p~1,,1rar ~, "'if,ta,~, •1qat~t• in 

that it specifies not only what any given expression me.,;a~ •• ,~q!.11~ hft~:: ~.o ~o~pute 

inferences from it More specifically, the 1ogiQI and procedural semantics are specified in 

terms of how various kinds of ■.abels• 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 
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details of the CE repreaentauon, uaing exam.pies r•nc to a hypotheticat t&ata~se of 

census tnf ormation; ~• 1reclnd part 1s inate ptiitWaptlkat 111M llldmiclf ~ it compares 

CE with other· ,._--. dbcUllel wtq··:,.._.douf .._ ~N •irttportant in the 

first plaa!, and examJMI·.,..,...,. ·whtllh tW<:E rep,11J111fiQIIIIII ts._ adeqnte. The 

third and fjna1 part ls a·~. 111 •tldmiral iJ1p~Llittdea. ',,.. .... tftelade:'SUth tl11ngs 

•• parallel .ha._fe' •nd '~ •ibout·t .... •,{11dr1ai~y ·1c.no~' who Jane 

Smith's real father ts, and 1111.._'t'know dr8'tw11Mwl~"11ile~may btdad 

in any order (or skipped embely) .sldce.cr. .. ·laqfty -:~. 

The rea&tt dleull • ·t~ed ttiat .... flf ·put ..,.. JI ftOt particularly easy 

reading •• the pr...wton ~ org_,.i&ed to fflinimiZt the flUflMr .r. forwud references, 

Which melns· that Jlftcestlng ...... OCdii' only afnir .dte 'dilc~llil(J ,fMdtlriery has ·bfen 
1

1ntroduced. Tnt tftair(rtlUIM lo;' thit •l'&thlr aty ....... i..p•rti•f11 •hlvtt; - if would 

be polsible to disaaU .•.. ,,.. pitlute,. M ~'11iiti~dli~~1ilt ·11 ·a mst or -perhaps 

doubling ~w tf this~ lt'ti«~•t11at• 1i1'11U tMJ ·.,__. wiff skim the 

entire d«wnent fkst (llfMClatty parf~)bl wcltt to ftat ~:~1tlti big ptcture to 
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f!!1 One -- Technical Details . 

repraeptation. Section L. in~ the.al»q'Jct1un~,te pf_~- '1&.,.Jnd const~-ints 

. in which CE operat-ea, •ne discuues ho.w ~.o~, r~ie~al a,nd inf er,ence are 

accornp~. Section 2 preaentt tbe Ii& diff,~ erimitive CiOOH~nu whicb are used (in 

the ,,..rrent formulau_ on of Ci) to strilGC.Ure.tlus univer-. Sction, s then UMS these 
' . ' ' ' . . ·-· 

tralUidv,e ~ and naiv~ probuu,itJ, .. 

1 The CE univ~rse 

1.1 Objects.~nd ~ 

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

arbitrary claws. Each particular object either. is. pr ~ llQt CQncained,,ip any given class ,... it 

is impossib\! for ~- objec~ to ~~ be ill afld not be is;, tbt: 5',IDe, c~ss. Of c9urse, an 

object may be in mc>r,e than _one c~ and_ a~""' .haY,:-'1J,t'l{mta.r of objects in it 

(frcxp zero to infinitely: ..,ny). Section U give&,fllOl:• d ... ._., ~ ~:~ classes 

interact. 

M. a conven~t notation,. let "f)pertase ~-d~~ ~ let other names 

denote. objects. Thae Jl&ll\85 may contain .hpem. ~ Qtlt4lr p~yattqn. Sometjme$ a 

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

example, REGISTERED-VOTERS and. OCCUPATIONS ~,dis ... wJHlt 'Jane-Smith' 

and 'lawyer' name ob~-
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1.2 Constraints 

As presented so-.Nii, tltt unitil'wi hii no strudtire '-,ftf 'atbitraty' ,ssignment of 

objects to classes 'is allowed. ,0,nmttttt~adttthe ---ff1911'Utttlrf'by constraihtnl the 

allowable au;gn~· Poi- ~·-'tlw ctmrantfhar•atf'a!OfjNl~VOTbS'-are 

PERSONS!' requites ffrat etety dbjfcftssigri~ hf t£ttlft"£i!£1:PVdTrftS 'lfsU be 

assigned to P~RSONS: s«tixi · t deftnes ,W:·'the F,it11tti•ecc'!'~1ititts' by•• specifying 

how certa-in pa.nem1 · di Wjkt- a'Hftmritr'iH.; (tor- ttfflp .. /ii,iptfff J J-ni~mim •; to 

REOISTERED-VOTERS) can force other asstgMriWriri {iu'ctt~ t~'·'Jln~1t11• to 

PERSONS). These defiflittons provide the logie&I sema11tics for each primitive. 

The information ill a CE data-base is representN d• '•n~t'-.ri#k ot such 

conscramu comiected to tM a,pproprtace ctasses. Both ·generar iiti"'-iC-: 1t1;dtmJ.tton 

can· be rfF'i'...,iiNtMl'fti'' Ml~· .... ·tNs1F~',.. Vt~~~ schemes is 

discmsed ifl·:part· ~::·-~z~. iM:~•d,tiif ch~~ -sNl'Wt\iJ;rt·.:ind 

the co.nstr~iu~ ·wilttie"~W' ai~:~~•lr.flftll ;"_,~ 1i.ii&\wf ·~~.:itfiilWi. The 

cta:ss•points ~1'1fffb.,;.~ 'i.iildti!i caw· bJ>+~teite&&Yit \lWiiri~•?lt Ytf1tlt~ t~,x t 
(e.g. 'R'EG·w.r!R!D-~twe~,.... ~y-ifi1~~1W1tii'\tita~~se 

and do not carry any d'ata·fJase infonnatwn. The •mnni111• of a dass•poittr\ifcK as 

REGIS"rER£~V0TD$'tc~1ititfftrri~ ot.ittt-~-,-,. \fw rest of the 

networl, and •_.:iWIJn'liii& \!f~iti!~t rtimitifw~t ~ 14WJawyY_;··., 

Within th~ abstract WliYerse, the important ditlt\i1jaff1a 'c'-it" iutfi· 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,t.e
1
~ rher cla~). _!n:_~e.,casef. the}ntension 

and the extension eoinckle - a class in the datai>ue can b,e constrained (defined) in .terms 
' ,, _, ;,.: • '•' * ;<-,;,~~:··'-,_.::~:."':-t.•(J '. ~.,.__ .. 

of an explicit Uating of its objects. For exa,ff'.!~tt, !hr cl~ ~,~Q.O~-G~<>~Ps, can be 

defined by listing ~~• four ll~ g~p~ ,'a', ~•. ~~•. and 1
0': 

,. ' ,,, ~ .. • • ..,Jc • : • ,., ~ •• :i ;,~ ,¥ i i.. : 

a~t a class (i.e. Jes exten~_). For exampte, COl?~er,J~l:$~IJ.H'S·B~$)0D·~ROUP, 
• • ' • _,. ' • ,- • • .., ., J ~ ~- ., • - , •• • 

which ta a on.~Jeft ~lass 5ontaintna -.n,,~~---•~ q 1r,.}f th_e_datll·baM! _does not 

