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Abstract

This Fepors prasents 3. noval:natwosk-line representaiion; for: in(prmagion, called
"constraint expressions” (CE). CE makes use of some of the knowledge-representation
techniques developed by Artificial Intelligence research. A CE network consists of points
(which represent classes uf -objects) interconnected by cutptraints (which represent the
relationships which are known. 10 held wnepy e diames). ANl 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 constraint can be viewed a3 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 oetwr. .-

The CE representation provides severs! 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 Juive Smith is female” is specific,
while "Every person has a unigque sex which is either ‘'male’ or ‘female™ is general.

Second, CE's label-propagation procedure implements logical consistency checking:
Data-base integrity can e imaintained by checking all new data for consistency with the
existmg information. Sinte the data-base can contain general information (representing a

“semantic-model” of the data-base’s appiitation domain), new specific data can be rejected if
it is incorsistent with wither other specific data or with the general information. Also, the
general information can itseif be checked for internal consistency.

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

Fourth, CE's modultrity aliows the label propagations t be dome in parallel, so
that paraliel hardware can 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. The Yscond part is faore philosophical tham ‘techiical = it compares
'CE with other représentations, discusses why' represémtational fisues ‘are imiportant in the

© first ptace; and examines some aress in which the CE tepreseitition #5 not adequate. ‘The

ge sbout knowledge™ (ruck-as “Bifly knows' who Jane
‘Sthith’s real father ls. ahd she doesn't know that MM’) MW may be read

third and finet part is a collection of technical appenidia

as paraflel hardware and *

in‘any order {or skipped entirely) since each 3 largely sulf tontiined.
The reader shouX! be forewartied d\atmuch of part one i aot particularly easy
reading - the presentation is organized to minimize the number of forward references,

which means that iriteresting examples occur only afver the Boces ¢ machinery has been

Introduced. The main ‘reatoit for this rather dry "bortemy i t is Grevity ~ it would

‘ﬁﬂt at'a cost of peﬂ'mps

be poasible to discuss the "big picture® i pariiiel wilh thé dita

ao'ubursg‘ the-size #f this iocument. 1t i dxpieced that thé isestseid reader Will skim the

entire document first (especiatly part m) in brder w fa

“motivate studymgtheduﬂk. o




Part One -- Technical Details .
The following three. sections present the technical details of the CE
- representation. Secuon 1 introduces the-abstract,universe of objects, classas, and constraints
_in which CE operates, and discusses how an retrieval and inference are
accomplished. Section 2 prmts the six different primitive constraints which are used (in
v the.,gurrent formulation of CE) to structure this. unweug. Smi_ﬁnsﬁ then uses these
. primitives to canstruct more complfex,consgmn;;,, such as:hm involuing. boolean functions,

transitive mmmd naive probability.

1 The CE universe
11 Objects and Classes

_The CE unjverse is composqd ofiaqqmic’,m w,t;;cq __;;g“be aggregated to form
arbitréry classes. Each particular ob ject either is or is not contained in any given class ~ it
_is impossible for some ob ject to bqth be.in and not be ig,’,tbgv 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 abous how abjects.and classes
interact. | |

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

and ‘lawyer’ name objects.
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12 Constraints

As praemed 014, Wi uhilvetsé:his no struekire ~dny dtbitrary assignment of
objects to classes i§ allowed. Constraiits' add’ thé neckssary ‘structure by constrafhing the
PERSONS" requites thit everj obijéct dssigned to REGISTEREDRVOTERS alsu be

allowable awgnm. m each: d oo

assigned to PERSONS. Siction- 2 defines ¥l the pﬂhﬂﬁvedﬁmﬂiﬁﬂhts by specifying
how certain patterns df ‘oBiject assigmmienis' (for eximpie, EssIgNING * Jarré-Smith" to

REGISTERED-VOTERS) can force other assigrimiehits Guch “ih ‘aisigriing ' Jane-Swiith’ to

PERSONS). These definitions provide the logical semucs for each primitive.

The information in a CE data-base is represented a¥'% ‘Hetwbrk of such
constraints conaected to the appropriate classes. Both'genem" tﬁ@w;c‘”mrormznon
discussed in'pari o’ AV K ibcitiof, iNe clisi wilf e mﬁ&% e ddRdrk, dnd

‘ uctures rbtiing the Boirs. The
class-points ay bé Rarhed G HEy cari bé ?erifrtﬁwé 5&‘3&&1?& HWitke téxt
(eg. ‘REGWEB—WWWM mmwmﬁ}é‘w (W diita:base

and do not carry any data-base information. The “meaning” of a dawpom’ffwcﬁ as
REGISTERED-V OTERS Is Chrried Wity inr varms of “its tonsieitiohis With the rest of the
network, and mit st 58 Sn s ; ot SMIRENE eiternal ndhiie the' &

1.3 - Extension and Iatewsfahy? <10 CA 200 e PO DIRAT DN oo
Within the abstract universe, the important a$jféct-of " clisy 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 infereace considered here are: **
(1) Retrieval — the user aski'quditions of the ditabase ~ ¢
2 CohsiStcn;:y ~ the user adds new information to thedata-bln.andwantsto be notified
(3) Redundanfy -- the user addsnew data a.ndwamsi'bbenétiﬁedlf the new data is
redundant (ie. fs implied by exming data) A

- Thu documen; focusesm the fssue of consistmcy fora muple 'of reasons. One is
‘that maintaining a consistent dasa-base i The “real workd® is dﬂiﬂanr;dif ficult 'ﬁfbbkm. |

of inference m’ﬁomhsumul under inoy checking.

'group the same a3 her mother'ss” can be answered by Mmqﬁu ‘isertm that *Jane

2 ‘mp 15ig0 Rev T peinien
vwns‘tmncy and

Smith's father’s bieod gvmp i¥' the ‘same as her' mmer*s

vy Sths kgt ‘:)Aﬁf

redundancy ﬂ‘ 1! B 1;1)cum§stmt then the imwer is “no" if .thm the mswer is

SO0 916

i el i e, e
negation f or'incfmsis-tem:iy'.’L "tﬁ'ehamw&r t'o'the above 'y“eg}ﬁo“}m% Sition’ Ii““ﬁs*tf'f the

"yes™;” it neither 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 “resired hwyer lmng i Nevhda i Yimitar but involves

“added compllcmom -~ M&pu" “”ﬂi diblitted in appenaui A e e R
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141 Labels and Propagation
The conustency-checkmg inferences are perfqrmed by propagating Iabels through

the CE data-base network A label is an extensxonal device \yhich relates an ob ject to a
~class in the network. A label names an ob ject and B on & class - the label can actually be
written on a CE network d;;qgr?\m next tqa class-point (which “puts Ehe Ll_‘abel on the class”).
A class may have more thaqvqn‘e_lapel, on it, andthesamehbel may be used on more than
one class. Here are the three kinds of labels ('6b § 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 ' and nothing else.
Note that =obj is a special case of sob j 0 anything said below about labgl: applies

equally well to -’ labels
Labels propagate through the ‘qetwork because 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 consists of ;p_ecjfyi_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 lndoon‘si"si;.e’ncy is f,lgﬁgctvp;cfl'wl}to‘gg\.’rgr, the same
olass-point gets labeled with both f°bj, gﬁd 0obj for some
object --itis impdssiblé that an ob ject both be‘gn:andA not be in‘__t»hek same class.

The second kind of collision occurs when a +ob jllgqllic!es_ wlth an =obj2. In this

case, ‘objl' and ‘obj2’ have to be the same qupolg. 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 example of apamtion with moré than two subclasses,
figure 2-Ic partitions FEDERAL-EMPLOYEES fnto LEGISLATIVE-EMPLOYEES,
 EXECUTIVE-EMPLOYEES, and ‘ﬁ)bxcmim?wwzst*#&ééé %id says that the
 class of REGISTERED-VOTERS is a subclais of PERSONS — the unnamed class-point is
what is left over (i.e. persons who ifehé‘t&e&iii&feﬂ;;'o‘?te'rﬂ.t"ﬁéur’e“'z#ié says that no
registered voters are convicted félons (without bothering to' mm sperclass).

" Note that any of the classes may be eﬁiﬁi‘yz"ﬂéhr’e 94 does 'nﬁ'éay that there are
any registered voters. In fact, alf the classes in f‘igure 21 could be empty (since the empty

class can be partitioned into empty subclasses). However, if there ananyREGISTE’RED-

P

' VOTERS, then they are constrained to be PERSONS and constrainéd not to be
CONVICTED-FELONS. The notion of subcats uich as i & octirs frequently enoligh
to deserve a simipler symbiok Pigure 2:f usés this symibol, which Shoukd be interpreted as
an abbreviation for the one used ‘in 2. ‘Similarly, mm&&xﬁfqm?lg (iiﬁng
that ‘A’ is partitioned Into exactly ‘B’ ~ they are the same class) has s own symbol, shown
in 2-"7. ' . | ., e U e, AR .
The five label propagation riiles for the partition constraint are diagrammed in

figure 2-2. Each of these rules describes a case in which enough information is available
(i terms of existing isbes on clais-points) to ehable new ‘labels 0 be propagated to other
class-points; these new Tabels may then In trn enabie further progagations. Thé left-hand
side of each rule gives the rélevant pattern of eXisting Wbels, and t!i"er‘ight—hmd side gives
than are 'gxplicﬁiy drawn. In'the figare, %' is used as the name o the‘hbel db ject ~ the

I
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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 su ;Thgt_;,f;nfo:manon is sufficient
to deduce that '’ must be In the superclass and gk, in any. af.she other-subclasses, This
deduced information is then represented in mmsgfmw;abels 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 i any of the mm thon it would have to
be in the superclass, which is-fajse. * |
" (p3) If an object is 4n the superciass, and is not in all-but-one of the sublasses, then it
must be in the remaining subclass. This utrue,m_ the partition is ‘e:;hap‘stivq. .
(p4) If an object umt in any.of the subdumptm it:can_not be in the superclass. {This
too is.true because §£>.¢xhaustiveness). | |
(p5) If the superclass. ?:ontauu exactly one :,ob ject, md the objgct.;isl;qot in.all-but-one of the
subclasses, then the remaining :sub_cl;,ss‘musg';_mm,.exa;tlx‘gha;,_gp ject

~ 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 below. 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 one ob ject. The notation. f qr::,this‘

