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Abstract

Thummgwmmm peger i

"constraint expressions” (CE). CE makes use of some of ‘the kmkdge-raprmn&atlon
techniques developed by Artificial Intelligence research. A CE network consists of points

(which represent classes of objects) imterconnected by coipstraints (which represent the
relationships which are knows. 1o held wneny: s dinmes). All constraints are defined in
terms of six primitive ones. The data in a CE network is accessed by propagating various
kinds of labels through it: Each tonstraint can be viewed a8 an active process which looks
for certain patterns of labels on some of its mctud points, and then propagates new labels
to other points when such patterns ogfar. - .=

The CE representation provides seversl significant features which are not found
in most current data ‘models. First, the same mechanism is used to represent “general” as
well as "specific” information. For example, "The sex of June Smith is female” is specific,
while "Every person his a unigue sex which is either ‘male’ or ‘femule™ {s general.

Second, CE's label-propagation procedure implements logical consistency checking:
Data-base integrity can be maintained by checking all new dsta for consistency with the
existing information. Since the data-base can contain general information (representing a

“semantic- modél” of the data-base’s applitation domain), new specific data can be rejected if
it is incomsistent with -either other specific data or with the general information. Also, the
general information can itself be checked for internal consistency.

Third, the CE representation is sufficiently modular and well-defined so that it
has a precise Tormal semaritics, which insures that cz definition contains no hidden
ambiguities or contradictions.

Founth, CE's modulurity aliows the label propagations to be dome in parallel, so
that paraliel hardware an be used to full advantage.
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. T Introduction

-

The work reported in this document. congerns 3 netwark-like representation. for

information called "co,gstraim expressions” (GE). ;‘m reprs s0iation, has two ma jor
features which distinguish, it from mast others, Thafmm;hyg&dnkmtmgbly with
: .,ingcomp_.le;e‘ information, For example, unl&nﬁimﬁmh“£@’wm8. i,d&:a;,_ﬁase
srucured. in terms of CE can-easlly confain infosgmatien, sboythe class of "all persons”
. even when the data-base does 0o} contai & complete st of all of them. This feature

allows the data-base to_contain, both "P“mﬁ' J'Af mmu'mry 'smm!,_“i;,‘th‘

mother of Jans Smith) and “general” information, (sich a4, "gach persan has a unique

~mother®).

PN
RN AR

The second major feature is that the GE, representation. has a welldefine. lpgical

LR

of,t any given CE network.

 semantics, which precisely defines the meaning of every, plece
- Many other representations lack an adequate iogical mmwhghmk&; Jt diff 1cylt to
uAnde;'s‘tand:th;e,r,m ‘i‘n4 a coherent way ang_higq@uz ong%qgm comparing their relative
strengths and weaknesses. In addition, CE’} semantics is 'PM““"““!?J‘N "logical” in
that it specifies not bnly what any given expression meggg,?gqgalgg how, to compute
inferences from it. More specifically, the logical and procedural semantics are specified in
terms of how various kinds of “labels” are allowed to propagate through a CE network.
The information in a CE data-base is contained in the MM of such a network, and
this information is then accessed by moving laSels through fhe net. This kind of semantics
encourages one to think of a CE data-base as operating in a ,hlgﬁlf paraliel mannér. with

each datum acting as an active process which propagates labels.

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

NN ¢, SN Xy P1TY. Ve B PR AT NUUN: WA S SR Y Seph e e R R ke
i «,,\,i.‘..mlé ! HER G o P D A i L S IR ak



8 k Introduction

details of the CE representation, using examples relating to a hypothetical data-base of
census information: ‘T Second part is iore philosophitcal than techiical ~ it compares
'CE with other représeniations, discusses why' représentational fisues ‘are important in the

* first place, and examines some-aress in which The CE représsthtiun #5 nit adequate. The

Tt opics tciude ssch things
ge about knowledgé® (such-as “Bifly knows' who Jane
‘Smith’s real father ls. and she‘doesn't know that b kvowk")’ mnwm ‘may be fead

third and finat part is a collection ‘of technical appendtic

as paraflel hardware and *

in any order (wskippeamumy)smm s fargely Seif contiined.
The reader shoul be forewariied d\atmuch of part oné i aot particularly easy
reading -- the presentation is organized to minimize the number of forward references,

which means tiat ifiteresting mﬁqalli occur only afur the Booets mm»mcry has been

llmroduced “The main Mf’w this aither dry Gomees up” fomat s Erevity ~ it would

*"‘ﬁmnamefperhaps

be possible to discuss the “big picture® 8% pasaiel with ke’ it
dbublihg the-aize of this document. It ts expiected that the ltentstad réader Will skim the

entire document first (especiatly part m) m bﬂm w fa

bigh of the big picture to
“motivate studying the deum “ S



Part One -- Technical Details .

The following three. sections present the technical details of the CE

representation. Section 1 introduces the-abstract.universe of objects, classes, and constraints

. in which CE operates, and -discusses how an retrieval and inference are

accomplished. Section 2 presents the six differens primitive constraints which are used (in

_the current formulation of CE) to structure this. univ-erg, Secti_pnss then uses these

 primitives to canstruct more complex constraints, sich as thase involving. boolean functions,

transitive relations, and naive probability.

1 The CE universe
11 Objects and Classes
_The CE unijverse is composed of atomic objegts which ¢an be aggregated to form

arbitrary classes. Each particular object either. is or is not contained in any given class ~ it

is impossible for some object to both be.in and not be in the same class. Of course, an

object may be in more than one class, and a class may have any number of objects in it

- (from zero to infinitely. many). Section 22 gives mare details:abouy how abjects.and classes

interact.

As a convenient notation, let uppercase names denote classes, and let other names
denote ob jects, Ihesg names may contain hyphens and qtharpumtuanon Sometimes a
name will be enclosed in single quotes to avoid confusing it with the sufrounding text. For
example, REGISTERED-VOTERS and OCCUPATIONS name.classes, while ‘Jane-Smith’

and ‘lawyer’ name ob jects.
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12 Constraints

As m:a $o0°PdY, the uhiverséihis no strueire ‘—dny tbitrary assignment of
objects to classes ‘i§ allowed. “Cbnstraitits-add' the necessary 'ructureé by constraining the
nen ipte, i conslraiiit thit "2 REGISTERED-VOTERS are
PERSONS” requites that evety obijéct dssigned to REGISTEREDSVOTERS ‘also be

allowable assignments: For éiliy

assigned to PERSONS. Sectioni' 2 defines it the primitive’CE"constraints' by’ specifying
how certain pasterns df ‘oBbject dsshgntienis (for exdmpit, Sisigninif * Jaré-Smith" to

REGISTERED-VOTERS) can force other assigitits Guch i "dssigiving ' JAne-Stiiith* to

PERSONS). These definitions provide the logical semantics for each primitive.
The information in a CE data-base is represented x¥'x ‘netwbrk of such
constraints comci:ted to the appropriate classes. Both Cgenenal” tﬁ&w;c‘” information
ted iW mm . oW thils’ feﬂmﬂﬁ fefaLe %’W dataiiuise schemes is
 discussed in‘part dio""A¥ 4 ibdition, INe CisE v e mﬁ&% i hedGork, dnd
thures Shealiing the"poiths. The
class-points Thiy bé aared ‘65 ey eari- bc f!fifrt&‘sQé EWFFWim WWiele téxt
(eg. ‘REGWEB—WWWM M\td&wm‘mxw {he iita-base

the canstrainm wilf be ‘dra ' al

and do not carry any data-base information. The “meaning” of a ehwpom’f‘?ucﬁ as
REGISTERED-V OTERS i Shrfied toeitly inr erms of “its tohsiet s With the rest of the
network, and’ mot b9 {ififle o SeHIRER eicternil e the &

18 . Extension and Tabewsigi¢ ¢ 01 AT LI 0 e 0 DTAETEDI R plars
Within the abstract universe, the important asp#¥ of s cli¥¥ Such as

'REGISTERED-VOTERS' is its extension (the ob jects which it contains, in this case
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presumably all the registered voters). Within ghe g;ta-bggAl‘-a_gggvgr.“;h‘e%;‘mpprtant aspect is
its intensfon (how it is constrained to rchtegp ?‘glh_eri cl;;;g). In ;gmg}?;asefsﬁthgjntmsion
and the extension coinclde -a ;lgss in }?!!. data-buecan bgcgngrained (def ine@) ‘in terms
of an explicit usting qf its ob jects. For exgqgglg,rgpgej class BLOOD-GROUPS can be
defined by lising the four blagd grops X. ¥, ' and W,

However, in many cases the data-basp; wm not oonmnsucl; complete information
tbout cas (. s exension). Fo example, consder JANESMITHS-BLOOD-GROUP.

~which is a one-ob ject class ggontalnmg,a,anbp;tﬁ such as b’ If the data-base does not

RER I N .

kpow Jane Srith's blood group, then it does not know the,extension of the class. But, it
g Know somethings abou he css n e o s ipvnson (ow I el o the s o
GROUP_:‘; class. For another, a person's bloodgmup can be gomtramed lp»item-\stofa their
pareqf;s’ blood groups. The impolrt_g_gt: thing to rememberisthatwhatthe data-base
'knqws'_(yja intensions) may only be a small part of what is true in the uniyerse (via
extensions). (Note that the meanings of the terms"extemion"and ""ipt‘ensi‘oq“ as used in
’ tﬁis_ document are nat the same as their meanings inquim mathemucal logic. The

meanings.used here are similar to those used by Pople (972) =

14 Inference e ‘ |

The reason for being concemed with extensons i ghe fisk pace i that they
provide the foundations for the logical semantics of the constraints (as described in section
2), which in turn provide the framework for making inferences from tﬁe data-base. Here,

“inference” means the process of accessing the data-base in order to acquire information.




)

The kinds of inference considered here are.

(1) Retrieval — the user aski'questions of the dita-bass. ~ "

(2) Consistency — the user adds new Information to the data-base, and wants to be notified
(3) Redundanfy - the user adds new data a.ndwamsi'bbenétiﬁedlf the new data is
redundant (Le. fs implied by exming data) A

- Thu documen; focusesm the fssue of consistency fora muple ‘of reasons. One is

‘that maintaining a consistent data-base in the "reaf workd™ is oftén s very difficult problem,

- f6rms

‘l‘is ‘_/" s'i, By Yt’witil (he

‘For redundancy checkimg, a new datim is redundant iff" ics Wegator
S Sl hTiigd s st oy .43 Cosggang ol paan 0Tl
existing data-base. For rewrieval, 2 *yesino” question such as *Is Jane Smith’s father’s blood
G g anseant of e serenes i T gquing Bood anan g
group the same us her mother’s?” can be answered by dtédmgqﬂu Uasertion that “Jane

2pos i Rov g
vwns‘tmncy and

Smith's father's blood’ grmp i¥' the ‘same s her momtr'i

P 505 16ddY 930k

redundancy ﬂ‘ 1! B 1;cuns§stmt then the imwer is mﬂ if .thm the mswer is

U Tl

R _,( ‘xs S
' checkmg for redundancy means checking the
negatian for inconsistency; theh answer to the above Jeifio Jutdtion Is "yes® iff the

yes";’ if neitiur then dun’t -know.

assertion that "Jane Smith's father’s blood group is net the same as her mother's” is
inconsistent with the existing data-buse. Retrieval for “find” questions such a3 “Find Jane
Smith’s hair color" o “Find & every “pexired Tawyer lmng i Newhda i Yimitar but involves

o~

" added compncmom ~'twig &k”iﬁ uﬁchcu in’ appenaai R Cheuo? apl ko




141 Labels and Propagation
The consistency-checking inferences are performed by propagating labels through

i

the CE data-base network. A lﬁbel is an extensional device\yhich relates an object to a

class in the network. A label names an ob ject and is "on" a class _-Q the label can actually be
\ | \ o

written on a CE network diagram next to a class-point (which “puts the label on the class”).
A class may have more than one label on it, and the same label may be used on more than
one class. Here are the three kinds of labels ('obj’ is some ob ject):

+0bj The class contains ‘obj’.

-obj The class does not contain ‘obj'. ‘

=obj The class contains exactly the one ob ject ‘ob l’“@ nothing eise.
Note that =obj is a special case of +ob ) $0 anything said below about ‘' labels applies

equally well to ‘=’ labels.
Labels propagate through the ‘qetwork beéau;gf each constraint looks for certain
patterns of labels on the class-points to which it is attached, and then crgites other labels -

when such a pattern occurs. All of section 2 cgins'uts of ;p_ec;fyi_ng these patterns for the

primitive CE constraints.

142 Label Collisions

Two labels can “collide” at a common clasvs: point in two .i"rv;:;fe;estin;g ways. The
first is that an ln,,’oon‘si"si\:e’ncy is flgﬁgctvpﬂkwl?to‘gg?gr, the same
‘olass-point gets labeled with both f°b’-, pﬁd 0obj for some
object —itis impdssiblé that an ob ject both be in and not be in‘__t»hek same class.

The second kind of collision occurs when a +ob jllgqlliqes_ _w/i'tkh an =obj2. In this

case, ‘objl’ and ‘obj2' have to be the same objpolg. This is because the class



the same dms-poim if the dtu-bue ('wtthout the m

: exist in the data-bue), m&s Jec ‘A" and *B' be two chwpdms m the
' (l) 1t hbeﬁng K with +x and

h (2) Snmﬂnrly. if +x on A and o

14

does contain ‘obji’ (from the obji label), and it contains only obj?'(fromthe «0b 2 label).

MY PR

Since ‘objl' and 'Gb1¥ aké theréFore the sime, they ‘Gn be “lentified with each other

during the mference"fhu allows any reference to either to imﬁyarefinnce to'the other.

i

For example, a oobjl and’ «o”bﬁ"éo isbon W mﬁlcate an hcuduency (as above). In
general, any cliss Tabelet witi&eifher’objkt will be in uémy M with the other, and

SORIGD

these implicitly created’ labék may propagate in the siial Manner

I U N R P g i b a O S B, et .
G s Uiy vl w FARI S D TR S SR

143 Initial labelings

To check the consfmncy 'of ‘an nsertlon# agaim‘i the’ d‘i'n'hase the assertion is
represented as an initial patterii of tabels in me wwk “The Tabels uetfaen propagated

and an mmmmcy is mumd if (for some object ‘') - and o { Tor =) labels “Sollide” at

; .~§ #

%) e Alade,
3 wnsmcm, then the

SeENR 2L bandlw 5& fig amgsd b o2

‘mcmusmy must hive arisen mm the new m lty inconsistent or
: N BT ) ."—:{;:"‘;: i u SO BCPA R 3 ~'% 90 il
because the assertion’is i twiﬁnzhemtefﬁndaé&“ his imming
: aEviaienes 20 e Tkl

case).

This paragraph introduces two important initial labeling pumrm (which are used

eomiattiol acg !

throughout the rest of this document). Let ‘x’ be a new ob pc! (mc that dou not almdy

'w.; e

wrie beioszel el vrnetelusonsns a8 Jadl o '
'% ywﬁsaﬁimﬁq, then it means that there is

-su:x:»* ‘tn:m}%, vhgie ¥ u{

" no such %" Thatmﬁkmmtmﬁan that hvesa‘ﬁn ject"ln common.

fns nied 4o T sichi 3&2(,! d ERAN PR 3 T R

This demonstraces that A inﬁnﬁ'ne mumaﬁy exdmive c&sm' o e

Liifa U
it rf\‘amthat thm is no ob ject

Irdu

m %rm’:\ ‘ an

which is in A but not in B PR a2t that A i3 BB OB L




2 Primitive Constraints

This section discusses the six prim;}_tvtvq,cqggstg;nﬂtﬁggpre;»igqg used in ,th'e current
formulation of the CE representation. |

A CE zc‘lata;bas:_e con;ist;.‘gfﬂ; fg; o( cms-ggmn 51\;{ _a;"g}_i;,ntc{conngc:gq_‘l;y a
network of these pr._j‘gu’itive con‘sgnjmu.‘ ;smge: al§ infeunce}mvolviqgthe data-base are

performed by propagating labels through the nét_v‘n;'rk,‘_ a prjg;ig;yg gonstraint’s meaning and

behavior can be completely specified in terms of the iabel pattens it responds to and.the
lape]s i“t propagg_tei on the buis‘:_of .su(:h patterns.. Ilw}s;jg is usymadd a new kind of
primitive constraint without having to worry about gg:ssiph imer;q\;;jgﬁs. w,i}gt;{g;‘_eyigpsly
: g)glsting primitives.

In ﬁhis section, each primitive is descnbed by_ gi\(l;;g_;;s intuitive. meaning, its
network symbol, the propagation rules, and some examples,, Moge.examples occur in seetion
3. The more philosophical issues concerning what the primisives “really” mean and how

they compare with those of other representations are discussed in part two,

21 The Partition Constraint
This constraint represents the partitioning ofasupgrclassinto exclusive and
gxkh;aygstive 5‘_“_’“‘,“9' The gstwork,symbql for thu ls shmgnm}fggurz?la = the syge_rc!ass
(here, ‘A" is drawn on the canves side of the ba, and the subsiases (here, ‘8" and 'C) are
drawn on the concave side. Note that there may be more (or fewer) than two subclasses,
and that the p;rt@}ar left-to-right ordgring of them}zcmuummportmt- Ip figure
2-1a, tfhé?:_ class ‘A’ is partitioned into ‘B’ and C". This maans shat every ohject in ‘A’ is in

exactly one of ‘B’ or ‘C’, and that no "extra” ob jects (thase.not in ‘A’) are in ‘B’ or.‘C". . .
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For a more concrete example, figure 2-Ib illustrates the partition of PERSONS
" into FEMALES and MALES, As an exakﬁﬁiedf Y pamuon vmh more than two subclasses,
figure 2-Ic partitions FEDERAL-EMPLOYEES ffito LEGISLATIVE-EMPLOYEES,
" EXECUTIVE-EMPLOYEES, ind }tmzcm.m?wvzzs‘mgm 9-id says that the
" class of REGISTERED-VOTERS is a subchais of PERSONS - the unnamed class-point is
what is left ov?r (i.e. persons who arenotregisteredvoterﬂﬂgure 2-fe says that no
registered voters are conivicted félons (withoutbothningwnmm superclass). |

* Note that any of the classes may be emptrﬂgure 21 does 'n_Q’gSay that there are

any registered voters, In faet, ait the'dasﬁsf in f‘igure 21 could be empty (since t,‘h?é‘”etﬁpty
class can be parﬁtim‘ed into empty subclasses). However, if there ananyREGISTE’RED-
' VOTERS, then they are mstrtiné&to ‘be PERSGNS:M ‘constrained not to be
CONVICTED-FELONS. The notion of subclats such as in 21 oecirs frequently enough
to deserve a simpler syl Pigure 24 usés this symbol, which ‘shouki' be interpreted as
an abbreviation for the one used in 24d. Similarly, mm&iloffm?-lg (iiﬁng
that ‘A’ is partitioned Into exactly ‘B’ ~ they are the same ciass) has s own symbol, shown
in 2-"1. ' . | . v T e, ECRP R .
The five label propagation ruiles for the partition constraint are diagrammed in

figure 2-2. Each of these'rules describes a case in which enough information s available
(i terms of exlsting iabels on clis-poins) t5 dable new ‘abels 6'be propagatéd to other
class-points; these new Tabels may then in turn'énable further progagations. The feft-hand
side of each rule gives the rélevant patternof existing tabels, and tﬁ‘e‘“r‘ight—ﬁmd sideglves

than are explicitly dtawn. In the figare, %' ii Used as the rame of the Tabel object — the
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five rules of course apply to any object. They are: .
(pl) If an object is in one of the subclasses, then it must be in the superclass and. can not

be in any of the other. mutually. exclusive subclmps. In miwnm. the existing +x label

provides ;ghe informwon,-ﬁm x' is in one.of the sul ;Thu_;{;nfogmam is sufficient
to deduce that %’ must be in thqv.;upeirchs and gt in any. ef.the othersubduses “This
deduced information is then represented in mau‘emmhbsu which are put on_the
relevant classes, It is.in this manner that hbels"pmpagau." A |
(p2) If an object is not in the supercla:s.‘ then it can not be in an}y of the sﬁbclam -This
is a consequence of (pl) if the object were in-any of the. mm thcn it would have to
be in the superclass, which is-false.
" (p3) If an object is in the superciass, and is not in allbut-one of tha subglasses, then it
must be in-the remaining subclass. This utrue,m_ the partition is e:shap‘stive.» S
(p4) If an object umt in any of the subdumptm it:.can not be in. the superdlass. (This
t00 is true because éﬁ».cxhaus:iveness). | |
(p5) If the superclass. contains exactly one :,ob ject, md the obpct.unot in.all-but-one of the
subclasses, then the remaining subclass must confain exastly that object.

~ Note from figure 2-2 that (pl) and (p3) are in some.sense duals of each other, as
~ are (p2) and (p4).. Rather surprisingly, section 31 be,low shows .that this one constraint

suffices for representing all of the Boolean functions (set-theoretic union, intersection, etc.)

22 The Object Constraint
This constraint forces a class to contain exactly ons ob ject. The notation f orthis

is to draw the constrained class-point as a_small square (instead .of .3 yound point). . Since
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such a class represents exactly one ab ject, it can:be named with the:lowercase name which is
" the name of the object. - ' -

For exampfe, figure 2-34 stites that the president of the US’is an executive-
~ branch employee. Figure 2-8bstates thit thefe are exacily’ faiir BLOOD-GROUPS, and
lists them - ttii‘s,ir»m; example where the dati-base his: comnpleté-{extensional) information
about a class. In 2-9a, the ditatbise certainly does 'not have compiéte information about
EXECUTIVE-EMPLOYEES -+l ft-knows i thi ofie-of théi'must be the-presidenti-of-
* the-US".

The pattition constraint is used in 2:3b in-order to forcé the four biood groups to
be distinct ob jects:. In CE, the fact that two objécts are distinct miast'be indicated
“Intensionalty -(Le. via-some mnsm:ms*in the &ta%ﬂ,ﬁﬁﬁd&ﬁuawmﬁng that two
ob jects with différent wames are difTerent (extbnsional) objeets. - Ahother instahce of this
distinction' (due to"Frege) is that Yhe-mornifig-tar” and "the’evehig. Mat" are the same
extensional object (the planet Venus) even though-they are-misid differeritly: Indeed, in

some cases it maybe difficiliGr ' éVen Impotsible to decitié ekl 1o objects afe the

LS e

same. Note that CE does not r&qmw%nex@at plrtition constiing be

“sich pair of
distinct ob jects (which wouild be quite wastefal) = aif that is ‘reduired is"16 b able to infer
this distinctness (by, for example, starting a +x label 6n both the objects and “deﬁv-mg an

\

e T P U
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inconsistency).
The propagation rule for objects is very simple:
(ol) Each object clas “broadcasts” an-obj label naming itself. < T

" For example, the object class "&b’ it 2:3b Starts in «ab labet from itsélf. - The label says that

the class contdins exactly thié brie’ 6bject: which Is of Course preciselyWhat is |
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~ Object constraint, The =obj labels s generated can thep. ipterast, with other consiraints to

propagate further, For mmpkm 2% the ~ab on,‘ab an progagate.a b to BLOQD-

 GRQUPS as follows: The.=ab-on ‘ab" én!,&_!k aqngp ab’. (see section 1.4.), which allows
rule (pl) 1o propagate a «ab WBLOOI).QRQU‘P& e )

To prevent.a GE dambase from ghmm{u%mgmny Jabels, same

- sachaigque, s aesie 10, Rave-anly. the mm@mcwk&%ﬂw their labels during

* an inference,..One_solution, s to consider an ob etk cas 19, be.Spelevant” {with respect 0 a

particular inference) iff it gets labeled during that i f  Jhupan, infecence which -has

nothing. to do with blged grqug;\mlmgwm Bioed greup, objects {e.g. ‘ab) to
bmm"!‘“nmofmwnggmgm L - ,
Nete.that GE "objects”can be uuad. o zepressns. a, wide variety of dataskase
entities which are not “objacts” in the. nermak English.pss q;,;; amd I 2:3b; the, omm
‘ab’ clearly has na physical existenge. .In 2:3¢, the objects .f sale’,and, ‘male’ are not
P“ticular females or .mamhg;;;u ob-jects dmi these m thermeetves, ‘Since Temale'
R male have mm‘“‘““““"‘WMIngmmmmm be a
. Strong connection betwaen, the class of. FEMALES.and.the. object P -
. suhsedi(?ﬂ(gisqugcs}yg“ this conection is. . A
23 The Binary Relationship Gonstraint. o
. This constraint allows the use of binary relations, such as "sex-of", “father-of",
.and "blood-group-of". Its ngwork symbol. is um‘,& » ?,!m!g;nu ip igyre 2-4a, which states
 that the binary relation SEX-OF holds hetweep,the objects. ‘Jang-Smith’ and ‘female’.