kJ.lqW Jine $roith'f bloocl 11'0\IP, ti!eo u clo,s n~ ~o.ow_ t~·,,"~'~ :'1l ~~e class. But, it 

~~~ow, ~)~f~l~-•~t th~ _,c:Jass in ~rrns, it ~ Jrt~~ J~pw _it_ re,a~~s to the r.est of 

the net:work)'. For one t,hing, the, class f,ln be constraill«I to be a_ S\lbclass of the .BLOOD· 
,. • • · ·. t ', 'I : __ ,.. ··_: , ::''. ··, •· , 

' 
CROU~S c~ For ~~r, ~ per~'s blood,,l'J>"P.~n b4!,~~ined in terms,of their 

pare~~•• b.lood groups. The import~~t ~hinc ~,o r~~-~• ~~a~ <what the data-base 

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

extensions). (Note that_ the. r119nif1gs of the terms •extension• and "int~sion" as used in 
·• ,·_ ·, ; • -~-- '~.: .' • -, ' ·; •. '~ ·' ~ r '<_··_;··i~ ' 

thll document are not the same u tbei~ fflf!lninp in ~, ma\hematical logic. The 
- ~ • ~ -· .:- ·,. ' -i ;_1-.-" - ·~- ·. ; ,"'l·-:;.;:,.J • i:.~r• ~_, ', :. 

~,,.u~ here are sian~lar to th!-1.1sed ~J.lQple ~~l) . . .·. 
• • • ·- . . ... ~ . -. . ! '·' . . . . 

1.-t Inference 

~h~ reason_ for being.~, ~ii~ ~tel}"°'-!s Jr:·:fl'~,fir,st plac, is ~~~t- ~hey 

provide the foundations for u,, Joei~J .~nt~~ 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 considered here ate: . " 

(1) Ret~ieva1 ._ the user~skf~ions;ot tfie~<fata"-base.· 

{2) Consis~y - the 'liter adds hew inf''Ol'fflation to the data-base. ~nd wants to be notified 

if the new data conftlcta1~iti 'i«lililfg. ~ '. ,, ~ ·.. ' . : i ~ '·' ., : • ~ ,:: ,: . . 

(3) Redummnty -- the user adis new d•ta and;wanu~i~':be,notit'i~ If the ·new data is 

redundant ·(i.e.' ts.implied tiy ·exiStlng data).· 0 
• 

This documen(fci~~ t~·lsaue·bf ~yt~l~1e'or ~~aoni Orie is 

' . ·. .·,' ,:·; . ,~- : '..· . ··-~ ,·:,,·-. 1-: .·,. ,: . \~· :-·'/ !:{"', "'("''.::.; :-\·-:•, ' : '·-~-~ ... 
that maintaining a consistent cl~·base fit the ·rea1 wbrir is ·cftin 'a· very' difficult problem. 

and CE provides one':pess-'sollstton.· Th• i>ther·•.or{JJ dlit~f tlia1'i,- r,rhl8 
oi lnferenoe ..,_ :1,e· RlllRUD.i al\d~- ~t~"o~Hldne . 
. For redundancy ch«kq. a new datttm i redundant irf ks ~ls .~st..:.r· ~it' the 

exi·sting d~ta--base~: ior'~.~ a···•yestno""cpiestion -~ ~i ~(}~~t~ih~j t~ther'~'blood 

group the ~m~·as'~ ~~1-···~ le ~S~~·-,,r~~,~~ i~t ·•Jane 
Smit)l~s ·rath~'s 'b~-:p~ is" th;·;~nae:·a,· h~r··~rV,•"'f~·\~¥.' ic,;it·~~y·; and 

redunc1anc·1:: it ~.~".':1~~u~t.';1~1~ ~~~wer ,~~-~~ ;w~~0i~,i~ 1~~-s~r is 

•yes•(if' ~eilh~'~ ~~'t''kri~_-5;~;cll~ iw·~~Cf~~-~;·~king the 

negation for. inconslstencf~l~ ::~~i.i n, 'th~' ~bov~ j~~ J~'l\!.i,at~~ ,rf the 

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

i:. ··: y,,,. ,, ..•. 

intoruistent w!th the aistirsg' data-bate. Retrieval for -r,Rd• ·questkN wch ·as "1:ind Jane 

Smith's hair co~"~',~ ~"~'ia~ liv'it&g 'iii 'N~iaa=..,·itiirril'r but involves 



13 

1.-U Labels and Propagation 

The consisten~y~hecking inferen~s ar~ Pfr[qr~ ~y ;P~$aOng la~ls through 

the CE data-base network. A label is an extensim.:ial, devi~ ,J;aich, relat,s an object to a 
" ',..• ' • -- •• ~ ' C; ~ ~ 

class in the network. A label names an objeet and 4s ~a,a• ·" ctJss - U:,e label can actually be 
~ - ' , . ,- . ' . " ' .. 

\ 
written on a CE netwo,rk d..,r.am next to. a cla5t'.poi,u (wh~h ~puµ the label on the classi. 

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

A class may have more than o,ne label on !t. and the.sanN! '1>81 may be used on more than 
.. . ' ' . . ~ 

one class. Here are the three kinds of labels robJ' iS some object): 

+Obj The class contains 'obj'. 
-obj The class does not contain 'obj'. 
-ob J The claas contains exactly the on~ object 1ob j' an~ ~othing else. 

Note that -obj ls a special case of +0b j, so anytbing SJ,icl ~lo.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 inieresting ways. The 

first is that an lnoonslsteno7 ls d~teoted whe11ev~r the same 
• ' ¾ ;":·· . ' • . • ' 

olass•polnt 1ets labeled with both. •obj and +obJ fo~ some 

obJeot - 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, 1objl1 and 'obj2' have to be the fU!JII• o,b~•~• This i~ because the class 
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does contain 'ob jr (from the 4Gb jl label), and it tOntains oniv •t,tj 'ft (frcjn · t~ ·-d> p. · 1abel). 

Since •obj1' and' Wjt'~ ~«6ri,J~ i~/ffley :ti~;~J'i&nt~• ·wuh each other 

during the infetence:-'·t,,, .no~,' any ~~e to .either to ~y'atref~ce to''fhe other. 
For example •• -.,+Objl aicf~ft0~0~1,l&{~ttfdi~~,~~~ ... ~~·(a~ ~bove}~ i In 

general. any class ta~leci ~i\-~t~'~i'a Ylin ·w l~uaiW iii~ ~ltft '£~ ocher~ '~nd 

these implicitly ~tect·taiiiiriayPffJPapt.•in'the'aiii&f:~.'' 

l.i.3 Initial labelir,lgs 

To ·checl/t~ tori~q··~•i~,:~i~~:"•i~St t~'"clt~~. ~::assertion is 

0 , \, '. ;. ~" \~. . . .• •'' . · .,.' · ''.- • , • , · - . ·' ',-'"; -,,,-, ,-, ?- , • • <, l,,. ~ t Ti 'j . ,; 

represented as an 'iriitial prc&m df labeU m thf rietwort.' -n\e 1iil6 m tfien' propagated, 

and an inconsistency ii iftdkar,d if (for some object~') -x lfld .i;~:.;.; ~'•&,(Ji"• at 

the ~me ~~'·fr tl~r~~'(wtt~f:~,~~'~ia:..)j.~i~ then the 

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

because the ~· ia' ~erit~~.a.} ~;~-:~,.._;.di.Ii~~ ~~q ~ ~-~,n, 
case). 

This paracraph introduces two tmportant Wttal labeling pattemt (whkh are used 
, . i.nciz!Hu:~) (1~'-:!:~·;_J ~" ·:. 

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. 

(i) II 1abe&ng
3X"'l&~i~:~d it:~!:~ ~~r~r=:r~ ii~\~t ttte're is 

. no such ·~·- ~;t J,jtf& ~f ~-a.~Mtia~t xt~daiia;l:... ~~1i~-;~nmn. 

(2) Similarly, if +x'~'Aaild
11i'onllfy~i.~ .~m~;:'l~'ihat t~ is no object 

which is in A but not 1n t:.>~~~ ~~fhar1 bi~= or-,~j •:.,; '.,' 
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2 Primitive Constraints 

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

formulati0f1 of the .CE representation. 
' . 

A CE .~at~•t,ase consistJ. of .. ,a _s,t o~ ,c1"sf~ifl;!~;~h~~ •~)nterconn41ct~ by a 

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

performed by propaWln.g labels throu1h, the network,",. prJm~;ve ~str.int's meaning and 
< ,'. ' • 

behavior can be. com91etety •e~if\eci ~~, terma ,of. th•. ~--L~r it,respQOdS to an~t the 

lab.els it propagates Oil the basis of such patterns. T~s ~, ·&$ :ea•~ t,o adJi a new kind of 

primitive constraint ~ithout having .to W!J(ry ~t PR:'5i~l« 1nteractJpns w.iJq. previ911sly 

eJQS.ting primitives. 

In this section, each primitive ii desqi~ by gi'(iM . its in~u~ive mea.n4fll, its 

networ~ symbol, the propagation ru,s._and JOIM,.e~a~fe~; ~~~Its «<:'fr u, ~oh 

3. ~ The more philosophical iS5Ues con~n~ wl'.'lt ;~~tpr~&P,..Y" :r~11y• ~n ~ t,ow 

they ~~re with those of .~h~ represe11taUocu are ~~~. -~"-.. ~rt t,vo •.. 

2.1 The Partition Constraint 

This constraint represents the partl~loninJ !J.f. a .. s~Mr~l~s~ into exclusive and . . . ., . -· . , . : . - .·~. ··. ~-r .· -~ ~-.) ., .. -~--

exhaustive subclasses. The ~~work,symbol for thi.,S is !1'o~n ~~- fJlur.e 2-Ja - the s~_perclass 
'.,. • ,• • '. 1 •~, ' ,~ '.. ' ' ;' •n• .i • • • ~:J•. c!•~ • ,• • • 

~here,'!::'> ta drawn 91' _tht convex side~ the.~fo,~g
1
,!h~ ~~~~• (h,r1c1 18' 4'.nd 'C~) are 

. . 

_drawn on the con~ve side. J~ote U._t th,re ~t~ ~e :~;fitf1tf))h1n two sut,~~es. 

and that t~, partie1.1~r left-to-rtrht ordprt.-.g of f~· 4'1~~-•-~',P"~f11POrtanL ~9 f,Jgpre 
( .. '. . . .~ 

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

exactly one of 'B.' or 'C', and t~it 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 the partition of PERSONS 

into FEM ALts and MALES.' As an aampw of a ~rtition Wi~ ~elhan two subclasses, 

figure 2-lc partitions FEDERAL~EMPLOYEES irito LEGl$LA't1VE:::'!MPLOY!:ES, 

EXECUTIVE-EMl>LO\'££$. and' jtn)JC1AL:EMl'LOY!d.''"'Fig•e 2~id' says that the 

class of REOIS'fEREI).;.VOTDS iS a subclass or l''ERSONS - 'th~ unnamed class-pol~t is 

what is left over (i.e. periofts who are .,.or regfsterecf ~oteri):··ftgure '2-le says that no 

registered voters are convltted ·r6>ns (•ithollt botllering ttr nai.'ttw ·iipe~la~s). · 

Note that any of the classa may~ empty:, Figure 2-1 does W!t•'Y rhat there !!! 

. . . . , •.· . . ,.•,v ' . . . . ,,' . '·, ·' ; . 
any rf(istered vows. In fatt, an the classes in figure f;.Jcould ·be empty' {since the empty 

class can be partitioned intO empty subclasses). Hewever, if there are ·any ttEOIS'Ttlti:o

VO'rtR s, rhe'i• they-are COl'lltratned to be PtRibHS' aM, cOAs'trat,;ed not to be 

CONVICTED·Rt.ONs. The nm• of SdbcJ!g ·iudt u 'hi 'HI' «cuts tr"""'"ly enotigh 

to deserve a atrnp4« .yibbol:; ·Jipte t-1f ~ tiiu· s,mbif.•wfild\•~,be· tnterpieted as 

an abbreviation for me' on, U.S in l-fd. "Sim ... )y,
1 

~ ~\,i figuie 1.:1g ('saying 

tha£ 'A' ii partWoned into eaat, 'I' - they are the sam, dua) tau tu own symbol, shown 

in 2-lh. 

The five itbef ptopaptfon niles tor the partitiOtl comtl'Uli' are diagrammed in 

"' ... , . ., , . . . ' . ·~_.,, ,.,.s·: .--:_,, : -~'~ ,· :" ,.·.-,: .. --._ -'··" :·:,.~. , 
figure 2-2. Each of these.rules describes a case iff whtcti. ehGUJh information is available 

(in terms df existing tabei orr''class1JO!nts) 'to ~able new 1iabe1S 1rJ'~ pi-Jpapted ~~ '~~her 

' ~ •• • • , • • • ~-: - < • -~ ' •' • • 0 ~ -, ,,,• :.. • ,, " • d • " •, ,• ' :• 

class-points; these new ·la&MII may tfrerr &n curri"tRable runher propaptions. The rerc.:hand 

side bf' each rule gives u.e· ~ pattn y;t· ~, ~ atad' i~~tk-h~itd 'side· gives 

tlle new propagated 1lbefs. 'Thf ,tltp$u \ ... ") 'indiclte tbt ffiere·. may'be:,~ri'~bdasses 

than are ~xplictt1y drawn. fr{th figure, 'x' is .used u the riatne df t1te'1&bercibject - the 



17 

five ru* of course apply co any ob~- They are: 

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

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

provides the informltion -~ 'x' a in °"'·°" tt,~-•~•5"·. -TJijl:Jqforination is suffigent 

to ~uce that ')c' must~- ln the.au,e~ and·-.,.,, P.tf~.J~ Qth.-.,au~f. This 

decluc.ed infor,matiori ii ~h•~ ripr~ruecl jn WQIS·ff,MW.;~~la which. 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 Jfl apy of ,.... .... ~~hen-it would have to 

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

(p3) If an objeet is ·-AD· the s.upuclaas. and. is not. iA all·b~-ofle ot ·tha aub~las$es, -~ it 

must be ,,i:che r.._ining subclass. Thia ii true,~-~~ "g#AOill la ~ haNstive •. 

(pi) If an object .ia.~ in ~ny-of the subc•~:tW it:qw111~~~n thJ superdus, .(This . . 

too_ is tru, ·b«ause of ahausti veness), 

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

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

N_ete from figure 2 .. 2 thai (pl)_and. ~) ~ritin some.,Mn~,-'"'als of •~b ot~~r. as 

are (p2) and (pi). JtJther surpriswgly.:~~1,J .~loyt ,J.\\p,"·:th~t th.is one c:Of}straint 

suffices for representing an of the Boolean functions (set-theoretic union, •~~r~1on, etc.) 

2.2 The Object Constraint 

Tb.il,conatra.int forces a class to contam exutly ~e.pbject. T~ nqtation for this 

is to <ira w the cooatraiped class-point as !l amall "llil&rf.. unaaeacl ,9f -·• ~4 point), Sjnce 
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such a c~ss represents exactly one ob jeCt. it ·car1 · be nattM!d · with tfwt,fowercase name which is 

the name of the ob jeC!t · · · ' · 

For exampfe; figm t-Sa statfs that tfte-ptesfdewfor'ttie·US; is an ex-ecutive

branch emplo;ee. Figure ~• ·"StaMS "'tNit th•·'.&~ ~ fluf 0BL'00D-OJtOUP5~ and 

lists them - this iS·'all e7tampll where the daW-ba11H,u:~•~erisi0nal)·inFormation 

about a class; In 1-,., tMititat.f>iie' tertatity a.:!!! haw tom~ 'illf'mmatton ibout 

EXECUTIVE-EMPLOYEES· .... ;atf if,'lnows ·ts thatw·of' Nnt·1tnbsfbtt 'd;~~UJ~

the-US .. 

The;partitkm eoftfflf'lnt 'n used in~ in-order to force the four"bfbod groups to 

be distinct objects: In C-E, the fact that two objfds are'di"1ffff nHIStib~ indicated 

lntenstonalty-(l.e; v&a·:some ccm•Sfiaintsin the kta......,,l«llMiMW Jmt:anummg that two 

objects with diffttent •tnimes \lr&·Ur.ent ·(atensk>Ml)·oltJll&i: -~'iastkhte of ·this 

distinction· (due· to'"'Ng,t) iil"'ffiat: -..~~--.,..,:net· ;'!ffi ....... _...,. iM'f¥ the. ·same 

extensional object (the pantt V'fflut)ffen though~ttity - ~i1aWfWef'fity:iJJnd.eed. in I 

som~ caR!i' 1it'fflay..tiwM•::br,~'impaliibtt ur:~ 1
~

1-•:•Jects are' the 

same. Note··that ez,doe,,nat'"""'tre•a·hgtictt ~rtftiOn·.~·~~·-•i· pair ·Of 

distinct objects· {which woakl ·be- ·qditt wastehd) il.,;, attihat ts ,.jfif tcif'tie iile'. to !!lf!r. 

this distinctness (by. for l!nffipte.-•~t1ng a +x ldtei db both tM''Objfd& and deriving an 

Inconsistency). 

The propagation rule for ob jetts is very simple: 

(ol) Each object clus "tn:oadtists• an -o&j label naming itself.,;; 

For example. ttie ·ob.,-et·d'Aa1\ij' :rtr!'Sl>'itarts an·'ii&» label ftorh:,ruw-. 'f'l'lj label says that 

the class CC>l'iftins exacdy tlfe' tiritlM>jiecf;"Wflich)s ot'toutfe:'~t'ls f'ort'etfbf the 
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' 
propagate further~ Fw, ~'1\Ple., ln ~·Sb ~, ~ R!11~:;~ ~~t,t• 4tf.b . to &LOQD· 

,CRQUJ,s,Y. follows: _The,.,-..t,oo :'•!·"1~1- ": ~-.P.· \f)'J'4'r.P.::~J.i.l).. which allows 

. t~lliqut, ~ J,I~ to. hav~ ~y tJa• ;'~~~.~~c~.~W~ ~lleii' Juell ~ng 

an inf~ .. O""'.,olu.t;on,• l!J ~--.Ul ob-~ "''~~~va.intJ~""'tb. rcseec:t19 a 

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

notblng. to- do "'itJI blqcpd grq~,,ytill,~~\M!~~ anwJ>;•~-(e.g. 'ab') to 

N,ee~~t .~. •ob~~M;,~n .~ ,'1114:,~,~: ~H¥Ji~f, v~~ty of -da~~.ase 

entiti•. ,.~.·are. q~. -~pa,~• iai~ WP~IN'if.h~ ◄J#~:IA'fl: \~ ~NJ.7 th.e.,!,!Pj«t 

'ab' t),early h11,s,Jto phpi~l t.xl~., I,i,li~~qb"'" ;i,.."\~'1d.'~le' are not 

,pa.rtiCf.lla.r fe~lu pr ma~-'-~;are ~ c,._,,re...,_ ~ ~~ rSinQll,,'f..-le' 

and 'male~.i.av" ~-ANIPi•Jll<.JJ,tfl~~~J..,.._.*.._ -t"-:• JJWat· .be a ,, 

; 1stro~g: co9,nec:U~ "tw-.q,,th.,,q~, ~. i;~t\J.,1$.,-~ttaf;~ .•t~~te•. c, Ttl,:; .¥,xt 

. subsection .4iscusses. what thiS.connection is. ... 
• - ,, • 4 ,, :,_! . . ' ' .,, ',' '-,. .,, .••• , 

This constraint allows the use of binary relations. such as •se~:9f•t :(JtJ,er1-r•, 
, ' 

. _and "l>l~"Jr.oup-or•. ks ~WOf~ SJl'll~I il d~~~ 5!i!Q,~JhY1:c,fi.Jlff0.,2~.which states 

that,thf:~inary_,r.e~,$lX·OF hold• ~(;JJl~~"'·•~§Rlith' ~~d 1f~le'. 

Alm.oJt.al,l da~·ba,J.e scb•mtt have some ~~.t40f1Jtr-H~, f1J!p&~f"-~"&i~;Y.al~,~~ to 
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•characteristics• of ob'jectS ·• 1•hat CE'H11narf Wllftondi1p-'cenm-&lt1t does· t, ··f6• nre'nd this 

·. nouon to encompa.- .rt,mai'fc1aw.·m iaa1tfbh ~~ti~ot9Jad ill~ 1Jil~SM1m~~ f ' .. 

' ThiS extend«l~'a&e'if ~'iri tipfi'2"4b.n~"ffliabtnfof'1t &0thiiihf ·c:1ass 

"R' (the •rancei is the imaft of the ~L~:Wl~"J iitl~f\W'&tbif1rMit~; 'B'. 

That is, 'R\tcffltatns·~r~~~ tii•;~~~ia'ftcF~·bbject in·'D'. 

Figure ·?◄c uses iM••~;~-t~mtJOP i11·:Fnf ili.l&" tr''f•matrt~thir\f Warr~)!ct 

clasjes · rot bothjttti1cforiliiff1 jffiil ili:l'•lite::·~ ff-'dl1~{'11atqhift~iof ~an 

Note tftat'•-,_ ftguile ~~·i~ ·df :~; ieitkin ''BN('int1tHe· u·sual 
sense of the word. Normally, the •ctoma1n dt·'fiiiiarf\lilalli/'it -~:u'iilf'Ob,cts 

which ,ar~ t,elaffd lf1tfle-· •tro~7'io'~fflgP11o"iirlllti'~--~ditnain or the 

·stX-<>F···re.1ation•1~U ~ •Jedr'ifli&-,tiaW;a-,.~ lft1'W1~M,.d~fn""-'uM!d .in 

thts dotlim•ntrttie'~ fl~1~Mla.fftaitiof·~itffiNU~Wput•lW1'-' biriary 

relation.·: 1h'i ,..,,_,.~ WM ~4hil~i bf'"- :~!Jtiitrftblariti;iih·wth1tbMain. 

Fu~.,tlti~~'!,_,-~WjilttH1fttfth1WlWll'4\llfi! W,,,W1f'6tlod to 

mythtng. Por•t'J(•fiti~iii ~~t'tt1'~~fated 

by "THINCS'. Pr-,nat.ty things such as chain:~1~~tfi¥tttt,iYit;~they 

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~ WiU1l'a~tWt1fii«\f~aJ.-(;no 

. . . Note'tftit~1ori~f fii,ilf~~tio· iMptfi~t ~~ 1ii'~~0ilili0~' r.~le 
·person arid one· mtw~.-n:➔;j,.~~~ftrige"-1f~;'.i' -i~.g\¥~1f'S'\~rs 

11 

in the: ranp_, l( !te~ !f i 1Y'ti1Mialtb ~ Mtjiit W1tM~• f,i,f&;J ~nJ\faWltaae 
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must be a female person).' If this existential commitment is not desired, the1 expressiQ11 ,can 

be made weaker as Jn,2-te. Tbisone ay, thaUht·SE~t6B::aU.lt.iR&ONS.-u mntainecl !!!. 

the class of the two 1fiXIS . 'flffl&le', and rlmale': .;Th& .c:lul ~,_,. t.~ .any- subclass of 

I . 

Si"ES,,(indud&llg peuiaty the null:clu1r1w1Jith,-,a1cb...-. etlherc,~bat-thete are no 

perJOnJ. or that ,a.II ptl'IOlll ha..ve tJO sex>. Ar .... ~tc il1!1l requtawd ,OJ! die citfiRiQfilft of 

,"imqe" that everycl1111in qbjlet (a,person),be;related• &t:,_.i~P oltje« (a•> -
one limplemansof achieving thil kind d .,._,_.f'ClfM!ft1illr. MXC aubsectton,(2.-l). 

o.,t ........ t,aue,11 what dle''a' d.lu1ratly,~'Nl••••r,and tlOW'•it ~ be 

, labeled. Extensionally,. a binarr retalioft can •daoaeht of ,u•1da1tof ardeNd ~r&; each 

of the. ferm ccl,r> -.re ,_. ia an: ob,jKt in tM demaitl, and ~'•·• objll!lt in tM ~ge. 

So, for example, SEX~r·,?" be thoutht of aa:,• efag1wtt•iil0nta• pairs &ad.I as 

<Jane-Smid1Jemafe:ii/411y•j,rres,mate,-.2Ttili!is:Jlil an•lllf!l1111I way of .. looking at 

· (intensionally) a table of alt the ordered pairs occurring in each,..._,, raladen~ 

These ~-CORarucu can-be uaci:for ..,...,~ ,....._ daultti: ,b;with 

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> Tbetl"lilattpn, ...,.._'.'dhto·~,,:--·8'11n,,........_ ,,:,r, 

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•,.obl,.-.. tat)(\ :For·examplt, in 

figure 2-4f, a +<some-child,its-motw►Ja~ DP·,pop..-~ilrorn ,MOTH£R~I to 
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figure 2~5. They are:· 

(bl) If _object 'd' is 1a ~ doMain,.,aml :cdp i4 Jft •-•iloft;,~lhfn 'r' p in ,._e range. This 

· (b~) If an Gl,ject,~,-, 1',Nt . ._<'..,.,dttn tkt,f._.,.,,.,..,~•-the domat• which 

bears·ttle r.etau.n te:tt It IJ,MI kROW!ftL.what tMIODfldl,jt,'.••~ •me watt be·UJld, for 

it (in ttdi case. '8'00ff' il•NUII UNd at the ,._,,ft&fnl). -• ~- of &'~4ata· 

' 
base must cont•itt .me prav .. .., fe,·paeratinf llleh •••.-. :Jo the.rest of this 

documenc.tbeae.g ........ tb~ wtll-ccm1ill.ef~tillp.,~·---lollowed by a 

i-digit umber. 'For ndi 482), it .is uewn dtat,ihe ,._.. , o&,jeet. M · m ,the' domain'. <-nee 

+g0037 is put on D);-and dlai tt -.a the ,. ... ,'J,',;;r,,,dle ~ •,• (Mna, •crJ»S7,r> is 

puton &). Silme~----•qwbo-w·tt-,~•,.,... 

(bS) Th~ i&. J ~~ 91 .:(M), :Jf, ¥':ts not •itlM ......... •~• ja,411 U.-d-in; then 

<d,r> o.n _..,be •••....,_,.,lf d/>'Ja!,tft &iwffatien.:._.!if---w{uhthe range 

(wing bl)~ ·wbid.l ii ·iata,. 

(M) This- :is i...l,Rlll3 . p,:gf (it). lf .· 'r.'·.tiJ IIQt ia :,_,JMp, _. !Ui_.r> is in the 

relation. then 'd' can not be in ~ oorn.in. Again, lf 'fl' ••-• .._., UMa ~r• would 

be in the range {Uling bl). 

(b5) If the domain -. .. •IJ·• ont object !9•,· ancur •• a • _. tbf 'relatien, then 

'r'can-AOtwm~-.•· 

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



Figures 2-6 .and 2-7 diagratn some)!:lf~t'1C'5 u~l{IJ ~b.!~tlQN. of these rules. 

In 2-6a, assume that the data-base contains the information •~Y• ttlt d9Ued li11e. which ., . , . -. , ': .. ~~- , . . ..:: ><· ,,! ·..... e~. ~ .:.. . ·. 

states that the sex of Jane Smith is female.. If• user of t,~, d~ta,-~~ ~54res .to know. the 
. • • • ; . . •·. •' . .c • • • .... ..'I;,_. .·.•· .. ,. .. . 

sex of Jane Smith, tile user can construct the network below the d~~ lif'.le. In Qrd-,_r to do 
- . - . . ~J i'.. -:'': .. : . · t,·, t · :~•, ';" .· . ;: , ":1 : . · f_. , ·, 

this, the user must have access to th.e class".points for.'J~ne--$,nit~~ a11d. 'S~X-OF', but the 
-~ ... ~ 7-· ... , '. ·\' ~,-·: ·:·t . .,~---_'.·.'", 'i-°'111

~\ ·-;~•~-,,>;' .. _I:.,.; .• '.· • ' . 

user need not have access to the rest of the netWOrk. In ~rti51.1,1-r, tile user presumably 
~ . i~;-s.-- ·.. • , -.- <' ;•·~-~ .. . ·-r~·i ~.:.~t ◄ -~i.•! 1,; , ' 

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

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

Smith. 

In general, a uaer interacts with a ,CE_ d~~;ba~ J'! ter""' ·a,( spn,1e fj,X:ed se,t of 
• • ' _ , :",: ... '. ., ~(:•;_ ·1 ;-.,~.'._1 ;,,t ~·f'..,.; ., ,:,i(~•,:\,. \,·.,.~ •_'(, ·•~ 

class-points. The data-base can be viewed u a black boJ ~i!h. ~!t:m!n~.IJ• (the .. set of class-
- ·.--J.,·; ·",,. \i _,·•1···- ,'. , .. ,; ~ ·•.,; ·11,'./ ·)''.;~~ :.1·:..~-::"Y:!lh·· '°:'!.t,.~.::'-t). i: 

1 " ' 

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

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

terms of label collisions). In more complex •~ the. ~'li!',,Js J~jJb.t 
1
~ ,dir~tly express 

' • .: , ,. , • ·, ; ' '. , P , .~. ; '. ' ,. t • 1 :- ' .< ·, .; ,· ' , ' 

the classa in which the user is interested - in 2-6a thete JI.no term,tnaJ for: 't.be-fe1''.°0f·Jane-
- ·, - - •• -i·,, .· =- .. ,.., ·:. ;;5·;:r;1 '/_1>. 1'-1~ :? . · ... ' .. ~,.,"' -· •C -·~---

Smith'. Thus the user must constru,st the app~riate ~ <• .~ •mwa.1). in terms qf; the 
., ~~ • ~, -. .;J, :, .·. <; _.I €,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,mporarily aci~.• ~~. ,a. fn,J~t ~o,.~~}!,Xi$ting, fl•~·t,ase 

in order to define whatever new terminals are ~9' for .~tie C¥rr,QlJn(,r,J,ice.: ~fter 
. • ' ,, •. -• • .,, ,·•j): , .• , ' .· ... '". ,,,. 

the inference, the temporary fragmen,t can of COUf~J>\~eleted .. , . , , 
. •. ,,: " ;. . , , ., .,_: ·-; .:!i . .; ~ .. , •.. •S.~ ·' , ..; : ..... 

Having constru~ the fragmt1;1t belq_w -~l:te.,~otted.lffl '9,. 1;~ t~ UJer. k,lows 
' • ·' • • · ~ • • · , • '•-' l,>_c<._,'..;. '.t~•· , '"•• ,....:: '.I ~.)'; O'e ' • ' ... 

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



Smith. That Js, the hew rt~rrunal 'x' ls 'constliin«I tO be a class containing a single object, 

that object being thtf :~,n,t jf1ei~1th.: AJii, thiob~-c~ {~:·1sk~o~·(i~tl!fl~i~ally) to 

• • , •; ,••' ".,.:~:;. <.(,,;'i~,.:;•,•.,.i,,?j{?.;•,•~.-,~~P>•,.'_r/" :-••,-"•• 

be the sex or Jane Smith~ but presumably there is some already existing object in the data-
. ' . . 

... · .. ~1.,,, ;,- ·,i"~-- .. '.1.' -~,r_!.;';•;. !,i~:• _':. ·,>.-~:-!~<- ·• .. ~J·--::::.~t: '~<~~- .··'.-::·4
t .!<, ... . ~ 

base (in thia case, 'female') which is eqwvafent to 'x' but is ·fflON •tnteresting• (in that the 

., -. ,. ·.-,, ,. _.. ;';., .,·~---. -~,.,~ : •,' ·•, .. ;.; ... ·:,;::-~, ?;.:~-::-( )( -

is to set up an initial Jabeiing such that. the piopaption procedure can be used to find such 

an existing object: 
• • 4 •• • •• ' ,• • ' j -~ ''';2. . :, '. . '· -, : , : -~. . '. ; ., I ' : • - ' £. ~; _; .. " ( L ,i } :~ < ·. , 

An initial fabeUng (arid the subsequent inference) which does this is shown in 

figure 2-6b, which 'ii a· copy of 2-&a with the addition of labels. The number in braces 
, " -'_ • . • If. t.>' '{' ~•,_.", ·::· . - •':••> • ,••",:;_,~a {:r_,:{.) J:;, ,.;.'£:;,:?,(\:#f} ,/' 

preceding 4c:h tabe1··1s· um .-to .inclkate the order in which the labets are created by the 

: , ,,, .. ,1,l·. •· .. .-... :~,, ." ·•~5~~;, ,:'•;···. :,;:._t , .. , .. ,~;-, ·~ -),~· ', :, ··:..-~~f. ·1·:,~4; :=::i,;;J d;;;d\··· .. ,·.1 

are not "actuatlj -neeaecr by the·'intereJJce 'procedu,e. Foftow-i11g 'tM ft-umber is the 

propagltion·rtafi Uwil ta'~t.::t~ '~ ~:{ci~rnpte•~"')~J£=••thatthf+~·~bel 
was treater ai'ti~ fv:}i·~,;{bt). 't-rl,ft o~wj~' tngt1st~~;;,;;;{1

~ ~~~~the ~-bels 
, ... ,·· -·· ·,-)!': ,~,"-.·~·, .. \• <:.t~'l.U£i\~2] __ ~tlJ:..~ ... ·.f·: :·:;.½._·/r: .. ;:~.--.. _<-:~,~ t;f _~\a-nca;:.uiu::. ~ ~.··,":>~ 

are propagated is rattier ~ out it contains no more Wonnatton than the labels 
·' •,· 'l•,' <,.·, .,· .. ,···,. :· .• ~ '°i ~;-,,..,;' --\~}-·\'.. ,,i{ .')h'\;,:l}r:.: ~-.- :::~·~ ;;;rlr~~ti.trl'i/+ r~i ~eJ~t'.d.;'.,~- :;· -

themselves do.)' 'The {O} ·• · libel ·1s the user's initial labeling wfaich ttarts the inference -
\ > ' • • ,- • • ~. -• ., •f • • ~• l •• •• 4•, •· .._ f • :t \;•! •~ j}. ,,1,•j" { '•'"t 

u sa;s th~f t~'t,raiMal~ iW.~ 1l1n~~~aii, tfle!e1,f,Y~n/1S-fth) ~~~s -~~a~tly 

the ob Jett •,c•. n,·lwif~li Mi~~Ji ·11) 'are''B:atecf by ~~" ~) ·~~' ~;h~ :1* ·~~ ' .. ·x I 

aummaucany· enilhs'~ 1~;, .. ;;~,x.<a•'.)lil ~~icJt ·u:0~1~~~h~'~n.,.;!r<t>1f ~ ~~t~· a: ~~w 
object (here, gcx,;sf~~ ~a~,~~ls:·:;f~ 'ti;b1J·+~ 1\~~'1,~1~~~:~'1,/';;pl~ing 
(bl) to the two labels Jult;~r~tic!~n;'~iip. {)}. ·au~'<~h'at~w;1i,~~.:~:t;~~~;t1

an 

a(emate (labtl nun1~r p);J})'~tikb'~~•rih'i11e\~ ;~.:{1·~·:y~~:: .· oi': 

Al delcribe~fia, ~o;f 1:'.u:'~littd .o{ ,~,~.~ ~~i,~t)~i-;nd(;'f'~a1e~ are 
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the -~~~~•tenai9".'~l9b~ 'r~ ~~~,~,.~.~ .. ~rm,n.li,,Jh,,_""-,. w~c, ~hus 

k.nq~, thllt 'x'. ~ttl.e .. ~ .of .J~• ~~) .~ ·p;•IJ~~ l8f '£~'., ,NQt! tt,al,~l .. the 

user had to ~9 w+',i~:~~ the nttwork,~w.~•~•,~.•~4:~Jtt .~. ~n iJ'.l!Jial 

lab~1w,~ Fr~ that, th•~•~el".P .... t~"J, ~~-P~~• .• ffl'~~ t.,..t, .)~ .. llnd 

'female' a~e tt,lt.-.f!" ~~ an<i th~t con«:luHOIJJ'Mi'i~~.~~J.,.,~$er~,·~~:~:c;Od the 

ustr hay•, t~ be. ~!."~"~ ,,4b ,~, !'t~~,.r~~, ~~~~~~J~•if~t~ Un,jw~~ch 

--! ., 
; ;'.t~ , . ' 

sue~ ar_•im.Jl,le ia,f....,,~,b,U~ •~"IIY ~~ ~ •. ~...,,q,,s .. 1~,fflMM cqrnpt.x. ~a. 
-:~ . - '•' '. ' 

Figure 2-7 diagrams .~.,.H1f~ ~-~ §mkll'•:ltma.11;~.t~~i"WY .S~. ~pin, 

assu,meJhe atr~.~b_q,v, tM ?Ottecl Ii~ ~p.rt..~~,--~;Ml4,;~ below the 

.line ly,'f.~fr»a,t ~Y.t.Mj~r fQr. ~,~I!f ~,.~,~~i~•,-~hat.Uae ~ta

base contain\, both. ••~me" clata. .~ "fJM,,~, ~,jf,J¥ff, ~~~• mothe_r) and 

•generai- data (such as that MOTHER-OF •~:.~4;10:,1)QJ, cM~,th.f: .tw~.WI•:. of 

t> ~!;NT;$~).. ·N•~· ~-rwt•.a,I .9(,,., ~~ ~ ...... I~ •11t Jhown in 2•7 
~ . . . -; 

~ it SbQJtfJ qaiJJhose. ,.l~,r·f~JO ,the.lJJf~., .. 

Th~ _u•~~ -~.¢'. ~ ~ ~~--.,-~~ t.pat 'x' ~ a 

PfJ'ent. ,of:.>~,$.ub • dial 'x' ,11.,J..-a, ibl 1 ..... !~--. ... ~ttt 'P~:t,--a"1-. •11 'x' 

-. ~17,~UJI?•, •~ ~~hi.f ~ & ~. ~·7fila~~~ ~ ,~•-d•ca!base 
.•. whic;h:-~.:'4uh•a~~,,~,•,c•• - .~ :filMI•,~~.,~ •st•~~••• :C~ tke.~· of 

Jan, ~mlh1 are q~fS4d-:in~p_pepdix,A.,,..,. . . Jr,\ _. , ·: 

.• ~av"'g-~~~,r~~edntlut. l9~ez: ,p~eof; i,e~,Rr~tfl\i~t,i ~$t.J»o, .. set !-IP. an 

illitta.t ~•,"'~ Th.e waY toJof"° t~ •~• ii ~"1'3-~1'4:.l96~~,J~~ •x~ ii !!1'Mary 
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· Smith and· then see it th¥· Inference practdlire'derrv• an incen&isteftcy (~ia the coilision of 

some•;• and .... •;1abf~ "l'o a'ifame ·tt1at'-X'1Jl.•(fhrytmlllt,1N·~ puts ·a· ,;.,c ·r.bel on 

the objeet-cllss 'Maty·Smitll' .. The rm·' or·· the rni&l "1abe1ibg Cdnslsti of •X t,n·· •x' and 

•Mary~Sfnith on· 'M•ry-sttittl'.'':TMse ~ al-.lti:i·11·w'81111tY·:fOJ:,.,,. the diag'tatn. The 

label-propagating i~ftren'ce procedure: then uses thil'ut1fia1 libelittg to: dtrive an 