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 abject, 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 2-3bstates tht there are exacly’ fiir BLOOD-GROUPS, and
lists them - this is‘an exumple where the dati-base has' complesé-(extensional) information
about a class. In 2%, the ditabase certaifily does not have compiléte information about
EXECUTIVE-EMPLOYEES &1l it-krows is thik orie-of théinfmisst be the-presitentof -
- the-US",

The pattition constraint is used in 2:3b in-order to force the four blood groups to
be distinct ob jects:. In CE, the fact that two objects are distinct: miast be indicated
- “Intensionalty -(Le. via-some mmmm the &n:ammwmammmg that two
ob jects with different mimes aré different {extensiondl) objeets. - Adother instahce of this
distinction (due to"Frege) is that Whe-morning - star” and “ihe‘avening. Mar" are’ the same
extensional ob ject (the planet Venus) even thoughﬁwymmmﬁdﬂmenﬁiiylndeed in

o tiko'‘objects are the

some cases" it majbe’ ditHianr or ‘en Iampotsibl to deciié v

g g

same. Note that CE does not r&ﬁmw%héx@dt partision- constiding be

“eich pair of

distinct ob jects (which would be quite wasteful) - aif that is required 1410 be able to infer

this distinctness (by, for examp!e. starting a »x label on both’ m%bjecu and “deﬁv-mg an

inconsistency). : B o ol
The propagation rule for objects is very simple:

(ol) Each ob ject class "broadeéasts™ an-obj label naming itself. © ¢ 'A

' For example, the ob jett chasé'&b’ it 235 Starts n sab label from itsélf. - Te label says that

the class contains exactly thie une' vbject; which ‘is of course precisely what | ;




s lg

- Object constraint, The =obj labels so generated can then. interast, with other constraints to
propagate further, For mmpkm 2% the =ab on,'ab’ an prapagais.a «ab to BLOQD-
. GRQUPS a3 foliows: The_ =ab-on ‘ab’ énsséh aqhgp ‘ab’. (see section 1.4.), which allows
rule (pl) to propagate A vab to BLOOD-GROUBS. = ... ..

To prevent.a GE datacbase from. chakiag, tielf with tap many jabels, some
* technique is neede o, have anly the “rplevant” objeck cagis REcagicas theis labels during
an inference, One souton I 1o sonsder an ob e cit 9,99 lerant” with respect 0 2

particular inference) iff it gets labeled during that i f  Thupan, Mm which has

nothing. to do with biged grqug;mnmgwm Bioed greup, objects {e.g. ‘ab) to
bmm"ﬂ“nmofmwnggmgm o - ,
Note that GE "ohjects™ can be ysed. (o repremns a wide vasiety of datarhase
entities which are not "objacts” in she. natmak English.pss 4&#&0{# I, 2:3b; the obgject
‘ab’ clearly has na physical existenge. In 2:3¢, the abjects :§ml.¢;and:‘m,,. are not
particular females ar males, but.aze objects denaking thess sexes therwetves, ‘Since. female’
~and ‘male’ have little mepping “’“‘“”‘Wmfwmmmtm,m e s
. $tFong_connection betwaen, the class, of, FEMALES and. the. ohject ‘femate’. The, next
. suhsedi!?ﬂ(gisqum_&w‘m: this conection is. . L
23 .The Binary Relytiogshlp Gonggraint ., - i
. This constraint allows the use of binary relations, such as "sex-of", “father-of",
.and “blood-group-of". Its network symbol is drayg, » ‘\'}@‘ﬁﬂ ip igyrs 2-4a, which state
- that the.binary relation, SEX-OF holds betweep.the abjects. Jang-$mith’ and female’.

Almost all data-base schemes ;h;Ve some »ws!i.-@omsrg;g @ﬁgﬂﬁésnm&;ﬂa&ggt 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



| figure 2-5. They are:
(bl) If object ‘d"is in the dommin, and ‘<dr> is in the relation; then 'r' 45 in the range. This
* is.an immediate comsequence of the definition of “image” given'above:
~(b2) If an object " is.in: the-range, thien tisepe.oist be-some: sivject in the domain which
bears the refation to:it. It s net known what this obfect'is; 'so'a new aame will be-used: for
it {in this case, ‘gO08Y is-being used as the new-name). -Any implenientation of a*»@i"ﬂata- -
‘base must contain some provision f«pnentmg sch new=objects. In the:rest of this
document, these gmmdgbm wﬂl gonsist of :single: iquercase letter followed by a
~4-digit number. "For-rule{b2); it is known thatuthe -new object i in the domain (hence
+g0037 is put on D). and that it bears the relation ‘Bste- theobgut r (hence «<g0037,r> is
put on B). Snmew belaw show how: thhmk; npm
(b3) This is a conasguence of {Bl). 1f-'r"is not inithe mage, 4nd- ‘¢ is:in the.domain, then
<d,r> can not:be in the relation: -If «dg> were in mmmmww bc in-the mge
(usmg bl) which i3 false.
{b4) This is ancther mmmnf £bh. k-"c’agirmfi;a ‘the:ragge, and =dy> is in the
relatian, then ‘d’ can not be in the domain. Again, if k- Wﬂnm demain, then 't’' woyld
be in the range (using bl). ) o
(b5) If the domain mm}ymm dbjuct ‘d’,m#‘ : éd;f* B nma the relation, then
‘r’ can not be in:the sange.
(b6) Similarly, if th‘*im ’mmfmly thcm prdered phir ‘«d,r>, and the domain
does not contain 'd’, then the mage:can ot contdin '’ ‘
(b7) Finally, if the domain centains émy the one ob ject 'd’; ind-the relation contains only

the one brdered pair <> then the range must contiin only the one ob ject '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 héw terminal 'x’ is constriined to be a chss contammg a sing!e ob ject,
that ob Ject béing the sex of }ane ‘$m ith. Now. the ob ject-chss % is known (intensionally) to
be the sex of Jane Smith, but p’iesuitia&y 'ther&'ii some alr;;dy exnstmg ob Ject in the data-
base (in this case,'femate') which lsqmvakmm‘x' but ls m interestmg (in that the
user and/or the data~base know‘more about ‘femate‘ than thej ido :bot;t x’) The user’s task

is to set up an initial labetmg such that the ptopagation procedure an be used to ﬁnd such

an exxsting ob Ject

An initial fabeling (’and the subsequem mferem:e) which does thns is shown in
figure 2-6b, which ‘is a copy of 2-6a with the addition of labeis. The number in braces
 preceding each fabel is uséd o indicate the order in whnch the labets aré created by the

propagation rules - these mmbers are only for mmimce m studymg the dlagram and

ii;’s

are not actua!ly needed” by the mfeun’ce procedufe Foﬁowmg thc number is the

?q‘w im.;ﬁz ¢

'pmpagmon rulé :md 16 create the hﬁd. % for examp'k {2 } +x™ means tha“t‘ ihe X label

1‘1“§n .1‘

was creared at t}me g va e m. (Tﬁe foﬁowmg Eagﬁsh ducripuon of ﬁow the hbets

\&:I& FEE RIRE N

Bt it contains no more information than the labels

g et

" are propagated”{s tather ‘cinib

AT ;"dt H «fﬁ‘/“ ”Z PR

| thcmsef“\iis“d‘o.)‘i “The {0}« tabel s the user's initial h‘beﬁng which starts the mference -

Bt ayiiopurl T el

it says that the' termfa&f‘i‘?wbicﬁ ﬁ”m&nswna“y the $ex of :’gm Smtth) contains exact!y
the object 'x". The two el Aimbiréd m m “tretited by m&e ebz) ~the X on '

# . # au £ . 3 i TRAE D 4RI ,4‘3~ RS TR
“automatically entaik 2" ok % s T Saction 1.4.1},“which allows ’(beja to generate a new

‘‘‘‘‘‘ £ 35*‘,} Wit

ob ject (here, gOU38) éhd create the rias H)el& The {2,b!} o Tabel is created by applymg'

et

(bl) to the two labels just’ created In” step {!} Ruk (oi) aﬂowi 'f‘emale to broadcast an

-femafe (hbel nun*tber {3 m}) w"UCh CO“&&S W‘th th! ’x aimdy on .fmﬁ' v

Tah,

As deicnbed in'Section’ 14.2 this kind of collision mnn; Vghat ¥ and ‘remale’ :;re

\




 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&in incensistency (via the collision of
some "+" and "-*‘labef) To axsiime that 'x™iv.rioe'Mury Smish, the Gsér puts a -x Tabel on
the ob ject-class ‘Mary-Smith’. - The rest of the Initial labeling consists of =x on X’ and
=Mary-Stnith on ‘Mary-SHilth": These ave all Marked s nodwbier (0] on the diagram. The
label-propagating inference procetiire then uses this ifitiaT fbeling to derive an
inconsistency — at point *A> thefe is a collision &f 4 X and a x. ‘Netice &:this‘cﬁiﬁisibn can
be given to the user, who then knows that X’ is indeed ‘Khry-isnihﬁ’,“nnae it is' inconsistent
" to assume otherwise. (Anothet possible intérgretation of this im&uistency is that there is
no such ‘', meaning that’Jahe Srith does nét havem?m&épirent Presumably the
" user assumes that she does have one; so this interpretation 18 risled’outy <
‘Note that the inconsistency is detected via & collision v“ﬂ"“%&“ﬁ‘:’ By propagating
the labels in a difmemomrthemllmanmwaemMmmmwhm else.
‘Thus the exact plice wheréthe ificanilstincy'is detected 1 #oi*impbrtant <4t is ‘only
| important thatitbe detected jpmwhere: < O e fene S
| "Okie notatiorial'thoftcat dded in Tigure 27 is that When®)'")" ubel naming some
generated-ob ject @M be placed o an sbject:clals, the mame tf W' bb ject-ctiss is used
instead of the gerierated-¥jéccs Harie. Far example, thie Mwwmﬁn.» label on
PARENTS-OF is writtsdown ey fitend of going ‘shrosigh'the Tull process of
(D) generating & niew obrject:(here, 'F12¥Y (2} propagating ¥[348 41934 taber 16 ‘Fine-
Smith’ (anid a {262} vagi2$4,xs' Tabel 16 PARENTS-OP), (smmng an’<Janeismith on
identifies the two objacts: (5) thén finallj using *Jane-Smith” In all Tabéls whiere 'g1234' is

used (which is legal bécattsé the two ob jects have been ‘ientiftisd With ekdhi Sther). 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 ‘femide.: Asdiscussed ifi-section 23, figure 2-¢¢ does net imply that
every person has a sex. However, 2-a does #nply this. Since” PEESONS 'is‘the:image of
XX under BEINGS-OF-SEX 'for every person there must be‘some object in XX such that

~ <the-xx-ob ject the-persons ‘is i BEINGS-OF-SEX {esing rdle BE)' THie\invesse constraint

2 o

in 2-0a then forces that Qhé-personihe-xx-objéct> be in'SEX-OF. That 1§, sn" has

a sex (which is ¥he-xx-object). Note:thiit nane-of this'requires that.a person have one and
* only one sex — this topic'of *1-1 fundtions™ is discossad i detail in'sirion 28 '
As another example, figuri’!*‘?%“itﬁé‘s'fﬁi?t"’SPéi!%ﬁ‘-éF ‘i$ Wi ‘own’ Inverse,

which is means that it is a symmetric relation.