Almost all data-base schames fhne some .;ug__m,;f,,;& o5 g‘ﬁésnin&; valpes” to
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"characteristies” of objjects ' what CE's binary rélationsfiliy constraint does is 0 éxtend this

" notion to encompits arbitfary clatses’ih 44Qitidh to ﬂutk’wjkti fiN6 ‘Jane-Smiths = >

" This extended ‘case i§ shown ini fig %‘Tﬁ%m&hmgof 1t iy’ that the class
R’ (the "range”) is the image of the cfids D ihe “dbiviiin®) mmﬁﬁhﬁmﬁtm ‘B
© That is; 'R contatfs exielly tHobes o Jocde wiiich ¥t Yediubed {by *B") 16 soime object in D"
 Figure 24 uses ihti oty Y HEBEX-OF AN FRMALES s Heald Usig: Yo -tbject
classes for both' e domdin’ &bt th ﬁt‘tfe W%%QW%‘& e SERVOF all
- PERSONS: is either fetmale’ 1 'Hdld 7 i beisast s fzf faonwe ol Y80t

~ Note that"D* in Piglife W«awmwa ‘e Yelition “B in‘the uisual
sense of the word. Normally, the 'dunalnﬁi*b&ﬁyﬁhﬁbﬁ"ﬂ %thruf‘”iﬂ“ﬁbjem
which are related By:the ﬁmmiowmﬁmmmﬁﬂa&mm of the
SEX-OF-relation™ is a1 thod Mw&&w Ve s Tiv-Ehe St éf"dﬁﬁ%"used in
i oo the i 3O ko S o W i Y biary
relation.’ ThE Prafige” ‘i Wihe “HRige of ‘the W%i&ﬂf th”i’t‘ “donisin.
- Furthermore; th oI iniy mew%wwmw ¥ the Aeliion to
anything. For example; e A sioukd Wil be ihiiiagrul It PERSONE 4o Hepliced
by ‘THINGS'. Presumably things such as chu?s Mﬁ. MW%WZ% w“‘%ti\ey

contribute nqthing to the range. The changed figure 2-4d would state that the image of
THINGS under SEX-OF is the chss of ‘male’ arid Foffité @ﬁ%&’&ki&e&ﬁﬁa#no
sexxs irvelevarit Vs i @noiais vign T Ug anistiison ad T

" Note that ‘the"briffiis¥ i@mwmsim&% there 15 Wil Bhe ferdale
‘pérson and one fa ke Persim ”#W%W gt it deftied; e &%‘?&g"ﬁ#ﬂ@‘?ﬁp‘b@an
in the range’if and "oy {71t 1 iAo e B8 ot med%“mﬁﬁé%g&u
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mt;st be a female person). If thi# existential commitment ii not desired, the'expression :can
be made weaker as in 2-4¢. ‘This one says that.she SEX-OB:all PERGONS is mgamed in
the class of the two SEXES female" and:imale’: The chss %x;imy be: any subclass of
- SEXES-(includiag pessibly the I'IU":"CM'iWhid\_?i*“‘&?mi‘ltﬁhﬂﬁg‘&t"ﬁhﬁfe are no
_persons, or that all persons: hwe;n# sex). A¥ abeve,-it is gt required -by:the definition of
"image” that every domain qbject (lperm) be related 10 at jewst:oneTRNgS ob ject (a 3ex) —
- one simple means of achieving this kind of mm;ra g’mnéin;fﬁhi mext subsection (2.4).
One temaining istue is what the ‘B’ umwwandhwn may be
labeled. Extensionally, a»hmr} relation can umngm of assivlass of ardesed pairs; each
of the form «<d,;r> wﬁaee ‘d’ is an: object in th@ dﬂiﬁm, mﬂ 'r':is.an object in the range.
So, for ?xample, SEX>OF can be thoughtaf u:‘ﬁm‘niwﬁMM‘m p’zirs*such as
- <Jane-Smith,femalex,’ <81Hy~htsml» . : Tﬁn is mm way of looking at
- classes: such as'SEX-OF’ - it is not am&lkymacewr%af*th! -datasbase comtain
~(in:ensnonally) a table of all the ordered pairs occurring in each bihuiry: mhnm
Thuc <d>-constructs can-be used for mmm classes. As: mth'
-all labels, they may bé of the form:
+<d,r> The relation so labeled does relate ‘d’ to ‘r’.
-<d,r> The relation definitely does not relate ‘d’ to
.. medy> The:-ralation rejates ‘dlito: v,mwmm
As with =ob j labels, =<d,r> 1mphes +<d,r>. Also note that «d m?«ng an extensional object,
can participate in all copstraint @ropngm-fmzm@fd#gm can,-For-example, in
figure 2-4f .k a ;<some-child.its-m0tm,>Jaw can-propagate-from ;%QTHER:*QJ"‘ to
PARENTS:OF via,nyle (pl). |

The seven propagation rules for:the hinary relationship constraint, are shown in



l figure 2-5. They are: -
(bl) If abject ‘d"is in the dommin, and <d.r> is in the relation;then 'r' is in the range. This
~ is.an immediate comsequence of the definition of W givan above.

“(b2) If an object " is in: the:range, then tisere.oust he-some siject in. the domain which
bears the refatioh to:it. It is net known what this object's; so'a new aame will be used. for
it (in’ this case, 'gO08Y is-being used as the new name). ARy implerrientation of a*»@i"ﬂam- -
‘base must contain some provision f«pnen:mg mch mew:ob jects. In: the.rest of this
document, these smmgbmm wﬂl sonsist of -single: iquercase letter followed by a
“4-digit number. "For-rule{b2), it is known thatithe .new abject 48 in the domain (kence
+g0037 is put on D) and that it bears the relation- ‘%tatheobm r (hence +<g0087,r> is
put on B). Spmeﬂamm belaw show how: thhmlu npm

(b3) This is a Weﬁ &1) If:'r"1s ot inithe mange, s ‘¢ is:in.the.domain, then
<d,r> can nal:be i the relation: if sdg>upre in mmmm%mad b‘ in:the. mge
(usmg bl) which i3 false. ,
{b4) This is ancther mmﬁzuf £bh. k-"c’zsirnotfi;a the:ragge, and <dy> is in the
relation, then ‘d’ can not be in the domain. Again, if ¢’ Wﬁnm demain, then 'r’ woyld
be in the range (using bl). ) SR |

(55) 1 the domain concains emly the ane cbjac ' and f <Ay i 0wk dn the relaion, then
‘r’ can not be in the snge. '
(b6) Similarly, If the-relation ‘Mﬂ!;iﬂmy the.one ardered: phir .«dr>; and the domain
does not contain 'd’, then the range:can not contin ',
(b7) Finally, if the domain centains émy the one ob pct 'd’; and: the relation contains only

the one brdered pair «d,f>, then the range must contiin only the one object 'r’.
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Figures 26 and 2-7 diagram some inferences using, cotpbimtions of these rules.
In 2—63. assume thatlthe data-bise contains: Vt::h'e informanonabovi : ;htdoued Ikme.i.which
smtés that the lsex of jane Smith is female. If a user of the data-base desires to know. the
s?x 6f Jaﬁe Smith. the user can co'nstruct the ﬁetwprk belowthedotted line. In order to do
this, the user must have access to the class—pomts for Jane‘Smath' and ‘SEX-OF' but the
user need not have access to the rest of the network In parti;uhr, the user presumably
| does not already kt‘low:-bout the binary relauonship constraint (above the dotted line)
which exim in the dm-bm - othmnu the user would almd1 know the sex ‘of Jane
smith, . |

In genml a u;er interacts with a CE dm-bue ln terms, of spme f ixed set of
class-points The data-base an be viewed asa black box with tqmmals (the set of class-
pomu) with which the user interacts In umpk cases, | the user an access the data-base by
setting up an.innugall,vlgbgllng on _x‘o;?ej‘texjmi%ljg auduging i the automatic label-
'émp§5§dng infe’rér’xég p{dcédqre :imide the black box produces an m(;qrma;ive result (in
the classes in which the user is mteruted in 2-6l thexe is no tmpini! for ‘the'sex-of -Jane-

Smxth’ Thus the user must construct thc  appropriate class (a m !:srm;nal) in terms aof the

exnsting terminals. T hl_s is thgﬁpurpqg of the network fragment below the-datted line. in
fighreﬁ 2-6a In ;‘e_nﬂeralf a user tgmpaniiy adds such a. fragment to@n existing. data-base
m order t§ def iné Qh;tever new »terg"tinals amnecfss%g forthecurrgn(infcreme After
‘th'e ’i“nfe)renco‘.-v. fh’e teﬁpmary fragmem Qan of cougukbe\geleted " ; ’

© Having consiucted the fragment belaw the doted.line n 24, the user knows

that the ob ject-class ‘%’ (the name is unimportant) is constrained to be the sex of Jane
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Smith. That is, the new terminal 'Si’ is constriined t0 be a class contammga single ob ject,
that ob ject béing thé sex of Jase Smith. Now, the ob ject-chss % is knovm (intens;onally) to
be the sex of Jane Smith, but prmma&y there is some al&dy exnstmg ob jeCt in the data-
base (in this case, Yemate) which is eqmvztem %' but 1s more interestmg (in that the

user and/or the data-base know‘more about’ ‘femate‘ than thej xdo :bout x') The user’s task

i gt £iet :
LR WO E YR S

is to set up an initial labetmg such that the pmpagation procedure an be used to fmd such
an existing object. o | S

© An inital abeling (and the subsequent inference) which does this is shown in
figure 2-6b, which 'is a copy of 2-6a with the additton of labels. The nuinber m bnces
‘ preceding each label is used fo indicate the order in whnch the labtts aré created by the

propagation ruies - these nmubers are only for convemmce m studyxr;g the dlagram and

3 Eadv 0

are not ‘actuafly” ‘needed” by ‘the mfeun‘ce procedufe Foﬁowmg the number is the

"y iunﬁ 1

' propagihon rulé :md to create the thL w for mmp’te {z.u} " mmnsi that the o label

KYIG s e LTty

was created at t}me 4 vh e o). (Tﬁe foﬁowtug Eagﬁsh dmﬁpuon of ﬁow the hbets

e
~ x‘

eoreg wet L3k \g,;{g mu!u

* are propagated”is father ‘ciimbersome, but it contains no mare information than the Iabels

wnpis sAT dutsiw o gand

| themseWes do) “The {0} < Tabel is the user’s initial h'beﬁng which starts the mference -

waxis geidopurll i

it says that the' termmf"x"‘(whieﬁ ff”h&nsfdna“y the sex-of jzm Smith) contains exact!y

the ob jecz X" The two tdels Alimbéred {ay ue trested by w&e lébZ) - the =X on '’
23 ,4‘3" ERS R
atromatically entahs a‘x'on “x'”(a i %action !ﬂ} which allows (i:?)a to generate a new

s,
U ARETIASE g G T i “ihrf’iﬁ u} L8}

ob ject (here, 30038) #hd cresiéé the new ?ai:el& The {2.bl} X hbd is created by applymg'

-

(bl) to the two labels just’ Created In’ step {!} Ruk (oi) aﬂowi 'f‘emale to broa&cast an

=female (label Aumber {3,oi}) which coﬂf&s with the +x aiready on 'femafe' o

*‘V N‘a

As deteritied in'section 142, this kind of coflision means that % ahd Temale' are

\



 user have to be concerned with the sizucturg.af. netwark,

line are sonstrucied by the wser for the purposs
- base confains both “specific” data (such as that Mary Semith, js.Jang: Smith’s mether) and

' PARENTS-OF). ‘Noge.alsa that not-aHl of. the allawed Jabel

_ initial labeling. The way to. infer that s’ is Mazry-Smith,

%

the same, (extensional) _object. The collisian. an.be made

e _kngwn tg,xhc user, who thus

- knows that (:he sex of Jme Smnh) s &m.;qgmqw for ‘Em}e Nate thatall, the

‘ labeling From that, the, !abgl-pmpgggﬂng lnf;rggcp» progeduye qqqdpded tbat ‘s’ and

‘emale' are the same objest, and that conchusiop way given. 19 the.ier, AL 0p time did the
ahovg the dotted line (which

represents the exlsuag data-base).

. All of this may seem to involve an, ex;umg amount, of effort for performmg
such a simple inference, bus em;ly the same technigus qnﬁb' yred in mw cqmplex cases.
Figure 27 diagrams the.infesence that Jane Smith's female pagent ia,Mary Smith. Again,
wssume the srugiures above the dozed lne 376 P37t o <be faf-bae, 4nd.these below the

M@um mmm .Nate that the data-

"general” data (such as that MOTHER-OF andJAIHE&-Q; ate. the two cases of

jons are shown in 2-7

Pt 3 show; only those that are. quvampto the mt'mm ......

Theunrwmmwmmmmmmmu %' is a

- parent of Jane Seaith and that ' 13,3 female. The,question fhe uter wants to-ask s "ls %'
. Mary Smith?". -Note that this is a simpler questi
- which.are equivalent.to, " ~ aush “find"-inferances (akin 4e:figyre 26's find the.sex of

an, Cind theghjecis) in the datarbase

e 2y

,,,,,

~Jane Smith?) are discyssed.in appepdix A. . o o o

-.Having constructed. the lower piece of Aetwgrk, the user must.now set up an

that %’ is not Mary
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* Smith and then see if“ﬂ’t’é’iﬂf%cé pructdm‘d«tv&an incensistency (Via tHe collision of
some "+" and "-"‘label). Po asibme that X" 1ot Mary Smish, the Gsér puts 2 -x Tabél on
the object-class *Mary-Smith”. " The rest’ of the initial Tabelihg ‘consists of =x on ' and
=Mary:Shith on ‘Mary-Smiltl': These are' alt arked as nilhbée [0} 6n the diagram. The
label-propagating inference procedire” then uses this ifitial fbeling to derive an
‘inconsistency - at point *A’ there is a collision &f 4 +x and 2 . ‘Netice 6f this colfision can

be given. to the user, who then knows that X’ is indeed ‘Khry-isnihﬁ’,“nnae it is' inconsistent

P

stency is that there is

" to assume otherwise. (Anothet poslhielntérﬁmtionafthh ncons
no such ‘X', meaning that’Jahe Smith does nét havem?m&épirent Presumably the
" user assumes that she does have one, so this interpretation 18 rifled'out) AR
‘Note that the inconsistency is detected via & coitision v“ﬂ"“%&“ﬁ‘:’ By propagating
the labels in a difﬁremordtftheoollmbnm*ﬂMWhe&r‘Mmmmere else.
"Thus the exact' pliice- wheté the ificanshiteney is detected 1 #ok imipsreanit &/4¢ is ‘only
© important that'it be detected Jombwhere: - O én eve s
- "Ohe hiotatioral'thoftcat tiedin Tigure 247 is that Whén°}"" fbel naming some
generated-ob ject @M be placed on ‘an ebject-clais, thé mame tf eh'object-chisy is used
instead of the gerierated-8¥jeee’s Hame. ‘For example, thie ij.wsmﬁh.» labet on
PAR'ENTsm is written’ down ik iately; istead of ‘gotng ‘thirdeigh the Tull process of
(1) generating x miew- obiject:(here, 'E12¥Y (2} propagating ¥ {248} vg1%8¢ taber to Jane-
Smith’ (arid a {262 ¥gios ks abel t PARENTS-OP), (s)crmng an’<Janeismith on
‘Jane-Smith’ via rule (of); (4) Colliding the +g123¢ with thé &Jiiie-Smith Which then
identifies the two objécts; (5) thén'finallj using *Jane-Smith" tn'ali tabéls where 'g1234’ is

used (which is legal bécatisé the two OB jects have been ‘identifisd With eichi‘dther). The
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end result-is that ‘Jane-Smith’ is used.in. place of ‘gid34’,:50-there mas. neally no Teason to
have generated the gi2¥4' in the first place. ek :

In gemnk%his:;;hor:cm is legal becaunse the gyasmaied-ohjoct "+" label will
immediately collide with the "-" label on the gbject class. .Which idestifies the. generated
object with. the object-class object. Thus either.may be used;ip place.of the other, 30 it is
legal to use the object-class. name instead af the generatedsobject name. In this way, the
generatéd-qb ject pame never appears on the diagram. This shortcys will also be used

Wherever applicable in all the rest of the example;.

24 The Inverse Constraint
This construct constrains binary relations to be.jp¥erses-of each.other. For

- example, PARENTS-OF and CHILDREN-OF ave,ipsasse-salatians. in that if 'p’ is a
- parent.of ¢’ then 'c' is a child of 'p". The netwark symbol. fo¢ this, b given.in figure 2:8a ~
since "inverse” is symgetric, & does not matter -which.rejation Js,connecied. ta. which and of
the symbol.. The three mm riales msm?mwummw aye. shown in fis_ure.
inv) If »_sd.r;etis;né--cnc side of the symbol, put. «<r.dp onthe gther side.
(inv2) If -<dr> is.on one side, :put,;:ﬂd>;m;:t%g§m;»4€§gmn&s if ‘p’ is not a, parent
of ‘c’, then '’ is is nat.a child of 'p") . LT e | |
.- {inv3) Finally, if Md.nk‘on@e side, put mct.dn.onthe other.. . oo

- Things may be said about.a binaey 1elation i 3 Mpmmesric mannerby using both
the relation and its.igverse. For example, ',fms"gz%ﬂﬁmsimw@men figure 2-e.
Like 2-4e, it states that the SEX-OF all PERSQNS. is. some subslass (here called ‘X X)) of -
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the SEXES ‘male’ - and Temale.: Asdiscussed ifi section 23, figure 2-4¢ does net tmply that
every person has a sex. However, 2-8a does mply;*«‘mis;-f%iﬁt.:e?’mm‘i%*’tﬁéé-?imag'e of
XX under BEINGS“OF<SEX fur every person there must be‘sorme object in XX such that
- <the-xx-ob ject.me-periom “is v BEINGS-OF-SEX {osing rdle BE)Y' The'invetse constraint

in 2-9a then forces that <thesperionihe-xx-objéet> be in-SEX-OF. “THat is, ‘the-persen’ has

a sex (which is thie-xx-object). Nois'thiit none-of this requires thata pérson Wave one and
~ only one sex — this topic'of *I-| fundtions™ is discossed in demil ih'si¥ion 28 '
As another example, figuri’!*‘?%“itﬁé‘sfﬁif’“SPéi!%ﬁ‘-éF “f§ Wi ‘own” inverse,

which is means that it is a symmetric relation.

‘95 The World Constyatnt ! &7 -0 10 Coinil o il ;;.;:;‘;g;x‘;c,; e
* Bo far, we hitve s (Rat the information iR s dilsi-Sube'i Ehitaiitover time
and represents’ a’ SingIe "Folnt BF 06w “TRAY is, 9t Has bied tholefipdssamed thitsthe

extension of*a’ chssmmﬂmmzk-}:a«vormm hﬁbﬁl » ot i However,

in the real"Wobid Mahy thhgé ehangeibver tine: The @il 'of RECHTERBHVOTERS
gains at;d loses ob;ecu as new people register and old ones die or let their registration
expire. Also, thie extenSioll o & dlisk tan vary depending o the piftithiir"point bt view"
which is taken.’ For-eXaigie; sorhe'tsets ‘of ‘a census-data-base might want™to'consider all

DRAFT-EVADERS o be CRIMINALS, while other ubefs might ngt/ = 1 0.7

Fortunately, theké:'f§ i’ rdther-dimple mechanism Mhmﬁs -solve ‘both these
problems, and which Wil édine 6 be télted: onv:more: and:rhore ifi PéNoNaiiy isections of this
document. The basic idék u‘ﬁ:mpimfmupl%%ﬂds"in théditaibaie ° A‘worid can be
~ thought of-as a physical‘br ik physicat Sitution; sich a¥ thé (Phisicat sittiationt 'of "April 8,
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1946, at 10:23 am", or the metaphysical situation of ,f”'?" j'an’fc; Smith believes to be trye.”
Thev latter might Se impzortant.if, Jaﬁn‘e. Smith_is a 3?“"’,“‘ user {g\gho wants to add
information ;o"thve data-bg,sg that conflicts wlitvh_’i__nfpm)étion‘ thatsomg qﬁ_heru:a: wgﬂttto
add - the data-bgse should then be operating indlfferent wonflqs when ;i,tuis,lgqng used by
Jane Smith and when it is being used by the other um:. Section 3.5 d,xscusses many_other

such applications of worlds.

251 Extension

To support multiple worlds, it is necessary for the data-base to be able to contain
assertions relative to the various worlds and to mal‘.;p‘,the appropriate (;r‘\‘fercncgsh_f rom them.
Since the inference pfocess deals only with g;op@g}gggg, labels, the inf kergqc}e{s"c"a,n be
relgtivjzéd by tagging each I_ab,elvi‘v,‘i;!) tbe wovr-ld_:t,hag‘:;:::qte}d.jt‘. Forexample, if ‘W' is the
world of "April 3, 1946, at 10:28 am" then the labe! "sx/w® will dgnotcx +x label relativized
_ to that world, and sjmjlgrly’fo; ** and "=" labels, For example, having a +Jane-Smith/w
label on REGXST;R!-:D-VOTERS states that Jane Smith is a registered yoter iﬁ world 'w’,
' withquvt making a commitment one way or the ather -as to. wl;e;hgfjaﬁg_&mith‘ is a
‘.revgmer_ed voter in other worlds.

For all of the label propagation rules.given so far, it is 'qc‘cevss,‘a_ry; to add the
stricture that two labels may interact only if they are-tagged with the same world. For
example, in figure 2-10a, rule (p4) can pot prﬁmate asxto cla_‘\ssA‘A?,f;,mcglh.e -x labels on
‘B’ and C' belong to different worlds. Also, every label which is propagated during an
inference must be given the same world-tag as- the labes) which caused th/qf,:,,,[';rbpa'gation-

_For example, in figure 2-10a, if point ‘C’ were labeled -x/w, then ‘A’ could.be labeled (using
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rule p4) with -x/w — the ‘w’ world-tag being i'eq“u”ired’to refativize it proPerlj.

Furthermore, wotld-tags must be taken into accouht by the object constra;lnt's
rule (ol): An object-class such as ‘the-presidem-of-the-US' represents the same intensional
object in all worldi, even though ektensionally it may be different {there being different
presidents at mf‘fért\numm’) Therefore if ‘ob is an ob ject-class, it is aflowed to broadcast
an =ob /w label for any workd W\ As in section 22, the data-basé can avold choking itself
with spurious labels by having an ob ject-class genmté an =obj/w label only when the dass
is reached by some existing fabel with a world-tag of ‘w’. ) |

By convention, the worki-tag used on the initlal labeling which starts an inference
will be ‘inf* (an abbreviatioh Tor “current inference’, and every label written without an
explicit wotld-tag will be implicitly tagged with ‘inf’. | |

In addition to using workd for tags onlabels,;t is desirable 16 be able to refer to
them explicitly as objects. That is, ‘inf’, W, ind il ‘other worlds will ¢ treated in the same
* manner as other CE objects {Jane-Smith’, Yemale’, erc). For exarple, if 'w. and 'w.2' are

both worlds, then the tabel +w.1jw.2 'on some clats means thiat the Worid-obfect ‘w.I' is in the
class, refative to world W, ‘The use of ‘such tibels s discusidd beiow, “$6¢ now, it is first
necessary to describe what 3 wotid-ob ject such as ‘w.I’ "really is* it is Clearly not the same
sort of thing as a person (e.g. ‘JaneSiith’) ora sex (tg‘t‘emle’? Since a world is a
specification of som# state of affaits {physical or M“pﬁ?skﬂ), mdsm:e the CE universe
models all inforination in terms of aisiging objects fo clasues, it follows that a world “really
is” such an assignment. Thise assignments need not be 'e’xhaui"t‘iri'éz"-# the world ‘W' rﬁ‘ight
assign ‘Jane-Smith’ to be in REGISTERED-VOTERS, asign *Jotm-Siith* not to be in
- REGISTERED-VOTERS, and make no commitmént one way or the other regarding

i
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For consigtency with material to be presenied below, & Wocki-obect should be

'viewed as representi

.8 et of “allowable ausignipents.” That ip i€ warld 'y’ makes no
. cammitment rg;argmg; the assignment of M@ry-swth' BG&;T;RED-VOTF.&S.then

. the sec which W' reprpsents wil contain (as allowable asigniments) beth “Mary-Smith ig in

SHE - S & N

REGISTERED-VOTERS' and "Mary-$ch s fak o REGSTERED-YOTERS." In
brief, the worid ‘w*allows both, possibiltes. Note tha irwi

tpe m&wmem-ms thn; way

e 21

tgnn the i‘l‘-‘-& a;sngnrpen&-set
corresponds to the m__ er world (in that it has fewer cases of ;lbwing both gosslbnlme:)

means that lf,‘_oner.imlﬂmnt'mll a Wbﬂﬂf pother one,
Now, having giVon some solidity to the nther philmophial concept of "world",

' i:omide'r again how world-tags are used in labels. A label refates an ob jecttoa class-:,- the
label +xlw on class ‘C’ means that the ob pc; ‘x‘ t: eonmned in < relatjve to, the world ‘w

. Ancthr vy of sating st werd e chs Iy . Now such 3 thing
| an be nesed: Consider iy word w1 e ha g w2 ¢ s o that 1y (A
" Iessawkwardbut rather anthrgpmnomhtcway #i gumn; this i; "w‘.l_, beli"e'm th;t w2
k»l;el@éves that, ‘x‘ s in 'C") m

wm be r%memed b} using. the label Tex|w 2IWI
on ‘C‘ the ob Ject ‘x’ is relative to world ‘w.2'. which u u; mm;clptive to ‘'w I’ The mam

point of this garagnph is that the wqud-qb £s gmd to rcl;tiviu ob pcts in Iabeh may