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

be given to the user, who then knows that ~• is indeed 4M'ary~'/since it is' it.consistent 

to assume ocherwlse. (An~t pcwtbfe lnlirpretation · of' tits ~sten~y is that there is 

no such 1x', meaning that; jatMt Smitll 'does' ndt n•~e(anft~~ ·plrfflt Ptewmably the 

· user assumes that she does -ha:vt one; so thiS tnti,r~ ~ tUlelf 01itJ · ·: 

Note that tfit ttrtonstsienq· it detetted via a ·codlstori 'tfJjelntaA•: By prdpagating 

the labels 'in a d'if~·1otdtr,'tbe'collisimfcaufd 'liav.e ~mileXW.~ swwh'ere else. 
Thus t·he exact'~li~-~erfi'ttie ittcombtenttts ~ ,~~~t,wij,S~anF.cJ.•'1~ ls only 

importa-nt thaht'be~ 1antw:b!tf .n; ;,;," ,~., 0 ! 1:,: ,; 

•·0ne _tmdaf,~ iHd'\ift Ngure ~7 ts· ti.t· ~!,~'1.~ WI ''nkMilfl:some 

generated-object would N plaeed ur:'111 · jbject~~ tW -~~ titiittl)lc:t.idiss: ii used 

instead of the 'tenmt.a.jett's ft~riit. 'Petr example, - ~:~~intt~.x> label on 

P AR·ENTS« 'IS Written' tlwri 1nvri6~tef1;= fnsteid 'of, ,-.g;~~ ~1-:flltfptocess of 

(I) generating • n~'Oi~re,: 'gtl941:· ltl propaptmg 1f1 t• ~•- •ttit'. to ,ane
Smith' (and a r2:b2'1~lfk.i>1'"1'1relto'·1AR'i~Hfs~· (srcrWannt ·-n,~Jafa~StrOth'" on 

1Jane-Smith' via rule (ot); (t) Colliding the •gt2!1f 'with 'thi;:••ji1'••S.mitt(~ritch then 

identifies the two obJetts~ {&)· tMri'flfta11f iJsklg •Jane-Smtdt'ttf a1f"fa1Mts wkere 'gl234' is 

used (which is legal titica~'thfh,io otijetd have>-beert ;ldelitif/ta ~th -~"iStM'). The 
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In .general;s,~,,8I0,11~Ut ii ·••l ··~ ·IM,~~Jta .. ., .. ,1ab«I will 

~iately cotticte ~h ~h• ••• abe1'911 tbf..,.~ ...,.atv&Jim :~~ ~e,.1~ted 

obp .wi'1'1, u,, ~J,ct~ object. .Thua,:•~~·M-:4UJIQ,f0 a~•~f:#1• ,Qth,r •. ,,o_ it is 

legal to.~ .tbe objeet""lul.~ jn._d,,ot ''"' ...... ~~ pame .. ¥1 ~hit w•y., the 

generated-object.~•- ne,v~i, app~f~-Qll ~'~I™"· ;r~~~tc,-.i .wQt •I.so be.'.'1.ued 

wh-:rev~ .. api>1~~14 ia, :all t~ resi of • .X¥1~ 

2.i The Inverse Constraint 

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

exampl•. PARi.NT~<lf 111d CH~~~~;;f«•JMHMMP~tiW&~.J• .t~at if 'p' is a 

- par•'1t•Qf 'c'. tt1111 •r: Ja ~.cbjlcl.pf 'p'. T~.,etWW4,,♦Y~~'t~jfi1iN.-,jQ {igu~e,~;lla -

lil'lce "in¥erse".is·s~i(,~~ OPf'~nMlter·~~mafPJJ~~i:t•,_~ •IKJ of 

the ·symt,ol. T~ ~ :~~ r• f,qr~h,~uW~~~lq.t ffl;;ithQwn in figure 

2-8b: . 

JinvJ) If. •~>Js,Qr>.onesiQe ot,t!;le.JMI~~~,•<!~ qn,~f}I,~~ 

(inv2) If -<d,r> is,oodone s.ide, ,put7,:tA>~:t~-fll~~.~~~J,~NYM'•i if .'p' 1i,S llP'. ~! parent 

f • ' th • ' i , ,.a..a..a of • •) 0 C I en C S IS n~,.~ p . 

. Tah4q1 ffllJ H ·""8 ..,_hl.;l°ril'\WY ·-- iJI i, • .-if~'Mf :--by wa,c- .9c>th 

tbe rela.tiol>, an4 .. ils,.i1J~erse . .for •~PffltJ..,-~·,3~!1~1\iifllU'P~~~erJi,µrt g-ie. 

Like 2-ie, .~t -~~• tAA',-~he.SEX~F alb'Ui~i~~.M!ffl'fll~i(i-trt.-ea.Ped •~') of 
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the SEXES 'male'-iftd ,-..,_.,:,: AuU11:uasectUt ste:ttem 2.3, ftgu~ :~ does not ilmply that 

every .person has a sex. However, 2-9& ~ Vnpty·ftliis.·'Stnte?MISON&·ts1'tftt::-:irnage of 

XX under BElMOS.oF-SEX;ifar we,··persott'thett-must'9e~atime'ol>jftt in XX such that 

<th~xx-objeet,tlie-perioM"is•W0BmN08-0t:-sEX·,{usirtg' •le._, T+ifliinv.erwconstraint 

in 2-9a then fortet that ~jtt1~10t~jcict> be iil~S£X~~ --~tr,,~,. has 

a sex (which is 'the--xx-ob~.; Ndlt1tfi1t none:of ,thiJ'Ntptins'tltit\i'pmori·lnlve ~ !!!SI, 

only one sex - this topic'<Jf' +i-1 t~•-~ d1rcuatil1·in· dbifin'~-ti: · 

As another example, figuri>"2~'~ t'ha't'Sl'OUS-t:.OF ;is' 'its::owt1" inverse, 

which is means that it is a symmetrk relation. 

2.5 : The Workf Coriilramt'·'1 ·. · >' ·_. ' · ; , , ,· ,: · .::. : :);;,., ;<,,..' Ui:f;(;"· •. ,'. :, 

·· So far-;;w 1fl~~fJiatthe'i~ftM' ili;\:dita~~ ~tLover time 

and ·represen.ts1 ~{jffiifel"~t'ttt'"♦it1i.~ '~'Fliaf·ts, lit 'iastliW tadt.ffi~~itrai,the 

extensiort or:a: class•.tictt-'aflft!Ol81'm&YOT-EH'ff ~twl~:i·H.wver, 

iri · the reattWoffd •ny'~ ~to~ lffl'M: nt~tlaW •~R~t>TtRs 

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

expire. Also, the·~~r-tlf"·t' aiit'taW,.vlt'f ~g tW-tfii;~~t \tr 'View• 

wbieh I$ takel. ·, · Fori~fk.M"\dstff-fof :a• cermafdata~~:might•warif>telcoit•klff all 

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

Fortunately, thfflft'.fsi aii~•.fitn~'ini!ie'tilfflllffl, wlutlt·0fselps. sofve''lboM, these 

problems, an<f 1whtch'wlll't\Wne fti bi~'OfflrflcnaWd<'rlfore ffl rA-riJeCtions of this 

document. The bmc-:ldti ,~·it,,~ Wlilttt,-'"wortd" :in tt,i1d~~! .(; N<.wfd e&li be 

thought of as a ·phytiNk~phy~iMtidtr. stkh itthf1jihytl\?af:sttuano.tlot •1tptil 3, 
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19i6, at 10:23 am''. or the metaphysical situation of •w .. at Ja~.5,nutl1 1?elie~esto be tr\le.• 

The latter might be important if Jane S,:nith_ iJ a data-base ll.ser . "1 .. hC> wants to add 
' -- . - " ; ·. ~. ' " ' 

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

add - the data-base shOllld then be operating in c:Uffeteot world.s w~ it is ~eing used by 
• • I • .' " • -+ ~-

Jane Smith and. w.~en it is. being used by the other. u•.. ~ipn JI. pi~~s m~ny. other 

such applications of worlds. 

2.5.1 Extension 

To support multiple wor,lds, it is necessary fqf tf.\f data-ba~ te> "' ~ble to contain 
. ": ·.; ' , .. - -~-.: . . . "' ' . \ 

assertions relative to the various wor~s ~d to mak~ the ~ppropriate inferen~s froff,1 .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,ized 

to that world, and sin,Uarly 'for .... and •~7_ &abe~ Fw :exampi., hav.~ • •Jane-Smlth/w 

label on REOIST~ED·VOT.ERS mtes that J&,nJ .Smith~. a rf1,U1tt:~.YPfer in wQrld .'w', 
,- ' •' • ,, • l ' - ' .,. . ' ., 

' withQut making ~ commitme_nt on, way or the .pch,r -as t,. wheth~r Jane $mith is a 
• .-, • > ., ' • • _, " 

. registered voter in. other worlds. 

For all of the label propagatio11 rul"'.Q,V"1 so far. iUs rJecessary to. add the 

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

example,. in figure 2-1°' ru~ {pi) can !JS p~tc,.a ~?'-t9 class.'A~,,sin~-tbe -x labels on 

'B' and 'C' belong to different worlds. AJso, e.!ery ,bel..~.ltit£h .ii pro~&llt~ (;\Lµ;ing an 
. , ' - . 

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

. For example, in figure 2-IOa, If pc:,int 'C' were 1ab•~. ·x/w.: then ~A' ~14·. l1e '-~ (~ling 



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

Furthermore, wotld--~gs 11\ust be taken into &«GUht by the tJb jeet constraint's 

rule (ol): An object-c:lus such aS ''tht1Jteiident-of~M-tJS1 represents the sa~ intensional 

ob Ject in alt worfds. even ttioogh ex'tetwonatly if may be ct~ (there being diff1!rent 

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

presidents at dt"°"ent tknb). 'tfletefore if \,I;)" ii aa object-class. it is 'allowed to breadcast 

an -obj/w label for !!!l world 'w'. As in section 2.2. the data~-~n avokf-chC>ling itself 

with spurious labels by 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 convention, the workt-tag uaed on the Initial labtting which starts an inference 

will be •inf' (an abbreviation· for •current inf«enc'e"->. •nd every label written without an 

explicit wotld;.ca.g WiUbe impfiatfy-tagged with 'inr. 

In additiati to uMng worla'i for tags on ~l>els, it is destr~ io be' attle to ref e~ to 

them explictrly as'ob'Jecfl; Thans,•1nr, ~'. and :tti'otlMr ·~ wtlf.,. treated in the same 
manner as other CE objeeU ('ja»-Smuti'. YemaW: etc). For . .,.., ,t "w.r afld -W.2• are 

both worlds, tllen the 1tbtt •w.1iw:2··on S,Ofnf dais me&~ ffiat the .-ol,jett '1,.1' ts in the 

class. retati.ve ·to world 'w;t-. 1"tte me or ·~lt llbeh ii dist:~:~ ifb't now, lfis first 

necessary to describe what a wottd--object such as 'w.l' •reaffy a• .. i~ &;t1iatly not the·same 

sort of thing aa a perNn (•:g. •Jan'PSmith')' or,.'m ·~.g; Y~ie'); 'Since a world is a 

specification or .ic>ffit Slate ot •tfaits (pltyskal or IMtaph)skal), iM since the C£ universe 

m9(1els all inforlnatton in tttms 'or 'aWg#Uig objeets to .:lanes/It 't~s ;that a· workl •really . 
is" such an 'aSSignment. Thilf ustgmnents need nbt 1>e exhau,sttve'..., t~ world •w• might 

assign 'Jane-Smith' to be In R!OIST!RED-YOftRS, iss1rn 'jofm•Smith' not to be in 

REGISTERED-VOTERS, an~ mtke no commitm.,,t one way or the other regarding 
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1Mar:r.·Smitb'. . . , 

.. For COAS.,.'J _Mt~;~-~~1'1.t~i~~.-~\'!-.j~:•ptld~~ sho~; be 

v~e,w~ .as tepr~ffiJi-. a ~ ,,,, . ~~~,,i/~~~ :rJ'L~d~ .~ i .. '"'rl<I )( ~kt,s no 
- ~ ff 

~~•~,t ?f~,ffl~.~~' .~~J..Q[__:~,~~~•-~1t,~~f:r~R,~_f?·VO.T.~S,,_then 

. _ the ~ ~.hich 'w' ~· •At.~~.~, alk,wa,a.t, ~Q),~ ~~,tn7~a,jth. !l in 

~gp1$T_J;R,JP:V9JJR,,:,~l)p, ,:~~~".~'~•'-'-•• ~J~~Aft;JP-J,1?::X?!J~$. ~ In 

, ~r"~•,t~,.wqrld •w• ~--~~-~.,.,,.'.~~JW•-~r~~,,•~q~t-:~ts'.~hi~_way 
'( . • -.......... 1' ' • ' 

corresponds to the fronger world (in that it hu fewer cues of allowing boeh_f.O~~~iliU~) . ... '• ,·'• ' ... 

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• ~ -~lass.:C:'. ~ns t~at the~~ 'x' ~.~~ ~t '<?~ f!~•tJye_to.the world •w•. 

_ Another.way of ~tatipg thls is that in _world 'w' it is .~. that 'x' if, ~- 'C'. Now such a thing 
::·· • ~}i,,rJ~c ~/',; ·;"ti,; -;:.:: .- ,:· :::. -r. ·--~;',;.\ ,, -~:~,. -. ..-:·,:_,'':-~it~.::·,.; -(~,i -~if'.· ;•i, ·,i- • 1·· )'.~: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 
~ ~ ;: ·' •••• - ... ~,>\,·~· i· j{.' : < •• •• •• ; ·~,:.:·. ~~-•··'.·( t ,.'3-t[,,_,"'f.;·,.',( ·• ·:•.:; ·: '-~ ,,,~·tt'~. , ', 

, ~-~~~~rd_ 1but, rat_~~ ~~~q~h~fr"'t~t~~ 'll~- ~ .. ~,.l)>el!,v..es t~ _,w.2 
. . . 

_ ~li•~v,~~th~t,'x;_il.in 'C',i. J:'h;i,s ~ ~•,,J>t~~~r~i ~t"J}~ ~t>,1 _••~(w.~/w.1• 

on 'C' - th,, C?~jec~ 'x'1is ,r:elative ~ world 'w~, ,~~.~ .irJ, ~-~'tve ,t~t~w.~• ... Jhe ,n.ain 
• ~· , .. ', ~ . ·; ' .,i. ·.~: ... ·,.!:.: .,.~~- .,t,; .. ,._ •... -~ 1,,<'.,: ,J.' ./~• ·\ - . 

p,oint.of .. th~~-~ra1,i;aph is t~ t~"'~Jf~~~ ~e1t:: ~~~:~~<~~~ in lab.els may 
. . . . . - ~--. •-

~ikeoth•~~-WW~~~-~-~J~.~,f~~---~yconv~ntion, ~ch 
l . 

wc,rld•.f]~sses wil;I ~• ~e n~me~ b<tegi9nl~l-, ,~i!", ,:~;~.•:- ~, ,;1~~,fp~e,, .the , ~~rl,<:t~class 

W..C~THC>,l-J~~F~Ti;i. ~~:'~t ~,fin"1 :;C,,,.~~/!.',,.-,11.;~~• JWhitft ~~~. co~,i~tnt,i~ith 

,. on~.odox..~t~~li~ r•JJl~~cloerna. r~, maJ~ '!"'Y-?'ff~ w.,r,ld~ i~,~~ a 



world-class - fot instance, in W-CATHOLIC·FAITH two world-objects mi(ht agr,e Oft all 

anfgnments except tflas'e" tn,.o1ving ·SAlfilT.fAUt'SJB-tOOO~WOtJJ>"(t.e. these two 

worlds assign Paul's bloacr grouft'dttrertifflyf.i ii&tj'Catltdllt aogffit•ij[llt' al.o poslti6n on 

what Paurs blood group it b«h, tltae ttotil-oti.}eitl'~~•.•n'' ' , "''•M{11te cithblic''faith 

an_d thus bath belong in ~ wor1d~lais. txtfhsicMalty. -~11Hdt1c::y'A1tH will 

contain a. greal many sudl3 ~-dbjetts, '1iftltiltg ;~ai'•.&~-~ rtg~'fdilfgt l-tial 

details. However; alt these'.·worid-o1)tas \VDl ·a,rtl'e dtf~08.t.ai; which.'1•te im~atit in 

. Catholic dogma - that a divine Christ ex1.s/~&at lftry·'•'t~1;1fg1n~· t~at the Pope is 

infallible,·etc. 

2.5.2 · Intension 

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

As with other clui'es, it is not necessary that the daca~ contain an· exhau~ive 

extensional titting of alfthe wor1d.:objlicu in a wortd.:C~'.,~ ~'ici"~''wc,rld.:C~~-to be 

useful 'intensionaity. For example. i~ 2:.a{scaces'·i~t ~, '~ 4i' W:.C~TROLIC

F AITH are also wor~s of W-',Ji:m£0--tW1tis'rtX~:PAtnr' <* fi;~itl' to'., represent 
all the beliefs·-held in'~·~•J~~t1tian'.~/~n{the 0

'ten 
.. . ' - · ·' ·' I ·, ' 

Commandments., etil. Nott( that 'thi smalfer' c~stl~~ t~ ;~l~ ~J"'constraint' in 

2-I0b) is the sr,nger GM (1ft terms.of whti is beraev/d): The ~ffiolk biiiefs'~luk all of 

the general' J~Rtiu .,..,., l>ut n6t':coftvtil4ft~: A ~l~il'wiy of-~1lng at 

this is that every si~ (•lci_.]eetY:wlikh ii ~jrit\J&~t.l"t,etW~iof the smat~r 

(stronger) world-class - ~ be tGttd~t wlt~)t~'be1ief,1 .-f'ille"farger l~ker) 

one. And ind~. a. +W '<or' wti•rever} ~' can''p~g,tt';t~T~;2~1fer' kiassjt~ the 

larger· Vifl. rd1e(pl). Nai·~t'rM' use or •wiailer··w·:~~·-~te;t'iv1tfi regard to 



- sets for- •divW.uat: world"'"ject.\i The.~ ft -:tbiS,_.o,w -.Jt •'1 w,jtb world 

c.._. -.A11igrun~t •are~ up •'~ ,_.:_..,.a4 : ,,. :~. 
Now, just as 'VOdd-:tais .u. ~::J11,labela:to ~•••• 1'"'11 durJnt infer~es, 

somtu:onstraint exprt~sloR ia ~ to:~t'-~#-•-'-f•,np.~.-ffl ,~ fl•~:l»a,e. This 

constraint expression is~ •w4)dd-~stra!nt,~ ,ibt. ~.~ for .wh~~•• ~Qw~ in 

- figur, ~JOc. lea __,..,. 1' ~ 'I' if a -~~ •~,., tMf1b .. ;~~ wJttch N"e in 

theworkl-dau'W'. ~-w,.-w,.~i~,:~iJ;s9~o;"~ane.?n 

be r~~"9d.). 

A_ svnp~ ,xample, us~ the ~;ld ~in~~:~~rill~e 2,-lOd. T~ atates 

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

. ,,wQr~, wbicll is conSi.lttClt. witbi ,~:~~ f~ }J li~rili ~\91' th, y,orldt Jn .which 

Mary is a yirgin. The aubda11 ~str,ai~.used in,2•1Qd ~,W:-<rATHO._.IC~F AlTH 

and W-VIRCIN-MAR'\.' is needed ~u· ttwt••·htpe 1¥P,~J!':·"-~_ich _t._1,ry b a 

virgin b~t which are,noc CQnSQtat ;Wl~ ~-~"91~ f~,.(- '.ai ~ . .worJQs ,P,~Jillfflt 

with. Protestant faiths that assert the virginity of Mary but:"8J,,.* infallibility _.ofc .the 

Mary. 

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

•,,..• at. tbe,nd,of tht. ~rkl-.p i.-tea Chat•'ffit:•aa •tu•• ~•:r•-~ the world-tag 

is-unimportanJf"for tha~t,tUla.M'ld that,an_f ·•m-,,111.,.rolJ,su~ f,or the., __ ._ 

The propag~ion rula are: 

. (~1) lf wc;mct-W' js contaipec;l in, 'W', this n,eans.,-by dd'in..,.,i., tile; work& 'UJnstr.aiAt;-chat 



·'B' Js a 1ubc1ass:of '-A' (irt wroiht \I). ,T1Rf'efM; if:SOtM1iflib;ett 1x, .. ,1•·mntained· iff_.,,. (in 

world._,, the~ V-.idto .,_.,_ .... i8•1A' (W:woffd~\.,,.- Ik:ifJllher-'itbrds~ the·+w 

· label on 'W' •enables• the su..,._,,.mMtraintifw ill ~ witlt wtrM·~v. Ind this 
I 

enabled subdus:~ifttJ-,.__. 'M MSIN~ii~~Jl"' ;~ 

(w2) Simila.rlJ, h ·enww, ~~ 'ojAtllli in tfieii1lffllt Wntier a:i'..r8le'(p2): 

If. x/w Is not11A ttte.~t~ iftan•ntiflwlri't~'irlbc.._., i·,:; .,: · 

('.fs)· Tflis •rtite applet ~~ ~ «titiheifft a •tw~ ~:tit -a1-w'~•iet~. :w•. 

· Rather surprisingly; ladt' ~~Wli~ ~ivf'~(lruteld' of 

Just passively refusing to. enable the subclass constraint, which- is what havfiig ti! tiblf· on 

'W'·dots). SincetfwL*;..._.,ti,ean;Jttiaf'ln ~ .._,.,tfa~-1'a'U ~iii"sdbclass of 'A', 

then':there 11\USt ,fk:£~ ~t frelatlvt to ~w'J'wtlith 'ft:t\Y"I.Kl.hst n'tif hf;4A":' ;, As' With 

rule (f,2}.-it·is ribt ~ wkittltexreiliibtftl) .,,tutriW:~1Wtro:i~etated ob'ject 

is used.· In th~~\the'.'gWrUJilaie(r~jcf-ts~st~l>~ia:•l!·'i•.the ~w 

label~ and:con1t~id&ld~ tii1Jf'1ii,.illl~UiW,..,.:;;;.,,:,,: ,n 'i'.H/\M·VJ~i..·}!i '- ._, 

·. · ~w•>'·'lf ari~Jlctr~~~~ tlitiW:iiwLi-' 11t-a.;~ww~1~• ~ 'it« 6e a 

(in world 'w'), then 'A' c.ontains all of 'B~ (in 'w'). Thus 'B' ii known to be a subclali- 'ti 1A' 

" :Ftgu•~II --.JAft ~i.....,, ... ,or,;:...,.,.:a.111t:' 1'ti¥11a't11i11► to show 

that· 1r1· au: world• :we,.;e:-.'l11i.a:w.11Ntra;df1(l~tftt11llit~ ...... 1•p!ttnulf tw;'ll ltlbllass 



do•1 thia iuo aaume that WA' ts. !I!•••• Gf W-&' .. ·; T• IQffll:pt,;,ct ~x• i, in WA' 

and -..Jn 'WI' (anQ U.· ,-.Id~ ii 'iDI' -.. • ii ,.,.. dl!I iftf.tre1tt-), ,Neer t11• user 

•. Mtl up thil initial~ die inf__..,,.._ g19· ._.,,,._,Ming. The +x/ini on 

'WA' can do nothinl ftW•*fJIOffllflt. a.c •hJ~&IW Gll.iwa'fl'Jt:·~1' (w3) is KttV~· by 

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

'WB'. Then r-.le (w.0 GM P""P• 11,1 ...... ·•+-~J-W, ... - ~ ldt"'band 

a collision at point 'P'. 

2.1 TIMT~M...-.. ~ 

Thia,~~ tbe .......... ,.. ... _,,~l:fflf'l'ber• of ,a,dass. 

Conaider ..,...tin& the ioformalioc\ ~ ~- ..-. • a """'~. lflqtbff.■ It •· .easy 

enoygb S9: •8'for. ~J lldk!WJ::,_....llP~~ ~ ~ ••t-.a a •ique ~ 

- thb &i thown in ,...,_ .2-ISL T ... ,-. •;·• _.,_,,Ult ~.,,... a-u a 111t~e 

rnot1wr· ..,1c1 •• ,.... .............. ,t ... .,.,,.1;·~ ........ penon. 

· Needleu to aay, IIIU'I this approach ii "'1 • .....,,a ,.,_.iW.Jt _.. .._ jlllt a. few 

inlormatMMl~.alhhl,_...fl•.cllal~ ·.•~ 

w.,-.,~ .._. . .._ .• ._ _.., .... ..._ ...,m,;ai 

perlOn ha1.,a un,._....._. N•Jllat)n!DrW--~~·-·----'··~•Ji--• 
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and !!!!, in rhe sense-d 'IIIUd'- !f!•ptr18ft1,:t1aw e,UM1NfflDttiltt;not:;tat-.i of tMm. 

The netwerk symbol' tor..,.,.,.,.._ 'Of ;fie·•tyf:ildil·,.._.,w, 'i~<enstraint is 

shown in'fipre ~~- ~ states·that •·•jl!Gt •f u,~ Mim'Nr,dthe cla&1·~L'. 

- Thts cortstnlint is'tlNCHtl•'fittWMSG lt ... that ,...,,,..,..,.,_ •• ~~lmother;• · In 
' ' 

·the following text, the ·point 'CL' :wilt i91'~ •·• M:~ 1•t.as!: ,of: the t-m 

constraint, and·'11t?Olnt•'9bfwili·:1>e ref'erred;·to• the·"t-nH•Jd1'; :' · · : 

I~uuttvely, tlwt-m 'ewtsinint ...wd ,_.. ···GM ·~~ilMl\a vtot:, iW-hffl some 

• + • label (sudt its· -tip/W-) ,1)te&fl -on tlie· irip'tit; ~f; ilt-;Jt:'kJtbH' ra..t "ji~ ;is11n that: tlass. 

Therefore, what-tstnaeetVw,e,pim1-..,..rmutt,1te-..:.r ,•~•ft••feM•.·· .. •~t-M abject 

can be "bound to• 'p"·by:,-itig •n:1)/w4lt,eton •~ ~i"J'ffttJtba~w·can &use 

further propagati0t1s. 

The one ptO.blem with this .behavior Js that il\t W.•Jtet ca,n l>e bound to the 

t·m object at any giv.en tifM, Yio'-tillJ this ratri«kli•;~--:~ For one 

th,ing, if -p.t ind 1'.t' 1,ripjtlFtrr·me,~ ~·<-a !ltd~ ~,a.ttllth •pJ/w and 

+p.2/w labets··on tll&1nput ~nt); ttM1i1 .btridfng them''bath .,.:;tli~~ ·1tt ·t~· $&me 

time would im(Jtf that dley m<tiolh· tlti.,_ bbject:~,ia,-.-.... _..~!lf .S J!Cts in the 

input class WOtJld:-be·nfn~y'.iideiitlfied·wiltt·the -t4n.:o1,-(1 r-1--N, iif figure 

2-l!c 'the-mother' iS·olw~ not;lhie<ame(fttenliGllaO Gbjl!et'fJot everf per$ol'l:~'it· too 

different memben·of· .. tfle:input cu/·ckffing a:•stnra•irifMntei Anather eifficu1ty is that 

some facility is needed·fc,r:;.~'!. a1f-tM,mnsequ.ui of·'...-1'Mlnt•(tie;•l'1 tile Meis 
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which that bJnding q....S to be propapc.} befcnperformtfll ch111ext binding. 

One way-to •hte,this ~erasing'! probl•oto tag·-&11 dleiabm·,which propagate as 

a conNftUMce 9f ach ~r bmding., T~.il,,....,.,be a,,lifflple matter co·tdentify 

WIN~ ,labell should be-«ased, ~- ta.. Jabek•wouN bilt•lhe,QMS,·Widtithe tag. The most 

ltA.ightf-onwvci way to imple""'1t ~ ~cging ii a.temw, of ·SM ~ir,g world mechanism 

- ,each 4iff.111ent bw.Ung·-'- b4 tiff# witl\,a U™'tll!t (newlJ ...,.ated) wc,rldrtag. Indeed. 

if-this world•taffifll ii- done then it w,no lanpr ,D9'1UJ&:f; to keep -h4', •~• binc:Ung at a 

ttm•~.r.eairiction at all .. ~r e.sampa.; the •~'1t4-i,&ncl•atp.2Aabds which cam,-fr.om 

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

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

curns'-out:that the-;~one;bindin1 .as a ttme• respiCtlOe qan-be •~ by.:& ·one .1>.imhng e!t 

w.orld.~-:tecbnJque, -wnieh ·a,-votda ~tie dlfflmkNll:CI.Ulld .laJ tht .~al nature of •one 

h.indtnf-at a,time.T; :: ,· - , -:, . ,, .. •,, 

.. To. prope,:IJ. lmplemaRt •~ binding pet world• it if· ~riJ. f 41r the inf er«ice 

process to keep• recorcl of wh~- •pvent• woddi~ ~1 ... -~~tat ri!lates re. That 

is. if +pJ/-w on PERSON$ caltSU,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,,la .should be allowed to 

interact with ~• onei.• even .thaugh 4w20H' can noLinteract with other werlds in general. 

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

bindings of 'lhe-pe!'.son'.)· · 

.More-,fo.rma.Uy, 'w20H' is a stronger world than 'w' •· 1w20Si' disallows the 

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



world-tag may be validly tubstitutect,tot tlle'1ftktt ae. !l'his n vatkt because tr an 

usignment•ia forcat;in 1he1waklr-.wonl;(aa1m4icated~byi · · · · ,or• 1abel with that 

world-tar), then the same •~, t!!!!!.be .__. 'in tlfe.:.,.._ world (tiflee' this world 

allows fewer- •rbatrary ...... r.1.'.· s-.-·.-g11Metat1«ft1ulfN tri;tt. ~er-world, 

that fact mar be iftdbtet:Fvill· 1· W:WJlh )he:-.,_prwetkf:;u,.tts werkl,wg:· For an 

example of thiso: in ftpre; 1•19&1. t11e:;;.111w or, Tad t1tt·-xfw219f¾jn-'C~,!l!!,··intentet (via 

rulf ptf) to propagate,, -x,._..:IfO •A• if 'wtl84" lf"ttrtftgir1t11«1F'w'. :'Fh'ts ftappens 

becaUN the. -1'·/w an MM'.,.,,__. satntttu-.4' fer,tt;.-4"Uch ;W(6Ws :mlt·tp+) to propagate 

the -,c/w20&f to 'A'.' : · • , ,, · 
' 

. Since t-m tonstn.~ ma, ;be nested (Ii 'in a11<txi•""""'fl•W,.:ttre pt~~ of 

generating- a,stronp-:iWJlf\ld1M:act.;lNmfmg;cafitlt;•1~•:•~·!!!::uf:wot"lds. 

It is:a tre,e:arm·•,,.,-·■ ·1inar'daitt:IMD1111'a::llricle pafiW:wiH~Puah*l'"'''·rise·to'•iany 

different binding,-WQ?id'2~ ~ure 2-.1,e.1liowHh• (one,1,1ayern,. t.WFihtiekatnpWit,ove~ in 
·, . 

· whidf !w!ZOM~. UIC<'~,iM'f!._., -~:t:,_. ,,,_,.!fftli,t~~nttffl'Ce· of ·nesting 

·. ~Hows auctr'b'andt,t·,_.·..w •~:.cteep; : ....... .,,.,:t'ilftn. ~orld i~ the 

tree ., strongW'than· •U-~ Wbttili-l!Mtt" 'il"in".tW tr#<f.ltitl.:~-,u::·~s par~nt, 

etc.) 

As an:·exa$ple>.,_i riftt'tng.1;tf,,t =-tpJ~~ otdttf 'Ofi•i~lfnpu~ss ·or ·some 

oth~r: t,.m:.,ten~,'llt•~~~ralftt·• ,rop1flfii.:w•-.Mc -.r 1~fer 'ettarnple) 

-J).1/W20S7. wbete·,....-•::a,tte.w:. .. ld. r F..,_;i..ltfidllfWS-., ~--tr-0 eti1Mdeti'.· by 

this new binding: The .new world 'wpTaw 'w20M' u itf paren\tj---tri Ntnifiai, twt as 

its . parent. In gtllffll:I, .., ..._..: ... ~i,U:...,.~ ii ·alkNttd ·tO ••• ·Wjffll all the worlds 

.. above it in. the tree.0-.,. WGHt,._:'w;~-llleclu••••---...,,_ .. :...,_:WW~•Just 
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weaker versions of it (they lack. oneJ~r ,ll)Q~,bWpjn"). . ) 

In order to handle nesting proper)~ iJ is ,~fJ ~~:a~ _iq elj)licitJy ref er to 

the wor~·ca,s gene~ted by the b~~ R~• ,-~,~-~l{he J&fll veraion of the 

t·m constraint In add1U911 to t~e iq~~,,._,.,AM 4'•J"'·~ill;.ji ~ an •jnput world· 

class• ('W-IN') drawn on tl)e ~nput. class ~cl.,,~ _,. •~l't'fF\~tfl•st• CW-PUT') drawn 

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

the cen~rline of the t~m ~straint_ symb:ol -- thtJ ar~ ~Ufff'IIUJ~Ma}y ta,1~ich'si~ they 

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

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

exists primarily fQr ef~~~cy-: it a~•• 1 :rn"'r• ,in~;~•-~,jn Jh.f.ipputA;:laSJ (such 

as indicated by .•P/~) •ill_J,e CO(l .. d~,J,~ ~~- R91Jc:Jf .)IL It.·~ :w-u-t 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-qasa. U an input-~~ il.r•,,~f~ {or a given use 
. . 

of the t·m con1traint ~ymbol,J~ it~pf,1,i,s:~~ ff~'4-•~•J~,MP.~,~fikering.; 

The two label propalapqn ~ie.fpr ~ t~ ~ipl~r,,s~~" µlfigure 2-H: 

(tml) If an objeet i~ _in the input ciu. -~"4·'"'· ~jeq~• world~,ifJB·tl)e ~ut ~Id-class, 

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

world. is propagaceq,,,t9 .. t~ outp~t ~,~~ <tt•~,~-: J;"~•.~~•:~r..kl is allo noted in 

the w~rld tree. (TJ\e diacram sho~f I ihe. '-$.tl4 tr•, ~-•£91e , ~~ , af~r the new 

binding:) .If tb,re iS no irp,t wa.,kl~ tA\ln!~y ••Jo,•MtP•'•S._. wttsed to 

create ii bir:tdil'lJ (regirdleas or the oil~• ~~~'-Ii·· . · ,, ; . · . 

(tf!'~~ This is the ~v,rae or (tm1}. Jf a,l:,.in~f-.B~tt...,,ytJle:.9,b~--w~ich ii •nd 

to the t·m object is necasar_Uy ii\ the i"l)µt c_.,,~ ~·~,~~~ the binqiRg is 

.. ,.· .. 



necessarily in the input world-class: The essetice 'of (trn2)"1ies. in defining ·exactly· when a 

binding does exist. 'R'M'~rrtnfto'flgure f-l•t:'th~e•ari t'hr~'~dlilons ~h,ich must hold. 

· The first is that sotne objeet {bin! --X~ muit bt, ~nd·to"the(t-rif(ijject.: ihe second is ,that 

the binding world (hffl,~:1'lfor'x1 mdst 1bttn'flle\~t«•~-·;T~·th1rd ~dition 
, ~ . ; •.' .; • . :·,J° ' -. ' 

is that the world: (here -w'.I') whtch "betieves"·that ''w.1 is in the 'output world-class must be 

above 'w.2' In 'the ·world 1tet (the 'dotted line between 'w.r' and~.2,· lri: the w~rld-tree 

diagram ihditating' ·thaf•~:r ·• ntit bi! immedl•tety '•bove· .. :t,. T-hat is· -w:2• ~st be a 

stronger versidn or: 'w:r··{ti created ~by SCNtte' ~ftnfiAt>:' ¥•1~ ;t.ether~ these three 

conditions dff'ine what 'a tiitidlrig ........ it can' be seen' from 'dte ~.··11alr of fig~re 2+t that 

rule (tml) JatiSfles ihal ~, 'wh~ II cr.atts a .... ,l,j~~: ,'~ ihOi (tml) , .. 

that the outputwoi'ld"ttass 'CGMalns··!ltthe biridtng~iwot.fdi; ~(tmt)' statil tMt it contains !1, 

Pipl'e ~-~''showsibi'=·w.~nce lRin; bdtn (ftnl) ahcl' 1(tini}'.'~ f~~; top :p~rt or 2·15 

states that t'hf! "da!ts' or:o'l ~Ni)J,;.:it £HTS· t:~lfstt -bf' ~xac:ftY'<r~f person'~ ~ho have 

children ·who :hihri;' chffd~.'·;fi; *' thkt thU w tne 1~-~!Qla~f &~' ~-class 'WX'. 

One one t.ain'd,;WX''.is'dM'Wdiit ~tM: outpl)Cwdtkl«fasstoti~'t~-;~si..-tnt: invoiving 

GRANDPARENTS/'Frdih thit cdnstrai~t;'WX •contaitll ~-~ fft~'wor}(fs in.'which 

'the-person' is ~uffli;,tt,~tgrandfiti'ent.' On th~ other1 iiamf WX (s· ktsc,: defined to be 

the ·output •wotld-dffl\(pr'tttt' t<ffl' tx#tstriinf lhvo'Nlng TH£:-ORXNocHi,toitN. From 

this -constraint,, WX ~taini ~ those' •or Ids in ~ich ;-CWel-grtnttcftlfd• ,i 'botihd to one 

of the grandchildren (and hence TH!~RA'NDCMfL&REN'ifttoFaW·~pty class).· S'ince 

the same output worllt·dlss' WJCiic~~ for· both these t~ co1isttai~ts, 'it" means 'that every 

world in which 'the-gralrdtwtUI''& &,bdtn:Fto one ofTHE~R·ANDt:Htt:JiiitN. t's also a 



worlq in which ~fl'r$CN1' il boijnd to OJll ~ ~ (ij&Ati,Ql.,.U~TS, <and vic~•rsa). 

Now. since T~E-ORAND~J-111.,~~.are iJl·.f,ac;t,c~-•1:t-d ~y dte two binary 

relationship constraints to be the grandchildren of 't~',riJ fqll9w1 -., 't.J3t'!petPI' is 

. bound t~ IO$t pandpar-1t ~l'l eJMdJ ~ •~ 61J,;w~-)~'Jt "'°'"d to some 

person who has a:non-.mpiy~laae>f gran~ll4Nn.· 

To see how thiJ:wp,:~ in ~ ••~.;M\q(, fl11Are 2-1& COJtta..,. the 

infor,-tion that Juw $mith ia , ctu14 '" Mary ~la. ~tMll~:tfwc lp1,._at;pan,'Of .2-IS 

(below the, d~ Un~ represenu ~w W,~ ,.to·"~.,._,,~ ••fti·•lllMlg ~dat_.._se 

(abo,ve the dQUed Ible). .Tbil oew iQf~CioQ,.,...,:th~1,lil&J,~; .. il•a• ~ild ef Jine 

Smith. Now. from ~ new Plfor~, .U·~~ bt;••-·• • W,r t~· M.q ~h ts a 

g.._ndmother. (~ven.thougti ,.~ ehe ne_)II inf~.,~~:r.ef~:• ~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-Smtt1'/w0002- this la·ltgal b«auae ~ ts stronpr than \90001' ancf thus·'w0002' 

world-tags can be sub&rttoted. fot 'wOOet• ones· (Nw11act··•··fit1te·f-1Sc:S ''for a simpler 

example of this ktnd of lnteractk'Jn.) · 

The cohdmiofr.. a.t· step' {ti} ii that Mary Smith ii· a- '~hlr'tti world· •w0001'. 