25 The World ‘Constrang ' 71 woos 0 v iail o il :;.;:;m‘zc: T
" Bo far, we hve Nestiied that the information i & dkle-Sebe’id tohitafit over time
and ‘tepresents’ a' sifight "Folnt BP9 i6w “TRat is, it Kas bbed tholefPUistmied thitsthe

extension of‘a’ chsswchhi’\lﬁms'?m&ve’rm‘h iudbﬁl » jod i However,

in the real"Wolkd Miny thihgs Hing¥iover tine: The* sy 6f REGSTEREHVOTERS

gains and loses objects as new people register and old ones die or let their reg‘ﬁ&i‘tion

which is taken.’ Foriekufiple; sorfie tisérs ‘of ‘a"census data-basd'might want™to’ consider all

DRAFT-EVADERS 10 be caimNALs. while other users migh

Fortunately‘, thebs”i§ 2 rathetdimple nechanism  which Nelps. solve ‘both these
problems, and ‘which Wil tdine b bé 7élled: on ore and-rhore ifi PéNonaiig isections of this
document. The basic idék u‘ﬁ:mpbmmu;ﬂ%%ﬂds"in thé'didatbase; * AWl‘d ¢an be
~ thought of as a-physickl-0r et physiest Slivation; sifch s the physicat sitiafiort ‘of “April 3,
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1946, at 10:23 am", or the metaphysical situation of .fwl?at j'an’fc; Smith believes to be true.”
The latter might Se impzortant.if, Jaﬁn‘e. Smith_is a ﬂ?“"’,?“ user {g\gho wants to add
information ;o"thve data-bg,sg that conflicts wlitvh_’i__nfp‘mg%tion‘ thatmg qghcr‘uur wgzttto
add - the data-base should then be operating indlfferent worlds when it is being used by
Jane Smith and when it is being used by the other user. Section 3.,5 gmscusses many_other

such applications of worlds.

251 Extension

To support multiple worlds, it is necessary fgg the data-base to be able to contain
assertions relative to the various worlds and to mal‘.;p‘,the appropriate (;n‘f erences from them.
Since tﬁe inference pfocess deals only with g;opg‘f;g}gg, “.b‘e‘lsr' the int;ergqcbe(s"c"a,n be
rela_tivjzéd by tagging each I_ab,elv wuh t_'he wovr-ld_;t,hag‘t;:ggmd.jt‘. l-'orexample, if ‘w' is the
world of "April 3, 1948, at 10:23 am” then the label ,'f)(_l?lf'y._wifu dgnotom +X label relativized
_ to that world, and si_mjlgrly:fo; "~ and "e" labels, For example, having 2 +Jane-Smith/w
label on REGIST;RED-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
‘.l‘evgiszer_ed voter in other worlds.

For all of the label propagation rules. given so far, it ds necessary ta 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 propagate AXlo chfss“Aj,@nmhe -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 labei(s) which caused th/qf,z,t,[')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-ob jects might agree on all
* assignments except those involving SAINTSPAUL'S-BLOOD-CROUP (ie. these two
worlds assign Paul's blood' groug’ 8tffefemﬂyf *"Sim:e "Cathdtit aogm ‘tikes’ no position on
what Paul’s blood group i, beth these wofﬁ-nbm are'eon

"and thus both belong in the world-class. Exténsicnially, Wi FHOLICFAITH will
contain a great many suth’ world-objects, differiig with ‘each other regatding inessential

detals. However,aif these world-db jecs Wil agreé O thont"detsls whickaré important in

“ Catholic dogm that a divine Christ existed, that Mary Was ¥ virgin, that the Pope is

infallible,tc. 7 7o nen
252 Intension -

As with other clasies, i is not necestary that the data-base coniain an exhaustive
extensional hsting of all the world-ob j.cts in awor!d-chnin o:ﬂeff;r fhe&weﬂd-chssto be
useful intensionally. P“n!r’ aumpie f&gm'e 9-1Db’ states that alt \égﬁ! ot' W-CATFIOLIC-
* FAITH are also worlds of W-ﬁIEEWRIS‘TTKWFAﬁH (hich B ‘meant to represent
~ all the beliefs: ‘held in’ cmmm ambng jMﬁr‘fsthn relm ‘mbnecheism. ‘the “Ten
"Commandmems.» etc) Nose that the mﬂer dass i terms of the wbc‘hu constramt in

2-10b) is the jtranger one i veims.of whit 1s believed): The cam béliefs include alf of

the Senem‘l Judeo el“w b‘w& M m Cﬂﬂ'my A m YER oV III RN B AV et o
this is that every smntfon (mﬂ-&jeﬁt} which is Uonsiﬂmt wﬁﬁgﬁw “Betiefs” of the smaller
(stronger) world-class must nmﬂly be wnm&nt‘ with the’ boiid‘s of the ‘@arger {weaker)

one. And indeed, a +w (or whatever) fabel can propagate From ‘the” sinafier’ class to the

larger vid rilte (pl). Noté that the use of weiker” Snd st g 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
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‘B’ is a subclass-of ‘A’ (it world ‘W). - Therefare; if some ebject %"is tontained m ‘B’ (in
* world ‘W), the objsit %" muetalto be tontaimed: i ‘A’ (W woHd W) T dther Words, the +w
“label on ‘W’ "enables” the subcldss eonstraing:for all obje

y: with’ world-tig: W', ind this

{

enabled subclass constraint‘ofiérates It thé simé>miieras rides(pl)s =

(w2) Similarly, the enabled subtliess coniffaint operite¥ in tWe ki mainmier as ‘riile {p2):
K x/w ‘is not'in the suprclass then it can e be I chidabckiss. - o

A

(w8) This rule apphes whenia World ' it B8 explicitly disiBled by a'-w iabel on'W".

~ Rathet surptisingly, such: negative it A bémid IHARERve mininer (Instead of
just passively refusing to. enable the subclass constraint, which. is what havifig ¢’ labél on

© “W''does). Since the -w' BlNI theéany that th Word WY e calvi'BF 1§ Gk ' “stibclass of ‘A,

then'there must be'siiie obijete (relative to W) which TR B rof 1A As With

e g " & geneiated Object

is used.  In thid cabe! the geiviratie Su/jct OIIP i EohimrainddiHo Bidin W2 via e gOI2Iw
label, andmﬁnimwmhﬂﬁﬁ%mWw o WRAMALLAR

(WAY IE anob et G s i) e

" rule (b2); it is itk Knowir whith: textersionst) abJecrth

B B kN i 1 ek B a
subclass-of ‘Ain thatiwlildi v DB e e ade conie gl adne dassiotT. oo

(ws) 1 ‘B! commzmmmm&ﬁ workl W)/ aid 1f e olafict 4s condined:id ‘A’
(in world ‘w’), then ‘A’ contains. all of ‘B’ (in ‘w"). Thus ‘B’ is known to be a subclais of ‘A’

Cin o world ‘woc v ol fg e Jndenienns v onl o el nlisgaug wa Y

=

*'Figure 2% showyisa Infararte: uding some'of thessraledl’ Th task it to show
~ that inall workds where: 9" osbbelistof ‘Q; thes i thosd ‘Wortd PO must be:w Subélass
of 'Q. Although it seems trivial, this example does show.Higw:iie: propsgation riles

interact: “WA"is the wovidatiss fur the2finat"P 4§ a8 Subbiassiuf Q" :and 'WB s the woild-
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class for the second one.: The task is new to show that every world in/WA' is rnccuaruy in
W (. that WA’ is . subsiass of ‘W) A» desceibed in sactian L4, the usus! manner of

doiag this is to assume that ‘'WA' is not 3 subclam of W&,Tbmmobm ' is in 'WA’
| and nos in ‘WB' (and.its: world-tag is ‘iaf’ ma is ammwm)wm ‘the user
... sets up thu.ﬁnm.:m the inference. prasedure can’ start propagating. The +x/inf on
‘WA’ an do hothing far-the moment, but the x/inf mWB’ an, mk (w3) is activated: by
- it and thus aan cmu:hcmcnud-oh’ctm which m&%'wa&'n neta subclass of
“WB'. Then rule (wl) can propagaie the genmsated “+" labeb throwgh the mabled left-hand
 world constraint, causing « collision at polnt 'Q which indicases an incensistency. Nete that
- rule{w2) could havebeen ysed instead 10 Peagagase the °- Jabel, which wouid have capsed

a collision at point P

28 The Typical-Member, Constraint. _ g
This constraink allows the wnmnmm&&mlmb«' of a class.
Consider representing the information. that "ench person has a. uni
enough o sate for aRy. partiuiax person such a1, June Smith that she has 2 usique mother
= this is shown in figure 2. Thut.one way 1o repressst “ench persen has 2 unique
mother” would be ta.create:a structure siesilar 49 £igure 240 fax.ench individuat person.
. Needless to say, using this approach is very uMRMmmM just a few
individuat parsons, and K has the added dindvaninge of reyeicing complete extensional

informazion concerning Al the mumbers of the caas PERSONS.