§obRa¥Ed
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world-class — fot instance, in W-CATHOLIC-FAITH two world-objects might agree ofi all
* assignments except those Involving SAINT-PAUL'S-BLOOD-GROUP (ie. these two
worlds assign Paul's blood' group’ &tffmm‘lyf *’Sim:e "Cathdtit aogm ‘tikes no position on
what Paul’s blood group is, both these world-ob jects Are’dh

"and thus béth belong in the world-class. Extemiomﬁ’y, WEAFHOLIC-FAITH wil
contain a great many suth’ World-sb jects, differirig with ‘each other regitding inessential

detals. Fowiver, alf these workd-obJecs Wl agreé Oh hoad detls which aré important in

* Catholic dog'm: - that a divine Chiist existed, “thit Miny m?xvftgiﬂ.thatthe Pope is

infallible,etc. T T amn
252 Intension -

As with other clasies, i is not necesiary that the dasa-bade contain an exhatstive
extensional listing of alf the world-chjects in a world _mm e o i werld St to be
useful intensionally. For example, figure 2400’ safes that 4t workds of W-CATHOLIC-
 FAITH are also workds of W-JUBEG-CHRISTIAN-FATTH (sohich
" all the beliefs held in cmmm ambng jMﬁr‘fsthn mm mbmekheism. ,,‘;5 “Fen

u ‘meant to represent

37 &

'vCommandmems. etc.) ‘Note that the mﬂer ﬂm (m terms of the wb&an constramt in

2-10b) is the itranger one i veims of what is believed): The cam béliefs include alf of

the genem‘l Jud!b'e’hfw beliels, bit not eohvmdy A m R U e
‘this is that evefy smntfon (mﬂ-&jeﬁt} which ié eonsimmt wﬁﬁ‘ﬁw "be!ief Yy of the smaller
(stronger) world-class must ncwarﬂy be wnm&m* with the boiids of the ‘@arger {weaker)

one. And indeed, a +w (or whatever) fabel can propagzte ‘from e simifier clats to the

larger vid rilte (0. Noté that the use of “wéaker™ 3 PR e (‘wlth regard to
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. classes of warld-ob jects) parallels the above use of these terms-to describe. the assignment-
- sets for individual worki-ob jecta -The‘mlgf &humop mn oply with werld
. classes —.assignment mmsakon up again in-section 36, . - - oo " |

Now, just as wotki-tags are medcdlnhbelsm ,méymu fm.durjng inferences,
some constraint expression is Medgdtomlau.vugugqgmgumwm the dapfbase. This
constraint expression is the "world . constrajnt,” the. umkm for which.is shown in
*figure 240c. s meaning is that ‘B’ s a subchass.of ‘A% in gxaclly thase woskls which ace in
the world-class 'W’. {(Sestion: 3.5.3 shows how, Wmiﬂm to:the «wbchu one can
be relativized.) ‘ | |

A simple example using the world conairaint Js shows;in figure 2:10d. This states
that the Catholic faith- yelees that Mary isa vm Mm fﬂi’My' it states that every
. world. which is consistent with the, Catholic faith is necessarily, one.of the worlds.in which
Mary is a virgin. The subclass constraing used Mmﬂ ‘between. W&ATHQi-IC,fF AITH
and W-VIRGIN-MARY is needed bmuatn;tenumm worlds. in, which Mary is a
virgin 5»; which are not consistent with the Catholic faith. (such a3 those worlds consigtent
with. Protestant faiths that assert the virginity of Mary but. deqy the infallibility of the
Pope). That is, the Cathplic faith impeses Ecager. cemmainty-than just the virginity of
Mary. | CL R ” |

The propagation rules for the world constraint are as shown in figure 2-1i. The
°1.." at.the.end-of the worki-tags indicates that-the exact nature-of the rest of the world-tag
is-unimportantfor these.rules; and that-any "il?.aay:he unifarroly ;wb;mucd for the */.."
The propagation rules are: |

(w) If world W' is contained in. ‘W', this means by definision.of the. warld constraint that



“label on ‘W’ "enables® the subcldss eonserain:for all objéets: with' word-
'

~* Rathet surptisingly; such: negative
| ‘W’'dloes). ‘Since the “w’ NI théans that th workl W* e ¢

' rule (b2); it is ntt Knowir whith: textensiontt) GBIt
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‘B is 4 subclass-of ‘A’ (in world ‘W), - Therelabe; if someiebject **:is tontained i B’ (in

~ world ‘'W'), the objsit %" mibet alto be eontaimed: i ‘A’ (i woHA W) [t dither Words, the +w

g w", ¥nd this

enabled subclass constraint‘oférates It thé siméomiieras raledply> <<
(w2) Similarly, the enabléd’ subthusé ‘consfraint opéritey in (e shie mannier as rile {p2):

- K x/w ‘is hot'In the supérclass;then it can e be I chibdabckiss. - o

it 18 expliciify disibled by 4’ -w iabel on'W".
¥ ot Bl uaed: ifCaRcscivE matiner (Instesd of
just passively refusing to. emable the subclass constraint, which. is what havifig ¢ tabél on

1B 48 Yok & ‘stibclass of ‘A’,

then there must be’btiie- olyject (retative to WY which ‘iii’ﬁ"‘!’{&m gk A" " As’ With
d obfjact OIE" is Conizriingdio Yir'in W2 via thid «gO1S2/w

* ‘label, and cohStrained WOk o b i BV thie SgOiyw; 007 B T AAM LA
CU(WAYCIE an-0b Ject ek SE Worl). i Ciirie

iR BE B ok 1t W) i B Cn et e a

*subclass of ‘A¥in thatiwbild: U e R o sinhey ad o el adne syt oo

(w5) 1If *B' contuins enactip iy abjett (N work '), and if Wi olyfict it coidined:id ‘A’

(in world ‘w’), then ‘A’ contains alt of ‘B’ (in ‘W"). Thus ‘B’ is known to be a subclais of ‘A’

Cdn oworld ‘W o m wie JnbenRnnn It ol et el nligyaniag we Y

3Figu#'?2iw showy sn inferente: Wiing - Some of; thess rulee’ Phv sk it to - show

~ that in all workds where: " isua sulsehissiof ‘Q'; tHen 'R thos ‘World P iust e & Subélass

of 'Q.. Although it seems trivial, this example does show: fiawile: propugation rules

interact: “WA"is the wovidatiss fur the2first P 4§ a Wubtiass v Q" and 'WB 4 the Wotld-
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class for:the second one.: The task is new o show that every.world in WA’ is mccuaruy in
W' (ia. thit ‘WA is 2. bekazs of ‘W) A» sescribed in sectin 14, the usial manner of

doing this is 10 assume that WA’ is. not & subcinm of W&,Tmm»m %’ is in ‘WA’
| and not in ’WB’ (and.v_iu* world-tag is ‘inf’ ma is ammmm)mm ‘the user
.. sets up thu.ﬁnm.:m the inference. prosedure can' stant: propagating. The +x/inf .on
‘WA' aan do ﬁothing fwnnmomem. bumnomuf Q’W,B’m mk (w3) is activated by
- it and thus aan mﬂumaud-ohjuctm whnbm:hu'wwu net a subclass of
"WB'. Then rule (wl) can propagate the gmmaied »" label throwgh the sabled ieft-hand
 world constraint, causing  collision st point ' which isdicaes 8 incomsistency. Nose tht
- rule-(w2) could have been. used instand 10, pragagAce the " fabsl, which would have: capsed

a collision at point P,

28 Tha TypicakMomber Constraint _ e
This constraint allows the data-base to make.use of & Tiypical. member” of a class.
Conaider repeesenting the information. that “sech person has 2. unique
enough 19, ste for any particulax person such as Jane Smith that she has a usique tother
= this is shown in figure 24%. Thut.one way: 1o taprsent “ench pessan has a uaique
mother” would be to.creats:a structure siesilar 4o figure s far-ench. individual person.
: Nudﬁh to say, using this approach is very upaﬁnthupmﬂnn jpst a few
individual persons, and it has the MMW of mm extensional
information concerning athe membars of the chus PERSONS. ¢
- What the typicat-member constraint allpws is MMOMM the typical
person has-a unique mather.  Note that Jypical” ie-waed-hare in the sense of “accivesype”™

macher” It is easy
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and not in the sense-of “usual® — all persans huve a:unique mother, not Just waost of them.
The network symbol for -a-simple virsion of ‘the ‘typloalseber -{or “t-m"¥ ‘constraint is
shown in figure 248b. This sm«:h‘ai mwpet 'sb is typiol member of the class"CL"
This constraint is used- in figare 213¢ 1o ste that "ewary ;pefosn ihas . usiiiie imother.”  In
the following-text, the point ‘CL’ ‘will 'be: refered to #s e Tinput class™ of the t-m
constraint, and -siné point ‘objtwill be referred: to as the Rm dbjeet™. .=
* Intuitively, the-t-mi*constraint shoukl have the mmmmwm some

“+" label (such as +p/w)-occars-on the Input: class; #t-is: koWl that p* is7in that: class.
Therefore, what is true of the-typical memr must:be muf ?: Me the-t-m abject
can .be "bound to” ‘p" by-piitting an'sp/w-lsbet on the t-m object. Tlietr this “pfw can cause
further propagations.

The one problem with this behavior is that galy eng object can be bound to the
t- ob ject at any given time. Violating this restriction ¢af cauie aiie Pridtileiis: For one
thing, if ‘p’ dnd *p.2’ awmmm input class-(as mm Mf*having Both +p.l/w and
it); theit binding thern both 16-the' v abijé

+p.2/w labels‘on the inpuf class-e ¥ the same

<y

time would imply' that they are both &emwmmam piner; # db jects in the
input class would:be-simultesecusly identified - with the t:m-obJder.’ Furteriore, in figure
2-13¢ ‘the-mother’ is-obviously not the mime {exténsiomal) objeét for every’ person:-+"it too
must be "bound” in $ome manner; - i o L G e g e
Althoughhe “he biriding at a-tiine" pestriction -avoids these iproblems, it has its
own difficulties. The me#t-gbvivus i6-that it may be:mecessury to-refer two:(or more)
different members of the inptit class during a'single inference; Another difficulty is that

some facility is needed for “erasig® all thé consequences of ‘owe dinding. (ke &l tlie Tubels
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~ which that binding caused to be propagaied) before ;perfomung»'.thtmxt binding.
One way to ioiue‘this “erasing” problem is to ngf-‘all the fabels which propagate as
a consequence of- éeh particutar: bmdmg +Thee: it would -be m:«hmphmmen_; to ‘identify
which labels should be.erased; since these hbelswuld be the ones. with the tag. The most
straightfonward way to implement such tagging umm@of ‘the existing world mechanism
- each different binding: can bqi;tagggd with.a unique (newly generated) world-tag. Indeed,
~if this world-tagging is done then it is:no bugcrmtyao keep the “ope biﬂding at a
umcﬁ.fes:mion at all. ;-'or‘examph‘.‘ the above qg;};;&and{;gzk~~l§bels which came from
different bindings (at the same time) can not interact with each &ﬁqr -because .they. will
have diféerent workistags ~ they. will be somathing m /w2034 and =p2/w20%5. Thus it
turns.out:that the.;?wabindigg ata mm"' restriction can-be replaced. by.a “one binding per
M'.'.:;echmquc, which avoids the dnefmmwm “ muenml nature of “one
.bindingiea atime . . | ey
| A,_'I‘.o.proped)gi-lmplemqm “one bmdlngpag world” it is-necessary for the inference
process to keep a record of which. "parent” world. each binding's wosld-tag relates to. That
is, if sp.l/w on PERSONS causes a binding of =p w2034 :,of':wpe;s)on:,»cm it is necessary
to remember that ‘w2034’ is really just a copy of ‘W', with the additional restriction that
‘:he-pers_oh’, is. bound. to h'p.x’._‘ This beingthexme,fwow {abels should be allowed to
interact with ‘w’ ones, even theugh ‘w2084’ can-not interact with other werlds in «generél.
(In particular, ‘w2084' must .not: be allewed to interact with worlds .which :.re;-vresent other
bindings of ‘the-person’)-
- .Maore.formally, ‘w2034’ is a stronger world than ‘w’ -- ‘w2034’ disaliows the

assignment -of -anything other than ‘pd’ to ‘the-person’. ‘This being the case, the stronger
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world-tag mayk‘bé vilid_}y substituted for the weaker ane This 1s valid because if an
assignment-is forced: in the wenker world: (as 'Mbwmmof a tabel with that
warld-tag), then t&e ‘same assignment must be forced in: the sironger world (sinee this world
 allows fewer arbltrary xasigninents). Since.ae sasighmient iy finded ifi‘the stronger world,
that fact may be indicated vie- a” label with the ‘strongér world ‘as its Worlditag. For an

example of this, in figure 2154 the >x/w ot B’ and the -x/w20

P34<dn. ‘C'. can-interact (via
rule p4) to propagate s -xWR08¢7to ‘A" if ‘w2034’ lk‘*ﬁwﬁﬁr‘uﬁﬁ%‘#’; “This happens
because the -x/w can have -Xjw203¢ sibstituted forit; which ‘alidws tult-(p#) to propagate
the -x/W20B4 to 'AS: - | N

Since t-m constralms may be nested (as-in an example below), the process of

' generating: a: stronger world mwhmm“tﬁﬁ ﬂmm& yyer tree of - worlds.
Tt is-a tree:and et -just a linear chain:because a'Hngle parént workl ‘cah give rise to Alany

1o above, in

different binding-warlds:: Figure Zhlkshws*thg (one‘layer) fred fmri“,%x
- which’ 'w203f and ‘w2038" are ' both WW fﬁh”ﬁ”*’lﬁ*iﬁiﬁm of ‘nesting
o Gﬁm.d‘tmﬂ Wworld in the
‘tree i stronger'than wll ihe-workis Nibdve” iain%wﬁbmm% pétent’s par

- allows such Trees'te’ be-mens:ein Shelayer doep: “Rega¥

7~ IS RS SR R SE CANRA U SIS I R I R R O
 As nnexamphﬁ*mﬂng;dfea'p.lmw oecurd on'the linput-class of ‘some
other t-m constraing, hes ZMST CoNmTSiny Can profgee @ binding of (For ‘example)
=p.1/w2087, wwewaam,mwrm’ﬁmmwsmw tree” exténded- by
this new binding: The ngw wogld-w@a"l’ghu ‘wzojs&‘.: asits mrgfaw“ torntine-'w’ as
-its parent. In genersl, 2. mmmm? kﬂMm mrm ‘with all the \Qoxflds

. above it in the tree (vers, W’m&%mnaﬂme%Wijuu
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weaker versions of it (they lack one or mare bindings). ..,
In order to handle nesting properly, it is necessary to e able tg explicitly refer to

the world-tags geipgr;t_cd by the binding procsss. Figure 2-13 shows the quil;ve:s,ion of the

t-m constraint. In addition to the input class.and the t-m-abject, it has an “input world-
class” (W-IN’) drawn on the :l%nput class side, and an 'W;Q@g?“@;g(twepuﬂ drawn

on the t-m object’s side. (The in and out world-classes may be.drawn.either abgve or below

the centerline of the t-m constraint symbol -{:";h’,gy are distinguished .only by which side they

are on) The world-tags generated dwing:heﬂndxmwan put on.the W-OUT class

- this is what makes it possxble tot_v,use, these generated tags jn. gther constraints. W-IN
exists prim§ri!y_f9r efficiency - it acts asa "filter” in_that an object in the.input class (such
as indicated by _*R_/;‘?)-v%“,.«,he considered for. binding ealyjf W' i3 in W-IN. That is, the
meaning of the t-m constraint is that the t-m vobjec‘t is typical of the inpat class relative to
the worlds in thé input world-class. If an input worid-class is. et specified for a given'uﬂ
of the t-m constraint symbol,then it applies 5o aH woride (e shere.js o prier "Fiktering.")
Thg two l;b‘el_prqpag};iqn rule;formg t-m constraint are. shown m.{igurg 2-it:
(tml) If an ob ject is in the input class and the object’s workd-tag is.in-the input warld-class,

then & binding can be created (a3 discussed, above), and the binding's. newly generated
_ world is propagated to.the outpgt world-gh;s (if.any). . fgggabgggmgiy;wpﬂd,is also noted in

the \qpxld *t»ree."_(’il_'he diagram shows the warld tree. both. before and .after the new
binding.) If there is no input warld-class, then.any. abmmmupmdas&m be used to
create a binding (regardless of the ob ject's world-tag)::

(tm2) This is the converse of (tml): If a, mndingmm then the ob ject which is bound
to the t-m object is necessarily il the input cla,and the wonid, which caused the binding is
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necessarily in the input world-class: The esséfice of (tm2) Tres in defining {exactly: when a
binding does exist. ‘Référring to Tigiire 215, there ate three conditions which must hold.
“The first is that some ob ject there %) must b¥ boundtothc‘twoﬁpct ""The second Is that
the binding world (heré w27 for '’ mitht mmmwm Wi dixs. “The third condition
is that the world - (here ‘W1’) which "beiiem ‘that ‘w2’ I8 in the outpnt world—class must be
above ‘w.2' in the world tréé (the ’dﬁtted tine between ‘w.i"and "w.2" ih’the'world-tree
diagram indicating that ‘W need not be immediately above ‘W9, That is W2’ must be a
stronger version of ‘w.i*as éré‘a“téd ‘by some Binding). Taken together. these three
conditions define what a bifidinig is - it can be seens from the top half of figure 2-14 that
rule (tml) sdtisfies these coRditions ‘when it Creatésam\wblndlng 'Noti that (tmi) stages
‘that the output werldclass dontains 1l the blﬁdmg-woﬂds. M éxt&t&m it contains only
the:bindia'g-\ie‘riiés.“‘fi P T O D I PR R :»Az*::'f:‘:::i‘u SRR AR
pigmamsminmm ﬁihé bath (mn aha&m*‘bﬂmp "“i?-i‘ff‘t' of 215

children ‘who ‘have' childien T See thit this is the case, mmiﬁe? the’ worid-class ‘WX’

One 6ne hand, WX Isdlkfinéd“m be'thé ou!put "Wd‘?ﬂd"ciaii" !'or'ﬁne ;tffh“'é&iﬁriﬁt' inioiving

‘the-person is Bourid: tom grandgivent. On the other’ ﬁand WX is o’ defmed to be
the output warld-¢élats For the t4h constraint’ Involving TH*E%‘"R ANDCHILDR EN. From
this constraint, WX @énting ekietly those worlds in which “the-grandchiid” is bownd to one

of the grandchildren (and hence THE-GRANDCHILDREN s ‘iof ‘" empty class).” Since

 the same output world-clins: WX is-used: for both these t-m coristraints, it means that every

World. in ‘which ‘the-grahdehilt’ ' bound ‘to one of THE:GRANDCHILDREN Is alio a
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world in which 'thz-person' is bound to one of the:GRANDPARENTS (aﬂd vice-versa).
Now, since THE-GRANDCHILBREN are i_n:ﬂac;@zqgmaia}gd _.by':tbe two binary
relationship constraints to be the grandchildren of ‘the-person’it follows that ‘the-person’ is
~ bound to some mdpar,mt in exactly those worlds in; which . the-person’ is bpund to some
_ person who has a:non-empty class of mndchlldm s

To see how this werks in practics, tha. middle.part. of  figure 2-Jb ¢ontains the
information that Jane Smith is a child.of Mary Smith. quggpmm lower; part-of 2-15
(below the dotged line) represents new information 10 be.added. to-an -existing -data-base
(above the dotted line). .This new lhfmmoammuwmnaehﬂd of Jane
Smith. Now, from this new infarmation, it-should be possible to Mﬂ thatMauy Smith is a
~ grandmother. (gven though that the new wmmmmmem at all to Mary
Smith, and indeed the user who adds the. infarmation. aeed net uqu know that Mary .,.s;mcﬁ
exists). | |

The inference is started with a {0} -Billy-joneslinf label on /_;B,illyv_}oqe,i;.lnd.. a
{0} =Jane-Smith/inf von Jane-Smith. By step {4} there are 'hbéls 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-peison’ (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 prop'agate (via rule tm2) the
+Mary-Smith label to GRANDPARENTS. Note that in order to apply (tm2), the

=Mary-Smith/w000l label on ‘the-person’ must be treated as though it were
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=Mary-Smith/w0002 - this is legal because ‘w0002’ I8 Stronger tiran 'W0O00I" and thus ‘w0002’
world-tags can be substituted for ‘w00I' onet {Riefer ‘Back' to- tigure 2-13d ‘for a simpler
examé!e of this kind: of interaction)) |

| The conclusion- at step: {lt} is that Mary Smith is a grandmother ih world ‘wO000I'.
This means that Mary is a grandmother in ‘Ihf’, siso. Consider: If Mary were not a
grandmother in-‘inf’, then  tabel-to:that effect fie. -Mary*Senith/inf) could be placed on
GRANDPARENTS without any inconsistency. However, such 3 labef can interact with the

~existing +Mary-Stith/w000} (since ‘w0O0I" is stronger than ‘inf’ ind tan' thus be substituted

for it) to cause-an inconsistency. Thus Mary s indeed s grandmothier (in 'inf"). To put this
another way, the workt W-:dﬁf‘ef; trom ‘inf"only it the presince of somme ad&l’tlrmal |
bindings. Therefore ail tabes which do Aot refet 10 thes bindings are & valid in YInf* as
they are in ‘wOOOI". * After i, WOOOr is teally omya Bookiteepiing device used to prevent
invalid interactions with other pussible bindings of ‘the-person’, and: is otherwise completely

equivalent to- inf".
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3 Using the Primitive Constraints

’T’his sectlon describes som of the useful non-primitive constraint expressions
that can be constructed from the primmves oi sectjon 2 ‘l'he structure of this section
parallels that of section 2 so that (for example) muon Sl d.e;crnbes some uses of the

primitive constraint mrroduced in section 2.

81 Uslng the'Partttiqn Constraint
811 Taxonomies ; ,

| The srmplest combinanon of partition cpmtmnu mvolves .arranging them in a
taxonomic_hierarchy such_a; figure 31 This aliows a grm saving. of space, since (for
- example) it is not necessary to have an explicit x?bchgs ;qnmmtbemm REDWOODS
and PHYSICAL—OBJ‘ECTS - it is implicit in the structure of the tree. Indeed, if %’ is
known to be a redwood (as indicated by "sx/..” onREDWQQDS).men X is-known to be
A PHYSICAL-QBJECT by applying rule pl four times). Hierarchical. siryctures-such as
ﬁgure “?;'“l are usedln many kinds of"mmn;uwwmk‘ representations - part two of this

document compares some of these with CE.

812 Intersection ;pd Union ‘ L _
Taxonomies such as figure 31 have 3 highly disciplined structure - each class-
point occ;m ‘at most once as the supgrclau in some. pa:;mpn ‘,Mn;‘.gnd.at most once as
a subclass in some other partmon By rehxtng this discipline somewhat it is possnhle to
represent all of rhe Boolean functions (intersection, unlon, camplerent, etc.) Intgrsec;ion

and union are treated h_erg - complement is treated in 3.13.
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Consider intersection: Given two classes ‘I:': and‘B'. it i; desifed”'té cbﬁstrain the
class °C’ to’ contiin exactly those ob j«:ts whtch &recmmmd iﬁ both md ‘B’ Figure
3-2a is a first attempt at this. In %, T’ is a subclis of both A’ and 'B 50 every ob Ject in
CTis necessaﬂly in Both °A” and ‘B’ and is hem in tha memaion Thus ‘C' is no larger
. then the intersection. However, ‘C’ may be a goad dul ___E_ than the intersection — in
the worst case, ‘C’ could be empty (in which case all of ‘A’ would be in ‘Al’ and all of ‘B’
would be in ‘BI'). What is necessary is to prevent those ob jects wh;c?ubelong in the -
intersection ‘C’ from mistakenly ending up in ‘Al or ‘BI’. Now, if ‘Al’ were constrained to
be mutually exchisive with “B’, then ho object A" which is 2 in 'B’ could end up in 'Al’
Hence ‘C’ would have to contain ﬁl’ m obje:u in the iamm thure 3-2b adds tlus
censtraint :hxt‘xfbeemww wlth'ﬁ‘ awﬂmﬁ.mmmm: ‘BI’ be exc!usive
with ‘A’.

Figun ‘320 does thdeed constrain ‘C’ to conuin alf of the imersectlon It some
object ' is in bath *A’ and "B, theh it should be possible to mhr fhat %' s in 'C". That i,
starting a x fibet from beth ‘A" and B should resit in a +x on €' Referring to 3-2b,
such a +x on ‘B’ would entail a‘-x on ‘Al" by ru&(p‘l’)'l"heﬂ the cxm‘A'mdthe ;x>5—r(i:;Al'
would entail a +x on‘C' by rule (p3), and we are done. |

Havmg represented the intersection function, it turns out that the union functxon
“comes for free. Consider the classes ‘AZ and ‘B ﬁi“ﬂinn 3-25 ‘Az' contaim all of ‘B’
plus-all of “A’ whtch 1 niot in ‘B’ That is to snjﬂ A contaim exactly ‘A union ‘B".
Stmilarly, ‘B2 cohtaifis exactly A" unlm 8" Since ‘A2 and '52' are extemtonaﬂy the same
class, nothing it Iost by using the sime mtenslona% clas for them: l‘-’igure 3-2c does th:s and

names the combined class D’ Thus in ¥9¢ the class '€ reprgsents ;he intersection of A’
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and 'B’, and the class ‘D’ represents their unian. .