This means that Mary is a graridmotftff·ki 'lnf'., .CSO. -~er. If Mary were riot a 

grandmother in• •mt~ tlNn a WMI· to, tht trNct '{i.e. -Mat,smttfl/inf) could be placed on 

GRANDPAR!N'fSWkhoUtu,' ineorDtscericy. Hoir4!¥et; iiadtiWca1l·intn'tt ~tth the 

existing +M'&r,--Smithlweool, (siftee ~- ts ltt'lnp- thd ,nr· ind'tari thus bl!· substituted 

for it) tecause:an:~~ ThlttM~rytfmdeed'tl~On 'inf'); "to put this 
~ 

another way; the~ ._..:differs. fNMn 'lnftlMfy ift ·dw.~' ot ·sotne··addtuonal 

bindings. TherefoN aff,•U.1tflit!h do not reN- to ~:;..,.. m • valid in 'Inf" as 

they are in ~- · AfNt d. 'WOOOI' ii realty ottfy ,: .·~ ~ ufed to prevent 

invalid interactions with ocher possible binding• of 'the person', andi is _orherwise eoinpf«ely 
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S Using the Primitive Constraints 

This section describes some of the !,!StfLII. '!9'\"f)flWi~ye 'Rnstraint exprmions 
t: •• ' .•. . •' ,,. . • 

that can be constructed from the primitives of ~tJ~ 2. ,;'h,, Stfll~~y,re of t~~s .~~tion 
•. ;< , •. .f .·, '. l• • '•.,· 't' .. ' 

parallels that of section 2, so that (for example) •ti~ S:l 4e•~i~eJ,SQf1'1 ,use, of the 
' ~ '· .' : . ~ , . ). - .. 

primitive constraint introduced in ~on 2.1. 

S.1 Using the Partition Constraint 

S.1.1 Taxonomies 

The simplest combination ~ parti~.~ts'. iJV~lY'-1 ~rra11ging them in a 

taxonomic hierarchy such u figure 3-L T~lJ ,~, , gpat avuag., Qf space, since (for 
--. '' ·.• .,. .. .. 

• example). it is not neceuary to havt 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 • • • • 

figure S-1 are used in many kinds of ~~n~ oetwwk.• ~~.:-part. two o( this 
.. ,·. : ';. ' ,. ,.,:,,. : , . 

document comparea ICJfflt of th• with CE. 

3.1.2 Intersection and Union 

Taxonomies such as fi1ure 3-l ~ve • higbJJJl~i~!t ~~cture -- each claJs-
~ : ,.. ' ' 

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

a subclass in some other partition. By r~laxlng thi',,~~' PD!~hJ.t it js po~ible to 
• _, • ~ C • '. •'• ' • 

represent all of the Boolean functions (inter~ • .,.~~ipo. ~~ ~c.) lnter~n 

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

. . ,. . .·"'·- ,. ' . - 5 . . ' ·,, "-' '•' ,·f:.~ ✓., - ·., -".•;. 

class 'C' tocoritaih aattty·t11ote cibjeci w&tdl are containtd.m both 'A' and '8'. Figure 

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

-c~ is necessarltf ih botfi'. .,A: anl'B' .~ is ~ ':in the i~.'; Thus 'C' is no ~rger 

- .. ~ ... -~~ : r~,J '.:r-~J-{_;·<_;·:.: ,;_~ • --· · 

then the inlersection. However, 'C' may be a pod deal smaJ1e! than 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. ·~ ~J-~- --~ i. .... -· 

would b.e in 'Bl'). What is necenary is to prevent t&oie' • jeets which belong in the 

intersection 'C' from mista~ly ending tlp in 'Al' or 111'. Now, if 'Al', were constrained to 

be mutually ~Xdmive With'Y,'1t1Nn "!!! oti)!tt an''A\ whidt'is:,~~ i~ ;~- 'could end up in 'Al'. 
- · _- :, . '.;,; •· _:; · ·:u -1 <.::-f :,;,: ,· /' ·t ,,,_ 

Hence 'C' would'lwft to ttntain !ltlM objects ill tW'•interNCOon~ Figure S·2b adds this 

censtnunt tut 'Af-~k~n Wlffl T. at;W .,. &.'~ ()fte tilat 'Ir ~ exchuive 

With 'A'. 

Figure'!-6 .ctoe, ln6ed' conitrain•'tc' to contakt'.u·'ot d'te i;tersection: Ir some 

ob.Jett')(' is tnb«h 'A' ua-a•;:u.en itsftoltta 1,e·~'b) ',J.;~f'x~ is,~·-~•-, That is, 

starting a ~- •w·t,rom ·1'eltf· 1A1 aftd 7", .... lif:resuldn a ~ ~'t': 'Jter;,.ring ~~ ,_2b, 

such a +x on 'B* would entail a -x on 'Kby ruli. (p»t'Ti.en * +K:~ ~A~"~'the -x·c:m ;Al' 

would entail a +x on·4C' by rute (p9); and ware done. 

Having represeatec:i the incersectiOn function, it turM.out that'~ uni~ function 

comes for free. -~ d\i, &•'_'Kl ina':·-at in:'hgure· ~lb. "~jj;:r~irls all of •a• 

plus alt Of ~A' which ti ffl)t in ·r. 'That is to ~~,/J~f ~~-i~I ex~ctly 'A: iJ~ion 'B'. 

Similarly. 'B2' cono.frai eoctt,~•· urilon 'B". Since 'Ai~-~ ire ~tenttonany the same 

class, nothing f1 lost 'b.y ldftig the nme mrensi~~I c~ tor t~:· ·. ~i~re S·2c does ·~his ~nd 

names the combined clus 'D'. Thui' i~';!tc the cksi1~'represerits.the i~tersecti~- of 'A' 



and 'Jf, and the class 'D' repr,fHllts U,eif union ... 

hav, to rep,-tedly. wr4"1 .QUt.copies pf lipre.,~~- ~-JJno,-. ~ ll~on, figures 

S-2d a(ld S-2• show the abbrevia~•n.etwor~JJmboll JorJ(IJ~sMUGR _and union, 

respectively. One way to view them is as •macros• for the full structure 0#' figure 3--~ '.""' in 

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

of figure 3·2c,.and £bll wQUJd,be.~atJ• ICOl'ed -Ah.•4-•M-

Anather way to view them is u •.._u•• ~-mac.cl el. betDI tJCpanded, they 

can be implemented u new primitive conatraints, which have a ~i41id. · Mlp\lt~ut 

behavior (u ctet.rmined by.,.-.,-~~) "~ any .,:41¥d r.,<w,-c. ~line str~ure• 

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

also saves time during the infea:ttu:e pr~ ~ ~~,Wl"N't.jGn ir~1's for, the 

in~rJeCtion box (for 4Pffiple) cao ~4ir~ ~-:~J»f1tll, c..,.s 'A,~,'B', and •c•, 

with~t having to worr, about the •emal~)~ ~ poa111t1,-. 'Al~ ancl ~Bl'. Of.c.qurse, 

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

that it ad<la. in~ ,propaptipn ,rpl,p. In P'..., th~, dec:is• af -~1 'fliich IIOJl'"primitive 

constraint expressiOl)l$hc>wd,be Ifft~~~ ~~.14--~de in&o,primitiv~ is 

' I 
a matter of in,p~~iOn eta~($. Fe>r the ~,1Qf tlfe',r~1of sectjQn,. 3.i)t·.$uffices 

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

be represented in terro,s o,f the .p,jmtt,t.ve ~~r~~ $Jee~Jllt m~~ that it mu~, ,be 
, . 

expanded into a Cpo.u;~ly la{J,) n~\VOJl!. of prUJli~!'f: m .a,J !~JJ ~ntation. 

M an example, figures 3,.3 and H ~w .~~,p~~;.1·~'-' 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 ot t.Wo tnputs "A"-:and 'I').; · For pneratuy; the 

pt"Opagttion rules aft· gwe 'ifti, te1'fM or· boKe"'wl\ielt;cani ~··1"1Gtt thiff 'tWo inputs -

these N--way interNCtiOM aftd ttniOM eut N'fflllllieled Wwtnf'.W"1a cuca6 of IWO-Way ones 

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

shown in figure 3-3:-

(ul) If an object ts te one oi dw inputs. then"it'.rmnt be-ht' die-union; 

(u.2) If an ob jec:t iJ not ia>tfw llltimt, lhln·:it can narifi iltat11C dleiinput& 

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

the remamtar Mput; 

(u'4) It an ob.Jkt: isnat • aDJ·ofit,._.,uts;'tlWl:it__.wttt.ih.tbt•kJff. 

(u5) If the llblon- ..Wa8"'·0fre'el~1'.'tflaf!~is.• m-~of the 

inpuu, thffl ~ ~ ltlpUt ••--•·~Btat •jllt. -'· ·· 

Note that <t,Jf •tllMp ·(lil) .. ,...,.,,,,it r,:· .. .-a...,a· .. tkttpt that (pl) 

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

dtJalt or t~·fiM' --<-....,..•:dp«tetl-)' 'P1ley ~"'-rt, lit:--- M~ 

(ilJ If al\ objeet ts. not"~- ane·or·tt1e:~thiht]it.c:dnotlirfllt!it:•~. · 

(i2) If an. object· it itt•tfwiMI~. tfteft. it rnmt tfe·ilf;.Wdlr...._ ' 

(tS) If an objectts:narmtlieittttr--ad iVtni~'lt'dle~ thtri~ican not 

be in the r«naintng''Mrpl&t 

(H) tf an object is iaalktttie inpuu.;then ltmu1t bf':m rile~-

(i~) If an input CClfltl;iM· enctt,· OM objlat. 'and. rf1tMl olfjl!c:f il ~. fn 'an· the other 

inputl, then the lntersectka« ---~ erictfy tfiM 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 UliqJ ,a,~ijkll;',~~t ~
1 
shqwn in Jigure 

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

conversely). This bihaves properly: ICx' J.a.it'Jc'A,',.,C~ U Clllrtl~ b,eJn,.,'J'.by r1.1leJp~); if 

'x' iSJ'lot in 'A' then. it mt.tSt,be ia/1'. DJ~QII (pS)~>•p-_,, Jl~ 1;,::.· 

To ~nstratp · T pr9p«lJ,. ii!~-~, ·tp ,~ ~ ~ry -~-. is a subclass of 

7'. This can be done (rat~.er w~~ly) by hav•.~~ ... • ~trai,at ~tw,en 

, eac,h dass and 'T' .. lt cin· lJe done lea.wu,tefUIIJ,IJJ.i.y.jQf tA.~pli~ttqbcla•,(lC)Pltfa'int 

from the tops of •11 ax~ (awGI\ a• .P:WYil~~IJleTS,=:it1 {fPt't S-1}-~ 7~ -- an 

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

problem with defininJ ;'T' is th• f,or ,a, ~r-~b&M1 tit mil~ :O. i!-if,ficuk -to de~e 

.wh~ or not aHcJMs,a, h~ve~.:-betn~•'to w<11P'-•~:tanptiGit) S&HN;luses 

of T'. . In v aew of.~dlil. it Hlfl)S' prefe~lt .. to 1~,,-.»le•n~ • ,IIIW'1RJ\Jnllti v,_. i~tad. of 

a macro, f'igure 3·51> gi-Y4'1 •a. ~orA l:Jfllbal f..- ~-..,_w10gure ,3.5c 1hQw1,-1he 

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

(cl) If an object is to' one of the complementaiy.~-thenit .,,.,JIGt 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 ~,.,..h.- il:,,._.ble to:define, all of the 

other ~lean fµnciions. T·h111 (u prosqi1,a iA-~ 2.J).A£ -~ •. ~5'fated that all 

BQOlean functiQDJ can be·repr~nted i,;aJe,,ns,¢' Pie ~r.c.tifffl ~~J. 

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



ones are either Wise-ones or h.lcky-ones (or both), that unfortunate-ones ire ati ihme that are 

not rortunate-ones. 1nc1 that att urWortuna .. ari":~~''·toppc,se that these 

facts already exist in ·ftte data~- and tWat a 'user·---- kMW'it ~~,one· wtao 'ts both 
' ' 

unlucky and' un.J&se is ~rify· un'flappy: T.o' ~•'lfiii' ~~. ~· ~~· consthlcts 

the fletwork fragment te'tlwteft ofih.c4Gtted· 1~ 1Al"'n't1te1•ot -~tse-ones, 'Ai/ is 

the class of unlucky11RS. an4:_t~,tb the·~·dt- &e M tt.i:'~ .that:·'llre both 

unwise and untvtky~ 'To stiew'tbata1f1,ttw. ill '.v'~'iWeaa:1iyiUllitappy (i;~. that 'As' ts 

a subclass or UNHWPPV'.ioNES),'.·t'fle ''in~t'ti- 'of•~x-'"tih •Ajr'ancf'·~-x•''on 

ONHAPPY-off:m fi •iasef. (»s''d~'·tn ~·MJl."·t ihW~uttl an''tncorisaltfflcy. 

then:t)M user ~-fflat·.aaw•"9cl;llftt.kly'un6-.inatl!il!~itf>f.' :'. 

-Pronr'ettM·~-lai,·~•.·•tl2''M~: ... J~·li&ti••w·dd: •1-r. Frbm 

these, rule (cf) pr .... •-x• hf WJS.E-<>N!S' 'aftd ,teckY-aN-Jlt··11wn ··•ru1e {ti-4)1 iylekls 

-x on FORruN'AR~ ··!'ie'tld1,.:hlif>:~1fts1+r.,.-1'NKJ-RTONATE

ONES, whldl nste•Jq.i, tiadf'-~etu +k itlfl~-olas~t:Tlti .. ~ With 

the mttiat .__ ·a 11Nfh\..V~;~-aw-~~,._-._ ;thi.s ·raterence 

in eff~ proves one of Dew«pn's rawt (apecitk:111y, t-.P•:~Jit~wfddt"are ;not 

S.2 Using the Objett,Conltraiftt: --Dlstlnct Ob jem 

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

CE. there is no easy •syntldk• dteck for-object ecptabty (1uch ·u:~ prtnM1irnes) -

deciding whether ot flOt two objeetl are equaf'can:fnvolve an· arittruity complex inference. 

However, in triOst cases lt·il pasd,te'tostrudutt the data..__·••t"the ob~u;tfity 



inferences are very simple. 

The basic idea is to use a taxonomic hierarchy sue~ ~ f J.gu.re 3 .. 1 t~ stiucture the . 
objects known to,the .. daJa.7~. T.ta•U'"•YFJJll9'!'!1-:'ii!i¥l, .. ,,:wiJJ.occur at the end 

of ~ome ~r~nch of_ the tJ~pnomy r1etL for:·•~-.,~~g~-.~AT.'l-:.PARK'S

REDWOOQS might!~ paffifioned into Rb~ ~~~\~.,~~ti rtprese9F, the k.r;a~\¥rt ~i~Unct 

redwood~. No,~, these.i f.f,(I~ tre ~ow~ to -~-~ff~; tbe,:nsely~-~~ •. they 

are an ,ubcla~ .. of ~It• ~ ~ti~~- (and_.-~ art ;~IIJ0.X(hJ~ye). , F41rt~,1i~re, 

each' redwood is ~nown ~ ~ dtatinq: frop.t a,~I ~ J_lql\·f~~~~tJ.pe::-at som.•t-,vcl in 

the tr~ ther, i, a ~rtitio,a wJ:uF:b, ~~,Jl~WO,q~ ~ f~ ~' ~ifling the non

redwood object into diattn.ct sub~~fl'•·. For ex,.~~,;1 fi.:Jef1 re(l)l,opcl'. and:• given 

baa,rium ,are ~{lown_Jo.~4isti~.--~w.of·t~~•~•:,of~A.~~~'J"~P:JJiCTS. 

In. 1eneral, ev,ry ~~-{M ti)~ en~-~f L_i)q.n~~~MIW'~ ti;-f.') ~ known, to be 

distinct from ev~y _other SUfh obje~.~~lt;,at~ p•c,! .i>ove tai.m is a partU;ion 

constraint which p~ts them. into JJl~ually e,x~~Y:e z.91.#fJ.· ;'.J;~ wbel'l a44ing , ,new 

_Sequ
1
~ia Nation~• P~k r-',vood (for ~amplt).tq_~he ~~.~~ i~~,on~.n~~JMD,Dl&ke 

it explicitly distin~ f(~ the otb,rkoown Sequ~.~N,P,~~ ~~~ 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'~tian, - · · 

If, for enR'lpte, -a.· ·claa,.base "COnilias t~ ·u«~ ·t111r Mstotle- ls taller then 

Plato and -tbatPaudrttfter~~ .. dtiir if-~lf lie,.J ;tA,,.iMer' ffia(Araatotle is 

taller than Socrates .. '11iis 'l1'ftiy't0· tio ff' ~•s-~lit i1Ilu1n,ta·~~Ry (ag. Plato's 

height ts 70 inches), '..but it ·,ts ;,mt so aly w1ie'h ·such: ~ 1Wot•tk>ri :ts not a vai~ble. 

This -~o,i shows 'how:~ive .r~s· $U'th:,_.µ~ WMt~r~-'bi· ifu:iently 'na~dled 

within, the CE repmeritatfdh·'e11.,.· in the ibterrce of l'Offipte&! ~i&i ·lr(f~ticm~ 

'The Jtey·toittomg ttiu is:that'ewnlh. ~•s ~iii·~\i ni>fb~ a>nstrained 

in terms of a''metr.ieal ·mm1 -~: it ts constttil\lt'f ·-·1tt ·terltis .or :a l;.a•ftiai oritering ': with 

reJ,pecMO A:iStDtle'~' hi!tgfrt'...W'.Socrates' ·heflftt:· ~~Yoo.e t.on~tnu .. 1'Tbe 
I . ' 

\ . '· . . .. '. .. . . 

"stackinf ... ·ef the »nary :~sbtp'tonsttatiits ilhawt itamit-t>'fls·;t :convenient 

notation f-or avotding1:rminr •:ltriel :in''.t1te~''4iagram "-~1
~ -~rif t'hal alt three 

constraints baW HUGH'T'--M'ias their relatkm: ·The-~~ ~Gt -~p&ef · than" 

~are· meant ·to:tf1\;teNrtt'1'e·"pa~I -~-~- rema1.W•lif·'t1W.~-~u :a,nterned 

with euctty '1tOw .isuch ··pa~'~ -tai'I t,e· RJt•tefAwf',_..tlU''if:ttJ-e&istirig °CE 

primitives. ·, , - · ~ ·· _, · · 

Since ,cE already handles the:tran-sitive relations 'subclass•«" ,and "superclass of" 

in a:n efficient maftller, -ct:re -obvious thing to do is to represent ~t .greater than" in 

terms of these. That ,.,. Aristotle's height wm be known to be grater Oan Plato's heig.ht 

because some class -aSSOGiated with the former ,will be a superclass of (i.e . .greater than) mme 

class associated wiih the .latler. Sinee "superclass of" ,is reflexive (.te. •A' is a 5Uperclass of 

•A') and .. height greater than" is not (Plato's height is not greater than Plato', height), this 
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section first describes how to represent the ,a:cfleKi~t:pw.tiM·orclering -~Mght u great as• 

(i.e. •height equal or greater . than;. Then a : ~niq• :Sor. ,.,,seq ting •heig,ht strictly 

~r than• is deacribed. 

. To repraent •height< -..great~•,._. bk,ary:-.tkll H:EIGHT·Mi.TRlG is 

neeci~d. · Tbi~ ~P•- from •n individual heig-JIJ·~,,Pl._~•-tt•iif>t)-40 thtt.appr.'°J>rlate 

•metric heipt.• The metric hei&ht ii a cla,ss ~,~,opeincli~fM.l:•ilN ,i, as ·1r•J as 

anoth«P' JndiYidual R141ht if. and on.If if the.termer's rnet1W .lwicbC ii :I 1uperdJss of the 

latter's. All this is diagra.,nmed in figure 3-61>1, C~M', 'P~'t•d 'SMii~ are ,he,fflltric 

heights for Aristotle, P-. and Soc~ respectively.).· Now.: wwiftg tllM ·Arutode'• •lleight 

is u gr•t u Socrates' reduces to Jhowing that SM.W !1 a ~lass of AMH, which is easy 

(just ,cart a +x ac SMli. and apply; ta,le (pl) t~. . Of coe.t,_.. ~ .w ... "G.,ned wer il)terl.ace 

' ~ 
to a CE daca-bue would contain ".'macr•• ..co eJlfJH• CDMtrUat.sact; u "A i1; u cau •· B 

into tu appn,prif.Ce CE ntCWOril - the~...- 11111ft not bt'awartiOf:the 1Gw.•1evel details 

involving metric heights. 

The UM of nNtttk heights as in"s-tlt cloa lftdee;-,eehave properly, bu,t·it is also 
I 

helpful to have aomt·~tive uteerprttatien Gf.wlla.t-. dats'sudtc.&1 PMH •nea.uyt tontains. 

0r)e .-such interprecauon i1 to con1ider PMW ~coacain,u, Gbjlclt-.ihe integers from O to 

aome N. Thu. number Nth.en :un represent dwimti¥idal,he,jgbt·il\·some arbitrary units 

(such as irKhes). Under this interpretation, PMH:'!WOUld be the Gius of integers <>,1,...,69,70 

· (.aince Pla,o's height is 70 Jnches). Note.that .the data-bale,Uld 11ever, nfer to tfiese 

number"Objects explicitly - figure s-61> uses the-parua! oniering amon1 the cmses AMH, 

PMH, an<t SMH without;tVet referrillg to the dajem mn&ained,in them. k is clear that 

this interpretation for metric hei1m cluses aatilflea ti• rtq\lil'lffllllt th•t one aa·:c:lass· be a 
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superclus of another Wt the:.fOfMer •••nts:a....,. (or .-1> fflC:ltvklual height -- one 

sequence Oit,. .. ,N · is •; supertttss of anotlter one'OJ,. .. ,M fffs:M $Nf' · ·, 

Given this techn-ique for represenung •as great •-:i-,it 11·•'SJ to extf!nd it to 

represent •scrtctty:gt__..,tttam" •All tMt il"Mldtilt'tatt!aalltiitl....,,. ef •$Uperdass.• 

For -example. AMH .U•t ·ftttc:C' aape,c1-,.or: PMR1lft.<•.AMH0 
..... supitlti'i of PMff and 

PMH is not • ~~u · of .Mlff_; T1'at·it;'\ff · A.Wf~, t 'iillpitdais .c,r ·PMH and .. there is 

some object whim is'M AMH•k dOt-·PMR·. Fap Md np..-ms'tfffs!'Mlff•is sttll a 

superclass of PMH, lnd NMH ts known to amtatn it leaf.,.tlb';p!tf'f'ftl1llf,hidl fs·not 

contained in PMH. Stmilany;·,PMH ts·a mtctsupietdus c;fSJKff.' 

Now, even thouth it i's eaty enolugt, to !!!!! tlfe· fm tl\at 6tlf dass· is a strict 

· superclan of· another. it• ia,"ftot' .·so easy «t lnf.tt iiittt s·faa:· ·. Satlta -:~strict superclass" 

inference (ifl.volvibf :,AMff,.at-.PMM •. for •afflPlt)1motr._:w-.,ta.'twlif-,S. :the ·first 

step is ·to deNr~*t;:MitM'ftiiftdM:•·..-.·•·111•••·•-~-·« '.PMfl ~ia ·the 

usual procedur:e. (i.& oy·stminf·•,a:+xlinf Jrem PMH allCl a ... .-.~iAM:ff,aftd :then 

watching for·an--~-· 1'•1~ -,.·ll,t4Jl._: __ i...,_,~, is in AMH 

and isn«tn PMH•_..,.,,_.,,..._~_, .... .,.._51 ••:-•t~--~"x·,, .. , 
It is tmpor.- a-Mite -thlt •thfe etite dMlffslan.,·ef.:tt...-•• lillitions-lun been 

in terms of the-~Jllyi.ftl,......._,~,fi!!/Ht<llrffltW ,:chlV-.ftMltfa.:-,for ehmple, 

the user.· iMe.l'f;aft -.o • ·:e£:,,1dtna-tba:t•l•nt;tf,ht· a-Mow,,1tatetft'•lrt,, sa·-ctt· as 

:"taller-than(A,,.-1.,,..'!,,,IHtb~.intertue exparMh"f;thiS)~t iflto-rffe Aet'WOrk; of 

figure Mb. The use pit;-.h .,flll(l'()S.,is also disc111111ttn -·~2' - .. the impOrtant 

poinl is,that thit ~ it GRcemcd with ....... OE'•f(Rltti011t1 ·capal,ilttk!i! not 

with specifJiftf. a pu1iCUIIA'..,_x: for•1MWl!f __,...,,". 



S.S.2 N·ary Relations 

Codd's Relational Data-base scheme [Codd 1970] uses N:-a,,r~,e~jc,ns• as its 

pr!_mitive construc;t ~tion ~.2.1 in. -~rt two ~r~ ~~• sysce~ :;~h" CE in more 

detail :--: this section briefly Aescrlbes hqw N•a,y r~ ~" ~~•~~ 4n 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-,rou.e. ~' ~ r~ti,OJl tuple'for:, ~ne 

Smith miJht be (7Jlfle Smjfh•. •M~y Smi~h•, :J~:§,rltth•, .•r~ta\ •ab•) wh4f_H the 

double-quotes indicate that the jtem1 iJl the. ~k,,are~~~:strinp.. .. 

One common way of repr~tlQi, t.-l·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 r,ta~s ~sed fpJ:,.~he 

individµal slots_ are ~E,-OF, -ma.fl:-OF~J,fOTHE.R-01'.rc _.~M£-()F-~THER·OF, 

NAMi·OF·SEX-OF.and NAMi·OF.·JLOQD-01.()\J.P-OF,;.•1-bolf-. .. UM l!ou~~~tes 

in S-7a. indicate ch~r-strings: for. tJCa~ th.t ~ANWF·NOTliiRPF Jane $,nith 

is an object which istJl•Waat&l!!l "Mary~•. 

Since CE~rep,reaent objects .. (e.g, ~k) tW;ectlJ"~npt Jpst in terms of their 

names), it seems preferable to use a binary relation MOTHER-OF (w~h ,;elates a perJOn 

--to tbe. ~ which. ~ tbeir _m«h~r) instAd oft!li1~~-:¥0J~Jl,of., Figure 3-7b 

does this for alt the. binary reJatiQlls .in S-7a ex~:eptf•r: J\if~MJtS)t"-. ~'i• sti'll a ctiaracter 

string. 



9.-t Using the Inverse Consuaint 

S.<f.l Total RtlltiOns 

S«tton 2.-f shows how lthe inverse 'cenatrafrit (1,1'1.···r,e "* With the binary 

relationship constratnr cs -.. tJtaf na, objeet it\: tk·~ 'fd' die tf!litlonsnip is indeed 

related, ta sorne·o&ject' in ttw tanp.' Fc,r tmnpfl/tflilt• Mai__. thM every person has a 

sex. The;constlfUCt.UlilKf in· 2-ta mrs atdtleientftoftlft tt d Sl'l''1w'iu0\Wl'syffibo1: Figure 

s;.aa shows tha symbol for •· '\'cQf binaty rtfa~ip"' ·~,_..1ftows: wht· the symbol 

means. As• in sectiOlt S.l; tfllf ~ Clff h eith« a ,-tn,• tW j:.1t), or it 'dil be a new 

primitive- (if· tmptem,ntlrftolr ~ warranrft): · · 

S.4.2 Qµantific:atiort 

:Ftgunr t~tt 'S1ktws· how the crass or att~Mrtffl'c:a. bf defined. by uaing 

th~ t'fplcah'TremNr COrlihfflf, ltt· an; w Sdlt. ffdi 'ti a·...._,;~. dctt'mlt&on, and 

the t-m- con«l'Ml'ir IOelf lilll!fflt tMH'I ~ ·flllrt; die· Olbeit -.11i»i•~-~ In thi.1 

document. tn view of N'teH compwttter,·ft 11·:tort._"'W'-,.:~,·or such 

quantJfitatiOn ce ~ ~• ·~ ,., . ._of.,._,. rdiiwfdip «>1\'Straints and 

tnvene cortstra-tnu. · 

For Gatnplt; ttpN-s« gtver:a much SiMpterdet'llli&iarr of CllAHDPAlt.ENTS 

tn terms at P'£l"$()1N-$ MCI'.• Cffltl>lf.lN;.of; A':~ 'U' 1«: Ol>jlct whkh has a 

child which ha& a dtill Whieh iS· a person~ Of course. tM clau '&.l' represents the relation 

PARENTS-OF (the invlfl'se: or CHlL.DtEN-Qf),. so another prow translation of figure 

· 3-Sc is that grandparems are tM parents of parents of persons. IA any case, ~8c is certainly 

much simpler than 2·16. . Section is.a iff part two discuaes more about CE's quantification 
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mechani,lnu anq ~ U'.ley r~~ to the corr~R(, ~ of.qcher r._pruen.tations. 

S~ Usi~g the ~prl<I ~~t 

3.5.l Hierarchical Contexts 
. " ~- .. . . ; 

S~o,n ~~·°""tl~~.tl'lat wor,ld~ can .hi ,u~ torepr-.nt a R.articul~r "poi"t of 
• • . . . ... , •.•. ·. , . , . ~ l .. ·': . · .. , • . . ,· 

view" of some user of the data•!?~ _Fot,~~le,, "4, Vfr~lW,fT~.IT.ii, ~. • wor14-<lass 

which represe,nts !11 t~ •~~W~i.c~.af,.~~~ ~ill'I, ,hatJ~.Sn,iU\ (~ user) believes. 

"I:hen fiJ~re t,9a, rep~~.tt)e il)~Q~~~tt\Jt J~.,m~~~-~i•Y:ftJ~-~,.~~ 4r~f!; .eva,4ers 

are criminals. , Tll't ,is. J~I'\~ .S~ieh's "v•ew" Qf tM .. J~t:,~-~•. ip~,4!4, ~tlis Jnf on:n~tjon. 

This becomes rel!:yant when Jane. $~it~)fl!~J~t .. ~m, tn(erJ"f' i_~yolvillg .the,.<;lass 

CRI~]NA~ :- fr~ her potnt of vi,w,tbat~ tncl,'¥184~f~ tvfdtrl. while (rCN11 some 
. . . . ' .. . . . . . . . . . . . .. . 

. other use~'s P.9V'.lt ~f 1Jew it miJhtnc+ 

W~en P'rf9r&m!l( ~ch. al'!. infer~~ ... ~q• n~t. for
1 
J~e )n.form~t,on attached 

to }V·JA~E·SMl'I'li ~Q be s.~e,bow. •,nab~.:J,r,Jh,,~r:~U~rP!J~)flf•.rence; in a 
• • • ~ • ' •• ". - •• ~ • ' ., " ~- ·- " > ;, ,, 

I 

mann~r wh1',h does n~ f.Ql'lfl,iq with other u~•~ flOifft',~:-N~~ Jq dg th~ a. +iq! label 

ii sc,.ri,d from .. w~~~NcJ-S,ILtT}i ~,~r, 91.~.il\ilia.J la~YAl:-:,Jhi~ •iJlf can t,ben 

prop.sate to. c~ 1\iclt u 'W.g3'. w~b. . .i.~ ~!~·~ ln{prm~Uo.(l'. This is 

i~~ ti\e ~ir~ t.h,vior. ~ for ,-rbat1#M-, +"°f:,,~1.,~~7.,pµ~,'inf' in tht class 

W-JANE-SMJTH ~~~ •~;,~~ .~ ~'.• -,A~1,-qtt1 JMlf, ~mUtl's ~fs. 

That is, wh.i,Jane sm~~ .. beU,.vesJJ;COPsid«red tOt~;trMl~~iqur,1;tion ot~rent 
,' . ,., , 

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 '.~ ~-'lt\vho~ etc. Such a 

hierarchy is shown in f'illlff Hb. Nole that there' may be oeMf1~tt1f i1ftbe'" hierarchy 

(fotming a ttee) -- thf 'ptojei:t rnight·have \Y~ts in •ddffic)b'jr''.Jitte'~llo have ·private 
' 

The htmrdty in ragutt ·s..tt, fs riWaftt t6' pradel ·• ~f btgari'iration chart 

for Jane~s departtMht. itespdnslbittty ror· 'c~fitibf'the··(ilt11lt:itiiil~,}i0ui lffe}J can be 

given to adrnintstta~rs a{ ~tevefs. Thii~way. ~ ~j~ai at. Hie •gency level 

, 1,,, .- . , _ .. __ , , - ,'.'' ,•,,>'' -~ ~ ,• '.}~-•·".:.'' 1,~,( \t"t-~(~:;_·, 1 l ' ,, > 

(f'or examp~} cart be ~ u mforiflition. in tlie tgacftivtf ·vtew~ whkb automatically 
' 

becomes plrt of e--, vlttJ lft>w it tiftM lllfflrthy:' kf ~itf ~n:y fower~ef view 

which _is inconsisfent With the· (updated) agenq-tff~''.yte,; iii;Y ~ngfy spurious 

inconsistaicies ·co ~r'dttrtnfini~'iWrii that'~~-• i1~1111e'·p~ess or tracing 

this down (dtbu~;c~··-~ 1is;'ac ~~ tM. i&e1talW.11~i.W.J~i -~ ~~er and 

agency-level . \tirk' #ilt hop1f'taflf 'be ·:fcttwct· fib~' foifJd11~ 1>~-, rihih :the 
; ' I 

organization. it is n---,.to ~ rM'ormu,-dtt ig...,..inW~y° scfai ~tonflict 

wtth lower tevets; 'or tb reNtt~a& ~it "ptticy ~ ~tidlr~iDe' .. ~~t with 

the view tmpCIIM!d fitont' aticwe: "The' pOmt'ijf" thll fJkricraptflt:~;;:.itsiiJr Mi, tntegtited 

cfata-base·Wittdtt:an;~ ~fpt0Vftte~~f~-~fot1'B~irtg to 

insure that the ~~\ hither-lriet 'paff ant 'iit t~'~w•~iifa; Yimit ts being 

done at lower levels. 

Another uses ror hierlrth1tf dh. as ,... lffar1ptn1tr~ptoteeti6n. Since the 

only way Jant Srtmh's'•ptttatei~~fdr'l!xtit~~tt'N'~ia ~•~<·
1•lnt 11aw1··tt, tJe·put 

\ 
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on the cu-point W-JANirSMITH, ·# fol~ th~ SOllMOfttS, ,wiltJO~ acc:fll•,to the. class· 

point is also without ac;ceq toJU)e Splith's vieW., l'_.. by (Pl'llj'QJU~ a~» to a limited set 

of class·pointsJ~ is possible to COnJrc>I aricess to Ml r;hw1t1f.•mawn:~J:'-' tQ ttiem. In this 

way. the security and, privacy ~ucture o( tbe, ~~-:-1>~ -.n be ~ t4UiJe independent of 
' ' ' Q 

3.5.2 Naive Pr~biUty 

T,his .•tton showJ ho.w a W9J'ki-cla,\l h~~Y,:,af'I, ~ -~ to handle qu~lif ied 

infQrmaUon. such .u •1u, likely, tl\at. Jan._ $fn""''• ~ il:,Mt,;y. S,nitllt •d "Most birds 

can fly." The ~~ ~· is to • up~ arderin •. ~,as f~ ~~- TJ\4,. Gateg9• Juch 

as •very likely" r,~resent a cUv~ of the pfOb~i C9fl~MRl into, 4iSQtte: ,pi-.;,es. No 

attempt_ will be rna4• here t9 Nl.ign •aci n~~ v.~ JO,J._.:c:atet«>iliies, .and uadeed 

they will not be used in a manner which supports standard probabilistic calculactenl. ,,for 

example, lt wrm ,P,Ut.~t .ctt, prqoiUty ,int~ sc.._.,pf "I> ia,ad Q;'Js tlM,niinimum of 
. ' '•. ' ·. 

the tWo indiv~u.aJprobabiliti--. in•d of beifll tlMir p~ (u~ lbc .uumption,that 

P and Q. are independent). 

In an,y .~ it is,neceuary t9_explain .. aaGtly wllat,d'IS!dasses in 3-9c mean and 

how they are to infl~ Che behavior of the inferfPt:er.proow; ,,Like other world-classes, 

the ones in 3-9c are use4 to enable ~.ari~ pi8"5.r infon.•tiofl., Jn this,<ase, a clJss 

pr1$.umably enab~s info~OR>of the apprepi:teM,protMli~ For ••~pie, w .. UKEJ.. Y 

migtn, enable .~ Ja"' .S,R),kh',s moth,r, · i1 :"'iry &mitht wttk;h1wt111": •meart,thQ it is likely tbat 

Jane Smith's mother is Mary Smith. Now, the c.._. ill 3-SG ,repreatnt: .the different levels 

of •reliability• which a user may ~and .of .tu~.«. That- js_'. if1 the user wants 
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answers ·whkh aR 'certain,,it then only the 'infonnatlon fnalitid 1'y · the cbiis W ·CtR T AIN 

may be used in dcri.vtng·•tt --rs. ft ~,a.,;•~·;to ~ -.fmost certain• 

answers, then tlte inf~ 'ffltbW by W-ALMOST:.e!RTAlN can be used in addition 

to the W-CER:TAll't Wormatkm. ;ltt'pi;ra.l. .it ttw·mer '~ a partttutar· lf'lel of 

reliabiJity, then only information whtdt ts at Mlnt"that WllldWt irdf be1 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: +kif' label ftaht•~hit'·:tlhi, iT'his ~inf will then 

enable all of the: information attadMd to tbat 'lml-'i&ttcl WMt il•-f ~gate to ari higher 

tevels'~such as W-CERTA-tN), enabbnf ·thiJ fflforntatioifteo.' ~taffy;:fflis shows why 

the probability of "P and·~ ts· tt-•rntnlinum of the ti1tttvtdutl ~Utff!i: · -P 1ttd Q;' is 

inferable . when' bed"f P· 'and Q; aft ..wtled, whkff oc:cciH· #htef Uir 1Gst ptotiable °"e is 

. Now,•iOffie UMrs might not wwto bf rtqlflri!d·:to:w•1rl~tf tevel'betore 