- What the tpicai-member constraint allpus is thmm the typical
person hasa unique mether. . Note tht ypicsl’. i weed-have hkm of “pechesype”

ue mather.” 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) lies In definirig {:exactly: when a
binding does exist. ‘Référring to'Tigiire 2-1% there ate three conditions which must hold.
“The First is that sofme ob ject there %) must b¥ boundtothc‘tﬂoﬁject “"The second is that
the binding werld (heré ‘w?'ﬂor"x migst b in the omym witMidluss. “The third condition
is that the world (here ‘W.') which "beﬁem ‘thit ‘w2 i§ in the outpnt world-class must be
above 'w.2' in the world trée (the ’dﬁtted i between ‘w.i"and "w.2" hi"th‘é'world-tree
diagram indicating that "w.F ‘need not be immediately above ‘W.29. That is ‘W9’ must be a
stronger versidn of ‘w1*is createdbysome Binding). Taken together. these three
conditions define what a Bifiding i3 - it can be seeh from the top KAl of figure 2-14 that
rule (tml) satisfies these contlitions ‘when it creatés a new Hndlng ‘Notr that (tml) s
that the output wotldclass dentains all the blﬁdlng’ """" wotlds; ﬁm?) &m ttm it contains on _!_y_
the: bmdhg‘weﬂ&s R T e R
pigmmsamfnmm iusfmg’ both tmn ma&m*é)ﬂmp "“i?-i‘i"f“t' of 215
children ‘who ‘Kave' childien: T see thit this 1§’ the ‘case, mmiﬁer the’ worid-class ‘WX,

One toné Hﬁh%l.‘fwxiis‘dﬂﬁﬁd“i’é be'thé ou!put “Wd‘?ﬂd"ciaii" !'or'ﬁne 't-fn“'é&fs’t'ra'im' inioiving

‘the-person is- ’boumdu to‘w“ne grandgirent.” On the other’ ﬁand W)( is dhso’ defmed to be
the output warld-class ‘for: ‘the t40 ‘conistraint’ lnvo’lvmg THt-éRANDCH]LDREN From
this constraint, WX %mﬁu&ﬂy thse worlds in which “thegrandchifa® i is bound to ‘one

of the grandchildren (and hence THE:GRANDCHILDREN s ‘fiok & empty class).” Since

 the same output world:clixs' WX is-aved for both these t-m constraints, it means that every

world in which the-grahdthila' i boind ‘to one of THECGRANDCHILDREN is alio a
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world in which the-person’ is. bound to one of the: GRANDPARENTS (and. vice-versa).
Now, since. THE-GRANDCHILBREN are i_n:ﬂac;@zqgmaia}gd by the two binary
relationship constraints to be the grandchildren of ‘the-person’,it follows that ‘the-person’ is
~ bound to some mdpar,mt in exactly thoss worlds in which the-person’ is bpund to some
_ person who has a:non-empty class of mndchndm e

To see how this werks in practics, the: middle.part.of  figure 2-15 ¢ontains the
information that Jane Smith is a child.of Mary Smith. Nwe:upmtht lower;part-of 2-15
(below the dotted ling) reprasents new information .to be added. to-an -existing -datarbase
(above the dotted line). .This new lhfmuoamm\zwmnaehﬂd of Jane
Smith. Now, from this new information, it should be possible to lyfnr thatMauy Smith is a
- grandmother. (er,en, though that the new mformtmmﬂmm:efmtt all to Mary
Smith, and indeed the user who adds the. infarmation. aeed net aven know that Mary »..smuﬁ
exists). | |

The inference is started with a {0} -Billy-joneslinf label on /_;B,illyv_}oae,ia..and.. 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 s legal because 'W0002' 15 stronget thart 000 and thus ‘w0002
world-tags can be substituted for ‘wml‘ onet (Refer ‘Back to- figure 2-13d ‘for a simpler
examp!e of this kind of interaction)’

The conclusion at step- {If} is that Mary Smith is a grandmother ih world ‘wO0O!"
This means that Mary is a grandmother in ‘IRf", aiso. Consider: ‘If Mary were ot a
grandmother in-‘inf’, then a tabet- to-that effect {i.e. -MarJSemithiinf) could be placed on
GRANDPARENTS without any inconsistency. However, such & hbéf can interact with the
- existing +Mary-Sith/wo001 (since ‘w000!" 13 mng‘wthtﬁ 'inf" and can' thus be substituted

for it) tauu&*an;mm Th*ai‘hmﬂrwad*tg sndimotier (in ‘iﬁf’) To put"this

another way; the world ‘'wooer dﬁ‘fm from ‘nf"only in the presencé of soma additional
bmdings. Therefore ail iabels which do riot refer to MWm ﬁ valid’ m ‘Inf* as
they are in ‘'WOOOF. - After 5], WOOO! is really only a booklieepin

devite used to prevent
invalid interactions with other possible bindings of ‘the-person’, and: is otherwise completely

equivalent to- inf"
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8 Using the Primitive Constraints

'This section describes some of the uleful nen-primitive constraint expressions
that can bé co‘nstru‘ct‘ed from the primitives of section 2. The structure of this section
parallels that of4se’c;i.on 2, so that (for gxample) section 3[ q?eggigegfsnmg,,useg of the

primitive constraint introduced in section 2.

81 Uslng the'Partttiqn Constraint
811 Taxonomies ; |

| The umplest combinanon of partition cpmtmnu mvolves .arranging them in a
taxonomic hierarchy such_a; figure 3-1. This ;ﬂpws a great 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 ‘X’ is
known to be a redwood (as indicated by "sx/..” onREDWQQDS).men /X’ is known to be
a PHYSICAL-OBJECT by applying rule pi four times). Hierarchical structures.such as
figure 3-1 are usedin many kinds of "mnucmthk‘ representations - part two of this

document compares some of these with CE.

312 Intersection ;pd Union L _
Taxonomies such as figure 3-1 have 3. highly disciplined strycture - each class-
point ocu-m ‘at most once as the supgrclau in some. pa:_miq\ ;mng‘..gnd.at most. once as
a subclass in some other partmon By rehxtng this discipline somewhat it is possnhle to
represent all of the Boolean functions (intemcuon.wumon camplerent, etc.) Intcrsection

and umon are treated here - complement is treated in 3.3,
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Consider intersection: Given two classes ‘A 'md ‘B’ it is desured to constrain the
class 'C' to contzin ‘exactly those ob j jects which a are cmmmd in both md ‘B’ Flgure
8-2a is a first attempt at this. 1n %, Cia subdaisof both md B s0 every object in
‘T is necessaﬂly in Both *A” and *B’ and is hence in the intersection. Thus c is no larger
- then the intersection. However, ‘C’ may bea goad dul ___& than the intersection — in
the worst case, ‘C’ could be empty (in whh:h case all of ‘A’ would be in ‘Al' and all of ‘B’
would be in ‘BI'). What is necessary is to prevent tbon ob jem whu:h belong in the -
intersection ‘C’ from mistakenly ending up in ‘Al’ or ‘BI. Now, if ‘Al’ were constrained to
be mutually exclusive with “B’, ther 55 object A" which is 2o in 'B could end up in 'Al’
Hence ‘'C’ would htve to contain alt tﬁ% objecu in the' iatarnman thure 3—2b adds th:s
censtraint that ‘Af" bem:imm with "8‘ u well as the symmem: one that 'BI’ be exctusive
with ‘A", :

Figun 32 does tmdeed constrain 'C’ to min alf of the imersectlon If some
object %" is in beth ‘A'M’B' then ushou&lbe pnss&bto In?cr m:% ' is in 'C That is,
stafting a «x iabet from both ‘A‘ and ‘B" thould resdlt in a en e Referrmg to 3-2!:
such a +x on ‘B’ wculd entail a -x on ‘Al" by rule (pB “Then the +x on ‘A'tnd the x on ‘Al'
would entail a +x on ‘C' by rute (p3), and we are done. |

Havmg represented the intersection function it turm out that the union functxon
~comes for free. Consider the classes ‘A2 and ‘B2 ﬁi“ﬂiun 3-25 ‘Az’ comaim all of ‘B’
plus-all of *A’ whtch 1 tot in ‘B’ That is to sny. A% ¢ contams exactly ‘A' i:naon ‘B'
Similarly, ‘BY cohtatns exz:ﬂi““ﬁ"uﬁinn B". Since ‘A2’ and ‘52' are extemtonaﬂy the same
class, nothing it Iost by using the nme mtenslona% clus for them: l‘-’igure 3-2c does thas and

names the combined class ‘D’. Thus in 39 theckssﬁ’represmts the intersection of ‘A’
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and ‘B’, and the class ‘D’ represents their union. .

Slm‘;g, intersection and union occur fairly frequently, it can become awkward to
have to repreatedly write ous capies of figure,3-2c.. As.a.moge. conveniont nofation, figures
3-2d and 8-2e show the abbreviated network symbols ;fari;mmsé_ctim and union,
respectively. One way“to view them is as “mcm' for the.full structu,t.eivof figure 3-2¢ — i
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” ~ instead of hejng sxpanded, they
can be implemented as new primitive conurainti, which have a specified - input-output
behavior (as determined by pmpaga&onfmlu) without any ».‘r,wﬂ;tariww‘?ﬂne structure”
‘the baxes might have, Not.only does this savs. space {since: the bgnes are nes expanded), it
~also sa'ves'time during the Wunuwm—mmmm .rules for. the
intersection box (for gmnéle),_an opetwdirealyiatemofthc ‘icln;,s';es;'A’.*'B". and ‘C’,
. without having to worry about thetmemalmnfsuch points.as ‘M? and ‘BI'. Of.course,
adding a new primitive consiraint dpes iwm;.;shmm;hmsmf.éékﬁ inference process in
that it adds. more propagation. rules. In genesal, the, decision as t9,which non-primitive
constraint expressions should be. lgf t a3 macros and which. shouid. be made into primitives is
a matter of implementation tradp-pft‘s. For the purposes.of the rest.of section. 3, it-suffices
to note that Just because some constraint expression is calied nan?ximuin' {in that it can

be represented in terms of the prlmu;ve consra.gmt) W&M mem that it must. be

expanded into a (passibly large) network of pmmgyg in an actual implementation.

i

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

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 (far the case of two inputs ‘A™and ‘B - For gererality, the
propagation rules are given:'in- terms of boxes-which  can' ‘hawe more thivi two inputs —
~ these N-way intersections and unions can be medeled ﬁm&ftmof‘Wway ones

if it is desired. 6 reduce them to primitive plifthiut cobstriints: ' The rules for union are

shown in figure 3-3:

(ul) If an object is in one of the inputs, ther it' muist be in the union.