Slm‘;g, intersection and union occur fairly frequently, it can become awkward to
have to repreatadly write ous.caples of figure.3-2c.. As.a moss. convenisnt notion, figures
3-2d and 3-2e show the abbreviated network symbols arari;mmsmim and union,
respectively. One way‘-to view them is as “mcm' for the.full structuy.e.nof figure 3-2¢ ~ in
an implementation, the union. and intersection_boxes would be expanded into the network
of figure 3-2c, and. that would be.what is stored ig the data-base.

Anather way to view them is as “subroutines” ~ . intead of bejng expanded, they
can be implemented as new primitive constraintk, which have a specified - input-output
behavior (as determined by pmpag;uon,mm) withoys any ».‘::Wﬂ,t,ariww.?ﬁne structure”

_the boxes might have, Not. only: does this save space (since: the boxes are net ixpanded). it
~also sa'ves' time during the Wunumm—mmmm .rules for. the
intersection box (for ggmmble),_can opetwdirecuyintemofthc tCll;iG&'A’.“"B". and ‘C’,
~ without having to worry about the internal state of such points.as 'M‘,‘ and.‘BI’. Of.course,
adding a new primiive consirains doe increase. the.complexity,of the inferesce pracess in
that it adds. mare propagation rules. In general, the decision a3 %0, which non-primitive
constraint expressions should e left a3 macros and which.shouid. be made intp primitives is
a maft:r of implementation md;-pffs For the purpases of the'rest.of section. 3, it-suffices
to note that just because some constraint expression is called "nan;ﬁtimmn'hn that it can

be represented in terms of the primitive constraints) dees nat mean that it must. be

mentation.

- LS

expanded into a (passibly large) network of primitives in an actwal

As an example, figures 3-3 and 3-4 show the propagatio

n_rules for the intersection

and union "primitives”, respectively. The behavior represented by each of these rules can
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be derived from figure 3-2c (for the case of two inputs ‘A™and ‘B"). - For generality, the
propagation rules are given: in- terms: of boxes-whith' can’ ‘hive more thari two inputs —
© these N-way intersections and unions can be medeled kv terins of°a Ghscadé of two-way ones

if -it is desired. to redice them to primisive piiithics ‘constraints. The rules for union are

shown in figure 3-3:

(ul) If an object is in ome of the inputs; therit'must be-in the union. -

(u2) If an obiject is not in-the o, then-it can noF B i ay of thé:inputs:

(u3) If an. objae/t:u’iu thie union and is-not in ali-but-ane of ‘the-inpuits, then it must be in
the remaining lﬁput ’ |

(u4) I an ob jeet: is nat in any-of the-inputs, then it cas-not e in the: union.

inputs, then the mmmﬁmmm&m objeet.

chmwwmmmwwmwwmmme (p)
also makes moﬁ:ﬁefmmmmwﬁm; The rulis for intersact

duals of those-for union (ks might-be expected): THey ive shown. it figure ¥4

1Y If an object is not tn. aive of the-inputs, thin' it cail Tiot Btk thid theifsection.

(i2) If an object i:intﬁcm. thén it must be i allthe inputs.

(1) If an object is ek in the intersection and i¥ in aMiButone ‘of the inpuss, then it can not
be in the remaiming’ iwpat. | |

v'(n) If an object is in all-of the inputs, then it must beé'in the intérsection.

(i5) If an input comtaing e:mtym obvject, and. If'that obiject is Coritained in all the other

inputs, then the intersection muet contain éxactly that object. -
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313 Complement |

: .Th;o‘.-ﬂ complement of a class is defined as mgmhm 40 the universe which is not
in th‘e class. Thus .the way to represent it using apa;tgtm sgn,gt'mpt is shown in figure
8-5a -- If ‘T’ is every;hmg in_the. univeug, then. ‘B l; thg comp[ement of ‘A’-(and
conversely). This b:haves properly: If ' is in ‘A’, then it canznat be in. 'B by rule (pl) if
‘%"isnotin ‘A' then it must be in ‘B’ h;uula (pS),slnu ‘x' B0 T.. .

To _cgnstra;;l T properly, it is- necessar: (9 Alate; &l,w;\rery class. is a subclass of

“T". This can be done (rather wastefully) by haviag an-sxplicit;subclass constraint between
, each class and T". It can’ be done less wastefully. by having ap. axplicit subclass.constraint
from the tops of all taxonomies (such as PHYSIGAL-QOBJECTS-in figure 3-1) to "~ all

the other classes:in the taxonomy. are. then implicitly: subclasses.of..'T’. - Hawever, the real

problem with defining ‘T" is that for a. m«:*m;-bamlwigbgb@diﬂf icukt to decide
Wwhether of not all ciasses have indest:been consiraiaed 0 be-(explisttor- implick) subclasses
~of 'T". .In view of :this, it seems: preferable.to mma new:primitive instead of
a macro, Figure 3-5b gives the network tymhol for msﬁa&f !gure 3-5¢ shows-the
two obvious propagation rules:
(cl) If an object is in one of the complementazy classes.then it can.not be in the other.
(c2) If an ob ject is vnot in'one of the complementary classes then it must be in the other.

- Note that given intersection mmgmtkﬁpgnibh '.h":doﬁn‘e; all of the
. other Boolean functions. Thus (as pmmiagdmtm 21).it -has heen demonstrated that all
| Boolean functions ‘3‘15""@"%‘"@,1.‘%4393497 W#‘““MW‘W
 Figure 3-5d shows an example which. yses al} shrggofmuctm, union, and

complement. The nefwork to:the right of the dott.duuupmmtbg facts that fortunate-
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ones are either wise-ones or lucky-ones (or both), that unfortunate-ones are al ihose that are
not fortunate-ones, dnd that all unfortundte-dnes are unthappy-ones.” Suppose that these
facts already exist in the dtu«%:se, and it a ‘usér wishes 0. know if evcryone who is both

 unlucky and unwise is nikessarify unNappy: To perforni thid inferince, the user constructs

the network fragment 6 the left of the doned line: 'AL" T the'class of Ghwise-ones, 'AZ’ is

the class of unlucky-omes, m‘AS’ixtl\e dior of the two (L6 those that are both

unwise and untucky). Tb show that aif those i ‘A% aré rieck ﬁ#yuﬁiuppyﬂe that ‘A%’ is
a subc!ass of UNHAPPY-ONES), the initiat tibettiig 'or *sx* on *A$" and’ "-x" on
UNHAPPY-ONES i (i diicussed n sctons 143} ﬁ.&wm anmmmmcy
then ‘the user knmmaanmntm uniueky mmm‘“ﬂlﬁw

~, thumw«m'w rale (1) prophgate #ﬁﬁe&"&‘tﬁd‘ﬁ?’ From

these, rule (cl) propagases:-¥' to WISE-ONES and tM?M&“’ “Thin rute {G4) ﬂelds

-x on FORTUNATEZ-ONES: ‘Fiomw this: rulk (25 produtes' st'on UNFORTUNATE-

ONES, which rule {pl) finally Brepagites as +& lon UNHAPPY-ONES! This cbllides with

" the initial -x oh UNHAPPY-GNES, indicating % i gtf. ‘Nete that this inference

in effect proves one of DeMorgan's laws (specitically, [~P n'~Q)'3 P,

SO easy to prove ifr most other logicil systems.

3.2 Using the ObperCemmm ‘Distinct Ob jects
One issue that was not really resolved in section 2.2 is that of distinct objects. In

CE, there is no easy "syntactic * check for ob ject equality (sich as’Compatinig print-names) —

deciding whether or ot two ob jects are equal can inivolve an arbitrarily complex inference.

However, in most cases it is’ possible 1 structure the data-bise so'that the ob ject-equality



inferences are very simple.

The basic idea is to dse a taxonomic hierarchy suéh'@,;_f;gwnre 3-1 to structure the
ob jects known to the data-base. That is, every known dgngaohnawmoeeur at the end
of some branch of the taxonomy tree. For_examale, AEQUOM-NAT'L:PARK'S-
REDWOODS might, be partitioned.into object classes, which represent, the known. distinct
redwoods. Now, these, redwoods are knawn to be distingt among; themselyes- because. they

are all subclasses of the same partition.(and heace are miually exclusive). . Furthesmore,

each redwood is known to be distinct from all the nor-redwoods because-at some.lavel in
 the tree there is a partition which. puts REDWOQDS a0d fhe class. coniaiing the non-
reqwooq_ ob ject into distinct subclasses. . For’gx;mlg.‘.ha‘g_\gen rg@uood a_b,d a given
In general, every object(at the end.of ?»P&%ndlf&mwm u:#),is'i.mwn: to be
distinct from every other such object because at.some place above:hcm is a partition
~ constraint which p,‘u‘ts( them into mytually exclusive clagpes: T hus when adding a new
- Sequoia National Park redwood (for example) ta the datazhase, it 1s only necessasy to. make
it explicitly distinq fram the other known Sequoia National Park udwoods - the_ hierarchy
of exclusive partitions above it will insure that it is distinct from every other ob ject in the

taxonomy.
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3.3 Using the Binary Relationship Constraint

831 TransitiveRelations- -

If, for example, 4 ‘datasbase confains the information that ‘Aristotle is taller then
Plato and that Phato e tafler s “Socrates, thén it-sHould e -akdy to infer that Aristotle is

taller than Socrates. “THis is'easy to do If everyon ’shﬁgﬁti‘skmumtrml’ly (eg. Plato’s

height is 70 inches), ‘but it is ‘not 50 easy when mwﬁumfnrmtton ‘is not available.

This section shows ‘Tow tranitive réfations such’s “tiller than® tan bé efficiently handled
within the CE représentatidn‘avén'in the absehce of conplete faetrici inFormation.

"The key o' dotnyg this 1s- thnt‘even ‘thougfr Ms hﬁgﬁt nﬂg"ht not be constrained

‘re;pect to Azistaﬂe‘j hatg&t uﬂﬂ Socrates’ hzig&t ﬁgm& ‘hiwi {inese constraints. The

stackmg ‘of the mq ﬁhﬁmﬁﬂp mmﬁ'amts uhder ﬁtli‘%&ﬂ-@? is:a convenient

notation for avoiding cresting fines ‘in‘the metwork diagram f‘iﬁ‘ﬂvpay Mﬁé»ﬂm alf three

‘4 ,‘i ﬁt ;‘1_.« Sy 't}'an

 -are meant £o'represen: the partixl ordiring  the remaindiet r this &iction is concerned

with exactly how such ‘partial Brderisgs can benpmmamums‘érmemmng ‘CE
© primitives, | : L }‘
Since CE aiready handles the transitive relations “subclass-of” and “superclass of"
in an efficient manner, the -obvious ahiﬁg to do is to represent “height greater than” in
terms of these. Thatss, Aristotle’s height m"ll be known to be gfumr than Plato’s height
because some class-associated with the former will be a superclass of (ie. greater than) some
class associated with the latter. Since "superclass of " is reflexive (ie. ‘A’ is a superclass of

‘A’) and “height greater than” is not (Plato's height is not greater than Plato's height), this
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section first deﬁcﬂbu how to represent the :l:ef»‘lexizve_.ymmifwdding «?'hejght«u‘ great-as”
(i.e. "height equal or grmr:;han"). Then a;mhniqtle &r;‘nmcsenting "height s:ttictly'
greater than" is described. |

~ To rcpresént "height as great as," a naY bbzfr‘f:dgtialli;H;EIGHT-METRlG is
needed. This maps from an individual hoig&&*%g?imfi-heigb(mn the appropriate
- “metric height” The metric height is a class such that.one individual height is as great as
ancther individual height if and only if the former's metric height is.a superciass of the
latter's. All this is diagrammed in figure 3-6b (‘AM’H'. ~f'Bld‘,H’;3a_ndi“*SMH§,are.ghe..metric
heights for Aristotle, Plato, and Socrates, respectively.) Now, shawing that Aristotle’s -height
is as great as Sbcram' reduces to showing that SMH is a suhdass of AMH, which is easy
(just start a «x at SMH and apply. tule (pl) twice). Of course, a wquvdeﬂgned user interface
to a CE data-base would contain. -’mascres"@ expand mam—ncﬂai "A it as tail a3 B”
into- the appropriate GE network — the-user -naed not vbé‘.,tmf:omhe:m-hvcl details
involving metric heights. ‘

| The use of metric heights as in 360 does Indeed: bebave properly, but it is also
helpful to have some intuitive interpretation of whata class such:as PMH “nreally” contains.
One such interpretation is to consider PMH to-contain. as: ob Mihc integers from 0 to
some N. This number N:then can represent the. individual-height-in some arbitrary units
(such as inches). Under this interpretation, PMH-wauld be the class of integers 0....69.70
- (since Plato’s height is 70 inches). Nosegthat‘.stheﬁn‘tarba!cenﬂd‘sneven refer to these
. humber-ob jects explicitly — figure 3-6b uses the partial ordn!rmgluhoag’ the classes: AMH,
PMH, and SMH without:ever referring o the objects. contained .in-them. It ‘is clear that

this interpretation for metric height classes satisfies the requirement that one such:class be a
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superclass of another iff the former represents:a greater (or equal) individual height —~ one
sequerice 0,1,..,N is-a supercisss of anocther one-0}...M HF"MsN."

Given this technique for representing "as great.as:™ it i¥ ‘easy to extend it to

represent “strictly grester:than:" - All that ic' needed id: 1d:use a steiet 'vérsioh of "superclass.”
~ For example, AMH 132 stric superclass-of PME 1f AMH i supeiciass of PMH and
PMH is not a ‘siperciass of AMHL THir i8It Aﬁ%tmpénhfs of Pﬂﬂ and there is

some ob ject which is i AMH But not PMH. ﬁgms-auﬁ’ Hfm AMH s still a

superclass of PMH, and AMH is known to contain t leiist one object (hl) Whith is ‘not
 contained in 'PM“:;‘:&M“’#PMH 182 stfict superciass ofSﬁﬂ

Now,re’yen though it is eis"yfeﬂdugh’ to stte the: fact that one class is a strict
‘superclass oﬁ ‘anvother, it-isnot so easy to gn_ﬁg_»mek:?m Such 2-"strict superclass”
inference (m&mgiam_@,m@um; for uxmwzmwmwmm The -First
step is 1o determine thatAMH isindeed a superdldss (0t netlssi sy swial of PMH via the
usual procedure. {i.e. by starting a-sxfinf.from PMH and ﬁt'rt—mff‘ om' ' AME -and ‘then
watching for an- inconsistency). The:second step: 5. +o: Siinl. s0Me ‘olfjett-witich. is in AMH
and is ot i PMH -»-uch."Cid" inferences are. dicumied in:

It is-important to-nete-chat this intire discussion -of trafsiive: relations- has been
in terms of the underiying:semuntics, mwamﬂmwmm&rcnmpk
th e user. interface 10 ¥ CE szd?u%a‘s&- might aHow sta tements such-as
;"taIlgr-thm(htktotl%&’fﬂﬁ%ﬂmm expanding-this.siatement into the network of
- figure $-6b. The use pf.such. '?kucros‘frfis tkoébumdm muz- the important
point isthat thw documeu is meemd with demonsirating CE's fonctional capabilities, not

‘with specifying a particular.syptax: for the user interface.




332 N-ary Relations
Codd’s Relational Data-base scheme [Codd 1970] uses N-ary:.relations as its
primmve construct. Section Q,‘Z.l in_part two compares Codd's system with: CE in more
_ detail - this section briefly describes how Naryrgh;m can be represented in CE in terms
of binary relations. An example N-ary relation is.the.foflowing for persons: A person has
a name, a mother, a father, a sex, and 3 blood-group. Thus, the relation tuple-for, J@;‘e
Smith might be (7Jane Smith", "Mary Smith", zfjoig:émi;h'. "fgmah", "ab”) where the
double-quotes indicate that thevitgm; in the mple,anchazaaer-string&
One common way of representing N-ary, relations.in tatms of, binary ones is to use
a separate binary relattonvfor each "slot".of the N-tupk.} thufe %% uses this technique to
represent the above N-ary relation. In tﬁis case, the binary relations used for .the
individual slots are W;-O,F.s-‘MM&-OFeMQTHinOE. NAME-OF-FATHER-OF,
NAME-QF-SEX-OE.M& NAME-OF-BLOOD-GROUP-OF.. .As.abave, the double-quotes
~ in 3-7a indicate character-strings: For example, the NAME-QF-MOTHER-OF Jane Smith
is an object which is the chacacter string "Mary Smith”. . »
Since CEmrepment ob jects.(eg: people) directly.(and. not Just in terms of their
names). it seems preferable to use a binary relation MOTHER-OF (which. relates a person
-to the M which is their mother) immd of. ,HA)@E—QF-MOTH&R»OF Figure 3-Tb
d.ocs this for all the binary relations in 3-7a except for NAME-OF, which-ia still a character

string.




8.4 Using the Inverse Constraint
841 Totl Refations

Section 2.4 shows how ithe inverse tensiraint can be used with the binary

 relationship consiraint to staite that every object ifi the dbavsini-of the relationship is indeed

related to some objject in the ringe: For example, figure 295 states that every person has a
sex. The construct used in 3-9a océurs suffieléntly often t deserve its oWn symbol: Figure
3-8a shows this symbel fdr'ﬁ"ﬁbtafﬁn&f mmm‘mdm shiows what the symbol
means. As in section 3., this éymbol cani be either a “tiscra” fof 385, of it can be a new
primitive (if implementation circumstinices warrant'it).
N
342 Quantification
‘Figure 2-15 shows how the class of GRANDPARINTS can be defined by using

the typlcal-member constraint, As cat-be seén, thid 18 a rather chmplicated definttion, and

~ the t-m constraing itself seems more complex than' the: other conetmints’ discussed in' this

document. In view of these complewities, it is: fortitiute tha mmof such

 quantification can be acremphished simply in termis of biriry reliflomigy constraints and

- friverse constraints.

For example, figure 3-8¢ gives 2 much simpler definition of GRANDPARENTS
in terms of PERSONS snd CHILDREN-OF: A 'grindparent 18 an object which has a
child which has a child which is a person. Of course, the class ‘B.I’ represents the relation

PARENTS-OF (the inverse of CHILDREN-OF), 50 another prose translation of figure

" 3-8c is that grandparents are the parents of parents of persons. In any case, 3-8¢ is certainly

much simpler than 2-13. Section 538 in part two discusses more about CE’s quantification
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375 - Using the World Com:rmt e e e

851 Hierarchical Contexts

; Section 2.5 mentioned fvtp.a;;,wqglq; an be used to. represgm a particular "point of
view” of some usér of the &atrbagg. For_example, let W;ME-;QMITHM a world-class

which represents all the warkds which are consistens with what Jae Smith (a user) believes.

“Then figure 3% represents the information that Jae Smith belieyes that all draft evaders

are criminals. That is, Jane Smith’s "view" of the daa-base includes this information.
This becomes relevant when Jane Smith initiates same inference involving the, class

CRIMINALS ~ from her poin of view.thas clays includes draft evaders, while from some

y 4

_ other user’s point of view it might.not.
When performing sych an inference, i is nesessary for the information attached
_to W-JANE-SMITH 1o be somehow "enabled”, for the guration.of the inference in a
manner which does not conflics with othe ukets poiatofyiew. To do this, 2 sinf label
18 started from W-JANE-SMITH ag part of the initia) abeling., This +inf can then
propagate to,_ classes such as .'\M.z‘s’,,.w‘hi‘ch._mg: theqppmgﬂpﬁe information. This is
indeed the d@*#sdkthévior- As for what;the. *mfhbelmwminf in the class
W-JANE-SMITH means that inf s one of the wpekls consi

That is, what Jane Smith believes is. considered ta.be true for, the duration of, current

i with Jane. Smith's beliefs.

inference. -
Now, classes such as W-JANE-SM ITH can often he structured within a

. hierarchy. Far instange, Jane Smith might ba working qn.a projec within.seme group in
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some agency of seme department: of an organization. So-Jane Smith' has' het own- private
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 thé group nawhuk;etc Such a

hierarchy is shown in figure 3-0b. Note that there may be OUhEF BrANCHES [n the hierarchy

“(forming a tree) -- the ‘project might have users in addfﬁéﬁm]iﬁewho have private

views, the gioup might have other projects, ind so forth,

The hierarchy in figure 0 s rheant 10 %pifsués the Tor torgani!’ztxon chart

for Jane's dépmmmt Hesponsibility. for changing the datk 4t The’ various levels can be

given to admintstrawr: at those Tevels. This Way. poﬁcy 1"":'ciit”fe at the agency level
(for example) can be reflected as m?onmtion in tﬁg agmcﬂ!vef v?cw. ‘Which 'amom"atially
becoimes part of ewry view Balow it in'the hierarchy. I pariicuti, any lower-devel view
inconsistencies tb appear duritig inferentes ting that lower vidw. '1n'the process of tracing

which is inconsistent with the (updated) agency-éveét view Willthuse Jo seén

this down (debugiing the Sata 'as'it wefe), the incontiitincy Bitwden the loweritevel and

agency-level View will hopefuly e found: Having' folid Bhii nésblisteics within ‘the
organization, it s necsstary to either reformulatethé agency-levef Policy so'55 to-ibt conflict

with lower levels; or to refettrialste: iower-lvel-policy mll inforiuitioli ‘5 be"corsistent With
the view impdsed ‘from @bove: “The point of thil pardgraph’is iNdt"Gsihg dn integrated

Joit's’ higher-levet goats are ity Tact-ci

data-base Within an- oFgatiitatios

vent toof For Helping to

ible with ‘Whit is being
done at lower levels.

Aniother uges for ierxrchies such as 39b is Tor privaty ahtt protection. Since the

~ only way Jane smn‘spmmmxf&*mwmwwumiumf%wm be put
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on the class-point W-JANE-SMITH, it follows. that someans. withous, access:to the class-
point is also without acce‘suojage Smuh’s view. Thus by contrelling access to a limited set
of class-points.it is_posﬁble to control access to g.l_l, the infarmation attached ta them. In this
way, the security and, privacy siructure of :hcdgu-bau san be made quite independent of

the particular pieces of data to be stored withjn that structure.

852 Naive Probability

This section shows how.a world-class hierazchy-can be uved to handle qualified
information, such as "It is likely m;g,,,jan‘q_ Smith’s mather ufxuyfvsﬁimf and "Most birds
 can fiy." The bask idea is to se5 up-an .nrder,i‘nsr. such as figure 39c. The categories such
as “very likely" represent a division of the probability. continuym into- disczete pieces. No
~ attempt will be made here tp assign exact numerical values to; hese categogies, and indeed
they will not be used in a manner which suppom‘mndard probabilistic calculations: For
_ example, it turns pmxhat,thc prabability in thuschmnf "P. and 4 -is the-minimum of
the two individual probabilities, instead of being their product (usder the assumption-that
P and Q are indgpendeﬁz).» |

In any case, it is.necessary tg,exphin;exaetly\vhabmef;chsses‘in 3-9¢ mean and
how they are to influence the behavior of the inference-progess:. Like other world-classes,
the ones in 3-9c are used to enable various pieces of information. In this case, a class
presumably enables information of the approprise. probability.: For example, W-LIKELY
might enable " Jane Smith's mother is Mary Smith,” which: wesld mean-that it is likely that
Jane Smith's mother is Mary Smith. Now, the classes. in 3-9¢ irepr_eﬂnﬁstf\a.~dif ferent levels

of 'réliabuuy‘ which a user may demand of the data-base. That is; if:the user wants
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answefs:v_vhich are "certain,” then only the information enabled by the clits W-CERTAIN
~ may be used in deriving such answers. If the tiser'iy wilting-to #ctept "iimost certain”
answers, then the inférmation enabled by W-ALMOST-CERTAIN @n be used in addition

to the W-CERTAIN information. ‘In gerieral, if the user déma

ds a particular level of
reliability, then only information which is At lexst thit Telinble thdj be used during the
inference process.

Thus the general strategy is for the user to pick a'reliibility level (such as
W-ALMOST-CERTAIN) and stitt a~ +inf Tabet from ‘thmt-class.  This +inf will then
enable all of the information attachied fo that level“dnd will aso propagate fo ali higher
levels {such as W-CERTAIN), enabling this iformatiof too. Intidentitly; this shows why
the probabihity of "P and Qs the'miniinum of the individual pro&ﬁ*mem “*p'and Q" is
int’efable when ‘both Pand Q are -enabled, which mri Wheri ‘the' teast probable ofe is
enabled.

- - Now, some users might niot want to be required to ‘et SSme’ reliabitity level before
initiating an’ inference - instead, they ivight like the dativbasetly iHak¥ the Wferénce and
then tell them after it is done what its reliability level is. mw&ﬁaécdmpnshed in
several ways. -The most:drute-force & 10 first try: the inferenée with'a yetiability level of
“"certain." If that produces moanswer, then the next lower ?Mﬂiéy‘«‘tiﬁ»‘bﬁ* tried. In
general, the inferense o be ‘repeated - using successiveély er‘iﬁmﬁty levels until it
produces an answer at:sowe level (assuming that 'w‘fpkm;iﬁ"iﬁiﬁ?ia’f all). Then this
meér has the reliabiliey of thac level; which is the hiighest applickbi ohe sirice the devels
were tried sequentially, in-decreasing-order.