initiating,an' inf'etenat·-:~4f. they mtrfit ilketf\e;~~--~~Werence_·and 

then tell them after it is done what its reliability lnel is. Tfds<m.U'bl aeciJMpttshed in 

several ways •. · The fflOll'l>t'UaMerm il to fit-at trf· die: ~-~:a ~y level of 

•certain.■ If that prod.uctt "10 tntwtr; ~ thf JtWt"'fofffr fftkbrftty"citfbe tried. In 

general, t~ inferenct:,Qll N ·:repeated· USinf'. sea:etsiwly '~ ~y 14tve-fs ·until it 

produces an wwr at>~'ltftf (US\tminf that Hl~p~tii''INswf~·af all); Th~- this 

answer has the retlnillttd·•thM ;r.ve\,, whlthitthf'Jtflhe.e.,,..W• ll~e tl\1!4evels 

were tried sequentiaNJ, 'lit decrealing'wder: 

As With tht ·t·m C11111ra._, suth sequtntM'-piOCfSiiftf' carii be; e1irninltecl by uslng 
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label a~ everx, reliability level. Th~ the c,ne ~Uh ,~iflte$1 .'-'~Y ,mch prfi)ducu 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~ f6· . J~ ~his case.;,the 

worl~-objects started from the C~SSfl W~Jil"A,~N., W.·~Q&T-C~T AIN, etc .• will be 
• ', • • • , ., ' ,. ' .-~ ' y t><, ~ ' ' ) . ,,, s • ·,_;. -, • • • • 

called 1w:<9rtain', 'w-almost-ceftain', etc. Furt~erl"9fe, 0;1~_ ~~s win .be ~rran1ed in the 
, . ~ ' ,. :· ., . '·. ~ ., . ~ . .. ."'., . . ' ' 

world-tree _in the T'nner of ng.,re 3-9ct T~ -rt &9~tag~.of ~~•~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 lVOl'~~I of_. ~_:-~~~rta~' Jn~e~~ts ~ith a 
' ., '. ,· ,• '.-f:! . •. ,. , ., _; ' 

label with a tag of 'w~Uk_ely' at ~•_constraigt thenthe_re,uk_~, lat»els w•n propagate with . . . ,. . '. . ' ~ - ~ ., ..... · '. . ' .; ' . .,· " ' 

tags of 'w-Ukely' (the •scronger• world - see 2.6 t~r-a f~ller, ~~~~•~,_of. 5.~~h i!"~ractions). 
', r, <, • .• • •' •••• 

Furthermore, the result~n, reliability of the "tire inf•~~nce can be. ~"- immediately by 

looking at t_he world-taJ of the ~~els involv~ in,,th~ ,Ws~ ~h•ch en,ds the inference -

the world-tag at the COilision wiU be the re~b,tlity~~v~l_of_ t~ -ns~er. No~, the details of 
. . . ; \'. ' . .. ' ,· ~ ~ '~' : ' 

the forego111g are n.ot too important •· the slg~_ifi~nt ~pect,qf it is that sequential 
• • , ,' ' '• . ·~· _.,), • " • • : " f " 

processing (•time; c:ai:a . be rather easily traded, for muk!e.le ~~s (•space;. 
, . . '.'ti . ,, .... 

Note that the probability mechani~ of this. s,ection ~n .interact with the c:ontext · 
• • • ' . , l',. •• , • • '. ' ' - , ' ., 

mechanism of the pre!_ ioµs one. For exam,pS.. J,o, .Slt)it~•~. Qa~-b~se view mig,ht ~0sc:lude 
. ' ' 

•u is almost certain d.'at draft ~vaders;~ qi~~~ .Fsif~ ;3~_cU~s ~his - Jane 

Smith's view enables the a~chmen~ of •all draf,~-tv~«• _J.re criO"lil}aJ.s• .to th_, .. •almost 
' , ' ' . , .'. ~ .:: '-· . ' ( •.~ 

certain• reliability level. 

Also note that information which js not e~pli~J,, ~~Jed lY ;my 'YPrkl-class (via 
• ·' • : • ,, , • o'• ' • , .... 

some world constraint) is always •enabled• (because it ii not relativized). This means that 



inf ormatioft whkh ts m>t 'attached to a rellabfflty world-dos iS aisumed rd be maximally 

re1iab1et and that inf~rrna'tiC11h-it~tfidied10 a·-.w• wotii~'u,-n·of,Wvtews. 

S.5.3 Relatl\'i~g Otlfer. ~ta 

Sinte the worfd c.wt_.in(1{ a rtWiv&ed, venion ~ the" su1,c1us tonstraint, it 

· - ·, , .· --~ _, .-·-- ,_., - '., .~t ~,f::.•.,.-- .~•_;-( .. ,;;.~, .:· ··{- r·-·~•,:: -~-: '-J __ -~- · 

seems reasonab.te·to aslc:wtty·retativiied versions rA the other primkives constraints have 

not been preserited. Tht ~ u'tbit'~ fflatt~i1«f~ 1
~~'1nt ca; be, used to 

: . ..'. ·_,i ·. · ~.::···o.~ ,: .. ;. ·:"~ ·.;,~~ "-:•.r -' ... i,, ~1·>.J, \i:-~:,i' : • .:~.(~l;:,:' ~,"l~'i,·:-, l';,_; , -
•tnsulate .. any en the other primitives such ·that the prttnitive is accessible onry in the 

, •, ,. ·-·· - ,<·/·., ·:.· -~.- · •:.~.r,j·;-·· .... ,: !:-. :.~• ~"';d~., F ·:,~.·--t~1i:i~~j .~:/~ -- 13 ,!,\:...:·t·•. _. ·, t 
specified worlds. For example, figure !-9t snows. an unrelativiHd binary relationship 

constraint (t¥hich w•i colpi«i' From fi~i'e '2~). -Ftp~¾ ~j~ 'itio the woricl class 
' ... ,"1 ', • . '.;,'' · • •,•,t ,·q, .=t.,,,."- . .!jt~ ,:,,(!" 1

: •;,_-,,~_','." '-,~··"' !-·-, ,• .,,.-. 

W': The twin world conmints'serve·to •dbcGnnect"''one stde':,f Ht'extepc for worlds in 

·vr. Th~·same rechriique:cilt"beu~'~th au'theoth~i\~~~;~. •~f'j :,,:, 

Th~re as.' h~wev~t1~r;.~\ i;r.rier;h~ '~;t~~; tt:'/~:id 'l~~n:ti~i~t' ~nd 

relativized version~ of~ ~~ti'. r~~fd ~~bi-~:!~,.ij~~ ,be.~~ its 

worlcl.:C:la~'by·pr~riff,~-~~idi.~y thai~ 'iuldasir~~airit'~td;i~'~;ld ·•w•. 
I -_•• • ;-•.,•. ••,:.,.~,~ ••--., ·:":_ :.,'. :•<"'I, ... •••"'••'/.; '•''11'4•-•i ,:,-;•, r•~J,,,~!"~:"'- ,,, . . -1 

For more complex -~·ltowner,·1t·,1s·!l!!~pneral1y'~'to''rtnd j' pattern of 

labels which' represencs·~,~-~,.~~ ~e·~~fut. ff.1t,''iciW"f~0
~re complex 

constraints involve ftonjn~-'ot ~fflofts ' •. /·If'{~ wY~1iilt~ 1i~ t~(~-~~; i~ is' not 

known which t,t·h~- rnafif tit thlciW~ :~-{,u ditaild: i.E.~i{~/ tti'~e ·. is no 'real 

problfffl - molt -~~t~tiOfts'~
1

'rifiirJ1z1ea ~sttiiidiiiit'Volie ~.;J,~•itr~'\~~ p~;~~ of 

•enabling• the constraint in the spedfi«l worldi) and not •-• onet' ioj·~~~ple, -:• ~bels 

play i1o necessary rnrt'liift\i ~ttbW'.:4~rlbed~~.t1n·si.i'~..J's.si' ·1·'•, 
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Fi,~re 3-~Jhows,_how ,a~ indi~~~~al ~d,:li~ ~-tue"'.~rq,e_ repr,~nted by N 

binary re~tionships, e,c~- one ,!P~lfy~g_or,~.:~,r•~!•■- .~~_.Jncµyiclual (i.e ... one $Jet in 

the tuple). Now, !t , •. ~ot meanin_gf_ul 1~~ ~ ,~ten. IPt~•~n ~~ II the value of 
• < • ..,; - ' ~ - ....... • ' • 

some attribute - presu.~~•y,c_he MOT~.!l\~l,Jffit:f'"~'°~}?~! f~J~,~~ the 
, ,., ... , . - ., 'I 

SEX-OF ~u•~ ~e of the SEXES~~~~• oa; 'f,Je'j,ff J~~l,t~~ts,pn be ~led 

for persons !!l ~en,"£1 ~--. ~h~~ in ;fipfei_S-\~ ~J1~;,p~?9',J~,~~s.~ n~work in. S·IOa 
f •• • ,,,· ! ., . • ,. 

have appeared before as i~lated fragmenta in.~~~-~Mr,C,":J!~~-lOa ~s to 

hint at the kind of rich interconnection which occurs in any non-trivial CE data-base. 

Figure 3·10a is an exan\ple of a •remp1ace•: It u1e1 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 constraint II in 3·10a 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 

complications 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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these constraints - the clau~ts 'he--mother' and 'the-father' in 3~10b are meant to be the 

sa~e onet as· in 3:-fbl:'" tifU'~e:~'-tOb itso f~cl~des ~,h~''g~~~;~.\~i;rmation that 

,. .· .... · ~ ·1.• •• •·. ·1 ·: · .. - . _._:\-:• .. ;·,,·; .~:t.~S.~< :··t.-.d :-~-:· 
HUSBAND-OJ' arsd' Wfn:..OF are inverses; and defiffeS SPOUSE-OF in terms of them. 

, . _ : .. ·:. _. ·, •:. -~r··~· .. -·, .,·-,_ / --~ . .-:_,,;., .. •·-:-~\:~:..";() ~, ... •,"1 .-·, 1~· ·.·-·:.1 

which must be sadsffta'bftHtat&~' ot •ch •Jed in 't'~'di~:··41-hese constraints can 
r_,_. __ ... _.~ {·1.--~ ,· •Ir,.·.-.. ~--.. -_ :.,f· ; :.,_:-(.'":·,• :::..,.,~·1):.· ~--<l·.~ 'J~·:c- :::1:,·: .. -

involve :etttref -OM-atffibure• or more than one .. $tructurally, a template consists of its t-m 
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Part Twg - ipiff!m9klX• ~ .. 

Ha vi111 examin"' t~e detail,ed s~re or -t~. ~ (Ip pa!' one),.. it i1 no~ time to 

loolt at the f orut. Se,ction. i brilf'IJ d~ue, .w~J ~f~ ~-• are important in the 

fjrst p1--ce, ~~diidividea th~ CE r~r~tation ~ f"'•\~-ltls -in~dent •1a.y~•-• 

Section 5 then disal~ ~ 9f .;be r,preaenta~I 4UMfs &Plfjopt~te to eacb 1-yer. ijsing 

these iHu,es, . ~~ti~m 6 cq,npa~es CE with OC"',f d~~:-.~~, •nd artlfi~lal-~otelHlence 

representations. 

4 Generalities 

4.1 Why are repr~ntationaiissues inyx,rtant? 

The representations .. uied in an lnf ormatw,n·p.rocessing sy,scecp fundamentally 

affect the kinds of scructum which can be built and. Ow k.lfld• of processes which can 
• ' < , • 'j- , ,; ~ l ,.. ~ 

. operate on these. st:ructures. This is true even if two .. r'Presenta~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 ~• difference betwe,n RO(nan. and Arabic .numerals. 
" . \ .. ' ' " . ' ~,. :,, . 

. They are formally equivalent in that either caq. be '-lsed to rep,resent any positive integer. 
' . ' ' . . .. '', .• 

However, it is extremely dif,ficult to do long division (for instance) using the ~oman 
', ' ' '}.·' :, ' ,, ' . . ' 

representation, much more difflcult than ~f the. ,\table rep,esen~tiCH) is 1:,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 on~.L!re ,el:sier for _humans to 
,, ,.·- •' _. ·,: 

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~i!':C,Y. g~ter effect$ such a 



difference can have in more complex. domains. One suet. ._.m it- ttl-at of computer 

algorithms, and !bis ..,.ffl bas Urtralty hUndrfd'l··-«:•iatr..._· r~Uons (i.e. the 

various computer lartguapi),'ildi'of whlcliflU·Slrlie'~rtfladt Who Utllim it to be the 

•best: lt is not'tbe-pu'tpo#·of ttds doclftMWtto ~p>uifMtt a -iawgfngt debate.■ 

However. it onei, is insfra«t••tcn:ompare-a .-w·np~ .tot niStirtg ones in otder 

get a better grasp of io sttenps anif' *knessa Jt· ft #id\ tllii 'u, nUncfthat' sectioh 6 

compares CE with other representatiOns. 

.f.2 Why is tha Ct representation interesting? 

This document makes chr:ee claims ror· die CE rep~ians.: The tirst is- that it 

has a great deal et ••P•••lve pcjwer· ... · It' is •iit1}cie~tf rich to be able to 
' . -; ' : . ~ . ; lt' .- '.. . . ' ' :: ' '. . : . -

repres,nt a wld~ range of inlorma~. Ttie ~ cWm is tliat a·has a'firm f'ormal 

aeman.tloa - this allows ptt(ise swernents to be ~ a• tlttJ~ing and behavior 

of the various Ct exprissions. The nature of this semantic'a'it0diita~i~ section 5. ;'The 
' 

third claim ts shat et has i(Ji,gtt degree ot naoclu'.tart:IT (irt mer~i senses of
0

the 

,word) - this allows vartous "paru* ot the repNMAtatien ~:be a..;~ With~t worrying 

too much about how they wUf nerttua1ffy tk togtt~ lrito \,;holes..;. '>si.o, th;, modularity is 
-, . , / ' ~ , ., . < , ~· ;_'} r. ·;Ii-.' ·,. . f' : . " 

largely resp9ntible ror Cl's abllity to make uae '4' paraleliam' Cdtsaa•f below}. 

-f.S Modularity - Layered Decomposition 

The fact of crs modularity permeates this entire document: Section l discusses 

label-propagation withoUt regard ro- ho\t ·It. ~iff ·b'e · eoiltshrn«l; ··sect1~ 2 · discusses the 

primitive constraints' wtthl>ut' reptd to the n1acro-striicrurei ~ftidt wt1fbe l:>ilik out of them: 
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and then section 3 discuues these macrc,.structures. Ulil'lJ :~~ ~~JitjQa:t,,it if possible 

_ to dtscu,ss CE in ter,f.~f f~ -~pa~~~JtrU1fl\'.~l."7!J.~ ___ );t,,y,ar,~ 

_ (I) The idea of la~I _ ~agation in ger!:raJ; .; __ . 

(2) The_ ~~t!cular 1~~~ ~tsCf!~ in_~~~~ Vt.I; 
. ~., 

(3) The particular primitive constraints d~i~}n_ :tf{.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~ :t~ _-Q{l! -• 11.,,r, Jhe ~tructs of the 

previo~- laytr can ~-,,~~id,~~,}O t>, •atomic~ JP,~'~ifJtnt~ct~re can be iJOQred. 

Indeed,_ Simon ~969~,p~~ .t~~t ,h,\l~ns ~-n ~~~d ~ff~.1.Y~~-only ~h!?,. they 

are layered in such a manner. 
. . ·,.:··· ,::· 

' ' 

or thrown away without disturbis:ig_ t~ lowe~ _oo~- $!",C! -~~91 ~ch llyer of the, CE 
' • • ' ,,, ~ ; • ~ ' .• • ,.• • • ' • • •'" J,:, • , I" •• •.• ',, / • • • r 

representati'?" involved i~ ~~ ~~Iii" ~~lqn! (~ ~!~ ,i~J~Ylt i~ )('i Ruite :~jble 

that sonieone else mi1ht want to qote a sim~\a,r ~y~ _i~~t~,1,'11 differen~ de~ign 
. ' :. ' . . i' : ' .;_. ; ·~- -.. • . ! . ' < •• ~ .'., • -~ ~ ,· ',,t f:- ' ' - . ~ < ',.' , ,' 

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 f9Urt4.at~ i'!,.Qnier J~,r'1Jai_nt the roof. For the 
• •• ~'-• 1, • • • • - '· -•· -~\! -~- ;,> """":~:~~ ~¼,_• ,•-...-i <. • I .-.· 

,benefit of th~ who m~ht be i~ter~,ci i~:,Jnakin~ MW~ Jff~.,~~~~i~ D disc~s 

alternatives to ~ of the desiJn d~isi9~_s wta~h_trt~~: in
1 
thit.,~~,..~-
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5 Some Repre$entatlona1 Issues 

This section pr,senu $41Tie g~ei'al' fepresentati'onah~J~s and discusses CE's 

position on them. Section 6 below below diseilssei'Other'~ritl~' posit'funs on these 

same issues. Section 5 often ref en to -~ ~taiioni-2&i ~I '\Vkll~f giving: any 

5.1.1 . Modularity':... Relating "k»a1,itbi1obar'' . 

Sectlon;4.3dbcuris 6n~·uncr'~·rrmularity- the abillty2t~-:~~H a complex 

sysrem into mQr'e-or-len '.lnd~detlt layer~~ TMs.ido'rf ~s,;~
1 dlir~t'\~i~d: of 

mod ti larity. ; •hich altowi·· comple~' lhf~rmatlon ·to 'be :repN1111i1ii{in' t~~-. ~t mor~-less 

independent chunks of •~t information. Now. all of the ~~s disi~~ below 

have this klrid 'of'mod~larlty to ·iotne ~tenH1 they\al1 rep~t1
~ii~,,~~~ion (however 

complex)· in tetnh-·c,r·'sJmi'Jei of·1c,ca1iylrit~nltigfu'.1~11'~iiiti~'e~~~- Ho·w:ever, the 

. •,epresentati<in~'dlft~t \iilfl *t'fcj h&w·a·g1ven 1t'lllil~ J~I ~~,~~~;fu~~~ ~ith 

In. CE. la WI' p~loit pro~ide~ the ~e and 0oriif1dla~u1~t,;;/~~f interiction. 

This is an e,tt~etf•• 'ttia:n~t"·'..:. ·~ ·-~- ~~iM~i;iAi'e~,;;;;~, c~plex 

ones. The simpUcitfdf tbt!'ciatilViel ~~ 'if~,1~~~11,e ·~ i~f'~.;ing'·'~'~ l:E 

expression in terms. of the local meanings of the primitive conatraiflts - 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 benefjts 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 is1 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 Ji•nd, if a representatj~ uses a g,mplex or ill· 
. . .. ~ : " . . , 

defined channel, then it is usually impossi~le ,tc:> conn>~IY••~ry ~ primitive's input

output interactions. 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 
:· • • ' • ◄ 

!12!, 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 Jt makes it very difficult 
. . .... ' . 

to compare two representations •• if it is unclear w~~t .one (or both) r~lly ~~n b1 SQme 
. . ; ~, "' 

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 tni'tion may end up being used in 

examples where its t!!!!!!, seems appropriate. even tfiougn no teal mechan&n is given for 

handling those examples. Woods [197!] and McDermott 0975) point out many cases of such 

"wishful mnemonia" and other kinds of sloppy formulatiOn. To be sure. having a formal 

semantics does not make one immune from error. and ;tor some repr-.,rations the required 

formalization would take more effort than it would be worth. ' However, having a logical 

semantia is def lnitely an anet when trying to use. srudy, or exttnd a representation. 

5.U Procedural Semantia 

A 1ogieil semantics tells what a given expression •means"; a procedural semantics 

tells how the exprasion "'btbava• PtaumablJ, a reprtNncaUGn slits for the purpose of 
-· ·J • ' , ' ' 

its being used, so one is ultimately interested in how if&ehavei. In a representation such as 

CE which is based on label propaptions, the logical aemanctcf and the procedu.ral 

semantics are tigh
1
tly coupled: An expression's rriea,un·g ls defined in terms of how it 

interacts with various kinds of labels, and its behavior IS deterrninecl' 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 minci both the meaning or the •data• (expressed 

in terms of the representation) and che behavior of' some external procedure which accesses 

it (presumably expmsed in same programming,~guage). the data itRlf specifies both its 

meaning !!!.9. the behavior of the accessing procedure. Of tourse 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~lementations of' c't ... one made of 

parallel hardware which executes the primitives directly, and tw0'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«,ech.are operates in .. a man~ .. ~~ich par1-a.ls ';.the Jemantics , of the 

data, the state of a pr;oc~_ure (in g'1e ;Of a. cr•sh"' for insta,,,> ~ill)>~ in semantically 

meanin1ful terma. In tb~ ~-. pf-CE. tb~ inferel\CC,:pr~ur,:. ~.~" .. ~ deflned as. the 

states of all the class·polnts (in ter~ of wJ,it labeb2are OJI'. .• )., ,Jb"''. if there :ts a .q;ash, 
. . . '. . ,. ·., ,,·-;..,, ~f... . • ; 

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 infertQCA! -- 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 ~i-~orx of previous states i~ avaJJab~ d':'ring dtbt.tiJJng •.. N~te that "error 

analysi$• can be viewed-. a hiCh·Jevel form_of. such 4~•li"J.,.J~Jl~reip t~ "b~g• is.some 

kind of in@~isteocy cauaed by bad data. In tms ,ca,se.J~;~il~ of the .relevant. i~f erence 

can be used to ~rmine th•,path of data-.~.ttlat, .. :~,the incon~J~ency, .which is 

necessary (alth01.1Jh certainly not sufficicat) for c:\t1ermtning,,e,sa~;y wtper.e,along that J.»&lh 
' .. ' ... , ·,. '~>. 

the erroneous datum lies. 
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5.2 Issues relating to crs particular labels 
' . 

The remarts tn section &.1 appty to any 1ysit111 Whlcft operates via label . 

propagation. The remarks in thts sectian appty·<Wy "to .... "hieh use labels Similar to 

the ••f; •-ef;arrd: ••t 111- ot·ct ~ D';.cldm1,es a 'llmftar labeling scheme 

using slightly dtffrrent labels· - most ~ the 11m1rls' ill this.~ .app1y to·· tKat scheme 

also. · 

5.2.1 Fregean Systems 

CE (and a11 t~ other repr~tions cftscuued' trl"lhiS 11ocument) are -,regean• in 

that their universe •mts of discrete obpcts and rfatkMShi@'•UIORl •Jects. In CE's 

case. this is a· consequenee of the tac:t that iti tabefs· ltt dl!fiMd ai relating dl&crti objects 

to cluses or ob jtc:tL n.. reason for mentiornwg &ti. ttil:~ Wte is that there seem to be 

certain Umltaddni Olt wftat ·fregan .,._. dft reprntht · Kaya (lfH]' distusael this in 

more detail. One of his examples ts •subsrance•: •· A mbleanc:e (a'Ocfias 1nter) Is usually not 

thought of as l>eing composed of discrete objects. A I!!!!. (or drop; or «an) of' water Sftffls 

to be a single distinguishable 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 ttlat redun~y.dl~g, ~nd the answcrin,: or ,alqq:14'85U~s can be. su~ed 

under consistency checking; appendix A shows how ·this can be extended to. "find" 

qu~iona. All HJl~Rt ~~~14 di'~~.-•appl¥t1~:Qf' IM!l&ltc~-,1\f;f·checking is t~ 

valida~~ ,incomin, qata in terms of wJaat i4:1'Jr,ady ,k~ .. · U ~•n~~ll,lcy.,, is •.«4'~ted, 

tt,en someJ~iog 1$.~rang and_lne~pproprace ~~...,kl-,~ (~hiat rejeetil.lJ the 

bad dat~. i:-,jecting 4t an<l. \ol&U,lli&. NK:~ of,Jl.i~~~S!~J.:~,t,tg .• -human to -COJ;rect 

it. Qr att~m~111 so.,n,. foma.of_aaJom.tic e,~. wtyN.S;;fl,4~p,).·::1 • 
• . • - . . ' . ~ l, 

!t.2.S Addition~ / OeletiCNIS /,, ij¢a,t,s 

UJing CE, cta•kJg"itte ~~ .~JIJW:4ata; .\$h ~~-.!O .e,~istioC. data

base is tu. w~y ~ vaUca.c«:iC: bef'Ql'4· addiBC 4' • tltt· 4'~ litm.f::,rtpf,_tMioni :Which 

po not have a cqpsi~~~il)g ~re U.."flOW~• -Vf ~ ~Jo, ,~ndling , . .. . .. V . 

t~ addition .of ne.w. ~!ta. Si~~~:IJ. JO~ ;r,ee,~~'±N'1'i~. -lpec~f .means for 

handlinr qC!letions f;)f ~isUng, ~ata .. ~n update, o~ ~01.u:set ~~ 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 
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when •too much• is known (in particular. when-both an aueiflen l'fld itS'rtepttori occur). so 

detettng som.· data. fro,n;:an1. dbtiai -~ (W1Mfit~~1phidrlfy, makes the 

datai.basec know ltss}r ii,. -re~operattc,n; '. NoteftNINWllitifff;ttreHlatilm' "er" ffl$nS tfiat the 

data•base after-ttfe~dtltdlft,dtJet· ,._-.,...•u-"' .... ·ffl111.,.li1!·mea:n•ffi'at -the dlta.;.a,ase 

knows •not ex.• 

· The;-.,~, whtdl sn1ariw-c1Wtnt ll cllfetilll w tftat: --~ data· riright be 

stored redundantly. - :Flt· aampli';· t~~Wltgtft corifliff; IMtt' •~tflith 'is in the 
I 

class IE·M'Al'!.B• ----• ~he- sU-&'P: Jan~' n~~'{it6rig wttlt·dte gen-era I 

information· that ~a:ts,,exat'dy ru·ttasrot abjllidt;wfliff;•t1n,a, 5exi. of ·'female'); In 

this case, deleting ,... Sirittft,ts·,111 the'· Cb'PIMMH!!S~wiPD!l'tl\lWithe di.ta-base to 

forg~ the fact that Jane Smith is female - the undeleted redundant data: Will stillimply it. 

A degenerate caw of this is whe1Hhe same datum W ·,Jpj-...'$ke .... dW«ing one ot the 

lnuance1 ofJ ,if ebv-i8'tll1 fta'1ne-9'f'M\.Olf,'tM'~.~-.,Wfat,if ftNlhd a:: so;ne manner of 

tetlinf fffldet •- ~leeli'.I dlt1anHs:1 stdt ttnptlild-: -,:_, · · Hf4rir &1 dmpty ordinary 

rechmancy~dtecktnf:') T~t~tttti -~:·w,,uett.f.'datum· afki' la if' there 

ls an inconststenq. 1f~-11.tMM1;ttw~latt-~-t~'dlt'um.stUI implies it. 

Having ·demted 'tftn-· a:tloma1y~ o,re·ir'in· ttre 1sim•iiWMlmt ttl;af::o.cc'urs when· an 

inconsistency' is· d~emed- tttttiftf' the add_.W 1clat&~ .J.;isdrfte_i.._. ptogtlm (Gt" person) 



5.3 Issues relatini,.to.(:!:'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. wtacney_.- .a ~•, ~f ~ .prOl;ldlll'~ 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,vever, 

it might be the cue that the inference procedure occanonaHy lignals inconsistencies when 

there are in fact none. If the inference procedure can not •· 1~, qflt therl}he t-a~k. of 

. coqslstency checking is mad,e :~hat much mor,,.4ifficult ·-:,m :wch ™'" it is not clear 
. ' -, ' - ~ . ' ,,,, "" • • , ' . 1 ,.. ~ 

whether -~ sAg,na.Jecl)n~sisteoSY i~ really_ d~ ,to ~t ~~' or ii ;ast .a.n. arp~act of 
. ' ' . . ~ 

the inference procedure. Th~Jt Js useful to.t,e.~le to abow.t)la~,-, ~ procedure is 
. .. • - • . •:. 1· ·. ' :, . ' ,', , ' ·- ~ ' 

"1ogi~lly cqnJJstent• - that it never,lipa.Js -,u~~CQP~~' 

For repr~t;t~Uons with con,plex .~ hoc i.flf..,c;e,~uret, it is very cli(fjcult 
• , ' I, • ' , ' • " • ,1 , : ~ - ·• 

' 
(if not impossible) to .-h~w _that th~y are 1oe>~~J ~•stent .. :Fqt ,c~. Jt is easy to 
I . . .· , • . .. . .. . . • , ., 

demonstrate logical consistency because the behavior of the inference procedure it, JiJhtly 

~pied to_ ~h,,meaDAqJ,,af the .CE primitiV1$. -CMllcl•r: All th' t~fereoc, procedure d°'s 

is put labels on _Cla55'1- .. These labels repr~nt ~rtiOns (by tl}e lr,f eren~ .Rro<:edtJ{t) at?out 
' ~ ' : ' - " < , ' ,. • • \· ,~·; • \ , ' • ' 

which e,~tensional object. a~e (and arir n_ot) in th~ yarious,,~\~Sfes. No.w,,. ;i spui:ious 

inconsis~ncy could be 9used only by p~ttifll a •wronf 1-~fl ,0.0 ~~ cla~_ (~g. puttireg .a +x 

label on a class ,C wh"1,Jhe d~-b~ d~,.Dot ,,,_ywh,i::, qly tba~ 'J' .. is in 'C'). How~ver, 
' ., • ','•' - 1 4";._.:. 

~tion 2 sh~~s th.at tl,e, ~nference procedure ~•Y PfCIP•1~•11th'° •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 conShffiicy requites tbree t'hings: A logical 

semantics wh!ch describes what the representation means; a ~Url-t semantics which 

describes how the irtfel'Wid! t,roctid•llff befttves; and it/me totm ·ot~mnttectlon .between the 

two to show that the beha vtor iS tn: f'ltt mrnpltible With t• mer,ung. ··nut ft iS lnfpOSSlble 

to demonstrate the log1cat consistency or a represenutiOft tihl&' dot$ not ha'>t both a 

logical and a procedural semantics. 

~J.2 Logical completeness 

A repl'esentatton ctn be satd to be togt·c:atty complftt ·1tr ev-ery possible 

inconsistency in the data can be found by tie mfffln~ pramdittt(glV.,_. Wklugh time); It 

turns out that CE is~ c:ompffte..., a stmpte·ex:a:mpte is 11tcnm· iffflptt'!H. Ms«, if 1s clear 

that 'A' and 'C' conratn;tht' same bbjKis (ttntt IMta 'A• at\tt 'C' must contiin exactly the 

same ob Jects as '11
). ~f'Yet, ll 1s !!!!t, poulb1e ·to· aertft an · i~~Y starting with the 

labeling that some ob Jett 'x' is in 'A' but is not kl tc• - · norii 'of tfti pibpl.gitlOn rules can 

be appli~. 

Now, an knowtt cornptert 1nteten(t procedlltes for surtldeftff riclt tepr~uons 

(e.g. those containing at tea.st the Boofftn connectives) ·end· up 'taklffc tame proporiiot1al to 
I 

an exponential function of the size ot the d'ata•bast being tntd. t~deed, Karp·Og72] 

presents ri'lathematica1 evidence to the effect that any complete" Qif erence procedure f' or any 

such representation rtrust tile exponential time. 'fflus "fat a ~telf targe data-base, 
I 

having a complete· inference· procedure 1s of absolut'tly no benefit un1ess 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 reasonal;lly ~plete ~. ,eff ~•t wit~ r~~t:-~ the ki11d1. of 

structures that are most com,noQly en,ounter.S in the ._..base, J .. ack~ng any _ larg~scale 
,. -- ,·, ',, ., 

empirical evidence as to how CE and QtJ,er "'Pf~l pe,r.f or~ .1n p11~•. the w"e of 
,, • , · ~ , • · , - I '' : ~• ~- l - -

practical completene'5 ~ nQJ be resQlv.,t; ;th~ np 1~t•1~~• c;af_,U in sec:tion 6. 

Ho~eve1". it is reasooable to sa.y that CE ,p~ ~!' ~ .... p~• '°nstrUCU ({qr humans) 

such as ~all A ar• a• in a computationalfJ: $.lfJ)~. ~qner. \Ptl that J~e degr,~ of 

~mpu~tational ~lexity inv0Jvt4 in P~"l½ (;l,tlfr,sJioq,con:elates reaspr,ably well 

With the expression'1'11\tUiUve, ~mpleXUJ. w~~ller orr1,•t ;Ut~dS pf a~y,import_ance 

r~ins to be seen. 

5.3.+· •oenerat• vs. "Spegrtc• Information 

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',~ iJ, f lP}a1'~ U°jgu,;, ~l"fai ~. ,sincie the CE data 

representaUon and infereq~ proc,du..,._ ;~e ,nc~J••~-~ 4~iMtiqtas 9¥w~ 1 ~general• and 

•specific,• the str;igle. mfere,.ke proc:Nure ;~1,cl-.t~ Ill qf .4~,. foJJo~g, kinds. of 

inconslsteneies: 

0), Specif" vs. Ceneral (or vice, versa}. Some p._,ff:~fic.4afa:,is,lnconsistent wi~ the 

general infQrmation. fqr eumple. t~ specific inform,aUon ~, -~J~~• Smittl's ~x ii _Mary 

Smith• ii inconliatent wit" the general inf~.ttt&t·~«J.perapq's., 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 rnutua1ty exctusive With PHYSiCAt-()"fjSCTs. t'hus it is known 

that tht. Object 'Mkry-Snuth• 'ls· not one of the objeetS *Mari' and 'temaler:) . 

(2) Specific VS~ speeiflc: Ni> pieees. ot•~ifk" dli-.t.t•'rniltualtf indmsistent. For 

example~ "Jane' Smith's sex. is r--.nate• and "jarte Smfth~i se,f'is ·tn11e.• ·Ea.ch is ce)misrent 

wtih the general lrrtor'l*.tion~ bui·they aTe im:atisfMeflt Wlttt· ~thiK•t. · · < -. 

(S) ·ceneral· vs. g«ierat:· Two ~-ar;;ihe·gerteta.1' lntof~tiori'i~'muttiaHy ·inccmsistent. 

For example, the genera.1-wormaman m1ctit<tont1th -..1111tatt·~~eii"arf ctfmih11s· a1bng 

with *some draft evadets il't'iMots" N "no·;hffl>n .,_·aifflbWlt·; 61:ith i an' 'ln'a:m•tsrency 

· could arist~for instance) tt·thfgrir.al;informaHon:cmwtram dift..,fswrtes. 

It is slgniHcant that the same procedure which. decects. mcdnsi•tes · 1nvo1Ving 

specific information can also detect inconsistencies in the general information. For a given 

data consistency-checking application, this featfffe->fflllei it;,~ttt1y'·ea,tetifu "d~g• 

"ihe gtneral informatlbn'Wliitt\ Bi.tel WUIN t&'chedt lht"~l~Jt.:'JftflrmaUon. 

5.!i5- Incomplete lnfOlftl.litm · _, 'P · · · · .: :: ,. 

In·addftion n>'beiftf uefuf1-fof conmtency ~: utigftti·S.d primitives 