(u2) If an object is not inthe uniom, then it can riot-be if ahy of theé:inputs:

{u3) l‘t: an. objae/t;u’m thie: union and is not in all-but-one of the inputs, then it must be in
the remaining lﬁput ’ |

(u4) If an ob jeet: is.ﬁm im any of the-inputs; then: it can-not'be in. the: union. |

(uS) If the unlon mmmmmasmwuumwk 0% in &8
inputs, then mmm mﬂmm m&ﬂﬁi objeet.

Note that () theoiegh (u8) are-tsomorphic - (pf} thiroghs (p5); except that (pl)
also makes use of tite fact that the subclasses aré disjoint: The: rulbs: for inter
duals of those-for mmmumy THey ate shown. i figure %4
Iy If aw object is.not tn. ane of thé inputs, thén . cail Tiot b’ furthie thtdrection.

(i) If an object uinmcm thien i must be i alt'thie isputy.

(13) I an object is niat in the iitersection and i¥ in aliburone of the inpuss, then it can not
be in the remaining’ imput. | | |

v“(u) If an object is in-all-of the inputs, then it must be'in memmtoa '

(i5) If an input comtsing emayom olject, and. If'ihat obiject is coritained in all the other

nputs, then the intersection mmast contain éxaclly that object. ©
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313 Complement |

: .Th;o‘.-ﬂ complement of a class is defined as mgty;hm 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
%"isnot in ‘A’ then it must be in ‘B’ h;uula (ps),slnu ‘x' Bgin'T.. .

To constrain’ 'T" properly, it is ar (p Slate: &l,m;very class is a subclass of

‘T". This can be #me.(mncr wastefully) by having an- sxplicit;subclasa constraint between
, each class and ‘T". It can be done less wastefully.by having an.explicit subclass:constraint
from the tops of all taxonomies (such as PHYSIGAL-OBJECTS-in figure 3-1) to,'T" —~ all

the other classes. in the taxonomy mmmaug belagses.of ‘T -Hawever, the real .

problem with.defining ‘T’ is that.for a. Mnfm:ebamlwﬂg&gb@diﬂf icuk to decide
‘whether or not all-claises have indeed: been consirained 1 hﬁmp%nrimphu) subglasses

~ of ‘T". .In view of :this, it seems preferable.to my .2 new.primitive instead of

a macro, Figure 3-5b gives the network tymhol for mmwf tgure 8-5 shqws-the
two obvious propagation rules:
(cl) If an object is in one of the complementary.classes then it can nok 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 mmgmtkupgnibhndmm all of the
. other Boolean functions. Thus (as pmmhgdmtm 21).it has heen.demonstrated that all
| Boolean functions cau»be'réprmmeds,iaﬁmﬁrmsf the partition copsrains.
: Eylgurg' 354 shows an example which. yus all shrggofmgructm, union, and

complement. The network to-the right of the dotied.line represents.the facts that f.oxmte—
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ones are either wise-ones or lucky-ones (or both), that unfortunatg-bhes ate all those that are
not fortunate-ones, and that all infortunite-ones are unhapgy‘ones. Sugpose that these
facts already exist in the dtu%:se. and #hat a user wishes to. kniow if evcryone who is both

~ unlucky and lmwiu is necessarify un!nppf T'o pertorn this inferince, the user conétructs

the network fragmenit o the left of ‘the dotred line: "AL" 14 thie ‘class’ of uhwise-ones, 'A% is

' of the two (L& those that are both

the class of unlucky-omes, m‘AS’ixtl\e

rily unlapgy Ge. that ‘A3’ is

unwise and untucky). To show that allithose I As*are rachss
a subclass of UNHAPPYONES), the initial’ tibetiig 'of *+x*"on *A$"and’ "-x" on
UNHAPPY-ONES is ine (s siussed i soction 143} 1 thik procuces mmmcy
then ‘the user mwmmmm uniueky MWWWWy i el

~, thumw«m'w ‘rede (12 Wrophg “wsm'm‘am‘m' From

these, rule (cl) propagates -x- to’ WISE-ONES and ?t.m&'m&“’ “Then rule (G4 ﬂdds

-x on FORTUNATE-ONES: ' Fiom this; fule (¢2yprok iwwwmﬁnvdkrvnwrz-

ONES, which rule {gl) finatly propugiter as +k loff UNHAPPY-ONES' This ebllides with
" the initial -x'oh UNHAPPY-GNES, ‘tncicating #iv incontiitencs. Note that this infer

in effect proves one of DeMorgan's laws (specitically, [~Pw'~Q)' 3 o)y

$0 €asy ta prove ift most other logicatsystemss. ~  C T o

3.2 Using the oamcmmm Distinet Ob jécts
Onemue&ﬂwa:mtmﬁymolmmmvhthﬂofdmct ob jects. In

CE, there is no euy “syntactic® check for object e@z{m(ﬂd\ ‘as’con pating print-tiames) -

dectd,mg whether or ‘ot two ob jects are equal can invélve an arbitrarily complex inference.

However, in most cases it is possible 1o structure the data-base 50" that the ob ject-equality




inferences are very simple.

The basic idea is to dse a taxonomic hierarchy suéh'@,;.f;gnre 3-1 to structure the
ob jects known to the data-base. That is, eyery known dgugaoh”amyoeeur at the end
of some branch of the taxonomy tree. For_esamete, AEQUOM-NAT'L:PARK'S-
REDWOODS might, be partizioned 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 hence are muually exclusive). . Furthesmore,

each redwood is known to be distinct from all the non-sedwonds because-at some.lavel in
 the tree there is  partition which. puts REDWOQDS 204 the, ass. consaining the non-
redwood ob ject into distinct subclagses. . ,For',exgmlg.‘.ha‘ given irve‘g;qogd,a_bd a given
In general, every object (i the end.of a branch,in.the tAxgnomy tree) s known to be
distinct from every other such ob ject because at.some place above:hcm is a_partition
~ constraint which p,u‘ts: them into muytually exclusive clagpes: T hus when adding a. new
- Sequoia National Park redwood (for example) ta the datazhase, it iy only, necessasy.to make
it explicitly distinct from the other known Sequoia Natina) Park redwoods - the hierarchy
of exclusive partitions above it will insure that it is distinct from every other gbject in the

taxonomy.
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3.3 Using the Binary Relationship Constraint
331 TransitiveRelations

ri°that Aristotle is taller then

If, for example, 4 ‘Satasbase contains the informat
Plato and thiat Phato ie-tafter ¥hiin “Socrates, thén it-sHould e sty to mru that Aristotle is
taller than Socrates. “THis ts-easy to do if everyoné's héight is known metrically (eg. Plato’s
height is 70 inches), but it is ‘not 50 easy when mwﬁumfnrmtton ‘is not available.
This section shows ‘Frow tratisitive réfations’ such ‘44 afler thin® tan be efficiently handied
within: the-CE représentatidin‘avén in the absence of complete fetrical inormation.
"The key 10 ‘doing thils is” thnt‘even Thotigh Pite’s helght might not be constrained
in terms of a“metrical tota] “ordering, ir is constrained ih ‘tertng -of a parﬁul ordering with
Tespect to Azistwe’x hatg&t uﬂﬂ Socrates’ heig&t ﬁgm& ‘it i constraints.” The
stackmg of the Mnary ﬁhﬂmﬁ\m mmﬁ'aihts uhder ﬁﬂi‘%&ﬂ-@? is:a convenient
notation for avoiding cresting Hines 'in ‘the metwork ‘diagran -:ﬁ‘ﬁvpay mﬁ!é»ﬂm alf three

Pe e g

constrainits have mcam s their refation. T arrows Mbél "heigﬁt grmer than”

‘are meant toupmmﬁb “paithil drdiming < the main&nrfm‘ 2R vection s congerned
with exactly how isuch ‘partial orderings can bé represented i 'wm‘s‘*‘%?*‘iémiuming CE
- primitiv, ‘ SO :
Since CE already handles the-transitive relations “subcass of" and “superclass of”
in an efficient manner, the obvious t&u‘ﬁg to do is to represent “height greater than” in
terms of these. That s, Aristotle’s height wt;n be known to be gfumr than Plato’s height
because some class associated with the former will be a superclass of (i.e. greater than) some

class associated with the latter. Since “superclass of " is reflexive {i.e. ‘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:efflexiye_,gmmifwdeﬁng «?'im’ght«u‘ great-as”
(i.e. "height equal or grmr:;han"). Then a technique &r;‘nmcsenting "height s:ttictly'
greater than" is described. |

Y rcpresém "height as. great as,” 3 naw bk;airsmt@;v;H;EIGHT-METRlG is
needed. This maps from an individual hoig&&*%g?imfi-heigb(kgn the appropriate
- “metric height.” The metric height is a class such that.one individual height is as great as
anather 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,. (AMH,, ~"FMH’;,a_nd}‘~‘SMH?are.ghe.-metric
heights for Aristotle, Plato, and Socrates, respectively.) Now, shawing that Aristotle’s-height
is as great as Socrates’ 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—mtﬁai "A is as tail a3 B”
into- the appropriate GE network — the-user -naed not wb;:.m@mm-m.l détails’
involving metric heights.

| ’l\'he'u'se of metric heights as in-3-6b does indeed: behave properly, but-it is also
helpful to have some intuitive interpretation of whata class such:as PMH “really” 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 elass of integers 0,,..69.70
- (since Plato’s height is 70 inches). Note:_that.:theaniarbaliccnﬂdaneven refer to these
. humber-ob jects explicitly — figure 3-6b uses the partial mmgluhong’ the classes: AMH,
PMH, and SMH without.ever referring o the &m.mm;m«mm 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 O.1,..,N is-a superciass of anotier one0,5,..M iff MsN:"

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

represent “stricly grester than:" - All that it nevdedid 1oivise a strict 'wérsion of “superclass.”
© For example, AMH 1§ x strict: superclass-of PME! Itf AMHM #:a: supeiciass of PMH and
PMH is not a ‘siperciass of AMHL THEv IS AMHS & supérchass of PMH and there is

sribdies ‘this  AN(H s still a

some ob ject which is' i AMHbut not PMH. ﬁgwe 38d 7
superclass of PMH, and AMH fs kriown to contain t lekst oné object Chl) Which is not
 contained-in 'PM“:;‘:&M“’#PMH 182 stfict superciass ofSﬁﬂ

Now, even though it is easy enough to state the fact that one class is a strict
‘superclass oﬁ ‘*nvother, it-isnot so easy o }n__ﬁg_%uch:ﬂc! Such a “strict superclass”
inference amamgéamgmﬂpm; for umemumwmm The first
step is to desermine shat-AMH isindeed 2 superohiss (not nevlssiAlpawIc) of PMH via the
usual procedure {i.e. by starting a-+xfinf from PMH and f&"'—mff‘ om' ' AME -and ‘then
watchi-ug, for an inconsistncy).. rmwwuwmaﬁwmmu in AMH
and is not in PMH -~ such:"fing” inferences ars dismmed in s '

It is-important to-nete that this mme discussion '~-*af~’-mﬁ;mxhﬁbeen
in terms of the undenlying:semintics, mwﬂm»ﬁf memforcmmple.
th e user. interface to ¥ GE ’-’fdgt't%ﬂ&- might aHow sta te;m?iﬂfs ~guch-as
;"tallgr-thm(hrwlahw’ﬁﬁthahﬁmm expanding-this staterhent into the nerwork of
- figure 3-6b. The use of . such "mcros"is also discussed :in mu2~me important
point is-that this document is meemd with &muuuws CE’s fanctional capabilities, not

‘with specifying a particular.syntax: for the user intérfaee. . - .’