As with the t-m constraint, such Sequentiit processing’ cari’ be eliminated by using
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- more than one world at a time. In this case, the idea is to stast a (different) world-ob ject
label at every reliability level. Then the one with highest reliability which. produces an
answer represents th§ reliability of that answer. A good way to implement such a multiple-
label scheme is to use the woertré mechanism intrqgum in section 3.6 In this case,-the
world-ob jects started from the classes W-CERTAIN, wu,uqsrcmum etc., will be
called ‘chgr;;in', 'w-a_hno;t-}cggtai’nf. etc. Furthermore.:bmob jects will be arranged in the
world-tree in the gténner of figure 3-0d. The Wadmtageof dgmgthls (instead of
ietting the different world-ob Jjects act mp@ly mdependently) is that the different worlds
can interact: If for example a label with a world-tag of 'w-almoscrtain’ interacts with a
iabel with a tag of ‘v:v‘-‘li,k‘_ely' at some constraing, then ;heresumng la%l;élsyjl'l pgo'g;gate; u;ith
tags of ‘w-likely' (the "stronger” world — see 26 fora fuller discussion of such interactions).
funherﬁore. the resulting rellabijgty of the entire iknvvt_‘g{gnce canbe seen immediately by
looking at the world-tag of thg la!:els ;nyolvgd inthe mﬂuion l‘:v.t.gl:ch ends ;he‘inf erenc? -
the worlds;_a_g af the ‘eollisior‘t will be the reuabmty-levclof‘ “‘,Si,“.’&?"- :;pr' the Aetails of
the foregoing are not too important - the s’tgg;lv_f icant aspect of it is that sequential
p@sing ("time") can .be:rather easily traded for mumgje wor!ds ("space”).

Note that the probability mechanism of this, sectlon can f:‘i-m‘er__ag;g‘\‘«vit‘h the context
‘mechanism of the previous one. For example, jane Smith’s data-base view might include

"it is almost certain that draft evaders are criminals” Figure 3-9 diagrams this -- Jane

Smith’s view enables the attachment of "all draft-evaders are criminals” to the “almost
certain” reliability level.
Also note that information which is not explicitly enabled by any world-class (via

some world constraint) is always “enabled” (because it is not relativized). This means that
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 information which 15 not attached to a reliability world-cliss is ‘assumed tG be maximally

reliable; and that inforarion et attichied 1 & “view® world-class i part of ¥# views.

853 Rﬂaﬂv;zm: Other Cor e s

Since the world constraint IS a relativizéd version of the subclass constraint, It
seems reasonable to ukwhyrekuvmdvmiom ‘of the ofherpﬂmiﬁvu constramts have
not been presented The reason is thit ihe Mvandw&b&e&u&tnimuﬂbe used to
“insulate” any of the other primitives sich that the primitive is aceessible only In the
constraint (which was copiéd from figure 2-4). ngm%, nhtivimtt*to the world ctass

W’: The twin world consirainits serve o “disconnect® one side of S0 except for worlds in

e Ryt

‘W’. The same techmque an ‘be used with aﬂ thc ot“her primiﬁns
There i u, howcver one mﬂ difference between tﬂe world comtramt and

relativized versions of other constraints. ‘The world contirain can f process " Tabels on its

f'l FLr Tl W

woﬂd-dass By pmpagmng' hbeh whick dmy that the subclass conscraint iblds in world
For more compfex aonmlms. ‘However, its not gm’lly peu&b& to ﬁnd i pattern of

1o

" labels which represents 'the denlal’ of tﬁe oomtraim. ‘l”fus is &:.33 mthese more comptex

constraints ihvelve 4 son Jinbidn ¢ arion 1 06k whle G S 4 Scied, i 5 o
problem - mobt appticitl’ém of relativized éonstnmts Tivolve * abels {for the purpose of
“enabling” the constraint in the specified worlds) and not *-* one&?of’exa’ﬁ'osle. “* labels

play no necessary part in thé Rierirchies &ucribed above'in’ 8.51 m& LLD AN

f‘%:-’%a"ﬁi Bosyitoas £ ST
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36 Using the T-M Constraint Tempiates e ags e :
bmary relationships, gtch one specifying one. at;tibute QMQQ indi\udunl {ie.one slet in
the tuple). Now, 1t -is not maningfui just to assign any,ggbitragy ghject as the vaiue of

some attribute - presumably the MOTHER-OFL »

SEX-OF must one of the SEXES msle' ‘fcmale' ) B TMM&WMSM be specified
for persons in g__e_ra_ as shown in fignre S-lOs. Mgn; of, thg,pigges of network .in 3-10a
have appeared before as isoiated fragments in previops dum by figwe 102 begins to
hint at the kind of rich interconnection which occurs in any non’t‘rivi_ai CE data-base.

. _l-'iguie 3-10a is an exan‘\ple of a “template™: it uses at-tn mnstraint to descripe the
typical person (aor whatever) in tetm_s of its attributes. Note that only one t-m constraint is
needed in desci\'ibing all the attributes. This is fortunate because t-m constraints are rather
complex computationally and it would 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 suffice for all of them.

As shown in 3-10a, the template only specifies the functionality (eg. one-to-one)
and range (e.g. female persons) of the various attribtites. This could have been done
(rather wastefully) by using a separate t-m constraint for each attrii)ute. such as figure 2-13¢
does for MOTHER-OF. However, using only one t-m ca_nstrsint.as in 5-10; has the
further advantage that it allows the specification of constraints between the attribute
values. For example, presumably the-mother an‘d the-father are married (ignoring
complications such ag iilegitimacy ‘and divorce), and furthermore they are married only to

each other (ignoring polygamy). Figure 3-10b shows a network fragmént which expresses
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these constraints — the class-points ‘the-mother’ and ‘the-father in ‘S-IOtb are meant to be the
same ones as in 3-f0a" Flgure 3-10b afso lncludes the general mformauon that

HUSBAND-OF and Wﬁ‘E-CF are inverm, and defmu SﬁOUéE-OF in terms of them.

N o] ’f “ wﬁs»f i
In summary, 2 tﬁhphte for a clm*pmvidu a genem structure of constraints

\ ”“!\ e i

which must be sad!heﬁ‘ﬁy ‘the artributes o&‘ uch ob ject m ‘the class. 'These constraints can

Y BT

involve eithiet dhie attHbiite or more than ore. Struoturaﬂy, a template cbnststs of its t-m

8 i\ ;443“‘ 'a“:’? ‘h

coristraint, its relevant -set of iuﬁﬁutu (’or slots‘? and a network “of constraints %ich must
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‘Part Two - Epistemology, etc. |
“Having examined the detailed structure of the wees (in part ane), it is now.time to

look at the forest. Section 4 briefly discusses why representatian issues are important in the

first place, and divides the CE representation irto four more-or-less mdcpendem “laygrs.”
Section 5 then discusses some of the representational issues appropriate to each layer. Using
these issues, section 6 compares CE with other data-base and artificial-intelligence

representations.

4 Generalities
41 Why are represe‘qtatlonkal?is;sue‘s important?

The representations used in an. lnformation—processtng system f undamentally
affect the kinds of structures which an be'hﬁilt and the kinds of processes which can
_operate on these structures. This is true even if two_ representations are in some sense
equivalent - the dlffgrences‘m' their ba;xc structures wl_ilyl. sg;ll ‘afifeg;.t!\_eir ‘macroscopic
_behavlc_or:. For example, conslder the vdifferen@;.e"bg_‘tw» R}Q(‘nanV;mA'.l,Arabic_'numqrals.
- They are formally equivalent in that either mnbe used to represent any positive integer.
| ‘However, it is cxtremgly difficult to do long division (for instance) using the Roman
representation, much more difficult than‘if the Arabicrepresentation 'i_§ used. In this case,
it is relatively safe to say thatr Arabic numerﬁk are a 'be_ttet' representation than Roman
numerals - the procedures for manipulating tﬂl“\e’ Arabic mmare .easier for humans to
perform.

If a differen;q of _:representatioh' can have such a great. gff ect within the simple

domain of arithmetic, it is not hard to imagine. the correspondingly greater effects such a




64

difference can have in more comple‘x'domaim. One such demain is that of computer
algorithms, and this domain' has literally hindreds “of “different répresentations (ie. the
* various computer umguagu)‘. ech of which his some Partisent who atcldim it to be the
"best.” It is not'the putpose of this document tb eNgage i such a “language debate.”
However, it often is mmmmmmmmapmm waliohi With existing ones ifi order
get a better grasp of its strengths and'weaknesses. Tt if With this in find that'section 6

Y

compares CE with other representations.

42 Why is the CE representation interesting? |
. This document makes three claims for the CE representations. - The first Is that it
has a great éez‘l‘lef dpris'giVb piéw‘cr”“--: ftis mffkkmiynch to be able to
represent a wide range of information. The sécond cliin i that CE has a Tirm formal
semantios - this allows precise statements o be made abexit the meaning and behavior
of the various CE expmmm ‘The mature of this semmantics is éismmé in section 5. The
‘third claim is that CE has a high degree of moduiarﬂy (m merzt serises of the
" word) - this allows various “parts® of the representation to be discussed without worrying
too much about how thay will eventuafly tit toguhcr Into "wholes” 'Also, this moduhrity is

largely responsible for CE cbmty to mthe use of pan}k“ﬁm (@iscussed beiow)

43 Moduilarity —~ Layered Decomposmon
The fact of CE’s modularity permeates this entire document: Section 1 discusses
label-propagation without régard to how 't’t, will be éonsirained; section 2 discusses the

primitive constraints without regard to the macro-structures which will be built out of them;
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and then section 3 dlséh;ies' these macro-structures. Using ttusduomposltion,it is possible
to discuss CE in tems of four separate sruetyral "yers” They are.
(1) The idea of label propagation in general; . . ..
(2) The particular labels dewcribed in section 141,
(8) The particular prlm;tlve constraints described in terms nfthmlgbela -
(4) The particular macro-constraints made out of these primitives.

Section 5 discusses the differentrepraq;mlogalmwmcham apg;gpria'tg to

each of these layers. Having a layered d such. as this makes a complex system

_much easier to undermnd When study;ng cpnuructg At one hyer, the comtructs of the
previous: Iayer can be conndered to be ammtc and, thelr ﬂng-structure can be ignored
Tndeed, Simon (1969] proposes that humans can understand complex. systems only when they
are layered in such a manner. | e o ‘ ’

Another advanuge of a layered :ystem is that the upper layers can be modified
or thrown away without ‘dlstq\rbxg; the lower °°°3- s:!""g“t!ﬂxﬂ‘:h layer of the CE

_ representation involved its own design « decistons (spme rather gyitg}trgry), it is quite possible

T

th’at‘ someone else vmlg‘ht_‘wa;pt;t?ggatg a simlbr system moogporgtmg different design
decuiﬁns. In doing this, the layers below the one to be chang'ed. cad, be carried over intact
-~ it is not necemry to re-excavate the foundation in order 10 repamt the roof. For the
~ benefit of those who might be interes;ed in making such ch. ap,gendnx D discusses

, _alztematlves,to some of the design. d«islonswh%chgrggmbodieﬂ mthns,qocpmem»



" 5 Some Representational Tssues

This section presents sémegeﬁerﬂ representatioﬁa[lssues anddiscusses CE's
position on them. Section 6 below below dtscum*uth«repr&mdtiom' positions on these
same issues. Section 5 often refen to “other repruenmiom ‘in gemnl ‘without glvmg any

I T PRI SR
H 3t

details — these details cin'be fourid in section 5.

51 Issies relating to labél‘propagation in general

511 Modularity — Relating “local” t6 "global = " 7
Section 4.3 discussés one kind of modularity ~ - the abluty to decompose a complex

 system into more-or-iess ‘Indépendent layers.  This “iaction consders ‘2  different kind of

‘modularity, 'Which aliows' compléx’information to be représenid I terimi of more-or-less

independent chunks of “local” information. Now, all of the;epf:mnnons discussed below

iy R

EIRE
tiueir tn?ormation (however

Have this kind of modulrky o esen The
complex) in terhs-of ‘somé skt of Tocallrmunf’ng?‘ul'iar‘imitives" ‘However, the

| ;representations differ with rspact to how a glven cmm’i of Ml omat:on mteracts with

proernowdy oanchosepav gl e i gosel
the chunks of |ocai Inforﬁmnon o ' _ ¢

In'CE, labél propagation provides the one and only chanrief for suchmteracuon

This is an extremelf’ $itgle ehanrel = okt other represeaﬁfium e Far ‘more complex

: bal tb;amng of a CE

ones. The siir}p_-jlic‘"itf'v’d‘?: the channel fakes it ‘easy to deséribe the g
expression in terms of the local meanings of the primitive constraints - one need not worry
about possible complex interactions, since there are none. In gemril. minimizing gratuitous

interaction greaﬂy simplifies the task of anmalyzing and/er syntlwsizing complex ("global®)
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expressions in terms of simpler (“local”) ones. Many of the benefits of “structured

programming,” for example, are due to exactly this kind of modularity.

512 Logical Semantics :
The use' of a simple intgraction channel also allo_ws the precise sgecif ication of
what a representations primltives mean in the first place That is, since aII interactions

occur through a weu-understood channel the only efcht a pﬂmmve (or other) expression

%
t

can have is in terms of how it tnnstntts and )receivu on that channel. Thus the complete
meamng and behavior of a primitive can be specified in terms of its input- output
interactions with the channel On the other hand if a repmentation uses a complex or m-
deﬂned channel, then it is usu‘ally xmpossible o complgtgly,spedfy;a primitive’s input-
output mteractions That is, it is not well-defined what the representatlon s pr:mntives mean
locally and how they interact. | | | | |

Woods (1975] and Hayes [1974] both protest the fact that ‘mt\‘ny representations do
not have a precise semantics’. This is not to say that ;eéregs_eqta,tieqslwithout a logical
semantics are "meaningless” -- they may wotkt _very‘ well‘_i.ndegd on cgrtain kinds of
examples. However, it is usuaily impossible to infer from th,e_}éapthor's;q:{;amples anything
about how even ntinor changes in sonte dgtatl will affect the global {strq;tg_r,‘e. :Espefzjally, it
is difficult to see how far the representation can be :extendeq‘ to cover new examples.
Another problem caused by the Iic'k of a logiql sgtn’antjcs. is t;ha_t:_:i_t makes it yet_y dnf ficult
to compare two representations - if it is unclegr_’ what one (qt both) Areaﬁllyj' mean by some
construct, then precise comparison of the two is irﬁpo;titgk.

Yet another problem is that lack of a formal semantics can encourage sloppy
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thinking. For ‘ln;t'ance. a primitive withﬁut a precise definition may end up being used in
examples where its name seems appropriate, even though o real mechaniim is given for
handling those examples. Woods [1975] and McDermott {1975] point out many cases of such
“wishful mnemonics” and other kinds of sloppy formulation. To be sﬁré."hivviﬁg a formal
semantics does not make one immune from error, and for some :epmentations the required
formalization would take more effort than it would be worth. However, having a logical

semantics is definitely an asset when trying to use, study, or extend a represémdtion.

5.13 Procedural Semantics

A légiéil serantics tells what a given expression “means”; a procedural semantics
tells how the expression "behaves” Presumably, a representation elmts for the phrpoie of
its being used, so one is ultimately interested in how it behaves. Ina ripfese'niatién such as
CE which is based on label propagations, the logical s:’cmsilt‘tct‘i?agﬁd' 'theﬁ":[_’:roced‘u‘ral
semantics are tightly coupled: An ex‘préssi'o‘tz'\’s meaning is defined in terms of how it
interacts with various kinds of labels, and its behavior is determmed by thesé interactiofis.

One advantage of having such a tight cw’é’!ing is thtt it makes a :représiehtmon
easier to use. Instead of having to keep in mind both the meaning of the “data” (expressed
in terms of the'repreieﬁtitioh) and the _behavior ofsome external procedure which accesses
it (presumably éxpressed in some prdgrammmg“laiﬁguagé), the data imif spedfiés both its
meaning and the behavior of the accessing procedure. Of course the data might not be
directly executable by sore given "'piveee of hardware, in which case a simulator is needed.
Appendix B discusses three different possible im;iémentations of CE -- one mad.e of

parallel hardware which executes the primitives directly, and two Which simulate this.
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Another advantige of the ﬁght coupling. is that.it makes uystem easier to debug.
Since the accessing pracedure operates in a manner which é;r_alig}ls,xhe sananticsjof the
data, the state of a procedure (in case of a crash, for instance) will be in semfa__n;_i:_ally
meaningful terms. In the case of CE, the inf erence, prosedure’s state can b defined as the
states of all the class-points (in terms of what labels are on them). Thus.if there-is a crash,
the inference procedure’s state will be easy to 'express in a sema:itially meaningful manner
(eg. "thevob ject ‘x" is known to be a person®), and things can be debugged on this level.
Furthermore, it is the case that labels are never erased during an in{g}gqce.-- new.ones may
. be put on a class-point, but none may be removed. Thus.nqt oply the cusrent state but the
sgmg!gts,migm of previous states is availlable during debugging. Note that “error
analysis” can be viewed as a high-level form of such debugging, wherein the “bug” is some
kind of inconsistency caused by bad data. In this case, the histoey of the relevant inference
can be used to dete_rmin,e the path of dam-amsstha:hd;gthe inconsistency, which is
necessary (although certainly not sufficient) for determining exactly where along that path

the Verroneous datum lies.
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5.2 Issues refating to CE’s particular labels

The remarks in section 5.1 apply to any system which operates via label
propagation. The remarks in this section apply only to systems which use labels simifar to
the “+obj", “:0b ", and *cb" lubels of CE. Appéhdix D°diicusses a similar labeling scheme
using slightly different tabels ~ most of the remarks if :mm apply to that schéme

N

also. °

52.1 Fregean Systems | .

CE (and all the other representations discusséd’ in this document) are “Fregean” in
that their universe consists of discrete objects and MM&M “In CE's
case, this is 7 coﬁs‘e_quemiofrﬂw‘fatt that its tabels ae defined as nhtmg discrete ob jects
to classes of objects. The reason for mentioriing all this fme is that there seem to be
certain limitations on wiat Fregean systers cin represent. Hayes I94] discusses this in
more detail. One of his examples is "substance” A substance (Jach as water) i; usually not
thought of as being composed of discrete objects. A pail (or drop, or ocean) of water seemns
to be a single di‘sfinguishtb!e ob ject, but what of the water itself? K is the existence of such
issues which indica_tg thai the final answers to the mpresenmibn probiem are by no means
available (especially for mphhticited Artificial Iﬂte%ugm applications). However, the
state of the art is such that it does seem profitable to aﬁ:ly Al technology (sucﬁ as CE) to

the problems of data-bases.
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522 Consistency Chgck,iag:

v, CE’shbcls_ are designed fa faeilitmfcqumr:;he;king,};;an inconsisteney is
- detected iff a_"obj" label collides with a "s0bj" (9:&9;&3]'»’-)@1& some class-point. Section 1.4
shows that redundancy.checking and th? answering. of quussuqaiﬂﬂ be. subsumed
under consistency checking; appendix A shows how this can bé ‘extende,d to "find”
questions. An important reak-world data:bageaaypliﬁim of a@he@mmyﬂchecking is to
- validate incoming data.in terms of what is-already known, - If am:inconsistency. is detected,
then something is. wrmz md,ihea.afppréptm actions should be taken (such as rejecting the

bad data, re jecﬂ_ng_ it and logging.a. record of the inconsis

ncy, asking a human to coprect
it, or “tempﬁmg some form of automatic errer W‘Y‘“?ﬂém@) o

wfibe

... 523 Additions / Deletions /. Updates

Using CE, chacking, the consistency of new data, with tespect to the existing data-
‘base is the way to validate it before adding it t0 the émabm ;—M;;rmmu&ions; which
do not have a.consistengychecking pracedure de,chowexer, have other means for handling
. the addition of ne‘w,r,.g%ta.‘. Similarly, some represeniations, previde special means for
. handling deletions of e,iisting data. An update, of couxu, can;be considered to be a
deletion fq}lowgd by an ,a,d}giuprg,. 50 thqgetegmgqcam;ym hangle, additions and
deletions can also handle updates. In addition, some mm:have:a;qumg‘(more
efficient) means for _updatgprdcessing. |

CE does not provide any additional mechanisms for h;ﬁdl'ing deletions (and
hence updates). In general, deleting a piece of nevtwbrk‘ from a CE data-base can nat

possibly cause the remaining data to become inconsistent: Inconsistency is a state resulting
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when "too much” is khﬁwn (in particular, when both an assertion-and its negation occur), so
defeting some' data from:an: existing data-base (whith; atthrepomerphicaily, makes the
data-base know less): ik safe-operation.: Noterthiit: deleviing. the: datum “a” means that the
data-base after: the-deletion: does riot: know- 'u’~mmwmmnrha ‘the data-base
knbm -hot‘ o ETTRE o ) Gl e P t .

' Thie: one problem . which can: arise-during & deletin iy that some data- might be
stored redundantly. Fer- exampie; thie-dine-base mighit contain’ bt “Jane-Stnith is in the
class FEMALES® and “the SEX-OF Jane-Smith: iz Tertite!™ (¥lony with'the general
information that FEMPAL ES-is- exactly the'class of* obmwxhhua sex: of ‘female’). In
this case, deleting "Jline Simith 15 i the ehw?!ﬁﬁﬁﬁ*%m&uwﬁndata—base to
forget the fact that;jim Stﬁtzh. is feniak - theuadw redundant data: will still. imply it.
A degenerate case of this is whmthemdmwwm*mng one of the
instances of it obvieutly ﬁwm@fmwmmm&wmwmam manner of
telling whiethier a. deleted datum: is: still. implisd: by th ditasbuise: This is: simply ordinary
is an incomi’sf!ﬂcj,v 1 ‘there is; then: the dati-basd 4

o O I e Gaturs andsee i there

ST oI

Having ‘detected ‘thiy atromaly; one i in the ‘Same sittiition that ‘occuss when an

inconsisterrcy is detected Buring the addition-of Qatd - 'sie tlever progiam (or person)

must be cailed to-detormine-ow to relolveithige. o

VoS ey




53 Issues relating to. GE's primitives .
- 531 Logical Consistency
The discussion of “consistency. checking” throughout this docyment has been

. based on thek_suppo;mon!thatwwhgncyg_‘a_ epr

on's inference procedure.signals.an
. incongistency, thep there is in fact inconsistent data in thedaga-g;ae(such as having both
"Jane Smith is in the class FEMALES" and “the SEX-OF Jm;&mk(hl; ‘male’),. Hoyggver.
it might be the case thnt the inference pmdun occasionally signals inconsistencies when
there are in fact none. If the inference prooedﬁre cin not be relied on; then the task of
: cqqsiste‘njc'y checking is made that much more difficult --. ip ;__wch wgs, it is not clear
whether a signajed mcomutensy is mnlly due to inconsistent dm or is just an artifact of
the inference procedure Thu; it is usef ul to be.able to show. thaun mference procedure is
“logically consistent” — that it never signals spul;jouunmnumiﬁ. .

For representations with complex ad hoc inference grocedures, it is very difficult
‘ ((if,,l_!ot_tmpqs}ﬁble) to show that they are Jogically m@si;tén;. -For CE, it is easy to
demomtrate.logi;al consistency because the behavior of the inference procedure is tightly
coupled to the meanings.of the CE primitives. Conﬂder _,AJI the inference ,prbcedufe does
yvhi;h A’e}xtensi;onjal ob ject are (apd are not) in the yarions{};l’a‘{sgﬁa !7!9.“!.-,3 spurious
ihconsis;gn;y could be caused ‘only by putting a "wrong” label on a class (eg. putting a +x
label on a class C when the daja-base does nat anywhere imply that ‘gc,,’;,js in 'C'),;.,‘ However,
section 2 shows fh;.t,nig inference procedure only prapagates, the “right”. labels: For each
primitive in sectiqn 2, its Iabel-;')ropagating behavio( is difeﬁtl_y.dggjygd from i_t; me_aning.

Thus there is no place where a spurious inconsistency can be introduced.




"

Note that a demonstration of logical consistericy requires three ﬂsmgﬁ A logical
semantics which describes what the representation means; a procedural semantics which
describes how the infererice procedure behaves; and some form of “cofiiection ,l';etween the
two to show that the behavior is i fact compatible with the meamng “Fhus it is Tmipossible
"to demonstrate the Togical consistency of & representation Which does not have 'S"o't‘h a

logical and a procedural semantics.