f'or general and· spedtk -• frif.otinlti.on ''filti!ltatet' the' rew,,-.Mg' lJ'I ~-'lriftirmation. 

For example. one mllht hav.•the' tfltoririatiOn' 'thlt""atl dnff~ite aimt~•tl' "ttlthout 

having an exhaustive list of aH the draft evaderi. In _$0CM representations~ ·ihe:'ohtf way to 

state that •an dnft;ffliidett~atf.itrUhfiib! 11t6 tak¥ ititft··a:li'sf1df il>ttiaft' ~itm·antt to 

lt'lte· indlvidualty for-:eacho,nw:that1~ 1ll a'd'ffi'mlit: -~ciilj wiy'·u,·iM•'tfie query 

"Ate all dtafl evadtlt crtmiiia1s?"' '"fs'tO'~e ·evt1fNWH!Ud'"'d~tf nlntw In t11e· data-
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base and check if he is a criminal. lt so happens thaJ of all th, ~~.re~niaupns listed in 
I • • , ' • •. , , \ , • ',,' ,-~ • '·' ~ 

section 6, the 2.!J.!I ones that can both mak.e sta~"'81ts and.1,nswer queries.a,~ut ~nco"1p1ete 
,. ' '. .· ' . ' .. 

information are those which use the same prim1t1:va for~~• a~ specific. 

5.3.6 Q.uantification - Explici(, Ir.npUci~ a_nd. ~,PY 

For those rep,resentations which qq, repr.•1e._t1>qtfi, 1,neral and .sp~ific 
• ' •.· '. '' i ·!''· ,. . . 

information in a similar manner, some ~QI is~~ for~duttncu~if!i, th~ ~WOr: ,,.For 

example, •(HM P~RSONSEX)• might mean (i11 .~,. IJ~~L rep~esen~tion) that1 

some person has a ~x. or that every person hts a ~. or th~ alJ P,"~.t l'lav• .~~ sa~ sex. 

etc.. etc. Ther~ seem to be three diff ,rent teehniquel for t,nd~":,the d~i\'l~µc;t,D 7b~ween 

•generat and •specific.• 

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~t quantificaUon. ,:,,f ~~~ts .u,,.ptov,d,4,;Y~ tbe typical-member 

constraint (with an unql:fa!"ltif~ objects ~n1 •~Jc1" .. In ~t·~-}hiS, ~hematical 

logic provides explicit quantifiers for both •generar_.anq •sp~ifiF• (i.e. ~v•, and •3•, 

respectively). 

The second techn.iqu, is to use.,primiJives _which ~yolv•.- Ullpl~~it .quant4fication. 

In CE, most primitives are def_ined '" such • ~~•r th~t_ tb.,f.J;, ca~., pe a'1pli'4 to general 

classes u wen a~ s~fic objects. ln some, sense, CE -~1~ ~1s ,vith J,r,ra1 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 quanttftca~. ifflpl,ic~-in }~, pr,n:utiv~s, consider 
; . : . ' ' . i ' . . . ~· . . ' 

figure 2-8a, which states that PARENTS-OF aiacLCHlLi>REN-OF ar, inverRf of each 
• / i •' ~. -:'. ~• S • -~• >-, •, ; • .:• ; c~ '• .: " • '- • ~ • •• < ,,, 
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other usmg one prtmitlve constraint (and no explicit quantification). In mathematical logic 

(which m"ilfei alt quantification ·exp1icid, the same th~ng ··w~td be written as: 

VxVy[PARENTS-OF(-x~y} Iii OIILDREN:.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 such aS the abo¥e ,.(HAS PERSON SEX).• 

This techniq~ wtlt be called •stoppy quantfficauon:1r ~,~ 'c:inty those representations 

,· ' ' : - . . '.·- '" '. _i ' .. ,> ·:-. . . . --~1 ' • . . ·,' . ' •.. - ·, 

whic:11 do not have a togtca.t semantics. ran prey to sloppy ceuantification -- having a 

semantics prevfflts OM (ram. arriblguously using such ~:, u ~-~ w'oods ti975] ~nd 

Hayes tl974] poirif'.out seY~rat kinds of sloppy quintiflcati~n., Of course. those 

~ . •·- . . •,- ,·. ~ ·' ~; ·:_: :·~-" ,,_-~~tt~ :"..' 
representations whit11' do not aUOW both reneral and speclf'ic mf'ormatlon have no need for 

any sort of quantification in the first place. 

5.9.7 Worlds and States 

One major differen~ b«ween°CE and other r.epreientations lies in CE's use of 

the •world object. and "world class· cormructs. A worlt4]m· represents a· (partiaUy

specif ied) stati! of the· vni verse, ~nd a wortcl-ctass represents a cdt1«twn of these. A 

significant f eatore of CE is that it treats worlds as entities· which can. be manipufated in the 

same manner as sttnpter objects. That ii, world'1>bjects maf'bequa~fied•, may participate 

tn bina-ry relltionships, and may in general be uaed in all the ways. that other objeets can. 

Thus it is possible· to rea~ !fil!fil. worfd~ in addition :to rnMnin.g •within• them. 

Appendix C shows how the unif ormitfot this°~pproacl mak~ it relatively easy to reason 

using '"knowledge about knowtedge11 {JU(h as "8ilty knows who jlne Smith's ~J father is. 
' ' 

and she' doesn't \no~ that h• knows.")· This may ~ay have applicati~s for intelligence 
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data-bases. 

5.-t Jssu_. relati,,;~ GE's n~~pr,imtt~v~•,r~~f;,,\ ., ~ 

5.-t.l ,~1'sen~tiO,Q:~I Comple~eness 

The se,cti~s on ~tea.I ~~ •. ~ ~W~~ ~~~~• di~Y~,, the 

completeness of the<fpf•rt'lr.~~tczs!CluJ,.,<~~;,_t~~:'~:~'!-:~~~~-J.l.j~ i~. is)n _fi~t;i,ing 

ina>nsistenc.); T~j· ~ic>n ~~114t1 a:dlff~,f,sort '!f_,~u:,,~,{el)fflffltati~ is 
' . 

•repr~~ti~allr, 1~~• f~ a -,yen f.P~--~ if ,"1 ~ir~ -~~~ (~u~r:~ ~ f~Ji. the 
• e •• • • • • • • • • }, ~ • • • 

application ~~ . ~- ~'!~~- a~ strufWr,,.,,t.nJ~1 &•r~•lt~· ,:if~~ J}k4'7,Pl'.P,~~cal . . .-- . ,. . ' ' . 

, completeness, is difficult to judge in ·tht,~~c,, ,~1,,~•~•fi~~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 thJ CE 

primiti~es. To recap~. t~ stm~t.u,s r.-q~~ ~-:~~ff: ~~ies, Boolean 

connectives,_ ~ilti!l~ .9'>~~ t~n~itye r~ N.1f1,, .. ~~~-~ltr~~ .. ia~erse 
_,,, < ·- • ,. - • •• - • ,_ -. \ 

relations, ~erarcJ,ical,,~tcxq, l'.lf.iV.t pr~'1'D• ·•·~·, Jt~ ~"kl. ,k, . .tQo ~ch 

space .l" ~on 6 eel ~t~ tiqw ~tf&J.,~ q(;\11(.1.,,~~~·:r,pr•".O~s 

5.-t.2 Proc;eciu~l AUachm,nt . -.. , . . 

'I;'h•~~ .. f~Ql'.n~·~~w~~~~~~ 1~~·G~J1a™1les 

f~irly .well. 1»-:,tcld'!*~., t~e,,-re .~. ~.~~~•- flllr,ntly illa~J>ut 
' I • I ' 

_which are, i~~~t,,m SO(ne of the, ott,~ ~11W'tft~s CU,.-,• t~ .~ q.. Qq, of 

these is· •procedural attachm•r1.t•: This '.allo,Y'•a.~~\1$1)'! e~'i¥rtp,,,t>~ ~C"'~ to 



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 the :data-base ·by running 

'-4. :'- '" : ; :, \ \ . . . ; ~ 

procedures which are appropriate to the spetific datum being aclded, and similarly for 

deletions and updates. This wit be calltcf•~nticedent• ~I• in that having the data 

-~ •. . ' · ·. . .. , . 1~· · , , , . '·. \. ; ·r · .. · · . · · ·; ., '~ ·' '.,;: . . ~. 

(to be added or whatever) triggers the procedure. ·Anbther «Uftl,le is that procedures can 

be used to derlve certain itnds of d~b dJrrng an {n'f iren~ _;_ t~~ appropriat~ data is 

computed by sotne 'procf"dure (using p,:,fllps' bltaer data' '1i tt.idata'~~ .. )~ . instead of 

actually ha vtng the data· blexpticltly : preserit THia' wffl ~'-'~W -'~sequellt"' processing, 

1n that nmUng the data trigrert the procedure. 

5.4.3 Events 

Another im~nt reptesentttionafd)i,strutfwftlch Cl dees not curreritly handle 

is the notion of ,...e•ems•:' Sahlp1y put, •n·~·ent c:i,t....,,.dfti·jome''tllarige in' the world 

' (which mighr have to bf>rwrtected as a tha.~g• to· t~ d•tt;.lise). ;Wttw/C:':E does have 

provtd~ns for accotrioctafirrg chinges tn tlre d-.ta-a.lf (W 'sWcrit.n 5:2:f on· additions, 

deletions, and updatft). However, C! cutrtntlf hU no f!P!Jtlt'·rot~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 ~~fcaiftl1c.e place (e.g. in 

· the USA the •beinp'tettmf tnarrled mdit ~"of dtft-f~B.'1'hi tdlrtiqllble age, and 

not already be married)."'fn~dfdon;- an·ev~ ..-p~doif4shoaltsplcify ~hat chan"ges 

as a consequence df the' event - ·for "'getting nttrrtecf," ids ~ily ~ry to change 

the beings' maritaf Statoi· and' tb lrtdlca:te" thtf they ~~e now spc,U~. ; ,, . ';' .· 
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One way of representini aJJ tbis ~ ~o .i:1B"•~': lt!· •.v,at as tJle, .~Ufference 

between a "before" statf and an "after" sea~. So.~! .. ~~e~~.c,f :,,uiJ)g q1arriecl~,.w9.uld 

specif_y th, above pre(91'lditions (dif f ~..-.t ~~ ,._), ~. -~~; after-~.~ w~u,ki specify the 

postconditions (marital status is 1mt.p-1ecl', ~ .~JNJ ~i~~,t~ •~c" "'PplQ¥h for 

represe~~ing_even,ts, in that the·event_(which.. '°"-•~;o(,t.'!(» ~~'~';\~---~. fransition .. t?~~f/een 

them) is specified in terms of the two $,~atic Jta~,. anc:\.)l\i nature.pf theJransitje>n is 
< , • ' ' • ,. ' -- ' :·,. f ' • ,, , ' . 

deriv~ from th~s. 

Another app~h will ~• called the •aynal'l'lic" yp~ll: In t~js l>I?'• t~• q~f ore• 

state and the ~l'\Jition -~ SP4'Cified, apd t~ afl,«-~lf, .JU,t. follows as.,~ .CQrl~•n~ of 

"doing" the transition to the before-state. The stand•rd ,~J,;of do!"l}hisi,s to .. hJve.the 

transition be some procedure which is execu"9 U) ~~~,m. tll~J>et;ore-~~cHnto 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 prQCed_\lre wh~~ sp~~,~•~e-:tmlsjJ~OQ ~~~!!ck bo5;. The 

structure of sue}:\ a Pf!JC~Ure is unimpQrtan;_ Ji~ ,, •~ ~¥ :~,~~~ed in the eff ~ it 

has~ terms of tra.nsforming the before-sta,te. 

This is h~rdly th• place to en~r a ~i~ssA~H~·qf ,t~•,,p~Uosophical nature of 

events and the "best• wiy to represetlt .them. Howey~~~,~·~ rr.sol,l;a,b~ to inclw;le some 

discussion of the technical advantages and disadv~t11es .~Lthe ~"ic aac:L.~JR~~ic 

approaches. A major disadvantage of the static approach has been termed the "frame 

problem• [McCarthy & Hayes 1969]: It is not sufficient to just speci.fy the ~Ufferences 

between the before and after states - it is abo n~y. to someha~ ~ecify that ·nothing 

!!!!, changes (µnless perhaps it is a ntce$Slry co,:a~,'1~-of the_ Jp.ecified cbang,s> .. for 
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example, getting married· prflUmabty does n« chanp a petliJh's tex· (or parents, or blood 

group· - the lbt of .:what does not tfaa'ngir i~ cleat1y foo huge to eipitatly inutr1efa'i~). 

The dynamic appraach does not hate tl'lil dirrlilllty sinc:e th~ transition 

procedure presumablf trtows eiact1y; what asp~b 'of tht. befote.:.state" to" ~llange, and 

anything it does not touch "ir ipso fa:cto 'unchangeci.' •1-i<iwever, the'bfack~bof natu~e of the 

procedure makes it much more difFU:utt' to reason abou't -~~ents {a~ opposed· to Just 

performing them). For example, using the dynamJc approach it is im~lble to decide if a 

given after.:.stat~ c°""Jd hUt1"esulted ;tr~m • giveh s~enf _:il 0is" no{~61e to run the 

event's black-box procedure i,ackwards• in"an attempt to·aeri¥e r1iJW~re-stab! ~hkh could 

have produced the given affet-state. · 

Given that the two approaches are good for two difretenf things, an obvious 

solution is to have both. T:he problem With·this is that'it1fs hot· g~ne'ra1ly possible 

(currently) ta show that' i gfven trtruitlon procedure torr«t1f iiflj>~~ts ;:a . g:iv'~n static 

description. That is, it i$ 'quit!;possib1e thit"the d)namit ~siri~tid'n,Jarfd ,;ihe static 

description of purpottedfy the lirrit'Oent'; ate! :hot iri;fa~t ··i, .. Walerit?Ti irii11re this 

equivalence, one either needs a powerful procedut..analysis IW:hi\~i'~ ~ 'i'f' the:ciyriamic 

description does indm·satisf1 'the static on~) ·or ·an· 1!4uatlf ~1,,.~~ure-synthesis 

technique (to dertve th~ dynamic dncription 'givin the ·stadc ... ~ .. ifoth :at th~e iri quite 

beyond the current state of th~ ·art. 

5.-f.4 Arithmetic 

One c:oncept which th~ current fbrrnulation of cf his l 'great d~l of trouble 

\vith is that of •number." It is pouible'(but·quite un\i,~ldy)'to··~p¥eif~'~'Htb~:l,~~fefms of 
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.. 
cardinalities of classes, such 11 is done in· certain axiomatic fOl'IM~~,~b~c. ,It is , 
~ ~b.11 .tQ f~~,~~t~.-, ,_MRC~0 ~Jl,~one in .Peano's 

,~~~~l'.,.-,.~.f~1~ ..... ~iBRJlp~,m,1,.-tte ~op~ral 

;, i{~,~~;(•~.,no.¥,,,M • .,.t\TMMJ). •.:f 1 ~I,,;.;. ;i.;,, ;, , 

.·.. . ,Jn:1~,f'1~ ~'-'-~ ~~ M.MkM!IMs..~,•~~e ~p,r,~,4.w••· 
. ,. applJl!I\C~)iMMl,._,._. • .,..~ .......... .,. .. ~~-f•:the 

. -.... 1{J~~,"'M~;i'~-~,""1~fMJrax1• .. tJAo~~1~.fl, ,Uaese 

r•r•~C¥fl,f}.Gd;~,£U:f~~~ MltMllihll>rMlilMM,...MMA.iC .. ~ of 

~'SUffl~~-- -~~1S9,rr C...- WJMt\l• - --M,,-s.,;111.i!!&. 

arithmetic. 



6 Some Representations 

The· section· 'ctiietffles ·severat · r~~km-in' tetmi' ot• •fhec· luues· presented In 

section s. No tttetnp't is· made· to explatri; lfie dttffi!ent• repiesa,tatiJms flt great deratl -

anyone desiring such details should tbhsu.lf ~e,,btlt~flhy['' Ttie repreniltatlons 

considered here are cholffi•from those corieeffltd -~ \fata~(IJBW~ Ok!ld's relational 

model), mathematical lag'k .Amst-order prtlltb• aftlkitJi· aif'ihW :slmefition ,((luUHan's 

semantic memory), and,. arttf icial '.inteltigem:~ EP1itriWer-4i\f •g~,; ..,_nti~ ,networks). 

This is a· reriiOnably ll!preteftfatiffill~;-bit.it·'igfMllffl• .. ..,~tw~ lcfealj especially 

. ·those which. curre111dy ·lack ·llifffciently mft«_. d~dil\ '(t'.g/M~RLlN''[Moore & 

Newell 1974], and "frames.• [W1nograd 1915D. 

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· daunt. _those which represent 

data in terms of "assertions•· and· those which use. •networks.• S.Jflt&ctlcally, ,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 femalet. In 
I 

general, tokens which. appear in assertional notations correspond to points (often called 

•nooes 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 fynqion and the re1ult c,f the 
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function is represented by the whole.e~p,ressl9fl."L!~X-q~,p..a'°"~k~)*. 

Oiven thi, kind or rather direct syntactic corrapondence between auertional and 

network notations. itis perhaps tempting to say that the onlyJU(~i~_fbem i••the 

syntax used, and that there ii no reason1,,GfJ,tl'.~ ~,l!lfr~:~~JN'I• CO the 
' : ' •. '"'"'' - < ~~ 

other. Indeed, when •network: inf orm'-ClOJI. ia tottr~. ~,~o I 1c~1M4:~er .the network is 
' - ,~•; ,:; , ~,; i ' I' : - ' "-• .• ;, .. ,, • ... ..-~•.• ~ . " ' . . 

usµally first _en~ed ln~ some ~f~AI'. nfU~~ !~ich,J~rC'""f.ij,-\ .cap. ~\J ~.-d•. For 

example, various parts_ or CE have ,b~~. !~l~'t',~~ ;l,J'.1 ~•~• .wh~rrtq&Wu that 
. . ·•1 •.. : j. 

everything _be encoded u earenth~~f•pffl~,:_f;\en".~'~ ~. ~lion for 
' - ; ·. ' .. ·~ . . ,, 

However. there !l more than a syntactit d,tft•renc:,.~~t'l'..,'l qet)Vorkl_ ~d 
:. :t :;,.,_, ~ >' • • •• :· •"''; ~:. ir. ;, f /, .~ ·; .~' .. , ,., .. - . ~'"'--~"'- . 

&4Jerttons when it comes to er~"l}Mf"· •~/~' ~tiolt~ ~. ~ .... ~, ~Req.i~ "' to 

emphasize the !29.1 ~IJ«t'9p•_betw~_thi~S,.,:•~4,t~~ ~:-,f~:(;epr~tations such 

u CE which operate on t~e basis of ~cing_ ~~--~ --~~h: ~~&w ... ,(In t~ ~ of CE, 

the local connections provide .. t.~~, pat~ a~J w~ic~ .. ~,R~} •fld, t~re ~ ,w_Gdaer 
• • _, •• J : _, " ' 

kind or processing). As~rUonal_notaUons, on}~e ~t)-~r. ~•o,d!;~ph_•\~-,the\,yiµaaic 
• • V ' :..•·· ' 

patterns or_ the expressions - they are usually p~~ !,. ~•~:qi' a,ttern matching 
, :·,. ·', . ·.,,. .: '·•· ,r>l 

which compares two whole expressions at~ ~~m,'"(~~.,.r .Jllv~g co do it.i",:tenm or 
l C ' •. , • . :: ,:~-~:.~, ~:,,; ••~• • ' •• ' 

local connections). or course, at_ so~ level _the,.~ ~tc~ m,ust PM,~• CQnflectkJns• 
, . ; . ·-·, . ,, ',,; ' 

(e.g. the ract that two tokens are ~ual), but , th41 -~,..,:. ii ... ~n,Jd .~. thiJ lev-1 or 
• ,... -- 4-<. ; . • . 

detail. 

-
Thus in the discussion ~hich fol~~~,~y~ !:~!• .~-,~~ •network-based• if 

' . ~ . ·. . . . . . . ~" . . . ,~· 

they process information in terms of local conn~~-~ ~~~~~.u t~,~·the 
c, • ' ' ' , .••• 
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rather more •g1oba..,..cannec.tions provided by paetemfttching •. 

6.2 Alsertfon·based· systems. · 

6.2.l · ·. Codd•s Retattonai' Data. Mocfel [Codd lf70l 

· The- primitive constr11ct in Codci's representation 'i's the flat N-tuple, and a 

relation i& a class of sucf\ N~tuples (jUlt as iri CE a binary relation ii ext~sk>nally a class of 

2-tuples). The •s1ots• in each tuple · contain atomic valua (~h as char~~er strings or 

numben) - they do not point to other tuplef. 'tuples are a~ vta ~tt~~n matching -

the standard accessing operation is to ·create a new relation consilting of all tuples in an 

existing relation (or cross,.product of relations) which ~h. 'a . give11 . pattern. The user 
I 

interface to a relational data-base consists ·or a high•level query language, which gets 

compiled (or interprettd) into a· series of pattem-matd1 ~ 

Tl\e logical'. stmantia (or· this' system is the ·rera&,nal'~lge&ra;· which describes 
\• , . { '~ ' 

how relations may be meariingfiiJfy stibaetted, projected, etc.· ·The procedural semantics ts 

embodied in tti-e pam~m~rtratcher which' ilrittleme~ts these oper~i1~n;:J Thus there is a 

reasonably close coupling between the log_ical and pr~rat' ~nt1cs:· 

Al· fer corisistentj, checking, this an area of current research. Much of this 

reSearch is d~v~ted to develop1i1i additional representa:tions. whi~h can . be used alongside 

the tuples. One reason that. some other representation ii rieeded is that the tuples 

themselves deal only 'With· ·vatue· objects such a numbers and strings _:-,there is no direct 

way to refer to real-word objects (such as persons). 

When perfotming additions.· deletions, or updates. it is necessary to do special 

processing to insure· tha:t the usumptions of the relational ~lgebra are not violated. For 
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example, during additions it is necessary to check th~.g~~,1W,Je.JRt.l?, •~Md ~~ not 
V 

, dupli~~ on:~. that)s •i,r~c\J
1 

tJ,er,,,;, j)~r.,,g, ,4!-~~Ji: ~ :,~ff· .to,~ delete tho~ 

tuples whicl'I. •d~d ~:, tl)e , ~in-~~ Jr~,~.~· :dffnd on.~ ~••1. ~urns 

out to~ quite con:'flfx,~~ 1,1.a fop!c,~f.~~~Af~, :,}:{ "• 

It' is eas1, ~ ~ ttl~t Coqp's ~ ~~PXi~sr.,,,~,,~~~- ~ It is 

consiste,nt. because tl,e ~~~{,!~t~~.~ ~.,'A.f:M,~J~P,1 ~~h~f~ is a 

direct~~ of the. ~ica:l.~~J~ (t"':"~!.~ rPtt~r~~'~ rnaJ. be,v1ery 

difficult to show that a given implementation of a pauern ..-;-.~~ments the 

':···relat~~na! algeb~ (~1'JlJ,.,btp .~~•·~~~'.~•.,,\l~t~~!M"Jeneral idea is 

,simple .. Al ff'l' ~~ ... ~~·. t._. ~~1,ti~\;~~~-.'t',,,~~.,is,~~g, ,(~s~U~g of 

.. • finite s.,t '[If re',:~"~,~~,,,t?einJ a ~~~•,~~,1t;£~~-~;"tr'~,a¥~ .exha111tive 

enu~tion_P,~q~e wiJ.1,.~ a~~~:,: 
6

,,, , ,· 1 ,:;<i '. 

Now, the major limitation qt ~d'!;J~ ~.fJ:t~f~;.~ ab"~.,ee J~Fflities 

for expressing general information. Since •~!ff~,,~ ~~~~~;~fl:.~tion 5 

,d!Pffid in .. some w11y ~ ~~"~'~: ~.@\1~itl~-~ ~ cij~ss them in the 

. _ CQnfeJ<t of tt1_is r~~~~~- ,,W~tb. ~~~fff:,~~•~ ~ ~~y,.-~'llr~~pl~ 
• ---•• ,, -'•~••L .. M•••,. ,.,,., .,,..._.,.,._. _.,-,,,.,-! .,, 

~t,.ove, •~_other rea.lp9. ~~ -~ •:.~~~,!"@~~,,(~,ex,r~ •. -~fency 

COl1~t~ts -~· that th~, ~,.•t'l)flV~Y• .. ~!i~W!"rl,ll'i• 1f( ~i~~--/~~~r~wp}1ave 

a ~n~,ue sex.°"'.~(~~- or· .r~Je~. ·~ °"1.i~,o~~ft~~m~H-,In ~[l~ the 

ability to handle,ten!r,J.,~~fffl'~.fie>n ~ t~ -(~,,~f~'.a,tw-~ {:£ and 

Codd'• scheme. 
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6.2.2 Planner-like Languages 

The Plann«-:fike languages 'are th4! result of' one· approach for adding ·general 

information to a Codd-Uke tlata~base. These' iabgutgej'~~fe 'developed fo.r arti,ficlal 

intelligence applications. and. inciuctt'l>lanner cH,wttt 101'21,"Conniver►'[McDermott· & 
I 

Sussman 197!1.;.00L"tPeple ·1mt and Q.A1 £Rubison !t !l lffli ·i:or pur~s ·of this brief 

discussion, no dlstilittion Will'be mlde among t~ (fVei't' tliOli(h. sigriifkarit differences do 

exist) -· the dtscussi~1 ts in terms ot the. general a'ppreach, ia. in. terms· of some particular 

incarnation of this a;>proaC'h. 

There are two comporient5 or these'represetttattons .. T'be first t• an assertional 

data-base which is eisentlatly llke Codd's. The c!iff~cefire nit~: tn Codd•s scheme, 

the tt,1ptes are .j.m•· th~·a'.pptoptiat't rtbtlon, while in ~ cliti~bases ihe apprq>riate 

relation is •in• each tuple (by having the first slot 1ri the tlJp~ be' the r:elatM>n's ·name). Also, 

assertional daia.-baR tuples may be n'e#ed, suc'h as 

·ccoLoR-<:>11i..otK1 tt>Aik·lfi:rm·. 

The second ··con.ponen't ot t•CP1inner~Jite rjpteieitt~\jori ''hindle~ -th~· ge~eral 

information. "Thi~ 'is"'dont uling pr~raJ 'attach~ ~fa~l~tln~1
s~ion 5.4~2. The 

procedures are attached to paniirts/such as 1,COL'Ot::O~ rlc ?t)"~•jw~·,udl :~ p~ttern 

is ~uccessfu11y' thatched ~pin;st' ln assertion fr{tfie ~~~;"Iii piWer~~s variables (h~re, X 

and V) get bound.'to th'e approptilte piece~ ottl~~ assertl~ 't,.,.·x, .. ni.OCKI and 

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 additjc,ns, and a 
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sep~te set for deleti~ns. When a datum is about to ~ ad(l~ -~ ,th~ ~~ertiona.1 ~,~a-base, 

all "addition" prQCedures an,ac;hed to pattero-. which ~~h tJie..5iat~rn_are e~ecut;ed. T~ese 
·' . { .. ·..... . ... { 

., prQCeclures may in turn a~ the ciJta·b~se •. RR"'~Jy .~sing ~~>prc,;~.r,s to~- run. 
, • , , _. _ , • ,, I .• · ;.. • · >.,, ~• t,• ,1 f • , • • ' • 

Simi~rly, app.ropriat~ "del(tion• procedureJo,ar, e~~~ J-.ilepi ~.<iat~rn Js .<i~let~, , for 

consequent processiOg, th,~.e 1- another set of Proced~~; fc,~ •'P,'fr,'ilJ_~ .~rtiqns which 

match a 1tven patt,r(l. For eiam,ple. a COIJ,1'1QU,nt pr~ritr•1tA,Ua,hef tc, tt'ie pat~ern 
., . ' ' . . . j . ·:·.,,:. . .,· ' ·' '·•»·, ',)_ .•. '-a."' . ,_· .. 

•(PRIME ?N)• might generate the prime nwn))er( (U of, J~'{.ffl ,~ml i~ftasib1' .t~ store 

them all dir~1y as ~rt~s of the form (PRIM~ 2!, <r~P-1£, S)r,<l!~l~~i 5), etc.) In more 

complex cases, the generat~ng,procldures can t~lves a~~ .the ~at,·base, pos,~_ibly . ' ·' '. ,.._, . 

invoking other procedures. 

contro~led. by the attached procedures. the "p~ural; ~~~' (1.,~ beJ,avior) of the 
: , • a h • , •~- '"i_ ,;; •• ,. ,' ~ Jt, • , ' ~ 

system is de,termined by the user who codes these pr:ocedures: Ttt,-a• little can be ~id about 
. .. .. : ., ' ' -

a Planner·Uke system's behavior. "in 1eneral," blCauae little ?"-. ~ ~ ,n ~!9 about 
. ' ' . ,,, '. ... . 

the ~~a vior of ~ny ,Progiamming fa.ngµace .. AJ a ~u~ ~ . t~j~, :~tlere ,4s, n,o built-in 

logical semantics for the meani~gs of the _a111rtion1. F~ri~xa~pJe, the ,~ss,e.ruon 

•(NOT (CO~OR-OF cBLQCKl ORE:~N))" IJJ~~t ,qle&~. ,h~tb~~•)~ not green, !!. ,the 

relevant procedures have been coded to treat: ~OT~,~~ JO Jts :~~~om.ary .mean.ing. 

Thus it can be very difficult to determine the,~, ~"l~.otf ,J~ye,,asserti~n. si11ce it 

depends on the whole. structure of procedures irmalled ii\ Jhe JJ~ Jwhich may be very 
' ' ' . } • • . ~ i • ~· •. , .... -~, 

complex). 

Since there 1- no.ieneral logical se~ntics, t~~r• ~!' :~·ry~,J•",~~• way of doing 

consistency checking. AISQ, notions of "logi~-t~• apd ,._,~Lccal'llpletene~• .are . . - . . . ' 
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inapplicable without a logical semantics. Consistency checking 5!!!. be implemented ror a 

particular application by having the •addm~n• protediJres do ,hatever checking ls 

necessary before a datum ts actded, but this requires that !l!"fhe. information about what to 

check be· coded dl;ectly fn the ptocedures: 'Thus when ·new ·cfied.s are· needed it is necessary 

to change an the relevant procedures, whic11 can be very difTicult. ··· A~ it i1 impossible to 

do •general vs. genera:1· conslatency checltinf, since tlie pnerat infOi'rnatiord, itnplicit "in the 

~ructure or the procedures and is not dirfflfy maniputa&1e: 

Some Planner-like languages (e.g. Micro-Planner [Sussman !! al 1970D handle 

universal quantitication by explicitly iterating through the set or relevant 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 )C for a.Hertions 'which match 

•ccoLOR-OF ?X (DARK RED))11
• This of course means that tbe class being ·quantified 

over must be reason1bly sman .:.. •every person• would take too long, and •every prime 

number• would take infinite time. Ai a; concrete example, the query .; Are all draft evaders 

criminals?• is answered by enumerating· all ~ 'the tnown draft ev,deri ahd then checking 

each one for criminality. Not only will this take quite a while if tfiere are many draft 

evaders, but it requires complete information a,ncerning exactly. wfic{ all the draft evaders 

are.· Robert Moo;e [19'15] is currently researching the problem of handling incomplete 

inf ormatton within a 'Planner-Hite system. 

The lang1.ulges (tA4 and Conniver do provide a mt!d1anism tor handling 

multiple worlds. Each world-class (called a •contexti is implemented as a list of 'iayers.• 

Each layer describes the dltterences between' itteff lhd tfle cohtixt rei,tesented by the 

f o~lowing layers tn ;the list. This implementation make¥ it aiy ta· create a hieratctry 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:f .~J e,o represent events 

clpamtcally- 11 •verf~~ cakes a W~•M~~~M?~·•-cant~t wluch 

is tile bef'~l witltan,~~ 1a,.,,.,..._'"~~~ t~,~~lllf. 

l;lowever, ~like.C~ ww~-c:11~.,..~,ffe,.,-.~.~ ~~~k.: ,That 

is. ,it ia noc ~u,r, to,~.-. con~ r for .!!K~ ~'~ µ¥1•llr ~ l)OSU;ble to 

determine. wbetbcf. qne con~,-is .. a ~.,.,..,+'-~"~' '!btfe u, CJ Um ii 

-..ny .done (tty ~1-~at the fJrJC woi:kl~ is.~:,..-.q,~ t~~~>~ •· 
W~t,i ~f.llffirto.tN,tQpjcl Ustecl,,~.·•"-~~:~~• ~n ~ 5, 

tt\e.ooly pnes ~h•~~,-~~-?~·like ,~~-u~.-,~ _ _.,.. :~-~~~J; a;,elat~,-and •~~,Rt!pns 

(such u ·An bi~s "11 fJY, .ex~t a few ~-N.~~-~ ~,~· wJl,i,t;a ~ can 
' •· ·. • _ " ' ; • ', ' · ' -" ' • ·-' l ,. -- -- . ; ", ~ · 4• ,. • ~ • • ,s.,. • •·· '_. -1 < • ' , • 

. . 
EJ(ceptigill Cl" be han4~ U$itl~ th~-~t~t ~ <?~\481 a, 11ew.~xt from an 

old .~e by adding an. adpit~al IH~ impl._ ~ J1'e ,~.~ ,Rr .~~~q~ JJ~e ttie _ Q~ one 
• 

•acs,11~ where expljc~ diff er_t~~~~ are 1~~~. tn Jh~_ 11~,! ~Y~- N~«1t,
1 
ti!!!-, the not_~on of 

.•aubq)ntext~ (i,e. ~,~,x~,gto."VP Jrom_an,her ~.l>y ;a~~n~.ff:~,taY~)?:is 9uit, di~f,erent 

from the CE notion of one worki~lus beinc a su~ of anot'5 .. ln.C,E;:}~ftaubclass 

_ r.nay be differer,, trom,cbe suw~u~y ~l"l,~.(~,,~J-:~'~•"mpn,,'!), but it !mill. 

be ~ns4Stent with_ the.~~~.: (i,e. tJ may n~. "knpw clt(f~j. Qn it., Plh~r ban~. in 

~• aq(I ~niv~r a "'~~~-mJJ}~•~-ar~~!lf .. ~ff,..:~~. ~text. 
. ' 

. . In, J\.l~ro-r.7, ,tht rnaJQr. fUJJcUc,p~t ~~~'~",:~1'MP-J~i.?~~ f ~'·"'!.'~_-Uke 

language, are (I) that CE facilitates consistency checking. and (2) that P.~aan,r-Uke 



92 

f;.2.S First-order Logic and Resolution 

ln the format usually used by humaftS, tile primitives bf f'frst-order logic intlude 

variables, constants. Boolean connectiYes, N-aty functton•· ;tt~g. SUM·OF(x,y)), N•ary 

predicates (e.g. OREATER·THAN(x,y)), and exp1idt 11U1t1tifien (V 'artd 3). •1esolution• 

[Robinson 1965] ls the madrin.-oriented intererite pt~dre ctHntnohly dsed with first-order 

logic. It requires that expressions be converted to~ c:Gnjunctiv~'ttOl'liYal form,• which 