33.2 N-ary Relations

Codd’s Relational Darta-base scheme [Codd 1970] uses N-ary:relations: as its
primmve construct. Section Q.2.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 exampie, N-ary relation u;he{oglowmgfotwm A person has
a name, a mather, a father, a sex, and 3 blood-group. Thus the relation tuple-for, Jé;‘e
Smith might be (7Jane Smith”, "Mary Smith”, Joeémuh “female”, "ab") where the
double-quotes indicate that thevi:qm; in the mple,ancham-smng&

One common way of reprﬁentaiung;u-miquq%ig 4,m.,.gfgbimry ones is ta use
a separate binary relattonvfor each "slot".of the N-tupk.} thufe -Ta uses this technique to
represent the above N-ary relation. In tﬁis case, the binary relations used for .the
individual slots are MA_M_;-;-OF,,—-»MM@-QFeMQTHiR,-OE. NAME-OF-FATHER-OF,
NAME-QF-SEX-OE.,and NAME-OF-BLOOD-GROUP-OF.. .As.above, the double-quotes
~ in 3-7a indicate character-strings: For example, the NAME-QF-MOTHER-OF Jane S$mith
is an object which is the chagacter string "Mary Smith”. o »

Since CEmrep:aent 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) imtud of. ,HAM;S—QF-MOTHER»OF Figure 3-7b
d.ocs this for all the binary relatians in 3-7a except for NAME-OF, which-is still a character

string.




84 Using the Invergt' Constraint
841 Total Relations -

Section 2.4 shows how 'the inverse ‘constraint cin be used with the binary
 relationship constraint to: state that every object ifi the dossint of the relationship is indeed
related to some obiject in the ringe: For example, figure 293 states that every person has a
sex. The construct used in 2-9a occurs suffieiénty often 1o deserve its own symbol: Figure
3-8a shows this symbel fdr'ﬁ’W:NW réhﬂmtp‘tndm shows. what the symbol
means. As in section 3., this tymbof can be either 2 “tiacro” for %:8b, of it can be a new
primitive (if implementation circumstanices warrant ft).

N
342 Quantification
‘Figure 2-15 shows how the class of GRANDPARENTS can be defined by using

the typical-member constraint. As catv be seén; this 18 a rather- cimplicated definttion, and

~ the t-m constraing itself ssems more complex thiin the other” ainstraints’discussed in this

document. In view of these complewities, it is' fortil

quantification can be accemptished simply in termis of binary 1

- iriverse constraings. -

b mmof such

IR IR

y constraints and

For example, figure 3-8¢ gives 2 much simpler definition of GRANDPARENTS
in terms of PERSONS sm CHILDREN-OF: Agmpam umwpctwmh has a
child which has a child which is a person. Of codrse, the class ‘B.I" represents the relation
PARENTS-OF (the inverse of CHILDREN-OF), so another prose translation of figure
- 3-8c is that graﬁdparems 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




of -ather representations.

méghanigrm and how they refate to the carrespanding. mechanisn

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 her 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 the group 43 whole; etc. Such a

hierarchy is shown in figure 3-9b. Note that there may be ofhéF Brinchéd'In the hierarchy
(forming a tree) - the project might have ulers in addition’th Jare Who have private

views, the group might ‘haveotﬁerpmﬁm,and;so forth,

The hierarchy in figure 0 s rheant 10 fpifsués the Tor torgani!’atxon chart

for Jane's dépmmmt Responsibitity- for changing the ditd’ 4¢'the ' vatious 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 information in the agency-iével v’n’m ‘Which automatically
becomes part of evéry view Bilow it fh' the hierarchy.’ In’ pariicui, any fower-level view
ningly spurious
inconsistencies to appear durifig infereites using that lower viéh. ‘Iﬁéﬁeprocess of tracing

which is inconsistent with the (updated) agency-lévét view Wil thuse seerr

this down (debugiing ‘the Bata, 'as'it wese), the inconiiitiney blkviden' the foweritevel and

agency-level View will hopefutty" be ‘found: Maving’ folsiid B i“fhéoalisténey’ within the
organization, it Is necastary to either reformulateithé agenci-level Wu&h to bt conflict

with lower fevets, or to' refdttialate iower-vel policy i inforinitioli 65 Be-orsistent with
the view imposed from @ove: “The point of thil pardgraph’ 15 tNar"dsihg dn integtated
 Fright provide s poertut vent too! For Helping to

Jobfs higher-level ghalt are i Tact ci

data-base within an-orgahisatits

‘insure that the o

ible’with whit IS being
done at lower levels. ‘
Ariother uses for iierxrchies such as 39b is Tor privaty ahit protection. Since the

 only way Jame Smith's private‘ view (for extimphel car e ustdf is P65 5 sinf tatiei o be put
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on the class-point W-JANE-SMITH, it Follows: thas. someone. withous aceess 1o the class-
point is also without access to Jane Smuhs view. Thus by contrelling acgess to a llmated set
of class-pomts it is posﬁble to control access to g.l_ the mfmmamn attached to them, In this
way, the security .angf privacy structure of thedgta-bau san be made quite independent qf

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

352 Naive Probability.
This section shows how.a werld-class hierarchy can be uyed to handle qualified

information, such as "It is likely miz,,,jan‘q Smigh’s mather ugumsyf,smim.'. and "Most birds

~ an fly." The basic idea is to set up.an .nrder,i‘ngr. such.as figure $4c. The categories such

as “very likely" represent a division of the probability. continuum into: disczete pieces. No

_ attempt will be made here to assign exact numerical values to. shese categories, and indeed

they will not be used in a manner which supports standard probabilistic calculations. .For

- example, it turns put that the pmbabmty 4in this scheme of "P. and Q.is the minimum of

the two individual probabilities, instead of being their product (under. the assumption -that
P and Q are indgpendeﬁz).' |

In any case, it is.necessary tp,exphin;exaetlywhab&ne;;hsse,s‘in 3-9¢ mean and
how they are to influence the behavior of the inference-process. . Like other world-classes,
the ones in 3-9c are used to enable various pieces of inforeation.  In this case, a class
presumably enables information.of the approprise. probability.- For example, W-LIKELY
might enable "Jane smh’; mather is. Mary Smith,” which: wesld mean-that it is likely that

Jane Smith's mother is Mary Smith. Now, the clagses in 3-9¢ represent: the different levels

of 'réliabuuy‘ which a user may demand of .the data-base. That is, if the user wants
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answefs:v_vh’ich are “certain.” then only the information enabled by the class W-CERTAIN
- may be used in deriving such answers. I thetiter*is withng-to #¢cept "iimost certain”

answers, then the information enabled by W-ALMOST-CERTAIN @n be used in addition

to the W-CERTAIN: information. ‘In' gerieral, if the uter démands a particular level of
reliability, then only information which is at lexst thit Telikbie ™dj be used during the
inference process.

Thus the general strategy is for the user to pick a reliabitity level (such as
W-ALMOST-CERTAIN) and stirt a +inf Tabet from ‘that-class. This +inf will then
enable all of the information attachied (o that level4ind will i gropagate to ali higher
levels {such as W-CERTAIN), ensbiing this informatiod too. Incidentifly; this shows why
the probabikity of "P and Qs the'minimum of the individual pro&ﬁ*mms "*P'and Q" is
inferable when both' P-and € are mabled, which occis Wiveri ‘thie’ least probable ofe is
enabled.

B ~Now, some users might ot want to be required to ‘bt S8me‘ relisbitity level before
initiating-an Merence- ‘instead, they avghit like mmm%m the Wferénce and
then tell them after it is done what its reliability leve! is. mw&ﬁaécdmpnshed in
several ways. - The most: drute-force & 10 first try: thee itfferenée with' a yetiability level of
“certain.” If that produces wo-dnswer, then the next lower reﬁfbﬂiéycznbo tried. 'In
general, the inferense casf Dé ‘repeatsd - using successivély Mfaﬁmﬁty levels until it
produces an answer aX:some level (assaming that 'w‘fpm&wmﬁaéﬁat all). Then this
m;wér has the reliability of that level, which is the' highest applicablt one since the devels
were tried sequentially, in decreasingorder.