532 Logical Completeness |

A re\"p’rese’n‘tati(m can be said to be togicxlly complete if 7 every possible
inconsistency in the data can be found "by the mrermwpréd&m(gwmehoughﬂme) It
turns out that CE is not compfete « a simple example is shown in Tigure 5. Mere, it is clear
that ‘A’ and ‘C’ contairi’ the same objects (since bith ‘A’ and ‘¢’ must contiin exactly the
same ob jects as ‘B’). However, it is ngt possible to derive an inconsistericy st'ifting with the
labeling that some object ‘%’ is in ‘A’ but is not in 'C’ ~ nond of the propagation rules can
be applied. ‘

Now, all known complete inference procedures for sulficténtly rich r’epmeﬁiitims
(e;g. those containing at leist the Boolean connectives) end up taking timé proportional to
an exponential fur‘:ttiﬁn of the size of the data-base being used. Indeed, Karp (1972)
presents rathematical evidence to the effect that any cmpkteﬁferencepmdure for any

ratelj large dai&bise,

such representation must take exponential time. Thus for a me
having a complete inference procedure is of absolutely no benefif untess oné is prepared to

wait a very very long tinmie while it runs.
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533 Practical Completeness , o :

Since logical completeness is so impractical, the best that @n be.hoped for is that
a dara representation be reasonably complete and éfficient with 5’;‘39“*-»;‘@"”9 kinds of
structures that are.v most commanly encountered in the dﬂﬂ'bm Lacking any large-scale
empirical evidence as to how CE and other representations perform in practice, the issye of
practical completeness can nof be rmlvéda thus no mention. is made °f L& in_section 6.
However, it is reasonable to say that GEPW cerpaip .“”‘P‘*.m““’“‘“ {for humans)
such as f;ll A are 5‘.‘ in a computationally. simple manner, gng. that the degree of
computational complexity involved in processing a G;E.cx,pmsi% @K‘??W@’ easonably well
with the éxpr_esstonf; .intuitive complexity. Whetber ornot this is of any.importance

remains to be seen.

534 "General" vs, "Specific” Information
A significant feature of CE is that the same.set of primitives '».i,s used to reprasent
both "general” and “specific" informationl; An‘exainple bf'gen;em information is: "Every
person has a unique sex, which is either female or male” (iqpfmm&lﬁh) An example of
. specific information is: "Jarie Smith's sex is fem-kf (igure 24a). New, since the CE data
representation and inference procedure make no built-in distingtions betmn ('general” and
"specific,” the ;tgg]e\:mfereﬁce procedute,im,ﬁg_te;gzg[,,gf.;Q,gf,fouow:ing -kinds of
inconsistencies: » , | |
(1) Specific vs. General (or vice versa). Some pmg‘gwfk.muiis?mmi'stent with the
general information. l-‘ar eumple. the spacific information: that :J_a,ae Smith's sex is Mary

_ Smith® is inconsistent with the general information.that “every.person’s 3ex is.eikher male or
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female.” (Presumably the general information contains a takdr&ﬁﬁrfy"sﬂ’i‘:ﬁ‘ as igure 3-1
which has SEXES be fmutoafly exchisive with P‘HYSICAL-@?]ECTS Thus it is known
that the ob ject ‘Mary-Smith® is not one of the objects ‘Male’ and female’)

(@ Specific vs. specific: TWO pieces of specific data are mutually inconsistent. For
example, "‘jlzne\ Smiith's sex is female® and *Jane Simith's sex ‘is ‘male™ Each is consistent
* with the general inférnﬁtﬁhj;'bii'{’théy are inconsistent with eath otkier. < |

(3) ‘General vs. generak-Two aspects uf‘the general infofmation'até mutually ificonsistent.
For example, the genéral information might contain al} Uraft viders are ceimihals® along
with "some draft evaders aréfétoes® dnd "ho ietoes are cristindIt™ Siich'an Iniconsistency
~ could arise{for instance) if the general information cirhe from dif perent sources.

It is significant that the same procedure which deteet’s_ingdﬁﬁit@i?c‘iés‘im’romng
specific information can also detect inconsistencies in the general ibforma-tiqn. For a given
data consistency-checking application, this feature:mikes: uwmmymierto "debug”

“the general information whiéh i¥-to be-used mcmﬂwmwmmérmauon

s S el ¥ A
RS ERERETINR S AR

535 "lncbm;ﬂeee‘-_!hfmimﬁ NP
In-addition to-being usefutfor- consistency checking, uw« the'same priritives

“for general and: spedﬁ! fnfdrmanon facilitates the refirese ste nformation.

For example, one might have :wmmm that "sll dritt evidérsare criminals® without
having an exhaustive list of all the draft evaders. In some rgpmtationsi the only 'way to
state that "all draft'evaders ateieriinfiels” i to take stich a1 of il deaft evaders-and to
state: in‘d'iv/idua}ﬁ for-each one that'he s a cHmtndl’ Ay, theé ity wily to afiier the query

“Ate all draft evaders criminals?" is't6 examine evéry intividuat aratt evader th the data-
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base and check if he is a criminal. It so happens that of a!l«*tJh;g tepresentations listed in
section 6, the only ones that can both make statements and answer queries. abaut incomplete

information are those which use the same primitives for general and specific.

536 Quantification — Explicit, Implicit, and Sloppy
For‘tﬁosg representations which do represeat both general and specific
information in a similar manner, some means is needed fqrdmlnguuhing the two. For
exar_hple, "(H_AS PERSQN,,S??S)'. might mean (19 sgme h;pgghggéal.pgp;mnq;;on) that
'some person has a sex, or that eiery person has a sex. or that jll [persons haye the same sex,
etc, etc. There seem to' be three diffgrent techniquufot hymlgagxhedmmcnqnhcxween .
"general® and “specific.” L | . |
The first is to explicitly differentiate the two by issoci'ating different quantifiers
with each (or by associating a quantifier with one and leaving the other as unmarked). In
CE, explicit "general” quantification of gpjdgu i3 provided, via the typical-member
~ constraint ('wifh all unquantified ob jects b,eing,””spo.gt:f’jg').,,,ln,mtvco?this. mathematical
logic provides explicit quantifiers for both “general” and “specific” (i.e. "V and "3,
respeqstvely).
'f'he second techqiqug is t§ use primitives which_involve implicit quantification.

In CE, most primitives are defined in such 3 manner that_they can be applied to general

classes as well as specific objects. In some sense,”CEg only deals with general classes, +~ a
specific individual ob ject is represented as a class which happens to be constrained to
contain exactly one object. To see the quantification implicit-in the primitives, consider

figure 2-8a, which states that PARENTS-OF andCHlLDREPg-OF are ipyer;g__s}l iof_ each
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other using one primitive constraint (and no ex.plicit quantification). In mathematical _iogic
(which makei all quantification explicit), the same thfng'ffwotitd be written as:
VxVy[PARENTS-OF(Xy) » CHILDREN-OF(yx)]

The third technique for handling the distinction between "general” and “specific”
is to ignore it. This can lead to ambiguities such as the above "(HASPEitSON SE*)."
This technique will be called “sloppy quantification.” Note that onfy those representations
which do not have a logical semantics Fall prey to sloppy éuéﬁtification'" -- having a
~ semantics preveénts one from ambiguously using such words a5 *hat" Woods [i975] and
Hayes T1974] p»oiz‘it“‘éukt several kinds of sloppy quannﬂcation Of course, those
representations which do riat allow both general and:pmfic i%formation have no need for

any sort of quanﬂfidtion in the first place.

537 Worlds and States

One ma jor difference between CE and cther representations lies in CE's use of
the "world object” and 'waldv‘.chss' comstructs. A mﬁﬂbjoct represents a '(biniilly-
~ specified) state of the universe, and a world-class reprezem:amiccnon of these. A
significant feature of CE is that it treats workls as entities which can. be mnipiﬂatéd in fhe
same manner as. sirfipler objects. That is, workd-ob jects maj hquanﬂf ied, may participate
in bina‘ry‘ refationships, and miy in general be used in ail the ways. fhaf‘dfher'objects can.
Thus it is possible to reasom about worlds in addmon co reasonmg *within" them.
Appendix C shows how the umformity of tt\is appmch makes it relatively easy to reason
using “knowledge about knowiedge (such as "Bmy knows who _]hne Smlth's ml father is,

and she doesn't know that he knows") This may someday have applmtions for mtemgence




~ data-bases.

54 lssues relating to GE's nonprimitive expressions |
5.4l Represenmxoml Completeness _ |

The sections on 'loglql complemeu and gnctw oomplgteness discuss, the

' completeness of the ;

_ferenceﬁigw_;g (in terms nf hqw :horou;h it is in fmdmg

| inconsutendu) ‘This section ducuuu a dlmrem sort of 4 s8: Aﬁgepmeg\taugn is

represen:atiomlly complete for a given apghangn if all g( ;he qggg (ggul(ed for.. the
application can be encoded as strugtures in the reprasenvafion.  This, ke, prpctical
_ covmpleteness.‘ is difficult to judge in theabggnce oj@gl,gmf ica%t;mgun;of empirjcal
evidence, and in any case it is relative to the p;ntculer application. One purpose of section
3isto show that various useful macro-structures can indeed be bullt qul of the CE

primitives. To rmpuuh:e the struc;ures mqtmmm &;;q faxonpmies, Boolean

. connectives, distinet gbjects, transiive reatins, N-agy, raptins, fomh reasions, inverse
relations, hierarchical, contexts, naive probabilisy, and. templaies. It woukd. take tao puch

 space in section 6 ta comment on how. adequately. ach of. the mentioned :representations

handles all of these consiructs  only a few.will bementioped formach. ..

512 Procedural Attachment

- The construciz from section. 3 which age listed.ahay
, %Mm currantly handle but
_ which are important in some of the other nprmnamns disissed in section 6. Qg of

ooes, which GE: handles

these is “procedural attachment™ This allows executable procedures.to.be attached to
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various pieces of data in such a manner that accessing the data causes the”appropi'iate
proce&ures to be invoked.

For example, some systems handle additions to the data-base "b‘y"?run‘ning
procedures which are appropriate to the specific d;tu;nbeing added, and similarly for
deletions and updates This whl bemlled"anteudmt"pmuing, in /}th‘it‘ﬁg_v_g_qg the data
(to be added or whatever) mggers the pmcedur! - Another !xample is that procedures can
" ‘be used to derive certain kinds of data durmg an inference - the appropnate data is
" computed by some procédure (using perﬁ&psoﬁ\er data "iﬁ“tﬁé‘yaifﬂiﬁu)ﬁiniteid of
actually having the data be explicitly present This will be catied " conuquent processing.

in that needing the data triggers the procedure.

543 Events |

Another important representational construct which C"Edw not currently handle
is the riotion of “events”. Sihmy pd;,"iﬁ""cifént mrrespohd%wm ‘thange in the world
' (Which might have to be'réftected as at:hange te thé data-buse). ‘Now, CE does have

provisions for accomodating changes in the duta-bise (iee sectionn 52’3 on additions,

deletions, and updatés). However, CE curréntly Nas no ﬁiﬂiﬁ_’épﬁu‘m:tion for the
meaning of an event. For example, a representation of the e,vent. "getting married” should
presumably say vsornething about what must be true before the évent cai tike place (eg. in
" the USA the beings gétting married mit be'of diffefent séies, b df iiriageable age, and
‘not already be married). “tn-kddition; an event’s reprémnﬁoﬁ’giml&!pidfy what changes

© a8 a consequetice of the event ~ for “getting married,” it'is présuMably necesiary to change

the beings’ marital status and to Indicate that they are now spouises. ~
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One way of representing all this is to represent an event as the difference

between a "before” state and an "after” state. So the before:state of “getting married”, weuld

specify the above preconditions (diffgrent sexes, eic), apd, the after-state would specify the

postconditions (marital status is ‘magried’, etc) Lk this beganedthe “static” approach for

representing events, in that the event (which. consists.of two states and a transition between

them) is "spgcified in terms of ’the tvgty static states, and the nature of the transitjon is
derivgq f r&m this. | ‘ _y .

Another approach will be called the “dynamic” ;ppmchln this one, the hefore-
state and the transition are specified, and.the aftetsiatg Just follows as.a consequence of
"doing” the transition to the before-state. The standard way,of doing this is to_have the
transition be some procedure which is executed to transform. the before-state-into the after

state. Since the static approach can ajso be sajd to specify a pmcadure (implicitly, in terms

its effects on the before-state), the defining charagteristic.of the dynamic approach will be

considered to be that the procedure which specifies, the state-transition is a gg_g;_ box;. The
structure of such a procedure is unimportane, since we ate oy interested in the effects it
has in terms of transforming the before-state.

This is hardly the place to enter a discussion-of the philosophical nature of
events and the "best” way to represent. them, ,Ht‘:_weygg, it is. reasonable to include some
discussion of the technical advantages and disadvantages ‘og;j:‘he_4&:;a;ic and. dynamic
approaches. A major disadvantage of the static approach. has bggn termed the "frame

problem” [McCarthy & Hayes 1969): It is not sufficient to just specify the differences

between the before and after states - it is also necessary.to somehow specify that nothing

else changes (unless perhaps it is a_necessary consequence of mg,;pgciﬁed changes).. For
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example, getting married presumably does not change a persoh’s sex (or parents, or blood
group - the list of what doss ot change s cleatly too huge tb explicitly enumerate).

The dymamic approach does not have this difficulty since the transition
procedure presumably knows exactly what aspects of the before-state to éhange, and
anything it does not touch ‘is ipso facto l?unchang’ea‘.“ﬁawwér; the black-box natiire of the
procedure makes it much more difficult 'T’o_feisdﬁ’myﬁeﬁisi‘(ig opposed to just
performing them). For example, using the dynamic approach it is impossibleto decnde if a
given after:state cauld havé resulted ‘from a given ‘everit -itisnotposslblc to run the
* event's black-box procedure "backwards® in'an attempt to detive 4 before-state which could
have produced the given aftet-state.

Given that the two approaches are good for two different things, an obvious

solution is to have both. T'he problem with-this is that it'is not generaﬁy possible

TelLT

~ (currently) to show that“a giver transition procedurecorrecﬂy%p

s ‘a given static
description. That is, it is quite possible that the dynamié desctiption and the static
description of purportedly the dime event ave not in fact équivalent.” T'o insure this

equivalence, one either needs a powerful procedure-analysis tethin

lé‘ibfa&éurﬂynthesis

" description does indesd " satisfy ‘the static oné) or an equally powerfy
technique (to derive the dynamic description given the:static 6hé). ‘Both ‘of these are quite

beyond the current state of the art.

544 Arithmetic
One concept which the curfent formulation of CE has a great deal of trouble

with is that of "number™ It is possible (butqmteuniv{eldy)loexﬁ“i'essnumb?’rs in terms of
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cafdinalities of classes, such as is done in certain axmancfwmm,qtmhmem At is

ul;n possible to fmmummmimmm Wtwgdone in Peano's
axioms)...Either, f. s, £agma) apprmsches, s the Mmmwm unnajural

- for mast. humage-and mest sxising.datarbass). . b T E6T
lmidwm to,the “formal’ m&b&umm is the pwcedu;al'
‘i appmch.nmwmmmmm Wmum fox.the
,_ m;hmet&;mnmgnm»mwmm@fmmﬂ
. Teprasentations. {ing: it AiEfHicult (F NOF impars ROASOR hious Atishoetic.  But of
couram:such apems. 4o 4e%, e 52~ 505 Shals AARUAVARS ihay 90l esd 19, Feasan, sing

arithmetic. -

ures, -these
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6 Some Representations

The section discusses ‘several represeitations” in terms of the' issues- présented in

section 5. No,amﬁt is made to explain’ thie différent vepresentations in’ great detatl -
anyone desiring such -details should. consialt’ fe:bibifagrafhy” The representations
considered here are chosen from those coneefited with data-basés (DBTD, Todd's relational
model). mathematical- logic {first-order predioate calealus); agniﬁ’v!*sﬁmﬁnoﬁ (Quillian’s
* semantic memor&), and-artificial mtelﬁgeme (Priveérdike %g\ﬁguf sefmantic networks)
" This is-a: rea‘semmyrapmwmaiiﬁ»ﬁefﬁt.iefiig&éai%wgmw ideas, especially
“those which currenitly lack sufficiently concréte documenchtion {eg. MERLIN [Moore &

Newell 1974], and “frames” [Winograd 1975)).

6.1 An Aside: "Asurttbns'.' vs. "Networks”

Before proceeding with individual d.isAcus»siomt_ af each of the aboye
representations, it is instructive to 'group them into two broad classes: those which. represent
data in terms of "assertions” andtthqse which use “networks.” Synh#t;alty.;the dif!eren;e
‘between the two-is'obv-io'us:‘ Network representations  (such-as 'C.E:):z encode their data in
some kind of graphical network, while assertional represenmm prefer a linear notation.
For gxamplé. figure 2-4a.is a network rep_resenta"tion for “the sex of jane Smith is female.”
A corresponding assertional representation might be “SEX-OF Jane-Smith female)”. In
general, tokens whtcti.appea; in assertional notations correspond to points (often called
"nodes”) in neiwork ones. In.addition, expressl'oninested within awﬁms én correspond
to network points. For example, an akgrnative assertional representatm for figure 2-4a is

“female = (SEX-OF jane-Smith»)f':‘ Here, SEX-OF is a fgg_célon-and the result of the



function is represented by the W,h°'°,'-'\,’,‘,Pftf“i?'t.K§§X~'Q§Q;Mr§m“h)’~ .

Given this ktnd of rather direct tyntactic cormpmdence.,between assertional and
network notations, it is perhaps tempting to say that the only. djﬁm« betwaen them is-the
syntax used, and that there is no reason, other than m&l e, fw preferring one to the

other. Indeed when network informatton is entered gnto a qmggter,the network is

usually first encoded into some llnw noutlon \yhldt thg r. ¢an. easily read. For

example. various parts of CE have been tmg!emented in L.ISP, whu;h -requires that

everything be encoded as parenthestr.ed exgreuiom, Then,_ mm, a comnaon notation for

LISP ieself mvoms dmvmg the perenthesued e umtmm 7 see figure 6-1.

DOYEINIA
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Thus it is clear that any network an be reeoded aspsetof wertiqm. and, vke-yersa
However. there y_ more than a tyntectic difference betw,gen networks and

e;sertions when it comes to w them

, k ..n.o_sﬂﬁ,w% B mﬂal connectivity to
emphasize the & ggr_tge_gggg_ between thmgt, and thus are. ggod far tepresentations such
as CE which operate on the basls of tractng through :ueh gamemom (In the case of CE,

the locol connections provide the  paths along which labels propags

te, i , and there is, ag other

kind of processing)._ Asterttonal notations, onl_trpe other hendggmph‘eggp?tbe’;yglmm
patterns ot‘ the expresslons = they are usuelly proceued via meklﬂdof gatiern matching
which oompares two whole expressions at one tlnge (insteacl of. hav;ng to do.it.in.terms of

matcher must use_"local connections”

local connectlons) of oourse. at some level the pattern

» (e g the fact that two tokens are equal) but the yser is nos. mned with this level of
deutl.

Thus in the dxscussion which follows, sym; wxll be  Called network based” if

they process informatton in terms of local connections, and usemon based’ if thaey use the
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rather more “global”™ connections provided by pammmmhing.. |

6.2 Assemon-based»systems ‘
6.21  Codd's Refational- Data' Model [Codﬁ 1970]

" The primitive constrict in Codd’s fepresentation ls the ﬂat N- tuple. and a
relation is a class of such N"mpm (just as in CEa binaty rohmn u extensionally a class of
2-tuples). The "slots™ in each tuple ‘contain atomic values (such as character strmgs or
numbers) - they do not point to other tupm. ’!“uples are aoceued via pattern matchmg -
the standard accessing operation is to Create a new reluion oomiuing of all tuple: in an~
existing relation (or cross-product of relations) which manch a given pattern The user
interface to a relational data-base consists of a hngh Ievet query language, whxch gets
compifed (or m‘erpreted) into a series of pat-cern-mmh reqnws. -

The logical semantics for this sy&tem is the retaﬁom‘l algebra. whxch describes
how refations may be meaningflly subsethed projected o The procedural semantlcs is
embodied in the pa'tern-matcher which xmplements these operations Thus there is a
reasonably close coupling between the Iogxcal and prooedurat mntics o

‘As fer consistency é’hecking, this an area of current research.‘ Much of this

research is devoted to developing additional‘repruenﬁftions'" which can be used alongside
the tuples. One reason thot’"‘someotlner‘i-epreienvt:a‘tion' is needed uthat tne tuples
themselves deal only ‘with “value® ob jects such a numbers andstnngs --there is no direct
way to refer to real-word ob jects (such as persons). |
When performing additions, deletions, or updates, it is necessary to do special

processing to insure that the assumptions of the relational algebra are not violated. For
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exahple. during additions it is necessary to check tha the tuple to be added does not

_duplicate one that is already thers, During deletions, Jj 13 peceya
 tuples which "depend on” the one being delated,, (The notion of “depgnd on” actually turns
- out to be quite complex, and “a topic.of, curreny, resea ‘E”R’Q
It is easy to shaw that WQ“‘W &MMWW&M@ It is
ur : m@iw?"“mmmher) is a

ry-to also delete those

P A LiRs SRR

consistent because the procedural semantics (a3
difficult to show that a given implementation of a putmm WM;Wngm the
 relational algebra (especially when complex optimization 4, dane), but,the general ided is
. simple. As for completeness, since the reitiona} daachases wniyesse s finie (sonsisting of
3 finite set of relasions, eagh being & finite chp of finitength, wplesh any exhastive

direct reflection of the logical semantics (the relational Nigebra). (Qf course, it may be very

enumeration procedure will be a completeone. . .
’ : CER R et Ty R T R R R R et e G T A T

Now, the ma jor limitation of Co;ld'g _cherna s that.it has abmgml;ng facilities
for expressing general information. Since :hg,ﬁq.tgg,;% isgugs discussed -in section 5
it % paintless tp discuss them in the

cy. shecking, mentioned

PR R

depend in some way on the use of, generalintorpns

. Context of this representation.  With regacd. a, fhe. e of caniisye

. above, another reason for peeding 3 separaje, regreseniation. [9c expressing, consistency
0. Far grample. “all persons have
& unique sex, one af ‘male’ or female” is one, such gene 8l constraint, . In summary, the

e, between. CE and

constrajnts is that they usyally involve general infor

s L&

abilicy to handle genera| information is the major funetiopal

Codd’s scheme.



6.2.2 Planner-like Languages
The Planner-like languages ‘are the result of ‘one approach for adding general
information to a Codd-like Hata-base. These "'fia‘tignigig;\;;ére:"d;eﬁ.lv;bpéd for artificial
intelligence applications, and include Planner [Hewitt ﬁﬁ]:%ﬁiv’e‘r*mc’Dermott' &
Sussman 1973], GOL {Pople 19723. ana QA4 [Rulifson et al l!ﬁﬂ For p‘urpéses of this brief
discussion, no dhuﬁmm will'be made among them (even thiough stgnificant differences do
exist) -- the discussm‘n is in terms ofm generai épproach ot in"terms of some partrcular
Iincarnation of this approac‘h. | |
' There are two components of these Tepresentations. The Tirst Is an assertional
data-base which is eisentlally like Codd's The differécés are minor: In Codd's scheme,

i data-bases the appropriate

the typles are “ii™ the appropriate refation, hile in assertion
relation is “in" each tuple (by having the first siot in the tupfe be the réﬁrbn's name) “Also,
assertional data-base tuples may be riested, suchas © o
"(comk-b? BLOCK!1 (DARK KED))" |

The second cdmponent of a“Plannet-like rejiesentation handles the general

information. Th’f’s‘is‘*" done using procedural atf ‘atfachihent as discussed In section 5.4.2. The

procedures. are attached to pattérns, Sw:h as’ '(COL“OT(-OF X ?‘W‘“When such a pattern
is successfully fatched agains: 4n assértion in the dah-bm Eﬁe pattem s varhbTes (here, X
and Y) get bound to the 'a‘pprop‘r‘iate pieces of ‘the .a’ssert’ion (e.g. X'- BLC‘)CKI and
= (DARK RED)). This blndiﬁg process is the way a procedure ret:eives its arguments -
the procedure has access to the bindings of its pattern s variables. . R
Both "antecedent” and “"consequent” processing are done using attached

procedures. For antecedent processing, there is one set of procedures for additbns. and a
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sépar;:\;e‘ set for deletions. When a datum is about to be added to the assertional data-base,
all "addition” progedufes attached ‘tg_‘: patterns which ng;gch_t_)\e,_‘ga_;qm_gre executed. These
Procedures may n tur aces the daoas, RSB, cAing e prccadres o be run
Similarly, appropriate "‘delgt}i_on'.' procedures.are executed when a datym is deleted.  For

consequent processing, there is another set of procedures for

eerauing, agsertions which
match a given pattern. For QX?pr.IQ, a cggsqqqu; pro;gdgngttaqhed to the pattern
“(PRIME ?N)" might generate the prime numbers (is ofcqux;;spgmg infeasible 53' store
them al! dire‘qtlx'asv_ assertions of the‘,formf(PRl‘_Mgi 2). (PRIME 3).(PR1M E 5). etc) In more
. complex »cas:es,”the gen\»er:itigng‘g procedures t;.anfbetps?lvu acses the data-base, PQ&?!"'Y
~ invoking oth& proqgglures. | v | |

Ngy. since ‘al‘l ptocq;sir}g within a system buedpn}l’lanner-hki I;hgu§ges is
qo’l"\,t,ro!lkedfrby the attached procedum. the "procedunlmpﬂg" (i, l;ghayior) of the
L system“is determined by the user who codes thesé proceduru Th?‘,,'?“_'eicaﬂ be said about
a Planner-like system’s behavior "in gem_ral,f because little can be md 'in general” about

: umee of this, there.is no built-in

b bis

the behavior of any programming language. As a (
logical semantics for the meanings of the ‘.aue(rt,i}pm:.'_ F°ﬂ§§?'ﬁ?}°¢ the assertion
(NOT (COLOR-OF BLOCKI GREEN)" might mean ghat biock s not green, {f the
relevant‘ procedu;e; hay_é begn ;;oded to treat'NOleoto«jltngto },it‘s_ﬁq:;tomjlry mea?\‘n‘ing.
Thus it can be very difficult to determine the global mumngocél g:ven gugrglgn, since it
depgnds on the whole structure of procedures installed- in the sy}gem ,{(whlclrz may be very
‘complex). | -

Since there is no general logical semantics, there can be ng general way of doing

consistency checking. Also, nations of “logical consistency” and 'jl«,qg‘igal_mpletene;sy'iare
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inapplicable without a logical semantics. ‘Cohsistency chétking can be itﬁplementéd for a
particular application by havinig the "addition” procedites do whatever checking is
necessary before a datum is added, but this requires that all the information about what to
check be coded dlfectl“y in the procedTUrési “Ihus when new chicks are needed it ‘!s‘necess'ary
to change all the relevant procedures, which can be very difficult. “Also, it is impossible to
do "general vs. géner'ﬁf“ebnsm‘ency checking, since the general information is implicit in the
structure of the pfocedum and'is noi'dtre‘&fy manipulable, ‘

Some 'P’lanﬁef4lik¢’ hnguagé (e.g Micro-Planner [Sissman e_t_ al 1970]) handle
universal quintif ication by explicitly iférg"ting through the set of relevant pattern;vgriable
bindings. For example, the notion of “every dark red ob jec;' is represented in a p:bcle&ure
as a loop which iterates through all of the bindiﬁgizof'x‘fdr‘”méttioh:s”which match
© COLOR-OF #X (DARK RED)Y". This of course méans that the class being quantified
over must be reasonably small - “every person” wouild take too fong, and k"erveryk"prime
number” would take infinite time. Asa concrcte example, the query “Are all dﬁf‘t evaders
criminals?® is answered by enumerating all of the known draft evaders and then checking
each one for criminality. Not only will this take quite a while if there are many draft
evaders, but it requires complete lnf'or'myation ﬁoncernmg exactly who' all the draft evaders
are. Robert Moore [1975] is cuiréntfy researching the problem §f handling incomplete
information within a Planner-like system. |

The languages QA4 and Conniver do provide a mechanism for handling
multiple worlds. Each world-class (called a "context”) is implemented as a Iist of “fayers.”
Each layer describes the différences between itself ind the contéxt reptésented by the

following laye”rs'm*‘r'ﬁe list. This xmptemuna‘tion makes it easy to Crédte a hierarchy of
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contexts without unnecessary copying = only thosg assertions which are different need be

recorded. Using these contexts and the appropriate procedures, it is easy to represent events

dynamically ~ an evens procedure takes a beforecontsxs.and. seuans, an.after-cantext which
is the bcforwomext with an addtional h?‘f#l’mf‘* MS‘&‘*S‘@‘M“'M‘-
However, unlike CE watld-;hsm.mw&nmm; thempalyes. manipulable. That

is, it is not possible to, reason. abou contexss. . For axample,

it k ‘usually not posslble to

 determine whether one context i3 a sronger. version of afother; goe, while in CE this is

 easily done (by shawing that the first world-clas is 3 subilass o the second).