basically involves t~nsforining them to remove the constants, the llooleart connectives, and 

the explicit quantifien. Oiven a set of expressions in this fotfflat; the-i~ltrtion proctdure 

uses •unification• (a pattern-matcher) to combine t1fo iXllting •,c-prisieris am! thus generate 

a new one. This new ctxpresslon is then added to the set ot cttptessk>hs, and the unification 
. . 

cycle repeats. Usually, the cycle is repeat«l until an inconsistent dpteUion' is generated -

as with CE, this implies that the original set or expressions was 'inc:c11.-istent. 

Thus resolution Oike CE) iS oriented towards to11sistency checking. This requires 

first-order logic to have a logical semantics, and requires resohitlcJn 'to have a corresponding 

procedural semantics - there are in fact f orma1 arguments which · demonstrate that both 

these conditions do hold. Furthermore, resolution is known: to ~ M logically consistent 

and logically complete. 

Like Planner, first~rder logic does handle general information. Unlike Pla'nner, 

the general inf orrnation is expressed in the sarne man her' 11 'the specific inf ormatlon. 

Furthermore, first-order 1oglc can handle 1nconfp1ete· lnrormtth;n ~ if is riot necessary to 

have information about a1t the members of a class in order co make ltl1~nces concerning 

that class. 

So far, first-order logic and CE seem quite Similar - &r is now time to look at the 



diff erenu.. For. one. firat'G'Cler logic h~ ~tai~ fQmlal clif.Iiculties with upre$$ing the 

notion of eq~Uty (i.e. identical objects). T"- dtffkultiel la4\_to var~ attempts to 

extf!Dd resolution to_hamUe QPj1~tJ~entiiy in, a~ ,nacwal. manner. IJl.CE. equality is 

simply a degenerate case of subclass, which . is. a prjmi&ive. ..,._. d if-(4t'en~ i1 ,that. f,irst-

" 
. order logt, can hapdle artthmedc (~ jf_l4eed.-llNNl ef; mat~t_ia) _,.. 1.t· u,e1-. tM •rorma1• 

. app~h d"'uuecl iA ~ 5.-t.4. 

. However, the m&--jor funwonal dtfferafflctt ~:ftrst-..der Jqgk: u,~ CE- lieS in 

CE•s uJe oLworJ§ll H first .. order loeie hu no.~.._4-GOJIStf~t. T:llis male.ea it very 

_. diff icuk (if :not impGUible} for firs&-ordJr Jotic- te ,~ hieC'arehkal contexts, knowledge 

about knowledge, etc. Some Al reaearch has .- ..,_. on d,e ~e Qf, adding worldt to 

. f ir_st-or(ier Jogi~ . notably by McCa~J.- {e.g"' McCarthy &_ Ha.)'tl,J.i.9&9]); 7 this ts still a wide-

open area. 

6.3 Netwodc.-based system$ 

6.!U DBTG and COJOL 

The local CQMections in a DBTO network .[Coc:ia,syl 1971:1 -.. .... the access R!!h! 

aton1 which a COJOL ,progra,a may trace in orcter IQ,,-. acoet4- to the. v•rtous •ords in 

the_ 4aia-bue. Th•• thlo interaction channel (L& IJM.-~ Jn. whiqb the •1oca1• data 

structures interact to make more •11ot>A1• 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 QIIIAI: Chat·•thertJ can-be.J1G general logical 

semant.lQ for the representation. That la. what a-,.ntcuJat pia·ef.·data-structure •means• 



ls ~Hy depenftnt on dw ..... behaVlor of _;,......;Whtc:h access that data. AJ 

above, tr a ~ IRkta 11pm ....-;fffettlfH~bfe'ib•ltan a ser,eral 

constttency-chetki"C _,~ ··f'er'if(tince·suclr &'pt .... !~ ... ,_,,. know what 

the data-structures mean "' order to tell' tfs thy • cin~i--►: t,f,l)IT'C, almost ail 

cons&stenty~ing,(4watthe~·flf'•'~;,...,._;..,.,._)mastbeexpfidtly 

coded into the particular proerams which- do the ~'ttt UffKte 'Plittnilrfike 

langng-, 't>&TG- ·1111 lltde ·p,ovaton tor,.· p,..._t· 'attiliiMtiM!' Tftlt · mans that the 

COBOL prQCnffis tad to N8lflW tl011nM•lilltf 11.·ftl1t.,._,. .,.,added to a 1>&1"0 

,ystem -- there it no way ·to ,...latltattadt·-MW ptoMdWft~WNte Ntlevant ctara,1as 

opposed rca comblfttng,lhtM •• •• .... te1191t!f!): 

Tr.ere are or---. t'urtlfer dtfN'ad:~~ .a'&Jw· tepmentattons 

(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 lftteNltlng lnf ormation ln a 
. -

DBTG system (•generar information, tnformatien alM>ut wfijf ;M5~ l'l'lftn, 

etc.) -i1 burled deep wlthin the partk:ulat COBOL procedUttl'~~ or &etng more 

directly ·acxesslllt· (ftw pUI peNt or ~ent? dad.Ifft, -~*l 'tt 11 of course true 

that DBTO ean do' anJdtiftr that Cl tor any.._,~ lai4lul ~it)· ~tt;.db~ tiUt ordy · 

becauae COBOL it a Tllfllf wnWll'IM-~ ·~'-'·IJBT01 Hon-~· tittle 

towards fflllkjnt'suc1't,unlW1Wlpower·(ffllte ·nadie to'we. •J•. 

&.S.2 Q.uilian!s &e,..ntic Memory 

On•::ot- tke- fint ._,k-ll••d rtp........, ...,.,_.Iliads 8l&1J model for 

human assoc&atwe '""'1a'Y· TIM-•~ •~'cin.-1Ftt~ •tsehdng 



•con~• (auch u "4e11•, "ll)ef.t", "at", -.) ;~ oy -.,-"l)fesw,.tin1 ••~iicms• 

(e.g. tbere might. be U~. ~e,;tiog. •~• to,~ •-c1•~:JQd.-~-.,at.• :fn·1•mlaWJ· inqtqJJng 

that dogs eat meat). Th, .mtm~y. At ;•SF94'•tw. ,.._. -•~"'•ct,H11eH01 the 

shortest path of associations connecting them. Thus pva · ~• •'-d .•meat, • the shortest 

path might be the one through "eat.• 

Tbi.J: ii VerJ ,ffll,leh ill ~ -,irit 9':·:p.l._ic"M: ,_~.i~ion •ts. and is not 

at all,.,...U, co be .a nlPd~ Qf _mpr,-~r«d.::~~.ttti,~:Wt ·.J;or,M""'le.,tf,e.-~ve 

example: could ~. ~. -U·. ,_,n c~t;~~ ~"~ ~·. '-►;,~~,_. me&flitJf:;«her 

than that of~• ~ .. ti-. .. NQ~ . .._,si: ,-t...-.~~~•s.iylCffll linds 

the .shortest path iJl. a..~~icalJJ,il~~-. T~~~~pro.,JCatn-markers 

along the links breadth first (in paral1el), starting at the two f~ te.ea,epll root" ,and 

•~"). Titus ~•·Jllace wtaer.,...,two •-.v,,~ .... ..,.,_,.Rtllld·to lie along 

-,he .slac>r~patb l>et..,..,,he two,g~• icon.,_ ,;+'.bl::...._l~~ility ol this; lies 

in the f~ th~ n~ "-accomp~. a.r ,~-. : .... ia.parallet. 

~ly ~•~~i•••-~tt Wtlllllf#l,~fh-a ........ It is 

. ind~ ~• ~' It exempUt• labll J~NAL-,, •!' M~•of CE.: ,For 

~e,.,it don hav:e a kind of lofjg.l ~lt~ 1· ••~'~ 'tJbotMll',path" .Gan be 

rigorously def• in cerm, ot I~ .meory,., D• ~ ~f.11 .is ·atraighJfo,ward 

(paralletmar.k.er prQJMg~on). and'. ~,,on,~4Gnr ... ""1JIMi~•-'•nti,proc:tdural 

semantics lies m ,~, ~ :parallel ._~t~,,_.• • · ""dmi the1 -thortest 

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 firlt connecting path 
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found might Mt i.,ttte'fhorttst. 'In CE, the ordet··tfl Wffkhtbillg.-dont ts trretnant -

a different onter may:-.ae ••hll colltiien to actuti*3f?d ..... pi111dia a C£ -,·but it 

it ort1y the~ -wMd inlttit1, ifl8t N~llf'litdcln! : 

6.3.3 Semantic Networks 

Ha•mg ·ifttred..- t1te· •1at11d an explllt 1Mhwwk1«if1!-'ks and nodes to encode 

meaning, q,,tian. and .._...tria!·•app1J·._.,_.,.1r;f lriilnltr1"0ilemi:·''Q)ftlUan's 

· [1969) TLC -,-n was an· attempt tt;lol~-~ibl ustwg·· an exb!ritled 

verston of his t1emanttc··~·-11Dt ~- ...._.1f•dfM!ta1fltids'of'ttnb, With 

different rulel0for ,..,.,... •• ...,:,...,ihem: ,..,~dlftkN ah u·the 

abovt •mftt1 ftt dop.r 

' . 
19751 OWL [Martin W7f1,aftd la1t1malitlltllJ fllelt4,~-'fog~l---litb. This 

leads to cOftfutrons ... ·U ttft :'.fl..,,, .. , .. tfftcatiin~ -~ 11t1°· MCtton ''5. The 

•prowdarat arttantto• ·n,, a semantic '.lwtwon.: ,,_.... ..a•,•- ~ied in some 

complicated 1ff«edw. ICJr-trtfflliftg die~. fllllliw'IIW DIT-8-:''Qt1R&a1t~ertglnal 

idea of welkteflned paraltfnniltler:preptl.udli ..,._1to-ftaw~ ~;as~'too 

Ued up wtth • vet'{ aive ••. of MUrophfiteltff,· lia-Hlif • lftftttg ·cm< how· t1,tng1 

shoutci be- reptewnttd ~n- a atMpdtW."' ffim~1MeiittewpetM,iG0 *tefnpts -to sttow· that 
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7.1 CE's Past 

97 

As can be *" frQm section 6. r~rcb on CI hu bee.n in,fluenced by work on 
' ·. ,. ' i.1,.· ' 

mathematical logic _and by work. on semantic netlltotkJ. Jrom ~h•~tic;al ~ic COfll~ the 

emphuls on having a well-defined. semantics fer a.II CQDSflUctL. Also, a. C4. •wc,rld• is quite 
' •" ; ' ' ' '· ,. :: .,. > 

similar to_ a logical •m,;,dei • the. major dlff erence b~g that JO k,>gic the models are not 

themselves manipulable objects in .tJle rtpre,ent..pon, 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 specified in terms af local connections. 

In addition,· the work which initially interested me in the idea of doang •semantic• 

computations using networks is Lamb's linguistic reaearch into Stratif icational Grammar 

D..amb 1966, 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 (•finding,• 
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•implementations.■ and '\nowledge about knowledge1 ls another task tor future research. 

•Knowledge abQUt knowledge• is esp«ial1y promising because this topic concerns itself with 

the' relationship, among different wortdi(tllt •ttat'worlll,•'riie .-tdi;;ihtth tepresenu some 

person's l>elieh, etc.), aftd ct is •·repteientattcMfln"\tihfffl 1f11 e'isftti.:m:t-·:ritts ·about 

worlds. Tandtng• is t toplc whtcta must bt work1d o&ifln ~iae&tt1tfi' orcl« for Ct to be 

practical tor reahiataibase:·appUcations, lnd IDlits of "'itll-rlfjt~• ate dr course 

always important wtr-., orii•ia p'rolfO'hlf a ·i1ff•rwp~ttort. t ljt'ffffl tt.ii ct :is'a system· 

which can tn ract bt built up0n by myMlf and ~anchilit ths;fiot' just ii. pretty toy. 

/,' 
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Appendices 

The body of this document is oriented towards consistency checking, which entails 

the ability to answer •yes/no• qu~ries. This appendix brit{Jy .di~y,es thr" te:chniques .for 

handling •rind• querieS, which are queries of the for~ •f4nd afl 'Objr.J 'x',.such that N .. • 

• 
Within the CE framework, the starting pqint for ~,~ch a. query is to: cmstruct 

(intensi~ally). the class which. contains all the desired .~jects. and Jlla, so determine which 

objects are in fact in that clus. For eKafllPle. "FiQd .au ttae clwldr!ll,l of Jane. Smith• would 
I 

be an,we~ed t>y COMtructiag the cass 7.' in flg1&r1 1'·1 ~ thq ,fJ~ing all the objeets 

which are constrained to be in -Z'. Clearly, an ot,jtc:t il.in, I' if:-.IY'.ld:.onlyif it is kno~,a (by 

the data-base) to be a child of Jane Smith. 

The three techniques presented below are different ways of finding.~11 the objeets 

. in a class sue~ as 'Z'. , .Of cQurse, if the .query is •FtllCl s,e!. .. .- then the ~Find an• 

procedure can be run until the fi,:a abject :ts ~•nd (after •Which the prc,cedure can be 

halted). 

Al "Find the .. .- using Object Identification 

If it is known tha.t the -z• class contaw c1aajy pne. ob,,ject, then finding i.l 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 single .1.ex of Jane Smith). 
' ' 

Starting an ••x• label from this class, the goal iS to h~ 'K' klffltified with ~ objeet in 

the data-base (in this case, 'female'). AJ described JD M£tMMI "'' CNS, •deRttficatkan occurs 

when a • •x• label collideJ with an •-r,m1,1e• .label.- th.is mea,11 t"-t· •x• and 'female' are the 



100 Appendix A 

same objeet. Thus the label propagation procedure has found the tingle objett in the -z• 
class. 

A.2 "Ftnd an ... • ·mtngsuctlOt'I · 

When- thi·-r ct.• contttns more·thm a:'shttfttibJect;;tttere is stiff a sample 

techruque which catt be Uled'todcrthe1findfMI. ~trftgtift'14'utd the ~y "Find all 

redwoods.• The. bdc Idea ·bfl:rfnd 'the "'sutaori" ~~- tO ·ttatt a 1g,enn1ec1 '•~• 

label f1'0ffl the -z• class fin tiffs cue, 11et>WtJOl)S),•aftd"l11l!n 11m·~llthe objl!Cts to ~ich 

the ••g0096· ptep'alatel. 1ft >l, u 1t~~lear tttat"ftie ~,,,,.·11ropapte down "the 

tacxonomy using niw(pt) · until · it riithes a11 t'W'II Jedi 'M ... 'balrtal'ft :(tor txampte, the 
I 

objects which a1'! the known' 5«1uo&a Nltiol'Ml''~-~- - 1hete· 1'b)tn'· 'are not 

shown· in· the figl..,-e. ' 

· It remainJ (0 -be chfnonstrared tlllt all flle,~, ~- bJ the •~• are 

indeed :in ·di• "Z~ claa s..,._e-tUdr a.,-•••~--. a ·in: T~ Thea it 

would be consistent to label T Wlth ·•t- Thu ·•r label could then propagate ift lhe 

same manner as the •..,o09&• did,•~ thu, reach 'ob/. Smee an object-class such as 'obj' 
r• I ' 

can broadcast a;1 •-ot,r label, the •-oa,r andthe 1••r-,•wh,.~it 'obf, tnditating an 

inconsntency. Thus dw orftitltl auumpttoi,· d1if:.o1,-/ -was· fiat :ffl '~ ll ·false, so in fact 

eVffY object rea~ by the •-g8098• rnua·be:ln ~'.~ctai. · 

This techntrp,e is caffed ·-.uctian•''bec:auie the T clars Wfds t'Jllt •.•rtabels in an 

effort to •-pull objeetl tnto. it• ffntng!tlorie'a sudton 1.-ahrWRi; t'1' use,· is left with_ the 

probfem or deterrntttlng -wtdeft hta'-'baR objects mve;IJIN!lri :,athtd'&y the •-go()lif'. Prom 

the user's point of vlfw,, t'fN'.daw-1>a•·contktt ,or a bta'Ck 1,ot,'wttt,, aome' classes being 
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accessible as ·terminals• - the termina,ls consiJt of all the classes which the user knows 

something about In particular, the objeet-c .... ,m. which tllf, wer .is interested wilt be 

among the terminals. So, what the u~r need, tcrdo 11 tQ. leok.>.at i.11 the object-class 

terminals and see which ones have the •--g~• on them. Of a,urse for• large data-base 

the user will need some sort of aut~c rnoni~r ~·. ••~41M ter.mt,rals and signal the laser 

when an interesting label (such u the •-g0086j arrives. k·it;not difficult to see how such a 

monitor can~ conacructed (either out of harcl~or •~partofa,CE·s,stem simulator). 

A.3 "Find aU ... " using Reflection·• 

The one pro~lem with suction ia ~t it it verJ, iocomplete .... there are many 

simple .c:a.sa in which the ~red •~• becomeJ·blocked ~ can .not propagate far 

enou1b to reach the relevant object.a. Figur•·~•2,MIOWI a simple~ ot·this. The network 

above the dotted line states that Jane Smnh is a child Qf Mary, ~th. ~lid that Billy Jones 

is a ~hild of Jane Smith. Now, · die query ii "f 1"4 all ,raqdctN,Jdrtn qf Mary Smith.• The 

network. below the dotted line constructs the class 'Z' to be the,chltdr«n of the. chi.lclren of 

Mary SmUh, and th~ task is to find all such objecfs ifl''Z'~ G•rty. 'Billy-Jond is an object 

in 'Z'. To see this in terms of label propagations. just start an "•Silly-Jones" ••• from 

" 

Billy-Jones. By applying rule (b2) twice (a.long w4th rule pl) and then rule (t:>l) twice. a 

"+Billy-Jones" will propagate to 'Z', ladlc:ating that Billy-Jontl ••.-ifJ<Med in 'Z' .. 

However, suction fails to propagate a •-• label fl"Pffl 1-' co •amy-Jones'. Starting 

from a "-g0097" on •z•. there are no prop,agation rua.a whid1 c~n be appl~. What is 

needed is to start from the other end - some mean,. is.~. t.o have 'Billy-~es' st~rt an 

••Billy-Jones• from it5'lf. AJ described in sec~ 2.2. it is 1nfea•il>le·to ~ve evgrx object· 
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. clau in the 4ua-baN,.,.dcaat an ••• label, un.- tNs: would· swamp· the system. · Tlius the 

· goat of the ~• -~ it\lo Mftl·•:tpietaf:'lrilwUtf~ fhlm T'whieft Wftfreach 

Che l'lltvant ob jtca(llldt II 'ailfy-jenet')Sftd ·ptatM•lrlliiftl <I·· the· ti'relnant ortd :too. All 

ob Jftt1 reach«l oy dill label' wtl theft reAlict .t,acW thltt • .r ~-knd· l'hfn onty rtte ones 

wl'Uch .,. truly ifl T:wll --.Hy'llave:a·~~tlllif~ twT. Th•f ls, ffie liiftial 

label ·ltllt out fl'Offi ~ is ·dllllnl to .- a --• · n...,_ -~. ·~ {nlattft to the· size of 

the c1aa ... >r Md tMn 'tlltatsttea:14 *Jlllll'tlt ..,,,... ~-.:ifl T by ha•tng 

them broadcast their•••. labels. 

The ~d scage of this proc:eu is 1.tready well'~ ... as dexribed in section 

2.3, an object-clan;.,_...., •11· •••·-... Wlantt·lt it·McfNcf by any other label 

(indudtng the' one ,_ tut frem:1
~: ft-ternatftl to M'lftt'M'flnt·Wip --~ ·latief 'td be 

aem out t'rom 'Z':· TMs 1IIUlt tM·a • typt·•.r ~,,.._,. •• , r.",:and'-•:.~ ~~' be 

euily blocked. Clll,1'ft.ftlW·lrltelthe-T 41tret:,lJilillb,ftie ~~.·-~.and"•·--~ tw·"?" 
label Ml no Ml semanlic:I - a'~ 1'billliill I ._,...,.,,._tfrat ftwclass ·11 tomehow 

One polliile ,,.,_.adon r11tt:•f• ,-_.llitO -,•r·whei &ftf't'Onseffint dtitects a 

"?• en any attached' c~. it shaull ,.... , -'-P" "'tctitl 'Ofh other attached cllss

points. Thit ru1' tGU11t in; a Q,Ullan•lile .._.,. ,,._.,_,~ ••k/pr<+-gattng eut trom 
the initial -Z- to,-,,c1au wftith'IS"aolllfttlid (twtM ,taph~,llftse) to;-&•-by some 

path of con•tr•ittts an4 petnta. Stnct tfttJ'Nlnawt '•Jett-{f.t. ones ln -z•) must be 

connected t0 •T ·by ·!Im! Mh ,-m-. tMt·~ ~,..,·,.,_~·rd 'ha~e T 

reach eftrJ r.-Want ob.Jett (Wl\tchJwtfl·fhen· rePlect ad-:ftl,"'•"" lat,etf t:lnfortutaately, this 

partiallal' propagatieri fV1e, wffl GUN die T rcrftietf:t!!tl .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. 
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B Implementations of CE 

This appendix describes three· possible itnplementauons of CE. The first uses 

unconventional cellular hardware to do the label propaptiens .in parallel: The ~d is a 
- · . . ,. .. ::_ ~: ~t-1 · ~~~~rr·.~--1 it/ ...... ; ,""~{~ ~ 

modification of the t&rst,whieh uses an array or mkroproceaors (and ts more feasible than 
. , . ii.-/L .. ;; '~~~.· : 1:', 1 , _,, · 

the first with curren, technology). IThe third unp1enient1Won is one that actually exists -

the label propagation~ are performed ustng an ordinary renes-t-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 ctass-pointa. Each clus•point ii a J'llileer which indicates what 

labels (if any) are currently on that point Thus each constmnt is a processor which reads 

and writes the registers corresponding to the class•poinu actaclM!d to that constraint 

The maiti limitation or such a CE machine Ilea in the number of labels which 

might pile up on a single ctau-,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 or labels allowed in the network at 

on·e time). If this number is M, then each point requires N timeJ M bits, and the constraint 

processor needs to be able to copy and compare these M-bit labell. This requires either M 
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wirea CCJlQ,CUng: "~h coostra4nt. tp. ,.ch of ''J:»O.in~. or ~ ~•t•p"~~ ~heme UJing 
' .. . . . ~· ' 

few.er wirea._, Either of t~~ ••ter~•,•v~ is~~~~"~le,,~p A~~ ~oieotf~nt, to .mi0~.mi1e 

bot~ the number of ,~i~and~~"~plex~~ ~,~~P~: .. 

The second approach allo'!!. l;)qth. for t~er wir~ ,a',14. ~•9lJ>Jer,.er~,sor~. It relies 
_ _:,'✓- i' '; • ·';' • : > ,, .- " ·., • &, / ."~ ., • ; , '. ' , '\ ,. •" • 

on Jlmiting t~e ·number of different label$ in ~h., entire ,~9r.t., (~9i ~LO!J each point). 
:· - ,- ·: -'·.,,, ,, ,, "· h ' . ,;} ,_-_;_,_);. ." r,.: ;,~ .. ~, ·;·' ~, '· ,-. '~ 

Au,uming ~ha! ~ !~b•b are allow~, the~ ea~h. ,oint~.~ 1~1l, b• !,t 2N ,J?i,!,s w,,,r~ll of 

storage: Each ~t,el is repr~r,~ bf !WO b!ts. wh~ f9'1,r~.~t~ i~Q~~te ~~•• •-•, •.•, •nd 
, . __ ,;·--::,:,· -. ,· .. ,:,__i-'!\l ,-~,~~>' ,..,._.,_ ·:·1 -- .• 0 .·•.-" ·•·~~,,- •• - • ...,. • 

•none.• With t.~isschen,e, C,,YHIJ. aJabel.tr•9:~! ~~,~~.;~JJ 2:~its
1
(the_ ~ifJ,~ing 

indieated either ,by a ~in~er of ~iN·;~~·~::111 m,,au,~~-.>1 ,r~rR",~£~U,po~J,lt§,.rUns 

the •poin_t bu(, ~.~ich,,~';ld•. ,,.-c -~•-n~~- to~~, ~i~~slf'cl ~rt~JM; the s'l~l•M of 

incons~•~~- 1 ~i~t _w~l!J!fn~l,,n iRCQllli~1J,,.J~ !~,~ .~~ 1set ,~ ~~•J's. Staf•,t~_, •-• 

and its current state is ••• or •1111•,,~d vice v,i:.,.,, 
.. ·. - ·: . ' . ·- ' ',, ;,,f;,."s, 

. The p~~ti~i9" -~~~ints ~n~ the. o;I" ,~'!~jpf:l,4;CW,';!',!ff"ffl f9 kl).,~, 1"~~t is 

.•inside• a la~I (be~n1ti11teJ:~~ onlX}~Jbe •tl::,:~"4}>\f:W ~~~i(ftsJW have 

to be able to d,~~ a ~f>le~ la~el .. i!'!O:,,lf' :~~~<~~-,;Ii~. ~ sy,stem 

must contain one ~t•lot ~I ~• ~hie~ ~!';l·t~,~Jgr ,~c~;~l - eUtJer, an 

ob jeet/w.orld pair, or an ~~·l)!ir/worl4 m,pt,. . l'llf,. •~19~,prt, R( ,~c;ti ,.,labet,Js a 
), ',. ,,,,,. ,. '>:·~. ; ' ; ·:.~· ... .,, . ~--~ ,'·"',. ,- __ y;;, ·.,;ii:.,,/,.}~< - ··~•--~, .... 'l> .. )I.,'• .• -,. .- •. 

log-N pou:'t~ ~ the lat,e~ }".' ,i~, ... bel ~ry ,tit~ i,,,~~."°~J, :"~C~ .rid-~. . To 

allow •~ _to this ~• :thei:e ~st)>~ a ~J ffl~:, tb'fih B~~1:the co,ra~~tJ o( . the 

label me~ for: •~~ by tJ,,_~ .~5!~.i~t .~: _}'h~ .!19, 1ithtr,. ~ ~Qrl~, ~ a 

request basis or in, sonie synchi:cm~. manniJ~b-~ ~i:'i~~ cory~~t'ts .~~J thrµ ~ in 

order with the proper synch). 
•;, 
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binary relationship tonstraintt can m,e@te new ~ 'Thtl. must tif·· tartctled by. the· label 

bus either on a request ·t,utk ·or bf haYtiig'aU. iitat..ed fabi1'
1

~ij'slots ~ ·•wignable 

during their prew1tation·thfle on the &a,. Also,.ttte"ir.t~jmJst COli~in r~r~mation 

ab.out ob ~t iden:ifications and ·about tfti wor1cfiJe.· < · .·· ·' ·' ! 

Finany, t'here must be 'a procedure t~'\rowlil1• new ~iies whm a new datum is 
'_ . ·,_ . , 1:• '. : .... , , __ :;- .'·· ·, ., ·;; :,.t ·. . ; ' . ; 

added to the data-base, otherwise it would be neceuarj 'to change pieces of hardware every 
·,., - • :- • <. ----- ,•, ,, , :f,.-:.,_-·,_. '. . • : - .• 

time new data ia added.· Considtr the CE machihJ 'to caniiat 'it' a "tesieiiauon ·or Cdnstraint-

-·' .. ; . -- ·; .' -.:,{ --~ ··-.-.·· ;· ,- 'i,,..t::•·u•, .· ai'. ,#,, t, ,·. ~: · '. 

the particular kind of pr.tm1tl'lt constti.lnt Which cbf'ceffunpWmentsJ, and tias fixed wires 

attached to I throup • p0[1't tegi~teri Whlclr It. "own•·· '(ffie nu~ber · c,f pol~s 'being 

determined by the type or the constralnt)~ ;N~. a'new''dahim;.b,l!idcl~d'to't~'data~ba~ by 
!I, .,> • • ·- ~ ' • 

adding some new cor:straints. A new conslijinlis ·atded. by -~iWg"ai,i&rrently-unused 

process6r cen or· the ·cot~· t,'pe and · 1Mt1rit its ·ownett • ~rj1
~' Hie:· ap~~riate other 

. points in the 'netwoit.' ~- t~' polnt are '"llnieci• 'tt ~'~~t~· ;epreseiu il.e same 

class and henc~ their ~isters·r8usfbe' kept in,:thi sa'~ ua1es~C'tiie·y rilust be0 

;.~ired 

together.• Now, figures t~lg and'2~1h sf«>w such - •~ire* .:_l(~ a.1'pa~·-~~raint with 

only one sObci.ss. Thui. the tult of •growing. a '~tre" ~ two ,1ih~riglst~rs t~h;~tes 

to the task of aetivailng enough ot ·tt,e ci.lrtent1f~hu .. 1t,.riiiJ.tci>ri~tliGii. to form a 

chain lfflween the (JOihtt 'fhi dil'.ln wf1f adii.,.fpl'Cipapbt·•if~'ta~ f~:,~ch of the 

original point .. r~isterl to the otlier .. · To' grow ;the (ci.a!h; a;'(&iii~'n-i,i~ -;. ~~- f ronr~ of 
,: . . ' _ . . , , ~, ,·. • ~ · ' '' ,• i -'~ '.: 1 . _ . l '; '. ~ i i; ;, .• ~ <' '~ ~ - , :· , ,, , ' •• 

special labels which propagate only through' umiled partltton constraints 'can be started 
, c'-~i'J,. :.~':,,(: :.:; •.·'t: ',, , • 

from each of the original polnt-regiaters. The place where the t'-'o 'wave fronts first 
: - ,_. , ,, ·::·_ :. .·.,: : :.:.,, :', . ;::: .: ·.-<:~•.⇒i{:,"·:c.:.: i~('Ti;;'.~ht.:. t;_'·; __ 

intersect is then known to be part of the shortat path conlt«ting the original points. The 
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unused partition constraint which is at the place of in~r~!9" ~ll;'~g~ itself, and 

propagate a wave of 11a.ctivate yourself• t.bell llack .a,.,~, b,oth, wav~ f.(onts. Those 

parti_µon con$traintf. in Che oriJinal waV,e fronn ~-• If! s;~iY~.~~~~• Jabell,are 

not part of the cha~n bdf\l,grown,IJ\d tbus ~.unu~';" 

Of course. 19~ny .detaJ,ls still remain to, bt .workpd 9~ bef~r~. a cel1ular CE 

machine could ~ built. ev~ if cu,rent .LSI teclmology • ~ af the ta$k. 
• r ' ·• ;c 

B.2 Using Micrqpr~rs (~active page,j 

Since the ceUu•~ """hines propqaed abov.e ar. .n,tJ{k~y to ~x_y~ for a while yet, 

1t would be convenient to. be able to use CWNnt t~otpjy .. ta .implffllcn~,,he CE 

parallelism. One way .to do thil iJ to:U1mcrtt -~~ _,.:lecM •pages•►· each ,With its 

own miaoprocessor for propagating labels witllUI tllf. ,_,.(".t~ -•~fie. \VithUI a .page 

wquld be implementectu a l4ftled-Ust WUCtW'e.,so tta.:pt~ ~ 0 growipg wires in cellular 

hardware~ n« ~r~ Eadl.procasor hua~ ~'~·~'·~• a, •~ve~-in ;uW-ition 

to a common •mail 1,ut• Wll4'h is~ ta,qport(•,a~. ill119n) labels wh1ch..crQJS page 
-

boundariea. 

It would not bd unreasonabte.withpr~t•~ toJavea ~,~chip which 

contains the processor a,1d the Unk411d--1ilt memor:y for a -,Je pa,p. These '•-1:d then be 

stacked up to ma~ tl\4 ~-base. with morecjajp5 b4ing MkificiJo dn .. stack as CM data

base grows. 
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B.S Using a Digital Computer 

A CE systePt hat been 1n1plemented to provide ttienda~-ba* and the few-level 

inference capabilfty for a. ;'MACSYMA:Afiaor• (Oennmttf1fflli:·.11ACSYMA ts a 

very complex system for doing symtk,ti:c 'l'MtH•la~ MW11ltte11CN1sor is' a proposed 

subsystem to aict users wMi\· thef need fietp. Tbe , ... wil ~ \¥'Ith the advisor in 

more-or-less natural Engtbl\: The advilOr·:uses· tlit'Enflidi';~ iffie ~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~ltrad~.····,,...:,advtsc:w consists of 

an Ehglish parser, a high·lie~el 'problem solver. ana:-. .. Ml tiara-base and inference 

capabtllfy · (f« which: 0£ is used). 'Thi data•base mna.tn; .-.ttatty a11 6r thl ld v iior's 

inf ormatlon · about f'f AC&¥M1~:ina'. dOUt the Utr;;. fle6ith11ittt.._•,that 'dtt!·tt dkta· 

base wm contain abouf 2000C•con1trairiti · 1 ii"· 

T·he CE systfm· gjfit; for the advtsor tr lmpfententetf in· LISP without any 

multiprocessing. 1>~ ilsimuliilect-1,yha..,...·aipriertty-«'pf¥ptions tij be 

done. With a sequential ·syil'em,·it:iJ :fert'·ifilpeftwfttf>to1hli"Vt &1i8 Mtitistk's fbt d«kling 

which propagation to do next - doing them purely breadth--flrst (as paraffet ;hkrdWare 

would) is quite wastf'ful' Two of' die het.triJta,ased 'Dr.'' ·1 ·. 

(1) Propagate••• labcis in pret.etenc:e to:"-.• onn; For ftafffpli/tt is Muth· less ~xpe!hiive to 

propagace ••f#; labels .upwa,_ in ·a taKonerny (ad\• ti Aguff'" lint'nrte (pl) than ·it ts to 

propagate •.• labels downward, using rule (p2). luically, this heuristic says tkit is usually 

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 br,Jther's political party's 

candidate." 

There are other heuristics which will be described in Genesereth's report on the 

advisor. 
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C Knowledge about ·Kriowledge 

The probfeihS: lrttotved: wtt11 tepreNttth'fl· 1\~e about knowtedre• are 

interesting both technica.lly and philosophically; they are also quite diff'lc:t11t. •· This 

app.ndtx showi ·w_. of thek ~lrns Cd le'i-W.,f1t usmf·~ CE •workr 

construct, which allows explicit statements to be made about various worlds (both physical 

and metaphysical). This appendix is divkled into five NCtionl: The first two deal with 

"belief•; the third ar,d fourth deal with '"knowledge• (i.e. '\rue• belief's); and the fifth 

briefly discuuea modal logic. The exaanple used thl'VU(hout thil 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 c1asa 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 subclw 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 iki,,~au-.im~,,,t,~t,the, uJer always uses 