As with the t-m coneraint, su¢h sequentiiit processing' cari' be eliminated by using
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~ more than one world at a time. In this case, the idea s to gtart a (different) world-ob ject
label at every reliability level. Then the one with highest reliability which produces an
answer represents the reliability of that answer. A good way to implement such a multiple-
label scheme is to use the wormftré mechanism introduced in section 3.6 In this case,-the
workd-objects sartd fram the dasses W-CERTAIN, W-ALMGST-CERTAIN, etc, will e
called ‘chg;;;in', 'y-a_hno;t-»cg:;tamf. etc. Furthermore.:bmob jects will be arranged in the
world-tree m thg: gpénner of figure 3-9d. The Wadmtageof doing_this (instead of
ietting the different world-ob jects act compﬂlgte{ly:ipcl'e\pgpcje_n‘tl_y)% is that the different worlds
can interact: If for example a label with a world-tag of ‘w-almast-certaln’ interacts with a
iabel with a tag of ‘v:v‘-‘uk‘gly' at some constraing, then ;heresumng la%l;éls{yjl'l pgo'g;gate; u;ith
tags of ‘w-likely’ (the "stronger” world — see 28 fora fuller discussion of such interactions).
furthern"»ore. the resulting reliability of the entire infergnce can be seen immediately by
looking at the wor}d-tag of thg la!:els Linyolvgd inthe collssgon l‘}'v_t.gi‘ch ends the ‘inf erenc? -
the yorld-_t;_g af thg QO“NOI:I will“ be the reuabmty-levclof‘ “‘f!‘“{{"- :;Np‘f’" the Aetails of
the foregoing are r_u_{o}:t} too important - the significant aspect of it is that sequential
p@sing ("‘time')' can .be:rather easily traded for mumgje wor!ds (f_';pace').

N“,“,‘h“ the probability mechanism of this, sectlon Gan f:‘ipt‘er_a;g‘\‘ui;,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

s.;nith’s‘ view enables the attachment of "all draft-evaders are _;riymilgal.s'fr 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




60

~ information which is not attached to a relibility world-cliss ‘is ‘assumed 16 be maximally

reliable; and that information-net attichied 10 & “view" world-class is part 'of 5H views.

wi's;-,u:' SRR

353 Relativizing Other C
Since the world constraint it 'a relativizéd version of the subclass constraint, it

seems reasonable to ask why relativized versions ‘of the ofherpﬂmiﬁvu constnmts have
not been presented The reason is'thiit the relativized’ lubclm "constraint un be used to
“insulate” any of the other prim’i‘tiv’es sach ‘that the ﬁtmhm’ is accéssiblé onry in the

constraint (which was capied From figure 2-4e) Figur;%-ﬁg n’fatfv?mu‘fo the world class

W' The twin workd constraifits serve to “disconnec™ cae  side of -5 except for worlds in

‘W’. The same techmque an ‘be used with aﬂ thc ot“her primiﬁns

T gL et MR B e e eoddad ndt R me v N
There i,s,‘hawcvgr, one mﬂ difference between the world comtramt and
Do, e B rwewit Geln g iy i idey s 503 Hi rniaedd .
relativized versions of other constraints. The world constraint can pfocess “w labe!s on its

i) GGE ENE

woﬂd-dass ‘by propagating hbeh whick dmy that the sukbéiun constraint hbids 1n world ‘w
For more compfex aonmlms. however, itis not gmlly peu&b& to ﬁnd i pattern of

R ‘33 i85 st

labels which' represents the dénial of the constraint, T6is s Because these more complex

constraints involve 4 ‘con Jantion of éondifions - if the wﬁeieiﬁ‘ingf’ i to be denied, it is not
problem — most apptidtl’ém of velativized é'onstramts Tavolve “ 1abels {for the purpose of
“enabling” the constraint in the specified worlds) and not "-* éméi.', :?o?"&iﬁﬁle. “* labels

play no necessary part in thé ﬁieﬁrcbiei&escribed above in’ 8.51 mci 352

f '?:-"ra'if R R ’-§5?,Li LE T




61

36 Using the T-M Constraint Templnes o it :

bmary relationships. eech one specifying one. at;tibute ot‘Age indivnduel {ie..one slet in
the tuple) Now it is not maningfui just to assign any ,Mbi;rary ghject as the value of
some attribute - presumably the MOTHER-OF

= y"i}”\'zsfn‘u;h‘ s

g2 LA

be A female person, the
SEX-OF must one of the SEXES male' ‘female' e The;;{}.mumnum be. specified
for persons in g__e_ra_ as shown in fignre S-lOa. Men; o, ihg,pieges of network in 3-10a
have appeared before as isoiated fragments in previopx dum iy figwe ~-10a 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 example of a “template™: lt uses a‘t-t.'n mnstraint to descril?e the
typical person (ar whatever) in term_s of its attributes. Note that only one t-m constraint is
needed in desci"ibing all the attributes. This is foriumte 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 kall-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 ce_nstraint.as in 5-10; has the
further advantage that it allows the specification of constraints between the attribute
values. For ekample. 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 $-10b shows a network fragment which expresses
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these constraints ~ the class-points ‘the-mother’ and ‘the-father in S-IOb are meant to be the
same ones ‘as in 3-f0a" Figure LE (TS also lncludes the general mf‘ormanon that

HUSBAND-OF and WIFEZOF afe inverses. and defirres sﬁOUSr:-or in terms of them.

In summary, a tﬁhphte for a clm*pmvi‘&a a genem structure of constraints

LERILY o g

which must be sad!heﬁﬁy the ariributes’ o&‘ each ob, ject in the class. These c constramts can

W BTG

involve eithet ofie attibiite’ or more than one. Structuraﬂy. a template cbnststs of its t-m
15 “v; 3cu IS ARt

coristraint, its relevant: -set’ bf‘ittﬁﬁut’u'('df sldts‘) and a n&ﬁ&k "of ‘constraints WMch 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
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difference can have in more comple‘x'domaim. One such domain is that of computer
algorithms, and this domain has literally hindréds of “différent representations (ie. the
© various computer umguagu)‘. each of which has' some Panisant who atclaim it to be the
"best.” It is not'the putpose of this document to engage in'such a “language debate.”
However, it often is inmnwmmmamrcpm Wakioh with existing ones i order
get a better grasp of its strengths mﬂm&m It it with this in Mind that' section 6

Y

compares CE with other representations.

42 Why is the CE representation interesting? |

. This document makes three caims for the CE representations. “The first is that it
has a great deal of expressive power - it is m?ﬁdtmlynch to be able to
represent a u;ide range of mformatim The second claiim i that CE has a Tirm formal
semantios - this aliows precise statements to be made about the meaning and behavior
of the various CE exprmwm The mature of this semaritics utfismsném section 5. ‘The
third claim s that CE has & high degree of modulatlby (in several semses of the
“word) - this allows various "parts” of the representation to be discussed without wﬁ-rying
too much about how thay will eventuafy tit togethcr into “wholes” Alsg, this moduhrity is
largely responsible for CE's cbmty to mue use of pmwm (discussed” m) o

43 Moduilarity —~ Layered Decomposmon
The fact of CE’s modularity permeates this entire document: Section | discusses
label-propagation without régard to how 'ii, will be' éonstrained; section 2 discusses the

primitive constraints without regard to the macro-structures which will be builkt 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 Issues

This section presents séme general representational issies and discusses CE's
position on them. Section 6 below below dtscumuh«rept&mdtiom' positlons on these
same issues. Section 5 often refen to “ether repruenmiom ‘in gemn! witﬁout glvmg any

T T
H 345

details — these details can’be fotind'in séction .

5.1 Issues relating to label-propagation in general

511 Modularity - Relating o1 to "giobar” =~ v T
Section 4.3 discusses oné kind of modularity - " the abluty to decompose a complex

 system into more-or-iess ‘Independent layers. - This action considers 2 different kind. of

‘moduarity, which allowd’ compléx’ information o be represenisd In terims of more-or-less

independent chunks of "local” information. ﬁow, all of the;epr;mtmons discussed below

Y h

have this kind of modulirly f sorhe extént‘ Thej il represd’

tiueir th?ormation (however

complex) in teris-of ‘some séf of Tocallrmuning}uipfimitives" ‘However, the

Ly ooy 1

| represennuons dmer with respact tohow a given chmii of‘lo&i information interacts with

T T RN R S F T LIRS LIVt VIR
the chunks of "locat” Inforﬁmnon o ' S

In'CE, labéf propagation provides the one andon!ychmmifor suchmteracuon

This is an extrémelf’ Siffiple thanmel = okt other represenﬁmm wse Far ‘more complex

ones. The siir}pflic"itf"’&t‘: the chnnel ikes it easy'to ‘aEskiibe the ’g"‘&'nl "m‘éa'nin'g”of aCE
expression in terms of the local meanings of the primitive constraints -- one need not worry
about possible complex interactions, since there are none In general. minimizing gratuitous

interacnon greaﬂy simplifues the task of amlyzmg and/or synthesizmg 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 channgl also _allows th‘e‘h grecise sgecif i,cation of
what a representations primltives mean in the first place That is, since aII interactions

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

%
t

can have is in terms of how it tnnsmtts 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 representation uses a complex or m-
deﬂned channel, then it is usu‘ally xmpossible o complgtgly,spedfy;a ,,primittvgs 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 ;eére;,eqtati?t;;iwithout a logical
semantics are "meaningless” -- they may wotkt _very‘ well‘_i.ndegd on certain kinds of
examples. However, it is usuaily impossible to infer from th,e_}éapthor's;q:{;amples anytt\jng
about how even ntinor changes in sonte dgtatl will affect the global Structure. :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_’ “f‘??ti‘.’ﬂf (qt both) Areaﬁllyj' mean by some
construct, then precise comparison of the two is irﬁpo;tilgk.

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 no real mechanitim 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 uké.ﬁfs\mdy,& extend a represémdtion.

513 Procedural Semantics

A Togical semantics rells what a given expression “means”. a procedural semantics
tells how the expression "behaves.” Presumably, a representation ﬂmts for the phrpoie of
its being used, so one is ultimately interested in how it behaves. In a ripfeséniatién such as
CE which is based on label propagattom. the logical semantics and the procedural
semantlcs are tightly coup!od An expresslon s meaning is dcflned in terms of how it
interacts with various kinds of labels, and its behavior is determm«l by these interactiofis.