With respect to the topics listed under °

e PELL RTINS

the only ones which Planner-like languages hapdie wel are Nosy relations.and exceptions

(such a3 "All birgs can fly, except a few such 34, penguing apd, asriches,” which CE can
handle using probability). N-ary relations (Le. assertions) are grimitives. in the system.
Exceptigns can be handled using the contest mechaniams Comting a new context from an

old one by adding an additional layer implies that the new ane iy exagtly like the old one

 except where explici; differences are poted in the new layer. Note that the notion of

“subcontext” (Le. 3 gontaxt grawn from avother one by adding. p, layer),is quite different

may be different from the supsrclass by being strong

from the CE notion of one world-class being a subglass of another. In CE, the subclass

(2. by "knowing.more®), but it must

be consistent w,ith the superclass, (ie. it may nat "know different’). On the other hand, in

QAt and Conniver a mbcomw may be arbitrasily. g&ffm £xom jts sypercontext.

- In summary, the major functional differences. betwaen. CE and Planner-like

languages are (I) that CE facilitates consistency checking, and (2) that Rl,agng_:r-fljke

languages fggmmg procedural agrachment.



.23 First-order Logic and Resolution

In the format usually used by humans, the primitives of first-order logic intlude
‘variables, constants, Boolean connectives, N-ary functions ‘(eg. SUM-OF(x,y)), N-ary
predicates (eg. CREATER-THAN(xy)), and explicit' quantifiers (¥ and 3). "Resolution”
[Robinson 1965) is the machine-oriented inference procedire commonly dsed with first-order
loéic. It requires fhat expressions be converted to “Skelem con junctive hormal form,” which
basically involves tf&risfoﬂning them to remove the conmtm, the Boolean connectives, and
the explicit quantifiers. Given a set of expfcﬁic;n‘s ifr this format, the’résolution procedure
uses 'uhifiation" (a pattern-matcher) to combine two éxisting expressions and thus generate
a new one. This new expression is then added to the set of expréssions, and the uhificatidn
cycle repeats. Usually, the cycle is repeated until an inconsistent expréssion is generatéd —
as with CE, this lméues that the originil set of expressions was incorisistent.

Thus resolution (like CE) is oriented towards consistency checking. This requires
f lrst-order logic to ﬁaye a logical semantics, and requires resoltition to have a corresponding
’procedural semantics — there are in fact formal argumems which demonstrate that both
these conditions do hold. Furthermore, resolution is known'to béﬁofhlogscalty cbn'sist‘ent
and logically compiete. |

Like Planner, first-order logic does handle general information. Unlike Planner,
the general information is éxpressed in the same mafiner &% the specific information.
Furthermore, firﬁt-order'loglc an handle incomplete information — it is fiot necessary to
that class.

So far, first-order logic and CE seem quite similar - it is now time to look at the
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differences. For one, ﬁmsoidcr logic has certain formal difficulties vuh_axprming the
notion of ‘equ‘ality,,_(_u.l identical objects). These guifkul‘ti‘q lead. to various attempts to

extend resolution to handle opm;;ﬂmtky in.a mare patural manner. 'l_aLCE.acquality is

. simply a degenerate case of subclass, whic,h is a primitive. Anather difference is that first-
_order Iogic can handle arithmetic (and indeed most of: m&zhma:m) s uses the "formal”

. approach discussed in section 5.¢.4.

. However, the major functional difference between first-order logic and CE lies in

- CE's use of .worlds -~ first-order logic has namlogodémztruct - This makes it very

. difﬂcuk (lf not impassibla) for first-order logic te. handle hiemchk.al contexts. knowledge

about knowledge, etc. Some Al research has been done. on the iswe of adding worlds to

 first-order logic, notably by McCarthy.{eg. McCarthy & Halik - this is still 2 wide-

open area.

6.3 Netwark-based systems
631 DBTG and COBOL

The local connections in a DBTG network [Codasyl 1971 aze the access paths

along which a CQBOL program may.trace in order ta.get acoess to the various records in

the data-base. Thys the .interaction channel (ie. the manner in which the "local® data
structures interact to make more “global® ones) consists.of the. parﬂcular COBOL
procedures which access the network.

As discussed above with respect to Planncr—uhi languages,  using arbitrary

', proudum as pm of the interaction channel maans: that:there. can: be.no general logical

, semantm for the representation. That is, what a Mculll’ piece of data-structure "means”
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is totally dcpﬁdem on the detailed behavior of mnprq&dqeawhkh access that data. As
above, if a representation licks a logical semanties tﬁm%ﬁw oMible to-have a general
consistency-chiecking procedure for-i€-(sicé such apmm”’m ficeds‘to know what
“the datéstruuures meRn in order to tell if they are consisteitt): I DBTG, aimost all

consistency checking (done at the time-of an sdditior; deléition, or dptiate) must be explicitly

coded into the particular programs which do the sddftions; etc. Unlike Planner-like

~ languages, DBTG: ‘s Tittle ‘provision for protedisral attaéhiviient This mieans that the
cosoL programs tend mmmm&umm atesdded t6 2 DBTG
system -- there is no way to modulatly attach nwew pmew&*wm Felevant data(as
~ opposed to combimng them alt in one imenolithic program):

-~ There are of course further difference bitweer DBTG and Gther représentations
(such as Codd;s). but these are irrelevant to comparing DBTG with CE. Them jor.
difference between DBTG and CE is that virtually all of the tnumnng information ina

DBTG system ("general” information, information about wha the’ s méan,

etc.) is buried deep within the particular COBOL procediiréh insrend dfb!ing more
directly accessilile (for purposes of consistenty checking, Wi&c’i‘ﬁ IS of course true

that DBTG cin do anything thit CE (or any ‘ottier diba-dife té

because COBOL is a Turing-sniverssl prograinming Ringe
towards m&kmg‘_fﬁcﬁvnm il power iefe tractilile touse. Gl e e

ni-do, Bit only

¥~ DBTG’ does very fittle

- 632 Quillian’s Semantic Memory
Onog;bff-the fﬁanupmmm tions was" Quifiian’s [1967] modet for

human associative memory.. The “Semantic menmory® donsists of % 56061 >nodes represefiti




“concepts” (such a3 "dog", "meat”, "eat", #tc.) connecied by links.representing "associations”
(e.g. there might be links connegting "ut' to-bath “dog’.and. &a,_qa&."' presumably. indicating
that dogs eat meat). Thgmmoxyuagmndb.yw mm;&mcg;ﬂmmg» the
shkméu path of associations con"rllectiﬁg them. Thus given ’det" and -"meat,” the shortest
path might be the one through “eat.” | |

This is very much in. the apirit of . psyshalegical mmmion tests, and is not
at all meant to be a mode} of more-structured. Jogical® think

wgi For gxample, the above
 example could, just as well mean that, meats ept,dogs = the links bave a0 meaning:other
~_than that of pmmm Now, being:2. MMMM:YM finds
the shortest path in a psychologically plausible. soanaar. Th&gmm,,pmpagm markers
along the links breadth first (in parallel), mrﬁng at the two given concepts ("dog™ -and
"meat’). Thus the place where these two 'wem"mm is.guaranteed to lie along
~the shortest path between the two given coneem ;T-Ehe;mm&mmmy of this: lies
| mthefaatha;xtmbgacmnghs&ndbymm«ﬂke@kuoﬂdgg;apanﬂel |

. Clearly waumm is too. unsteuturd. to bevunseful ima database. It is

_included here because it exemplifiss label propagation-aas some othe: aspects:of CE. -For
. ane, it does have a kind of logical semantics - the,notion of, “shortest:path” can be
rigorously defined in terms ot‘gm theory,  The procedural semantics is straightfosward
. Aparallel. marker propagation), and the conaection besween:the logicat and procedural
semantics lies in showing: that :paraliel. propagatio

- ingdeed sesults in finding the shortest
path. |
Unlike CE, the critical aspect of ‘Quillian’s scheme is the timing of the

propagations - if they are not done srictly breadth first then the first connecting path



9

found might not be the shortest. -In CE, the order ih which things are doe is irrelevant -
a different order may-cause 2 fabel collision to octur at'#differenit point-in a CE net, but it

is only the ogcurrence wivich mittérs, niot the pirticuler Beation; -

633 Semantic Netwks

Having introduced the iden' of an WWW‘WS @nd nodes to encode

meaning, Quiftian and vehets tried e apply-such metwerks wﬁ%pf&mq‘mmm’s |

~[1969] TLC system was an attemipt o do’ haturil:

version of his semantic'memory. < TLC's network consists oF different kinds of tinks, with

different rules for propagati ngmrlemﬁmg ;-them: This prevents cofifusions such as the

abové "meats et doga’
HWthr, all existing semantic mémory: m feg. TORUS [Mylopoulos et al
_ 19751 OWL [Mattin 1974} and Eahiman's [978]) Wek-a- m Togical semantics. This
leads to confusions such as tive "sloppy quantifieation” 'm L3 nctbn'S The
"procedural semantits” For a’ semantic fetwork sﬂm um ‘¢ :be embodied in some
icomplicated procedure for - tmmﬁng ﬂ\e network, W m nm “@ﬂﬁm‘rwmml
| idea of well-defined ptnﬂﬂ ‘marker pnplgm seeni to - hwm rejected ‘as beitlg too
tied up with a very maive view of mrophytw having o bearinig on: how’ things

should be repfewod in a computer.” From one ﬂcwpdﬂ!‘xﬂ Rttémpts to sm that

‘paraliel propagation is:inceresting computationally ss well us ‘psychoiogicatly.
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7 Some History
71 QE’s Past N
As can be seen from‘_section 6, research on CE has been influenced by work on
 mathematical logic and by work on semantic netwarks. From maghematical logic comes the
emphasis on having ,a‘wel'l-deﬁneq, semantics for all constructs. Also, 2. CE "world" is quite
similar to a logical "model,” the ma jor qs;‘feretice bemg that in. )ggic_the models are not
themselves manipulable objects in the ‘rgprmn%on»,,‘ihile_,in, CE the worlds are
manipulable. From semantic network research. comes. the tdﬁa of parallel marker
propagation and the idea that everything should be specif ied in terms of local connections.
In addition, the work which initially interested me in the i&ea of doing "semantic”
computations using networks is Lamb’s linguistic research iﬁto Stratiflcatloﬁal Grammar
(Lamb 1966, 19691 Much of the philosophical perspective which underlies CE is ‘derived.
from Lamb, and so are some. of the noiational conventions (e.g. the.symbol for CE's
partition constraint is the same as Lamb's "ordered OR.") It is clear to me that without

Lamb’s influence the research leading to this document would never have occurred.

72 CE's Future

As mentioned in sectioﬁ 5, CE can not currently handie _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 Al 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,”




"implementations,” and ‘knéwledge about knowledge”) is another task for future research.
"Knowledge about knowledge” is especially promising because this topic concemsitself with
the relationships among different worlds (the "real Woid," thie world “Which represents some
perso's betiefs, c), and CE is 4" representation in WHith 1f°ls ‘edsy fo state Taets about
© worlds. “Finding” is 4 toplcwmrhmuub!wofkﬁoﬁtimﬁofed!&ﬁmmdéf fot CE to be
practical for real data-base applications, and issues of 'iﬂlﬁﬁﬁedi‘ﬁt%‘n‘ ate of course
always important when ofié is proposing a mupm&mm Y béifeve that CE i5a system

which can in fact be built upsh by myself and othiérs; ind thit it 1s it ust a pretey toy.

NS N {4 .
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Aﬁpendices
A “Finding"

The body of this document is oriented towards consistency checking, which entail§
the ability to answer "yes/no” queries. This appendix briefly discusses three tg;hnidues for
- handling “find" queries, which are queries of the form "find aH objects 'x’ such that ..
Within the CE framwork; the starting point for handling such a query. is to. genstruct
(intensionally) the class which contains all the desired objects, and_gtlhén to determine which
ob jects are in fact in that class. For example, "Find allﬁhe children of Jane Smith" would
. be answe;ed by constructing ghe clis Z’ in figure A-l and then finding all the (;bjgcts
which are constrained to be in ‘Z. Clearly, an object is in, T’ if and. only.if it is known (by
. the data-base) to be a child of Jane Smith. |
The three techniques. presented below are different wayﬁ of wfxnd;ing_iallthe ob jects
~in a class such as ‘Z’. Of course, if the query is "Find ene-of .." then the "Find all"
procedur? can be run until the first ob ject is found (af&erwhich the procedure can be

. halted).

Al “Find the .." using Ob ject Identification

If it is known that the "Z" class contains exactly one ohject then finding is quite
simple. Figure 2-6b shows an inference for "Find the sex of jar;e Smith.” Here, the z"
class is the ob jectclass x’ (which is constrained to contain the single sex of Jane Smith).
Starting an "=x" label from this class, the goal is.to have '’ identified with some ob ject in
the data-base (in this case, ‘female’). As described in . section f2‘3._;. this. identification oceurs

when a "+x" label collides with an “«female” label -- this means that '’ and ‘female’ are the
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same object. Thus the label propagation procedure has found the single object in the “Z"

class.

A2 "Find all ." ustng Suction
| When the 2" cluss contains more thar asingh%pct.tmre is stift a simple
technique Which can be used vo do‘the finding. werﬁgémﬂand ‘the quéry "Find all
redwoods.” The basic tdea belrinid The “suction” tetheiie 1 t0 $tart a generated “-g0096"
" Tabel from the "Z" »chs;'(iﬁ‘ ths cise, REDWOOGDS), and then nore &l the ob jects to whiich
the "-g0096" pmp’xgtm In 31, it #87clear that fhe TgOB%E”will propagate down the
taxoriomy using rule’(p2) unti it réiches all theob jects at the betaom {for example, the
objects which are the known'sequoh Nationdt Park Tedwoods) - these objects are not
shown in the rig‘.-ré. ’ |

"It remains to ba demonsirated that all the-objects réached by the "-g0096" are
indeed :in the "Z" class. swm ah foagau ?&i # "oy were fot in- "Z". Then it
would be consistent to label "Z* with "ob|". This “obj" label could then propagate in the
same fmnner as the “-g0096" did, and thus reach 'obj. Since an object-class such as ‘obj’
can broadca;t an "=obj" label, the "-obj" andthe'ﬁbj'mw at ‘'obf, mdit;ttng an
inconsistency. Thus the orfgirat assumption: thvit “ob] was et ‘in 2" is false, so0 in fact
* every object reached by the “g0098" must'be'in the "L chass. < - |

| This technirue is catfed “suction™ becaiise the "Z* class sehids vat "-*labels in an
effort to "pull Gbjects tnto it” Fhaving“tore a suctfon infererice, the user is Teft with the
problem of mﬁﬁmz which @ata-base objects have-beeri rextied by the “-g00ds™. From

the user’s point-of Vﬁw.ﬁ-th'fdiwhnt'éﬁuﬂm;af‘g black Mrmhwm tlasses being
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accessible as “terminals® -~ the terminals consist of all the »chsses/ \éhich the user knows
something about. In particular, the object-classes in which the user is interested will be
among the :errhinals.. So, what the user needs o do is to leak at il the ob ject-class
terminals and see which ones have the "-g0096" on them. Of course for a large data-base
the user will need some sort of automatic monitor to- watch.the termimals and signal the user
_ when an interesting label (such as the "-g0096") arrives. It is.not difficult to see how such a

monitor can be constructed (either out of hardware, or as.part of a.CE system simulator).

A3 “Find all ..” using Reflection’ T ’

The one problem with suction is that it is .v,ery.; incomplete -- there.are many
simple cases in which the generated "g0096" becomes: blocked and 'ca;n,nbt ‘propagate far
enough to reach the relevant objects. ' Figure A-2.shows a simple cae of this. The network
above the dotted line states that jaue_‘smith,h a child of Mary. St_m’ih. and that Billy jbnes
is a child of Jane Smith. Now, the query is 'Fiad all grandchildren: of /M;ary Smith." The
network below the dotted line constructs the class ‘Z' to be the.children of the children of
Mary Smith, and the task is to find all such ob jects in-‘Z'.. Clearly, ‘Billy-Jones’ is an ob ject
in 2. To see this in terms of label prapagations, just start an ,-.?'—Billy-_]bnes" label from
‘Billy-Jones. By applying rule (b2) twice (along with rule pl) and then rule (bl) twice, a
"+Billy-Jones™ will propagate to ‘Z", indicating that Billy-Jones is indeed in Z'.

However, suction fai;ils to propagate.a ™" label f rom Z to ‘Bilty-]ones‘. Starting
from a "-g0097" on ‘Z’, there are no propagation rules which can be applied. What is
needed is to start from the other end -- some means is needed to have ‘Billy- Jones' start an

“=Billy- Jones” from itself. As described in section 22, it is infeasible to have every ob ject-
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" class in the data-base-broadcast an “s" label, singe this woald swamp- the system. Thus the
© goal of the "reflaction” tachnique is to Rart & ‘petialkind oF Wbek from 'Z" which Wil reach
the relevant objects (such as ‘Billy-Jones'y and prubably sérhe of the irrelévant ones too. All
ob jects reached by this label will then mmmur *7 Wbél; and then only the ones

P g ¥ g o

which are truly in ‘" will eventuaityhave & ™ 5bét to Z. “That 1s, the inftial

label sent out from Z' is meant 6 m a sl ndrhoer ofabm{nmve to the size of
the data-bse), and then theesiselected ubjecss are Msted For: mimbership:ih ‘2’ by hﬁing
them broadcast their *s" labels.

The second stage of this process is already wel defimed = xs described in section
238, an obJett-clan brosdcaus an: " abel: whenever it iy reicked By any other label

(including the one m out frem' 2% itfemumh dww*ﬂrﬁﬁgc < te tabel to be

sent out from ‘2" T&am be-a wew type of fabel; it 4", 7", and " labels th
easily blocked. Call this rew-label the 7" tebek: - Uitike: the =", *", nd‘"hbels. the "
label has no raﬂ semantics - &7 bt on a class siiply fians that the class is somehow
~ “associated” wit;\;xhc 2" class.

One poutble propagation ralefor "° 151 3y that when any constraint detects a
" on any attached class-point, it should ptnpugau & ™" "to sl of its other attached class-
pomts This rule resulty i’ s Quillinn-like "m% m-w‘ar"?‘ Mpropigmng out from
the initial "Z* to every-class wivich s conviectdd (in the graphtheoretic sente) tof"‘l" by some
path of constraints and poeints. Since every-relevant bject (ke ones In "Z") must be
connected to "Z° by semé sich Path, WWM me ir guararitee
reach every relevant object (which:wifl then reflect back %ts "5" labet). Unfortunately, this

“to have ™"

particular propagatior rule will cause the 7" to'resch’every poinit i the network, unless
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the network is really two or more totaily disjoint ones. That is, everything is likely to be
conl;lected (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 implemnu&ons of CE. Tbe first uses
unconventional cellular hardware to do the label propagations in p;raliel The second isa
modification of the first which uses an amy of mlcmprmers (md is more feasible than

the first with curren: technohgy) The third lmpbmwion ls one that actually exists —

the label propagation; are performed using an ordinary geml—putpose computer

Bl Using Cellular Parallel Hardware

The basic u'}ea is to have each constraint in the data-base be an active processor
which continuously looks at its attached class-point for patterns of labels which match the
constraint’s propagation rules. When such a match is found, the processor propagates the
appropriate labels to other class-points. Each class-point is a register which indicates what
labels (if any) are currently on that point. Thus each constraint is a processor which reads
and writes the registers corresponding to the clus-poln;s umhed to that constraint.

The main limitation of such a CE machine lies in the number of labels which
might pile up on a single class-point. There are basically two ways to approach this. The
first approach is to eﬁdow each point with a fixed number (N) of slots, each slot containing
a pointer to a label. Here, the number of labels on uéh point is Iimiud tt; N, but the total
number of lab?ls in the whole network may be much greater (since each point may have up
to N different ﬁbels). The disadvantage of this scheme is that each of the label slots will
be several bits wide"(the log of the maximum number of labels allowed in the network at
one time). If this number s M, then each poht requires N times M bits, and the constraint

processor needs to be able to copy and compare these M-bit labels. This requires either M
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wires connecting each constraint to each of its points, or some multiplexed scheme using
fewer wires. Either of these alternatives is undesirable becguse i, s important to minimize

both the number of wires and the complexity of each processor. -

The second approach allows both for fewer wires and simpler processors. It relies
on llmiting the 'number of different label;” in the entire network (not just on each point).

‘ »Assummg that N labcls are allowed then each point need ?nly have 2N bits worth of

storage: Each label is reyresented by two bits, whou four sates mdnqté ", e and

“none” With this scheme, copying 3. label invoives changing only 2 s (the bits being
indicated eithe by a pointer of logN bit,ar by myiglesing). Through,all point, runs
the ;PO"l,‘»‘ bus” .‘3’.\?“‘3";.-‘?;’{"‘9» reset ‘4".‘9;“9‘{ to all %‘“QN@ h"‘dw the signaling °f}

inconsistencies. A point will signal a an incansisiency if. it is. told 1o set 2 , labels state to "-"

_.f_and its current sute u " or Y » md vice versa,

| 'rhe partition | comtmnts and :he ob‘lxt mnstra}nu 49 nog nesd to. kqu what is

‘ mside a label (belng interested only in the +/-/= sates), bgg the o&ber canstraints do have
enxs . Hence the system

b
to be able to decompou a complex label mto s um?ger Fomp
must contain one N-slot 'hbel memory which gives the. s;rumc for, ggch gyet = either, an
ob jectlworld _pair, or an ordered-pair]world trtplc. Thg wqugl part of sach label Js a
log-N pointer to the label in the label memory which is the.original labels world-tag.. To

 allow access to this memary, there mus; be a “bel bus” which present the contents of the

label memory for inw' by the oonstnint rocessors.  This an enthgrbe done on a

request basis or in some synchronized manner (spch as &“’“‘%Qh‘ contents of | thru N in
‘order with the proper gynch).' o

An additional complexity is that is that t-m constraings, world. constraints, and
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binary relationship constraints can generate new Tabets. “This must be handled by the label
bus either on a request basii or by havig all inlised fabél méinory skots be ‘assignable
during their presentation-time on the bus. Also, the el m‘cméry;nust contain Information
about object identifications and about the worki'tree. 7 7

Fininf, there must be'a procedure for “growing” new wires when a new datum is
added to the data-b#e, otherwise it would be nmaryto chmge pi;ca of hardware every
time new data is added.” Consider the CE machine to consisé of a tessellation of constraint-
processor cells and point-registérs. Each procéssor céll's of a fixed type (corresponding to
the particular kind of primitive constraint Which fhecemmpmtsi,and ‘ﬁ;s:?i;ed\ﬁﬁrlres
attached to 1 through 4 point registers which it “‘éﬁhi"’(‘f!ﬁe’ﬁhﬁb&‘ﬁf ﬁb’i’nis being
determined by the type of the conitnintf Now, am dlhlm“isld’d!c{totﬁe ‘data-base by
adding some new corstraints. A new constraint is ~sdded” byu!eoﬂnga’currently'unused
processdr cell of the cotrect type and “linking” its wneﬁpo?ﬁt“fétﬁeappmpnate other
points in the network. When two point are 'llnid" it mumt‘l’\at‘lftey represent the same
class and hence their fé&"iitefi“‘iﬁﬁsfﬁei Eé’pt”iﬁ'?ﬁtﬁéﬁ same mgtes--tﬁey must be "wired
together.” Now, figures 2-Ig and 2-1h show such 4 "wire® ~ ifls apirtiﬂon constramt with
‘only one subclass. Thus the task of ‘growinga“wir'e'bet\tvim two pomt-régisters transiates

to the task of activating enough of the curréntly Unused partition’ constraints to form a

s

¥ LR

chain between the poifits. ‘The chisin wifl actively Bropagate aff the labels from each of the
' original point-registers to the other. To grow ‘the chain, a(&iﬁhu-ﬁﬁe *wave front® of
 special labels which propagate only through unused partition constraints ‘an be started
from each of the original point-registers. The place wherethetivowaivefronts f irst

intersect is then known to be part of the shom:t pntheé\ﬁ«tingtheorigmal points. The
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unused partition constraint which is at the place of intersection can:actjvate itself,-and
propagate a wave of “activate yourself" labels back along both wave fronts. Those
partition constraints in the original wave fronts which do pot receive: "activate” labels are
not part of the chain being grown, and thus remadn unused.. |

- Of course, many details still remain to be worked out befgre a cellular CE

machine could be built, even if current LSI technology u able of the tagk.