• c' •,•. 

'BEI,..IEVES' tom. Che re~n ~~;M ~ff~~•~a"4:;:alt~h, '!'Oa:~--ob~ ~~ich 

are con.sis~~t with tl)a,t individual', beU~fs. ,:Tbe_~n~/;l\,ELJ~Y,~: ii of CO&JrH arbitrary 

and i.s n~ paa:t of. tll•.~•~~fSI in apy. ~~:'. ~:::. the i"'BO'."l•~ •W:~ctural feat11:re of 

· ''.BELIEVES' is that all rcferenc,s to,q tndiYJ4ual~s beU.C1,ar, ma4"1 via thJs clau. I 
~. . ·' _. • ' i " . ' '·,, ·' ~ • \ , ' f •• 

, 
belabor th~J poin~. only ~o ~ptl&liJe;~~: 'UtUMU'-Jl!I~,~ i~~urfd . .- .•~ELIE YES' 

. ·~ - ~ . .~ " . ' 

i.s just an ordinuy bwary [tlition. 

Region (d) states. f:bat :Billy, believes. tlft ~e\_ f\f~~ :~ JotuJ. Th~t ~~. ,very 

world in W-BlLLY (te. every wo~Jd ~onslJ~~t/w.4h JJUr:,, ~el)~f~), ••also~ w~rl41 in 
• . I 

W-JF• J (i.e. is a world in ~hich Jane's fatht( e,~Js J~ru- Aa,iJ!_:s,a~o~ '" tM use <If the 

subdm_c~maint mea~s that W-~U,L¥. Js gMfO{ ~~n,W-~J.~ :JliUy beJ~vu It Jeast 

t"'~ ~•• father i~ Jphn, and he m,y ~ve Ql,lp,tr chiap,., ... 

RteiOn (e) adds the constraints that Jane does not _,..tr(-. taat Jilly. eelieve1 that 

her rat.- ii John .. ~ ,iyith W-BILLY, ~ ~- W·.)MIE GGQ~6 •II wwJds which are 
--. . ' . . ~ ... . . " ... . 

conSistent w.ith Ja~••.s .b~lief~ Tile c~tW·~ JJs aJl ~orkla ,m, which. &illy believes 

Jane's father is John (i.e. all worlds in- w~iclLW·l1Ji.~Y iJ. flf01li'1" t~n W-JF•J>. The 

p1rcJtion .constr~int then incans that ,there it no-,~-ta, w .. JA~. whi~h iJ al,o in 

, W-BBJF·J (,t,e.the twp ~lust~ are ~tu•Hy::ex,~v.t, T,-,J., 11im;1.9' ,!Jane's possible 

world-views allows rk th~ po1i1ibWty t~t ,s.ijlJ ........... •. ¥ete Hteraliy~;tn every one of 

Jane', wgrlcls iti~.tb.e,(.a5', UJ•t. W•BILJ.,.Y; iJ.-~ ..... ~W~Jl'•J.: That Js. in a-U of 

Jan,'.s worlds there Js.fQN .world in :W .. BlLLY _...,_,.. W· JF• J;:10 Bdly hu at least 

one. possible. watld in which-Jane's fat~u Df!l johlt., . . , 
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C.2 i believe ... • 

There~. one remaining··ptt>blentwith figllre C·la., Regioh'(e) states that in all of 

Jane's worlda ft ts not the case thlt 'W-lltL \? ts a sulxlais' cW tf:Jf • J. while region (d) 

states that in !1! wortas it !! tht case that the W-BILLY'ts' sutk a subclass - since the 

subclass constraint in 'tegtori (d) is noftelatfvized. it'ii~~•rof alf worlds. Thus it is 

necessary to relativiie regton (d)., Wetl, 'W-IBJF~J1s· a1ttadf d~ihed as' being exactly 

those worlds in whtch the S\ltdli ~ Matas: 'htus tfie. subclass co,;slraint in region 

(d) can be deletal, and something new should be conn~;M W-li.JF~J. 'fhe question is, 

!!.h2. is the one whbJ>eltivei that -attlf belit~es .."., The artswet ts' tht( the data-base 

believes it. Them~· a wortd-clasS'is needecno teptesent the data-base's •point of Yi~w· -

call it T. Tken figure C·lb shctws wltlt sbould 'be . add«! when r•ion (d) is deleted. - it 

states that I (the data-bale)'betleve tha.r!lltlly Wlle'Hl.~.' ~viora1ty, the class 'I' is -~sed" by 

putting a "+inf" label on it as -part of' t'M initial 1abelfng. tk.11 enlb .. wftatev~ is' a:~ched 

· to '19, audl asthe,W·BBJF~J- · 

Now in one sense everything in tfre data-base' iS qoattriecf by i (the data-base) 
' 

believe such--and-such· - afrer an. thw-'cfltlio.ba itself can -'W~v~i!d as 'being a.n 'entity 

with a point of view, much as BfllJ. ·and ·Jane''al'!'; :1"e'reason' fat· needlng· an explicit 

repreaentation for 1 (the a~),. iS that it may 'be netmaryrfo repruei\t oth~r polnts of 

view which con:fUtt witft the ckta--base•s~ '. ltf'.tfie abott ~mple, j,ne-s p~IAt df view 

regarding Billy', i>eUefs is diffff«tt from ·the ch1t-bde's;1and fti'ts conf1lct is what 

motivated the intro(11aion of T in the first plate: · ·By hii/fnf va expttdt T, rhe data:::.ttase 

can keep track of the dtffertne:e"between facts ft believe, to-betrW-iri ffl·wortds (including 

Jane's, for exariple), and facts whidt it belitv.fSi:to·h trw,cnfffft"itiw1t1'0tlds. The next 
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section deals wit~ how the c,Ja~7base ~l'l r~r,"'nt. tlte fact c~ ~pe 0£ .. th~,.-nany worlds . ' ' . . "{ ' ~ . ' ;. ' . . , .. ' -

C.3 Knowledre~ Ood, ~.~d W~om 
.' . . ' '. ' ,, 

Jhe sim~.lified v~r~ of the ~"l!W~• r'.Pr~tt:P in JJaut:e '1zl.~ deals ~nly .w.ith 

. •beli~f..• How~v~r, the origfn~I e~ime,e,d~.11.wi"'-~~JVl,t4.,~• ~- ~ot only does Rtlly 
; ' ,- . . .- ,, . 

. ~lie.ve that Jane's fa~l!er, .••, )Rltn,_ he ~ ~t., ,,:S)'1~ ~ -~,.Jo,.~. th;u w~tever the 

data~base be.l~eves i4
1
~~r~JY •tr~•• <•t .~. !2~'f,~~ the ~ltl7~~ ~ •COP:c,erned)~ T'1is 

is quite reaso~abl~ - ~ter al~.:how.~Jd. ~he ~~tflt.,.t.YF ;~lis~ 1,nyth.ingJf it ,-,ere 

in continual doubt about the validity of what it believed? Of course, there ma,J. be qse.s, in 
·-.' '' 

wJ)ich it .is d~~ira~le to r~pr,~nttl!e fact t~.~t!~ ~~~f;,~~~si~rsJi,,lf to be an 

unreliable source of i~f ~rmati~ r~r~i~g ~
11 

toe~~,-; Jtlisf ~ bt ~ndled by the 

•probability■ mechanism d~ribed .in,~ion. s~i-~~. in the ~~.t,0,f tile ,bov~ example, 
; , •. ~ ', . •: . · : l.·t. · \. _,.,,. f. "· -. . ... , . 1 )-. '· i. ~ 1 

the fact that it is .y:ue _t,iat Jlf,•'f {~th~; ~, J~ ·'-~: ~ r~~..,ced ,by Liding the. f rag~ent 

. s~qwn in fig~~e (?"1.c;: Now, bothJPch~ ~) .. ~~li~'(e ,~AAf ·J•~!J fi.ther is John, 

which makes .J.ohn'i1 ,belief' •t114( (~Jr,11 ~ ,~~--.. i\~~~). . .. 

The p~~ ~t~}~-~• ~heme iSJ~t ~!1'ft~7-;M.1~,,-~~-~ b-' 9ac~.that ':Yh~ch 

~~e da~7base ~IJev,es'.; .It i~t~~b~. to ~y t~ J~Af.~-"~·r,b~J.j~fi rpntain. 2!J.!x. true 

statements, ~~t it is ua;ire,so11a~JI!. t~ sai l~~l \~t
1
Jla(~~~\bt!:Uefs c;~pt♦in !l! true 

.. . • ' ti· . •·· .. . • . 

. statements - the d~ta-base ~•i~lt~~ ~ot ~v~.~i~:!i'{~r~tioi ~t every,tbing 

. that is tr~,e ~n t~e univer~., ~- t~.e:.:.4~t;a~,~ I)~ .ltl,vt,~~-~-~\1nf~t~ '!J1o 

does?. The 
0

soluti~ i! to~~~~ a wo~14~1us ~~9Pr ·"~-"1~1J~Ja.~n all tfle 

wor1ds which are consistent with •reality.• 
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Now, it is desirable to retain ttie'ilbove nottoh 'that eveiyttiing the data-base 

believes is true, even though the data-buis -.ifts dJ ·- "~pus ~11 truthS: This is . 

represented in figure C-2a. As usuai the direction of the subclass arrow is from stronger to 

.• ····1-" • . . . 

weaker: God's ~etiefs (i.e. reality) are consistent with the dita--base's beliefs, but Cod 

believes manrother things in additkfn. "Nbtf.that w-cbD 'tniJhl be·so str~g as to be a 

single object: R·epresenttng W;.OO'D as an otijett,;clus'~ ~n•tft~t C:'od allows only 

one posSible untvene. Althougfr'tt,e issue of wfwlther ~-... ,~'1s· ioone,.'or •many"'might 

be of philosophical lilteteft to sbme, lt apptars;to h'ave ~ti t'«nntahmportance her~- - I 

have not yet four.d any atsa for which rt makes a dltf~ wh«her or 'not W-001'.> is an 

ob _jffl-ctass. 

Using W•Cotr maku it poS&ibte· to abstractly describe two dltf erent aspects of an 

entit,fs •wisdom.• The first aspect is that mrytfilng the entity 't;eueves is in fact. true -

this is shown in figure C-2a. The ~d aspectis that the entity knows atf thfre is to know 

(i.e. an truths) •• this is shown · 1n C~2ti .. The comb)natlon c>f l~ ;~WO of ~ourse. means that 
. . 

the entity knows e,cactly what,Ood does; Mow,; ffds 'notion' ·or'"~bsol\lte wisdom"' is clearly 

' . ·-:- . ~•,;/>, t '1;;.r-,.J . ' 

not very useful -· often sorneone is Cbnsidtred to· be wbe ontf Witlf respect to a given 

subject area. o·ne prisslble solution is to 'dlvide Ood•s llnowfiap intcf~eral domains -

figure C-2c divides knowledge' into the- domlins ot'"ac~otan.ting: •m'athematics;· and 

•other: Thffi, to say that BUfy knows everything there is to Jc.now' a6otit. ~ccounting, the 

nerwork in figu"e C-2d can be used. Of course, ddrhatris such as •acci>unting" are ~uch too 

large for most purposa .- they ~n be futther a'ividtid'untl1 an "ipp~rlate siie is reached 

(such as "Bnty know!al1'tl'lere Is tO know about accounting. for iriefgeti u~lng the pooling

of-interests technique;. 
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Appendix C 

·, Of eot,rst,: jlPt Ulial che-nam• ·w"!~COUNi'lijQ~ OOfHIOl ·mean that-the 

data-~ th_.J ~s whl,t lhes._ia:-:of ,.~.)l-, lt"mar be ~rf for some 

appli~s.tct ~. W.-ACCQUNTIN~ ,.,,,.&MelY r.riJIIP:.~ t ,C..,.ic f« fvture 

research. 

C.-t , InterWQTld Object$ 

The.abQYfl dua••~of W~QP~aot,..,.co:;~'V, fflUCh·<MrtfcCift~ce to 

the example Q4' J•'•· f•~ -tYerJd'ainl wc,,'U,~Jly-~ng·tti,;~1.~iqn in 

f'igu1' C-!( Jw•~ , •• u.I•, ~u~ w~ ~,4,cai'W ~., ~41- ~str~on 
I 

in_\!qJves the &$1~q»"6o".' tbat. the ~~b~,k-1\P~~ ~?~l:l~- flt rr~e .. ~lft-;.this 

assumption cu.-. ,no diff~ ~ the,•~ --JQ ~ t~•~da~base _d(les. kll9~ a.II 

the rea.v,nt. f~ · tio,,ever. f#jure Ci.~ ~ ~-~;l~h,.oqglnaJ •wnPJ~< wllich 
I 

is ·B~IIJ knows whc:, Jane'afa:th.~ Ja ... • • .n,ot -atnrt~nq,~ Jl.~•~:~~~ is,John.■ .The 

problem is that Billy may know that,J•n,'l f'1htr ~ ,klbq '9f:,,~Yer), ~~t th' da~·base 

does not know· it. That ia, 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-1~ fpr die •~pie. , · 

A rephfaaioe .of the, rek~~t ,pan Qf, tbe-. .xamplta. Jt; 'ltUy 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 is Jden~I to. the obje:t 1
C1C', but"Mdaja~•:-flQl.:kppw ~t~~ eas.,a~µt •«•. 

Al .. a fjrJt ~pt &t:,1'P"""llling ,Chil. ~aid,a:1,w1; C,,.,la,;:~ is,~t to. rlf)]a,,,.the 

relevant~ of c-aa. 
The problerp, y.,itb C-Sa is1hat, the ~J.tFt-c•• ~•.:cu·~ a 4,tffcr~t .•~~anal 
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object in different wc:,rlds, just as tn· Npre 2-91 -ih.,.,,.....111t-ef♦t•US' can be different 

people at different times. In pantcuw, 'u•can_..fNreftl:f'Or'<Wit 1111d Pot Btlly,·which 

goes against tlt? idea that Ood &ftd ·Mlly shou1d haff-tllt'!!!!,!! 'u'. T1tl!"ftflutton is to 

introduce a new primitive constraint, the •tnterworld object• constraint, the symbol· 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 §Xtensioftfl ~ 1ri' aU wdt1ds. Its lat>el

ptopagating behavtor ts th1t sa,ne· as tM ·noririlt 'dlJjikl toMttaiM'r' i'Ute;(bt) -· it broadcasts 

an •-oty.f label. The' differen* is that cotUsiertslMtwlen sattr-. 1'bef' and a ".c,t,jt• label 

can occur regar-!test of w+tether or not tfte fwo-1ibe1r'haift .. mne world-'tag. Thus 

objects tn diffe~nt worldt ·can become idenffl'ied with' each !Other. This beh'a'.\tior 

implements_ the fact that the interwortct Qbjlet (in 'in~t 'c!onstructtoti) represents the 

same extensional object in ·an· worlds/ ly mating thi 8',ct~•;;..tc1• m. ·tntetitirfil Object. 

the example ts completed: Th1' dara-.base knows:·th2:t Bi11f knows. the ldtrltltJ 'ot Jane's 

father, without the data.;,base jtsilf lc.nowinJ thtt lientfty. 

C.5 Modal Logic 

Modal log!c deals with (among other thingl)'ft' dtstlftction between •necessary• 

truths· and •contingent• truths. A necessary truth ·tr.Oif that-lf'tntit ffixn the definitions of 

the terms used - f'or exampfe, it iS necessarily ·ttue rftar ~ft ~ are 1Jirds, if w~ use· 1:'tow• 

and' "bht.■ with their normal mft11ilf&'S. However, it is only;(.Oftftilg.,_tly ttue:that all crows 

are black -- no tegnl laws would 'be violat«f··if •i''pitik'uoti· .,..tfci·tifflorrow. Modal 

logics are systems in which the distinction between •~ry• and· •torifinpnt• can be 

explicitly specified. rrnhJt sen•;CEeanbe·uted•'1"111ioc:t,t-lrgit:? 01'tpit~a states that 
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I 

all crows are necessarily birds -the subclau constraint holds in !!I e•kll !0£\9!·. Figure 

C➔b 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~,~Jht,d-.c&~~ allo,-sJor,the ~biUty 

that in some worlds it ~igl,t not ~ t~,, ~. lhat•H c:tows !l,re ~9'-, 

Another asp~t o( roc>,dal lo&j~ dtal\ ,Wi~h.~mu-.s ~ as •want,• as in ~John 
>. -• • ; • : ' (' ••; • • .. C C l' ;, '- ~ \; - 0 ' <• • ,• • 

which Jane is with him. This can be represented directly by· introducing a binary rei.~on 

DESIRES with the same form u 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 f orrnu1atton ot, Ct in ofder that the ~k mtght proceect This 

appendix briefly discussa some or these dedsiotif al\d IOmlt, afternatives to them. The 

main reason for includtng this appt!nclil ts thu, for certairf applications of CE, some or 

these akernatlve d'tlsa,ns might be prtf'etab1e to die ones d~iG!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 object 

identification. With •••, identification occun when an ••• collides with a ••• {or another 

••"). Without"•", identifications occur when a••• reaches 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 rtduce 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 obj«tS.■ 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 almos~.~fi~Y· F~r, inst~nce, 

rules (p5) and (u5).can,.~.•UJ!Tlffl~ .. tc, P~.~;~,i,• ~~~.~~ ~ ~.~f~ly labeled •-• 

since they ar~ ~-e~,~'1~~y ~n,,pty. J~.~ a4diJj~!q!1.LOf~i!)JJ ,uaJ ,:,e of wse in _some 

application~ particut.,rly wh'-" t"'re it.~ many tmplJ. ~• . , . 
'-,, ·• , ' , , ';; • " :·- • • 1 (" , ' • •. • ~ •' {~ • " ; •-

A further ~~native ~ ~o ~~- •~ ~.}~ ~~&;~~ iq,fll~_01' of•.a d.~fferent 

scheme. The. ~isting ~bets all _rer,r_ WJ$ ... "77 ~- 4lf,~ ~~-,?:R~ ~se4 in W~ich 

the labels refer}o ... ,J~;~~ su~~: ~-~' ~ t,~.~-~~. 

"._A• on a class •c• means that 'A' is a subclass of 'C'; . 

•➔A· on •c• means that 'C' is • subclass of 'A'; 
, __ - !) '.' ·'.; i , .. ' , ~ , ~; ~ :; ;·, L 

. In t~is sch~t ~4:'":\~rres,ffl~ .. ~l~Jr "'"u:·~~ ;f:,ff1rre,~~1}0, .·~:~ iand a - _,, . 

combination of."~~-- ~d .. • .. ~-- Of1 _Fh~-~lrten~ '<tff'~,, :,··1·f <.~,~.~:~~ ~MS ii 
known to be a subclass O,: the oth,r).. 'I;~ ,.p~pcton ~-~ ro.r, t~e pri.m,it~~, ~st~nts 

. · ~~ _, _;, ... ,,.,,_; :L , :"" .r ,,: . :; .. _,_,~:~tc:, ~~'-,, : '·'1 ~1 - •• ,., .. ~ .• - , -· ·., -· ~ 

can be. mod if~~. to :hand.le th~~~ la~~ .ae,,~r~~ t~ ,~~ .,~~ i~iJ sch~ .~et'n 

from th! f~ct that i~ ~oes not ref er_ to_ ~~,l::;fM '. ~~~~~}~:, il}~r~~r '€: ~~~ the i~~ of 

•object" (e.g. sin~ie-,~ber class) can. be for~~~~-lt,.:~llc'j ~ .• r~~rr kind oc,~abel is 

probably needed. For another thing, it is not knowable whaher the c~ ~ifl&' referred 
., . ; .o;;" <• _..,., • .·;_,,_ ,..--.,_.~,.•_f,- : .. ;~. _.~ ,_t;";._.J .. ,::?~ 2,~ ("'.')':,, ,r;(_, $. '- ( • 

to are empty or not - all the classes could_ be empty ~nd the labf1s .wouJd st~II prqpagate. 
· "· . ' , ~ 1:~~ - ·;·,;,. "" ,·~ "~::·. t.t""."~;{,._,;, ~-· r ;,~_L1 

\~_~' ,· ;,,_'•;;_;,· - . ;,:," , 

Thia actually m~~t .~ an adv~n~• ~~. ~~•~:~~-\~~, ~•.a;:1 ff-~!.~11 ~•~~ ln 

the necwork. be non-empty. 
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0.2 Other Objeets 

Currently, CE has two kinds of ob jeCtS :which cah appear in labels: simple ob jecU 

su~h as "x•, and ordered pairs $I.Ith u •<X,Y>~ :1{ dtay bl u.tUfto inttoduce other kinds of 

·• , _ , ~ .'' ·., _.:· l '..'• . : , . . ,)r '. ~· . ';. -- ·. ' ' ; :i 

objects for certain applications. For example, consider integer arithmetic. Special integer-

objects •s•, •-11•, etc. an be defined, and primUlvis such u •~'~•·and "difference"-can be 

defined which use them. For handling inequalities, ob jicli. can be defined to represent 

integer intervals, and these can be manipulated by constraints whtch upress the various 

inequality relatio"ls. 

• • ,'' r • / , : ~ • ; • 

Another kind of object is the nested ordered pair, such as <a,«b,c>,d>> . 

Nothing in this document has required them, Y• nothing ~xplicitly prohibits them either. 
' 

. ,. . ':t" . -.; ' ·.' i "' · .. 

It clearly compli~tes things to allow labels which are arbt~rarify cteep· nestings of pairs, but 

this complexity might be worth~hile in some ca•:· Foi ~- thing~ LiSP·like structures can 

be built by defining a primitive constraint f; CONS which ~n be used 'to put these pairs 

together (and take ~hem apart). For another thi~g. quantification. c~ld be performed 

without using the t-~. constraint. The basic· 1dea i1 to introduce a p;imitive for relation 

composition, and Jet the bound (quantified) objects be explicitly carried along in. nested 

tuples. This technique 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 Ntm. to-be very
1

unnatu~a1 and awkward 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~- .,stifll pria,wtives. Indeed, 

throughout t~ ~ument new primitives haw been ;r~ty iOtrodu~ .or proposed 
• • • ' ~'?\ ' J 

(e.g. in the immediately preceding Metton)._ Sinee-CE .. il built,~tirely~• of label-objects 

and primitive constraiDtS. any addiUon to CE wtll be either in,.-""4 ~f new objects, ,new ,, 

constrl,ints, or both. 

One sue~ possible addition iQvolvet .•procedural 1lttadlme1tt• as d~ribed in 
;., r, . ~ 

section 5.4.2. Within the CE framework,_ this involves defining a new constraint which 

behaves normally - it looks for appropriate patterns of la_.. ~ .-~ ~ched class-points, 

and propap~-new labels when 111,h patterns ~- Howeffl', !D!S!..thli COAStf\int 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' mipe_ be tied via '""h a procedure to 

an. external file which IUC£ all the persons. A_ •191,;v,inr.• ~J·eact:Jn,g ,this clap causes the 

procedure to add 'obj' to the , ... -Of per,N>AS, am! a ~-ol:tJilll'.,t~U1eS 4'fl mc;onsistency if in 

fact '9b j' !! a .person on the list. 

The major limitation on the power of such a p~~ isJhat :is must have a 

weU~efined semantics in term$. of label propaptions. In the 1,E~NS' example, the 

semantics is easy to express since the file in the outside world corrf!Sponds quite directly to a 

CE class, but more complex procedural interaction •h. the~• world will certainly be 

more dU'ficult to exp"5S in CE's termL This is an area for fu"'f• research. 
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• A • PERSONS • F"EDERAL-

1\ ~ 
EMPLOYEES 

• B C • • • • • 
MALES FEMALES LEGISLAT'VE- JUDICIAL-

EMPLOYEES EMPLOYEES 
<2-la> 

(2-lbl • EXECUTIVE-
(2-lcl EMPLOYEES 

PERSONS 
• • • PERSONS 

~~•CONVICTED- tREGJSTEREO-
f 

• 8 

• A 

• 8 
• FELONS VOTERS 

REGISTERED-
VOTERS (2-11 l (Z-lgl (2-lh) 

(2-ldl <2-hl 

Figure 2·1 - The Partition Con■ tralnt 
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• • +,c • -,c • -,c 

~ (pl) ~ ~ (p2) ~ s■••> ··••> 

• • • • • • . ... • • • • • • .... 
♦)( +,c -,c -,c -,c -x -x 

• +,c • +1< • • -,c 

~ (p3) ~ ~ (p4) ~ ··••> ··••> 

• • • • • • • • • • • • ... • •••• -x -x +,c -,c -,c -x -x -,c -x -x -x 

• •,c • •,c 

~ (pSl ~ •i!i••> 

• • ••• • • ••• -,c -,c •,c -,c -,c 

Figure 2-2 - Rules for th1 Partition Constraint 
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thrPras idenl:, ~ EXECUTIVE
of-tha-US u---7+----a• EMPLOYE~S 

BLOOD-
• GROUPS 

fa: 
Ab o 111111 ftmAlt 

(2-3bl (2-3cl 

Figure 2-3 - The Object Constraint 
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* SEX-OF 

I 
~male 
S111i th 

i SEX-OF~ feMale 

,ic.•------lf\ SE!ES 
PERSONS V 

male 

i SEX-OF ~ fe111ale 

•:---~f\ X!-~~ES 
PERSONS V -,----

ul• 

RNTMF 
* * MOTHER-OF FATHER-OF 

Figure 2-4 - The Binary Relationship Constraint 
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• +<d,r> • +<d,r> 
I (bl) I 

.:~ ··••> ·~· +d +r 

• • +<g8837,r> 
I (b2l I 

~: 
··••> ·~· +g8837 +r 

• • -<d,r> 

~ 
(b3l I 
••=•> • • ·~· +d -r +d -r 

• +<d,r> • +<d,r> 

.-4---:: (b4l I 
•••a> ·~· -d -r 

• -<d,r> • -<d,r> 

~ 
(bSl I 
··••> • • ·~· •d •d -r 

• •<d,r> • •<d,r> 

~ 
(b6) I 
··••> -=~ • • -d 

• •<d,r> • •<d,r> 
I (b7l I 

-=~ ··••> ·~· •d •r 

Figure 2-5 - Rules for the Blniry R1lation1hiP Con,tralnt 
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I SEX-OF 
• 
· l 

12,bll+x 

I 13,oll•female 

SEX-OF 'i 11,b21+<g0838,x> 

Figure 2-6 - A 1imPla inference 



JSl 

FRTNP-oF ,,__ _______ .. 11,ltlt+cJene-laith,x> 

.,.....,, .. 
13,IJJ.t• ........ lth 

. lllUS . . 
A lt,lllf'l1l 

+-----t ),_ .... ___ ...... ,._-.,....r, • 
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r··.. r··:: .. ,, r···· i i ----••> i 
• +<r,d> • • •<r,d> 

1••••::,v3l 1••d,,> 

i -■•--•> i 
• • •<r,d> 

Figure 2-8 - The Inv1rs1 Constraint 
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PERSONS ~ .,--ir 
f'~ 
* BEINGSI OF-SEX 

• SPOUSE-OF 

Figure 2-9 - Exa111Pl11 using th1 Inv1r11 Constr•inl 
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+"•JUDEO-CHRISTIAN-FAITH 

* U·CATHOLIC-FAITH 

<2-l8bl 

U·VIRGIN-11ARY 

U-CATHOLIC·FAITH 

(2·18dl 

Figure 2-18 - The Uorld Constraint 

* VIRGINS 



Cwl> 
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1,1 
+M/ ••• 

• 8 
+x/w/. • • 

* R 

Cw3l 
··••> 

1,1 
-./ ... 

• B 

* A 
+x/w/ .•• 

CwS> 
··••> 

1,1 

• B 
•x/w/ ••. 

* A 
+x/w/ .• , 

----1.1 +M/ ... 

• B 
+x/w/,. • 

* A 
-CJ8152/w/, •• 

__ _.lj 

-w/ .•. 

* B 
+q0152/w/ ... 

* A 
+x/w/, •. 

----u +w/ .. • 

• B •x/w/,., 
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* A 
-x/w/, •• 

(w2l 
··••> 

lj 

+w/. • • 

• B 

(w4) 
··••> 

II 

• B 
+x/w/ ... 

FICJur1 2-11 - Rul11 for the llorld Constraint 

* R 
-x/w/. • • 

* B 

• II 
+w/. ·• 

-,,./w/ .. • 

* A 
-x/w/ •• , 

i----11 
""N/, •• 

• B +x/w/.,. 



IJA ••-----j 
181+,c/lnf 

1$6 

Q 

11,w31-g8153/,c/inf 
12,wll+g8153/,c/inf 

p 
~---•·-----+ 

11,w31+g8153/,c/inf 

i---◄ IJB 
181-x/lnf 

Figure 2-12 - An Inference using the l,lorld Constraint 
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* MOTHER-OF 

0---l~--□ 
Jane-Smith V Jane-Smith's-mother 

<2·13a> 

* MOTHER-OF 

I 
PERSONS 

(2-13c) 

-x/w 
8 * '\ """ }-, 
C * w2835 
-x/w2834 

(2-13d) (2-13e) 

U-IN * 

CL 

(2-13g) 

CL+••i 
<2-l3b) 

'\ """ 
w2835 

(2-13f) 

Figure 2-13 - The T~pical-Memb1r Constraint 

w2837 



Uorld-trea bafora1 

- - - N,1 

+w.2/w. l/, •• 

* * +-,1,.,1 ... 
Uorld-trea befor■: 

---w.1-----w.2 
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(tmll 
···••> 

(tm2> 
···••> 

+w,1/,,, +w8882/w,1/,., 

* * 

. V ••/•"'"··· 
+,c/w.1/~ 

Morld-traa afters 

- - - N,1 -- N8882 

+w.1/... +w.2/w.1/ .•• 
* * 

. V .,; .. ,; ... 
+,c/w,1/~ 

Uorld-tr•• afters 

- - - w,1 - - -- w,2 

Figure 2-14 - Rules for the Typlcal-Mambar Constraint 
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llirrlal th ' · 1t,,P11 , 
11,oll · +J.e-S.lth/lnf. 

'""41rv-Sal th/Inf 

FIIJlr9 2•1& -An lnt..-we ualnt the TW,idl-fleaHr Constraint 
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RJCAL-08JECT5 

ANIMATET"--08-,.;Jr'!'"EC_T_,,S • If :ATE-OBJECTS 

• • 

lREES~ 

~ .. • 

/!~ODS 

* i,jEIROIES 

* BACTERIA 
•••• 

SEQUOIA NAT' L * * OTHER 
PARK'S REOUOOOS REOUOOOS 

Figura 3-l - A sample taKonomY 
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* D 
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* Bl 

* Bl 

(3-2bl * 
C 

13-2dl A •~. C 
B•~ 

A*=EJ-.• 13-2■ > . U D 
B * 

Figure 3-2 - Int ■r1■ction and Union 
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. HS 
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... / ........... ~, A .. ,. . . ..:--1. . .,;,__..J 

+x/ ... ~------r--, 
+x/ ..• --~...----i 

.. , ... ..---L.-....J 
n 
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i----.e +x/. • • 

•x/. •• : 
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n • 

Fltlre 3-4 - Rule■ for the lnterseotlen Cenatralnt 
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<3-Sa> ~ 
A • • B 

(3-Sbl 

(3-Scl 

+x/ ••. ~ 

-x/ ... •~ 
(c2) 
··••> -x/ ... •~•x/ ... 

(3-Sdl -D--:-IJISE-
• ONES 

A3 r-7/ .. : * 

·~ 
'°\~: A2 * .. * 

• LUCKY 
ONES 

u 
FORTUNATE
ONES 

Figure 3-S - Thi Complement Constraint 

• UNHAPPY-
ONES 



H5 

• HIIGtlT-oF • NUGtlT-oF' • HEIGHT .. 
11£TIUC 

ilrlitotJe•1• llri1totl111• 
la tot 11 1111111 la tot It hi 1111 

• • • • • wm:r ...... ... than • • • 
Plato•,- Plato•.-

to ..... l! helth 
PnH 

• • • • • haltht •••• greater ... tNn 
• • 

Soora111•- , ..... , .. lfft'atH'· ,.., .. helth tlltt'I 

(3-81) · (3-811) 

---◄-

hl 

---◄ PIIH 

h2 

---◄ llltl 

FIIUN 3◄ - A Tr1naltlve lelallon 
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• NAIIE-oF 

• NAIIE-oF-IIOTICl-oF 

Jan.-S11ith 

• NAIIE-GF-RTNEII-GF 

U-7a> 

• NM£-oF-SO-GF 

. -4~ 
>---------t:J•-· 

• NAltE-GF 

•.- Saith• 

• IIOTHtR-oF' 

JMe-hlth ......... ,, .. 
• FATJtO-oF 

(3-7b> Joe-S.lth 

• SEX-GF ... ,. 
• ILOOG-CIOUP-OF 

... 

F'ltur• 3-7 - An N"".lf'V llelatlen 
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• B 

(3-8a) 

D "'"* --~J---• R 

D •
1----t~---• R 

(3-8b) 

¥ • 
I 

., ___ ... >------- ----• 
PERSONS GRANO-Pr.RENTS 

(3-8c) 

CHI~DREN-OF ◊ 

Figure 3-8 - Using th• Inverse Constraint 
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+(agency's view) 

+(grouP's view) 

1
,(proiect's vi1wl 

• (Jane's vi1wl 
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• CRIMINALS 

• DRAFT
EVADERS 

<3-9cl 

Inf - w-c1rtain - w-almo1t-c1rtain - w-v1ry-1 lkaly - w-1 l1C1l'.:I 

(3-9dl 

1-1-JANE-SIIITH * ) • 
j 

•---j I.I-ALMOST-CERTAIN ) • 
I 

) DRAFT-EVADERS• ) • CRIMINALS 
(3-91) 

Figura 3-9 (3-91 - 3-91) - Using the Uorld Constraint 
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• SEX-OF 

(3-90 
PERSONS xx 

• SEX-OF 

PERSONS 
(3-9g) 

• 

n * l,j 

Figure 3-9 (3-91 - 3-Sgl - Using th, llorld Constraint 
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• 81.0IID-GROUP-oF 

~ 
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0 

• 

.. 
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Figure 5-1 - An e~a111Ple of IncoMPleteness 

Linear notation: <A <B Cl Dl 

Network notation1 

A D 

B C 

Figure 6-1 - Linear and Network notations for LISP 
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z •--~~• CHILDREN-o, 

D JanrS111i th 

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 U-GOD •----------+-------

(c-2bl LMOME-ENTITY • ) * U-GOD 

Cc-2c> 
U-ACCDUNTING •----l ~ 
LI-MATHEMATICS t:----l n LI-GOD 

U-OTHER •-------L..... _ __J_ 

(c-2dl U-BILLY •----------+---- U-ACCOUNTING 

Figure C-2 - Knowl1dg1 and Uisdo• 
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Figure C-3 - The Int1rworld Object 
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Figure C-4 - "Nec111ar~• and "Contingent" Truths 
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class-point 
collision 
constraint 
domain (of a relationship) 
extension 
inf 
intension 
label 
object 
ordered-pair 
propagation 
range (of a relationship) 
t•m 

world 
world-class 
works.tag 

This index notes where the pn,paption nrtaueefttAMd. 

bl - b6 
I 

(figure 2-5) 
cl - c2 (f tgure S-5) 
ii - i5 (figure H) 
invl - invS (f igur, t:.S) 
ol 
pl - p5 (figure 2-2) 
trnl • tm2 (f igurf 2-•> 
ul • u5 (figure S-S) 
wl-w2 ' (figure 2-11) . 
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