\

B2 Usmg Micrggrocg:;ors (‘ta__ctive pages’). |

Since ;he‘;elhxflag, machines proposed above are not likely to exut for a while yet,
it would be convenient ta be able to use current techpology. to implement. the. CE
parallelism. One way to do this is to. sqment zhgmmk into local "pages”, each .with its
own microprocessor for propagating labels within the m?h&wwwk within a page
would be implemented a3 a linked-list structure, so the. pnbkmof growing wires in cellular
hardﬁare does not occur: Each. processor has accass wtmww'a* above, in addition
to a cammon "mail bus" which is used to_export (and import) labels which.-cross page
boundaries. |

It would not be unreasonable with present technology to have a I-page chip which
contains the pfocessor and the linked-list. memory for a mlapaga Thesecouldthen be
stacked up to make the data-base, with more chips being M;;o‘:m;mk as the data-

base grows.
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B3 Using a Digital Computer
A CE system has been implemented to provide the"data-base and thé low-level
inference capability for the "MACSYMA ‘Advitor* (Ceneséretti 19781 "M ACSYMA is a

very complex system for deing symbolic mathematics. and tHe advisor is'a proposed

subsystem to ald users when they rieed help. The user will fiterset with the advisor in
more-or-less natural English. madewtmwmkWtM”hmy of the user’s
interactions with MACSYMA, and the advisor’s own knowledge about MACSYMA in
general and this user in particular in order to Torfutate its advice. ' Thé advisor consists of
an English parser, a high-level ‘problem solver, and’a Tow-ivél' data-base and inference
capability (for »yam'ch_aet is used). “The data-base contitns esséntially all of the advisor's
information about WACSYMA ind about the user: Geéieréth estiinates that the 'CE data-
* - base will contain aboutmmnmm e B85 .
The CE system: useéd :for the advisor ismpmﬁted in" LISP without any
multiprocessing. ‘Parafielisi is simulated ‘by-having a ‘priovity qubdie of propagations to be
done. With a sequential system it is Very’imporment'taheVe gbbil heiristics for dectdiing
which propagation to do next — doing them purely breadth-first (as parafiel ‘hiardware
would) is quite wasteful.' Two of the heuristic used arer =~ © **
(1) Propagate "+" labeis in preference to " ones: For example; 1t is huch less expeiisive to
propagate "+* h&u.upmm in & taxonomy {sach s figure 31 Biing’ rute (pl} than it is to
propagate "-" labels dpwnwards using rule (|§2). Basically, this heuristic says that is usually
more lhformatl§§ to know what something i; as opposed to what it is not.
(2) Propagate existing labels in preference to generating neﬁ ones. This is a useful

heuristic since the implemenutioh is limited in r.erms of the number of different labels 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 brother’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 Knowledge e e

The probiems involved with representing “XKnowledge aboit knowledge” are
interesting both technically and philosophically; they are also quite difficatt. This
" appendix shows how’ some of these robléms ciii b¥ résdived™ by using the CE “world"”
construct, which allows explicit statements to be made abeut various workds (both physical
and metaphysical). This appendi:; is divided into five sections: The first two deal with
"belief"; the third ard fourth dét with “knowledge” (ie. “true™ beliefs); and the fifth
briefly discusses modal logic. The example used throughout this appendix is the following:

"Billy knows wro Jane's real father is, and she doesn’t know that he knows.”

C.l Belief

To introduce the idea of "belief,” this section uses a simplified version of the

above example - the full version is used later. The stmpumd version is: “Billy believes
that Jane's real father is John, and Jane doesn’t believe that Billy believes it." Figure C-la
represents this using CE. |

Region (a) of C-la states that Jane's father is the ob ject if’ (named acronymically).
Without having any other information about ‘jf* (which region (a) does not), all this says is
that Jane has a unique father.l

Region (b) states that W-JF=] is the class of all worlds in ‘which Jane's father
equals John. What it literally says is that W-JF=] is théLchu of all worlds in which ob ject-
class ‘if’ is a subclass of the ;b ject class ‘John’. {As has been mentioned many timés. one
ob ject-class is a subclass of another if and only if the two ob jects are the same.)

Region (c) defines WQBILLY to be the class of all worlds which are consistent
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with Billy's beliefs. Of course, the relation class ‘BELIEVES' has n?:,a priori meaning to
CE (just as 'FATHER-OF’ daes _not). .rbq_t it;j;@ﬁ;im;@ﬁh;&th‘e‘,‘-usrer always uses
‘BELIEVES’ to mean the relation between-as indjvidual.ang ail.the world-objects which
are consistent with that individual's beliefs. The, nam"B,ELIEVFé‘ is of course arbitrary
~and is not part tllf,, the data-base in any cyse. - the,;,'iman;;gnﬁ structural feature of
-‘BELIEVES‘ is that all rgf.erencesvtofw mdmdua.l’s belxef;t,ﬁare':maﬁc. via this class. 1

belabor this point only to en\phwze that, W&M pegn mq@u:ed ‘BELIEVES’

. is just an ordinary bipary relation.

Region (d) states that Billy believes that Jane's father is, john. That is, every
wprld in W-BIL~LY (i'.e; e?ery wprld c':onmggm_,_wi;h,muﬂ; be,liéf.,s)'vi\; also a wqr}d in
W-JF=] (i eisa world in which _]anes fath;r equals John). As in section 25, the use of the

mbchs congtraint means that w- BILLY is m than. \V Jghj Bllly believes at Jeast

. that }gms father is John, and he may believe osher things. . -

Region (e) adds the constraints that Jane does not beligve that Billy. believes that

her f&ﬂm‘u j?hn._ -As with W-BILLY, ':be class W-JANE contains g,llvwgﬁ!ds which are
~consistent with. Jane's beliefs. .'1,‘;_1;_ clags W-BBJFa] s all worlds in which Billy believes

‘Jane's father is John (i.e. all worlds in. wtg}ich;}w-a‘l;.l.,y is stonger than W-JF=]). 'i'he

~ Partition constraint then means that there is no worid -in. wrjAN& which is also in
W-BB JF=] (i.e. the two classes are mm;ny;;-_m@m That .is, nore of -Jane’s possible

world-views allows f<(>r the poaibiutly that "Billy believes ...", More literally, in every one of

_Jane’s worlds it is the.case that W-BILLY. is-not.a. subgiass eﬁxw-ﬁ-j That is, in all of
Jane's worlds there is.some world in W-BILLY M&fﬁw \ﬂ-}h);.w Biily has at least

~one possible world in which. Jane's fathenis not Joha,, .
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C2 ! "1 believe .."

There is one remaining ptoblent with fi’gm‘é C-la. Region (e) statés that in all of
Jane's worlds it is hot the case that W-BILLY is'a subclais of W:JF=], while region (d)
subclass constraint in tegion (d) is not’fefativized, it 1§ “eatled™ for ail worlds. Thus it is
necessary to refativize region (d). Well, W-BBJF] is sireadj defined as Se‘i;ng’e'iactly |
those worlds in which the subclass conseratint hblds. “Thus the subclass constraint in region
(d) can be deleted, and something new should be connected 1o W?-ﬁBjF-J fhéﬁd&tidﬂ is,
: _v_a__h_g_ is the one wh"ﬁ? beliéves that “Billy believes .. The answeristhatthe data-base
believes it. Therefore a world-class is néeded to represent the daita-base’ "'éoint of view" —
call it T. Then figure C-lb shows whiat should be addéd when region (d) is deleted — it
9 states that T (the da;a%z"se)’beﬁﬁe that Billy bélleves... Behavmra1ly the class ‘I' is uscd by
putting a "+inf" tiibel on it as"ﬁaﬂ"of’iﬁi initial fabeling. Tﬁisenﬁbtés Qh’iie.\?éfli"sidtt;éhed
* to T, such as the W-BBJFa). - | |
Now in one sénse everything in the data-base is quatified by °I (the data-base)
"~ believe ,s‘uch—and-suci/:t" -'mer all, the datasbise itself can ‘e viewed as being an entity -
‘with ; point ;f' view;‘much as Bitly and Jane'are. “The ‘reason for. needing an explicit
representation for "I (the data-base) is that it may be netéssary’to represeit othér points of
view w’hkh corfflk:t with the data-base’s.’ In‘the ibb‘ve’%ituﬁﬁk.* Jarie's polat of view
regarding Billy’s beliefs is différent from the thtt*btn’i.md this conflict is what
motivated the inno@n&im of ‘T in the first place. By hiﬁiﬁwg%ﬁﬂéxpnc‘tt ‘', the data-base
can keep.track of the d@f ference ‘between facts it believa to-be trae in 1 ‘worlds (including

Jane's, for example), and facts which it betieves to be mm&fﬁvmwnwoﬂds The next
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~ section deals with how the data-base can represent. the fact that sone of these many worlds

are “true” and the some (like Jane's) arenot true, . . -
C3 Knowledge, God, and Wisdom s

The sxmplifxed vemqn of the example, rggmented m figure C-1, deals only. mth
‘ 'belief ) Howevgr. the original example deals with. knqyledge --.nat only does Billy

belieye that Jane’s father is Jphn. he knows it .,Qne_ n is 1o say. that whatever the

‘‘‘‘‘

,“ quite rmor!‘ablie‘f-‘ 1fter all.ﬂpow.;gpldﬁhe dm-gmeever thh @;y.tmng,gf it were
in continual doubt about the validity of what it belieired? of 'course,‘thére may be case.i in
w“hich. it is dﬂe;irab,lle t‘o rgprgggn‘t‘th,e fact tlga;_;hg da;?,l}a;e_@p;idgrsﬁi;;elf to be an
probabnl_ity rqgchgni§;p described fi'qffse;tioq 3.5.?30, in the cgmgx;, ofthe above example,
the fact that it is true that jage’s father is!]ol'&n}m_!bugyre‘gmed by pdlﬁg the, fﬁggpem
‘shown in figure Cr;: Naw, both John and the difa:base beligve that Jane's father is John,
- which ’"*?k“l?h'!’:’»!?ﬂ“f true” (insofar as the datacbase is conceroed).
 The problem with this schese & that ek 4 ened o be ggacly that which
the data-base belleves It i reasonable o say that the dapa-base’s lefs coniain anly true
statements, butu is vuﬁnregs_onab_ﬁ!g tc; say that the ,gatgzggu'shglgefs contain all true
. statements — the data-base certainly does not have.complete informatiop about everything
Y’that is true in ;pe uni‘ver\sg.‘ If theqata;bagedoex nqt h&vgghumgggmjnfmtwg\, who

worlds which are consistent with “reality.”
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\

Now, it is ‘des'trxb)e'tor’gtﬁint‘lfe‘*iba% notiod that everything the data-base
Believes is true, even though the data-base’s biliefs du Hoe encoipass al triiths. This is
represented in figure C-2a. As usual, the direction of the subclass arrow is from stronger to
weaker: God's Deliefs (i.e. reality) are consistent with the data-base’s beliefs, but God
believes many other things in addition. Note that W-GOD might be'so strong as to be a

single object: Representing W-GOD as an ob ject-class would mean ‘that God allows only
one possible universe. ARhough the issue of whéther the uniVersé is “one” or "many® might

"be of philasophical Interest to some, it appears'to have no technical importance here - I

have not yet fourd any cases for which it makes a difference whactm or not W-GOD is an

" object-class. |

Using W-GOT makes it possiblé to abstractly déscribe two different aspects of an
entity's “wisdom* The first aspect is that everything the entity believes is in fact ‘true -
this is shown in figure C-%a. The second 'ia'spiect.;islathit the entity :Knﬁws::al'i‘there is to know

(i.e. all truths) -- this is shown In C-2b. The combination of »'tl‘\iie’{zt‘wd'dféours'e‘m&hs‘ that

the entity knows exactly what God ‘does. Now, this netion of “dbsoliite wisdom"u Cclearly
not very useful -- often someone is considered to be wise 'on‘l'yf;fii:i}itl*i""i:é"s'pect toa 'g"i:ven

sub ject area. One pﬁsﬁbk solution is tb‘&lVidg God’s kﬁow‘l‘dge into” several domains -
figure C-2¢ divides knowledge into the domains of “iécounting,” “mathematics,” and

"other.” Then, to say that Billy knows évéiythihg‘ there is to kriow about accounting, the

network in figure C-2d can be used. Of course, dosmains such as “'i‘*cébfﬁhting"’are much too

large for most purposes - they can be further divided until an‘appr&prla{e size is reached

(such as "Billy knows all ‘there is to know about accounting For mer&ersuslng the pooling-

of -interests technique”). '
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. Of course, just using the name "W-ACCOUNTING" does not mean that the
data-base thereby kngws what thncdommoﬂmzit It-may be necessary for some
applications. to oomtrain W-ACCQUNTING: appropristely :this is 3 toplc for future

research.

C4. -lnterwq,rldv Ob jects ‘ ,

~ The above discussion of W-GOD does not seem. to have much direct relevance to
. the example of Jane's father ~ everything works,coerectly. by jesh using the: consgrustion in
figure C-c (without. needing o introduce W:GOD). Ay detailed above, this. construgtion

invalves the assumption that, the data-base knaws everyehing. that. s, true, byt. this

assumption Iu_umm dxffultym the azmpkmm fact ;ﬁp;datg:base does know all
the relevant fm -However, ‘ﬂgum' C-l does. not quite handle the original example, which
is "Billy knows who Jmé's;fa;hgr is...", not 'B_Llly;,gngyg _lggc'sfa&er is, John." “ The
problem is that Billy may know that Jane's father is Mn Lg”vhgcver), QQ; the data-base
does not know it. That is, there is an entity (Bﬂiy) wm; knows more than the data-base,
which means that the data-base can not be uud as the arbiter of ;r.uthl‘hu is why
. W-GOD 4s negded for the example. . |

A rephrasing of the. relevant part of the example.js. "Rilly beliaves that Jane's
fasher is.«, and Jane’s father is.in fact.” That.is, both Billy.and God believe that Jane's
father is identical ta the object ', but the data-bass, doss. not know. anything else xbaut ‘o’
As a f;rst:mpt agmomung this, consider. figure CSa, which is;wt,tq replace the
relevant parts of C-la,

The problem. with C-3a is. ;hat; the ob m'chss '« can be a different extensional
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- object in different worlds, just as in figure 2-3a the-president-of-the-US’ can be different
people at different times. In parvicular, 'a” can ‘be-differemt :tor Ged aﬁdfor BAly,-which
goes against the idea that God and Billy should havethe sitve ‘o’. The sotution is to
introduce a new primitive constraint, the “interworld ob ject” coﬁstraint, the symbol for
which is shown in figure C-3b. This constraint acts the same as the ordinary ob ject
constraint, except it aiways represents the same extensional object i all wdﬁd& Tts label-
propagating behavior is the safe as themmf%bjiamﬂu’s rule (dl) -~ it broadcasts
an "-obf iabel. The difference is thﬂﬁmmm sach'a hbveiand a Teobj2" fabel
can occur-regarless of whether or not the two-kibels hawe the sime world-tag. Thus |
ob jects in &iffer'em worlds can become identified with each ‘other. This behavior
implements the fact that the interworldt abjéct (ari Intensional constfuction) represénts the
same extensional ob ject in all worlds: By making the oliject:tlass““d" an interworkd ob ject,
the example is completed: The data-base kncws “that Bﬂly knows ‘the idemlty of Jane’s

~ father, without the data-base im knowing that Mentky

C.5 Modal Logic

Modalblog!c deals with (;mong other ,thingi)i%ht'dt’s.ﬂnéﬁbn between- "necessary”
truths and "contingent” truths. A heessary truth ¥ offé that iﬂrue“fm the definitions of
the terms used -- for example, it is necessarily true that aff crows are birds, if we use ‘trow”
- and "bird" with their normal meanings. However, ftison‘iy contingently true that all crows
are black - no logical laws would be vmu:mmwwmomw ‘Modal
logics are systems in which the distinction betwe?n "::ecessary" and “¢onitingent” can be

explicitly specified. Iri this sense, CE ean be used ‘4sa fodat logic) Figuré C-4a states that
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all créws are n@urily birds -- the subclass constraint holds in g_l_[m worlds. Figure
_ C-4b states that all crows are contingently black — the mbglnscomtraint holds in this .
'mlity. but it might not hold in some other. Tba:is.thcdm-bue hllom fAl‘c:'r,ltlm possibility
that ln some worlds it might hot be the case ?ha_; _fail crows are black. |

.,.Anbther.i'.’P:‘gt of medal logic deals with notions such as "want,” as in "John
yanu;_;);‘ne to be with mm, A rough translation of this is thag.Jehn "desires” a world in
which Jane is with him. This can be represented directly by'mtroduciné a binary relation
DESIRES with the same fofm as BELIEVES - it relates an individual to a class of worlds.

Working out the details of this is a topi for future research.
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D Design Decisions

As with any research project, certain more-or-less atbnﬁry design decisions had
to be made during the formulation of ‘CE in ofder that the work might proceed. This
appendix briefly discusses some of thess decisiohd and some alternatives to them. The
main reason fof including this appendix is that for certain” applications of CE, some of
these alternative designs might be preferable to the ones déséribed in the body of this

document.

D.1 Other Labels

There are ralt_emative’s to the use of "+", ™", and "=" labels. Oné 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 rehtiom which contain only a
single ordered pair, §nd this notion has not yet provgd to be useful.

If "=" is eliminated, it is necessary to reformulate the érocess of ob ject
identification. With "«", identification occurs when an "=" collides with a "+" (or another
"="). Without "=", identifications éccur when a “+” reaches an ob ject-class. Thus the " will
have to come t(j the object, instead of the “s” and the object’s "=" being able to meet “half
way." This may reduce the number of ob Ject identifications -- whethef or not this is
important depends on the part;icular Eappllcatior‘i.

Another zlternative is tg add the "-«" label. If this ﬁbel is on a class, it means
that the class is.empty. Here, "" is a notation for "all ob jects,” so ™" means that all ob jects

are known to be not in the class. This label fits in well with the existing propagation rules
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which involve "=" -- after all, "=" means that the class is almost,,.,zg;‘pp;y. Fpr;instance,

.....

since they are :E!“GW!W @'T'P‘:Y-,J!'!i'f “dt‘é'@g':éﬂ&%w‘?@- ray be of wse in some
applicattons, parncub,rly where there are many empty classes. = . .
A f urther akernative is to scrap. aILo{ the existing ‘hpel; in, favor of-a dif ferent

scheme The exlsting labels all refer to ggm- ) d;ffw :gh}eme Qan he ysed in which

the labels refer to clagses. | In one such scheme, there are three ‘lPEI& L
"«A" onaclassCmeensrhat‘A is a subclass of ‘C’;

"»A" on 'C’ means_that ‘C’ is a subchss of ‘A';

"eA" on ‘C’ means that 'A’ and ‘C’ are mutually exclusive

In thu scheme. f- qorru ggrresgonds to.. ‘i and a

s roughly to. >

o s ]

combinatlon of | o—A and -oA on :he same point 'c' ?wreggond;. g - (sjnce each cle;s is
known to be a subclass of the other} The propagauon mle: for the pnmmvc constmnts

_ <an be modrf red to handle the:e labels approprmem The problems with rhls scheme stel‘n

ST

from the fact that u does not refer to ob Jem For gne thmg. lt ts unclear how the ldea of

ob Ject (eg single—member class) can be formuhted at ’ell - sq;me other kind of label is

. i R
probably needed. l?or an_other thmg, nt\u‘ ngt knowable whether the cluses beipg _ref erred

P )

to are empty or not ~ all the classec oould be empty and the hbels would still _propagate.

!"’i},. %

This actually mrght be an ldvmtage for agplmuom where it g required that all clasm in

\

the network be non-empty.
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D2 Other Objects

Currently, CE has two kinds of objects which can appear in labels: ”sifnp!e ob jects
such as "x", and ordered pairs such as "cxy>" ‘It thay be useful to introduce other kinds of
objects for certain applications. For example, considér integer arithmetic. Special integer-
ob jects "3", '-17', etc. can be defined, and pi’itﬁifiﬂié’: suchas *sum* and "difference”.can be
defined which use them. For handling inequalities, ob jécts ‘can be defined to represent
integer intervals, and these can be manipulated by constraifts wﬁﬁchexpress fhe various
inequality relations. : b | |

Another kind of object is the nested ordered pa'i”r, such as "<a,<<b,c>,d>>".
Nothing in this document has required them, yet nothing explicitly prohibits them eieher
It clearly comphcates :hmgs to allow labels which are arﬁimrﬂy deep nestings of pairs, but
this complexity might be wcrthwhxle in some cases. ' For one thmg. LlSP—hke structures can
be built by defining a 'primitiv'e constraint Tor CONS which cen be used to put these pairs
together (and take them apart) For another thmg. quanufncatlon could be performed

without using the t-m constraint. The basic idea is to introduoe a primntive for relanon

~ composition, and let the bound (quantified) ob Jects be expucaly carrled along in nested

tuples. This techmque is equivalent to Skolemmtwn in first-order logic It is not hard to

work out the de‘anls of such a scheme t‘or relation composmon such detalls are not gwen

here pnmanly because the resultmg expressions seem o be very unnatural and awkward to
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D3 Other Primitive Constraints |
Since CE is highly modular, it is poseible to introduce a new primitive without
having to worry about how it will interm»wlth .uuu da;isting fpri‘rniti'v)‘es}. indeed
throughout this document new pnmmves havse been repnudly mtraduced or proposed
(eg. in the immdhtely procedmg uction). smce CE u built entirely mt ‘of label-ob Jects
-and primitive constraints, any addition.to CE will be either in: terms cf ‘new ob jects, .new
, constraints, or both.

One such possible addition invelves :"prooedural uttachmem" as described in
section 5.4.2. Within the CE framework, thts involves deﬁnin; a new constraint which
behaves normally ~ 1t looks for appropriate patterns of labels otr us utached class-points.
and propagates new labels when such patterns occur. However, mthk constraint might
be an arbm‘ary procedure for accessing the oumde world etther to recene information or to
produce effects. For example, the clats 'PERSONS' ought be ued via'such a procedure to
~ an external file which lists all the persans. A “sobj/inf" label.reacking this class causes the
procedure to add ‘obj' to the list of persons, and u"-ohym('mmesan mconsistency if in
fact ‘obj’ is a person on the list.

The ma Jor limitation on the power of such a pmceduu i,s\j,'h_at is must have a
well-defined semantics in term;- of label. pmpagatiom In the PERSONS’ example, the
semantics is easy to express since the file in the outside world corrnponds qutte directly to a

. CE class, but more complex procedural interaction mth the ouulde world wnll certainly be

more difficult to express in CE's terms. Thts is an area for future research.
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This index notes where some of the technical terms are defined.

class-point T 10

collision T - _ 13
constraint 10
domain (of a relationship) ' RO 20
extension 10
inf ‘ 30
intension . \ : |
label ' 18
ob ject 9
ordered-pair 2
propagation 3
range (of a relationship) 20
t-m 36
world 30
world-class 3
world-tag 29

This index notes where the propagation rutes are defined.

bl - b6 * (figure 2-5) 22
cl -2 ~ (figure 3-5) 17
il - i5 (figure 3-4) 16
invi-inv8  (figure 2-8) - 44
ol R 18
pl - p5 (figure 2-2) 7
tml - tm2 (figure 2-i4) 3
ul - ub (figure 3-3) 46
wi-w2 . (figure 2-11) 3
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