One advantage of having such a tight coupling is that it makes a representation
easier to use. Instead of having to keep in mind both the muningafthe “dan” (expreised
in terms of the representation) and the behavior of some external procedure which accesses
it (presumably éxpressed in some prdgrammmg“laiﬁguagé). the data itself spedfiés both its
meaning and the behavior of the accessing procedure. Of course the data might not be
directly executable by some given piece of hardware, in which case a simulator is needed.
Appendix B discusses three different possible imi&iémentations of CE -- one mad.e of

parallel hardware which executes the primitives di'recfli.' 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 Chcck,ias:

CE's labels are designed 50 facilitate:consistency: checking. -+ an inconsistency Is
 detected iff a."ob]" label collides with 2 "s0b}" {or "~cb ") a} ome clasv-point. Section 1.4
shows that redundancy checking and ",'9' answering. of menqm“" be. subsuwned

under consistency checking; appendix A shows how this can bé ‘extende,d to "find
questions. An important real-world data:bageaayplbm ef agh«@mmyﬂchecking is to
- validate incoming data. in terms of what is: ajready known. . If aB:inconsistency. is detected,
then something is. wrms md,ihea.afppréptw actions should be taken (such as rejecting the

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

ncy, asking a human to correct
it, or attempting some form, of dutomatic errer apalysis.and copresion). .

wfibe

- 523 Additions / Deletions /. Updates

Using CE, chacking the consistency of new data, with tespect o the existing. data-
‘base is the way to validate it before adding it t0 the ng ;M;;rmmu&ions; which
Mo not have a consistengychecking pracedure de,chowexer, have other msans for handling
. the addition of n«e‘wmgga.‘. Similarly, some xmgmm;@rqyldc special-means for
. handling deletions of gﬁisting; data. An update, of vcﬁou.xsl‘es can,be considered to be a
deletion followed by an ,aqgmor!{ 0 thage represeatations. which. handle. additions and
deletions can also handle updates. In addition, some mmm: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 nevtwmk‘ from a CE data-base can not

possibly cause the remaining data to become inconsistent: Inconsistency is a state resulting
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when "too much” is khﬁwn (in particular, when both an-assertion-and its negation occur), so
defeting some data from:am: existing data-base (whieh;: aithrepomerphienily, makes the
data-base know less) is<x safle-operation.: Noterthiut télerig the datum “a" means that the
data-base after: the-deletion” does riot: know- 'u’*mmwmmntm ‘the data-base
knbm "ot o« T o ) Cenih el R A |

' Ttie: oneprobiem  whick can:arisedoring & deletion Iy thut: some’ data- might be
stored redundantly. For-ekample; the-dxne-base might contuin bt “Jane-Smith is in the
class FEMALES” #nd “the SEX-OF June-Smith: fs“Yentite’™ (ilorig with- the general
" information that FEMALES s exactly the class of' obmwxhhua sex: of Temale’). In
this case, deleting "Jine Swith-is-in the ehw?!ﬁﬁﬁﬁ*%m&wﬁndata—base to
forget the fact that;jim Snﬁth- is feniak - theuadw redundant data: will still. imply it.
A degenerate case of  this is Mthemdmﬁwwm*mng one of the
instances of it obvieutly mmafmwmmmsuwmwmam manner of
telling whether a: deleted datum: is: still. implisd: iy thie: diitabuise:” This is simply ordinary
is an incomi’sf!ﬂcj_.v 1P ‘there is, then: the dati-bnsd Wi

OF N Sulebed ditum and see if there

oy

. ad ‘daturer stift implies it.
Having detected ‘thiy attomaly; one is in’ the ‘sime: sittiftion: tHatoccurs. when an
inconsistency is detected Quring the additidnof datd' -'soie clever progiim (6r person)

must be called to-detormiine-how to resolve thithigs: - 0

P




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.
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Note that a demonstration of logical consistericy requires three :tﬁingS: A logical
semantics which describes what the representation means; a procedural’ semantics Which
describes how the inferetice procedure behaves; and sume form of ‘cofiection between the
two to show that the behavior is in fct compatibile with themeamng “Phus it is Tmpossible
"to demonstrate the Togical consistency of & representation Which does not have ’Sbth a

logical and a procedural semantics.

532 Logical Completeness

A re\"pns-e'ri‘tuwn can be said to be fogicxlly complete iff every possible
inconsistency in the data can be found by the mmmpréd&m(gwmmghﬂme) It
turns out that CE is ot compfete = a siimple example is Shown in Tigure 5:1. Here, it is clear
that ‘A’ and ‘C’ contairi’ the same bbjects (since bisth ‘A’ and ‘¢’ must contiin exactly the
same ob jects as ‘B'). However, it is not possible to dertve an incongistenicy starting with the
labeling that some ob ject ‘%’ is in ‘A’ but is not n'C - nméaf he pfopig'ition rules can
be applied.

Now, all kniown complete inference procedures for suffidéntly rich representations
{eg. those containing at least the Boofean connectives) end up takifig timé proportional to
an exponential fur‘:i:tioﬁ of the size of the data-base being used. Indeed, Karp (1972]

presents rmathematical evidence to the effect that any cmpleteﬁferenceprocedure for any

such representation must take exponential time. Thus for a moderately farge data-base,
having a complete inference procedure is of absolutely no benefit Gnfess one is prepared to

wait a very very long time while it runs.
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533 Practical Completeness , _ A 1

Since logical completeness is so impmg;ﬁgl, the bcst that qan be.hoped for is that
a data representation be reasonably complete and éfficient with rcspe»ttqthc kinds of
structures that are.v most commaonly encountered in the M'bm Lacking any large-scale
empirical evidence as to how CE and ather represeptations perform in practice, the issye of
practical completeness can not be resalved; thus ne .mention. s made of ik in section 6.
However, it is reasonable to say that GEPW certajp 'WP‘@'W‘“"“‘“ {for humans)
such as f;ll A are 5‘,‘ in a computauqnalyisimp}g.,mgner. qnd that,lhe degree of
computational complexity involved in processing a G;E.cx,pmsm @K‘??W@’ easonably well
with the éxpxjessionfq -intuitive complexity. Whetber ornet this is of any.importance

remains to beseen

53.4 “General” vs, "Specific” Information
A significant featuse of CE is that the same set of primitives is used o represent
both “general” and “specific” informationl.' An‘exainpk bf'gcn;eral inf ofmation is: "Every
person has a unique sex, which is either female or male” (iqpﬁgw;f:i-lﬁh) An example of
.. specific information is: " Jarie Smith's sex is femlle' (f;gugg ), hjpu, since the CE data
representation and inference procedure make no built-in distinctions Pétwim ('general” and
"specific,” the ;tgg]e\;mfereﬁce procedure can detect all of the following . kinds of
inconsistencies: » | |
(1) Specific vs. General (or vice versa): Some pioce #f specific data.is inconsistent with the
general information. Far ex&mple. the specific information that :J_I,ﬂe Smith’s sex is Mary

_ Smith*® is inconsistent with the general information. that “every.perspa’s 3ex is;either 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
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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. about incomplete

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

536 Quantification - Explicit, Implictt, and Sloppy

For those representations which do represent both.general and specific
information in a similar manner, some means is needed fq;tqmingui;biqg, the two. For

exar_hple, "(HAS PERSON SEX)" might mean (in some hypothetical. representation) that

some person has a sex, or that e»fery person has a sex. or that all persons haye the same sex,

etc, etc. There seem to be three different techniques for handling the distinction between
“general” and “specific.” L | o |

The first is to explicitly differentiate the two by éssociating different quantifiers
with each (or by associating a quantifier with one and leaving the other as unmarked)_. In

CE, explicit "general® quantification. of ob J«;s is provided via the typical-member

_ constraint (with all unquantified objects being “specific™)...In oontrast to.this, mathematical

logic provides explicit quantifiers for both “general” and “specific” (i.e. V" and "3°,
respec;tvely).
The second technique is to use primitives which ir;yolvc implicit quantification.

In CE, most primmves are defmed in such 3 manner that they c;n be apphcd to. general

classes as well as specific ob jects. In some sense,”CEg o_nru_dals with ggpgml 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 andCHlLDREbg-OF are ipyer;g__s)i .‘pf_ each
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other using one primitive constraint (and no explicit quantification). In mathematical logic
(which maKes all quantification explicit), the same t’h:iing'”wm;td be written as:
VxVy[PARENTS-OF(x,y) s CHILDREN-OFy )]

The third technique for handling the distinction between "general” and “"specific”
is to ignore it. This can lead to ambiguities such as the above '(HASPEkSON SE*)."
This technique will be called “sloppy quantification.” Note that only 'thdsé:f;presentations
which do not have a logical semantics Fail prey to sloppy éuéﬁtification" -- having a
© semantics prevents one from ambiguously using such woids a8 *hat" Woods tios) and
Hayes T1974] p}oiz\it”‘éukt several kinds of sloppy quannﬂcation Of course, those
representations which do gt allow both general and:peafic i%fomation have no need for

any sort of quantif ication in the first place.

537 Worlds and States

One major difference between-CE and Gther representations lies in CE’s use of
the "world object” and "woﬂdf.chss' constructs. A mﬁﬂbjm represents a '(biﬂﬁlly-
~ specified) state of the Bniv&se; ind 2 world-class reprezem:amﬂecnon of these. A
significant feature of CE is that it treats worlds as entities which can be mnipﬁhtéd in fhe
same manner as:sirpler ob jects. That is, world-ob jects maj hquanﬂf ied, may participate
in binary relationships, and may in general be used in all the ways. that other ob jects can.
Thus it is possible to reason about worlds in addition ':\t’b»"r;e:aidniﬁ;g”'within' them.
Appendix C shows how the uniformity of this approach makes it ‘i'eia»'t‘ijvelyv 'easy' to reason
using "knowledge about knowledge" (such as ‘ﬁillf knows who _]hne Smith’s real father is,

and she doesn't ‘knoﬁ that he knows”)’ This may someday have éppiiatfbns for intelligence




~ 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 appropriate
proceﬁures 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 be alled"lntecedmt“pmuing, in ih‘it‘ﬁg_v_j_r_lg the data
(to be added or whatever) tr:ggers the prucedur!  Aniother txample is that procedures can
' 'be used to derive certain Kinds of data durmg an inference -- the appropnate data is
' computed by some procedure (using perﬁ‘ipsoﬁmr data inﬂnd:ta-base)instead of
actually having the data be explicitly’ present This willf be catted " conuquent processing.
in that n _ge_d_i_ggthe data triggers the procedure. - A

543 Events

Another inportant representational construtt which C"Edw not currently handle
is the riotion of “events” Simply pdt.'iﬁ"’ﬁ'e‘ht mrrespoﬂd‘s wsbmezchange in the world
a (whxch might have to be'réflected as a ‘change to the data-Buse). Now ‘CE does have
provisions for accomodating changes in the dita-base (lee section 52'3 6n°additions,

deletions, and updates). However, CE curréntly has no explic (f“r’f presenitation for the

meaning of an event. For example, a representation of the event "getting married” should
presumably say vsomething about what must be true before the évent can tike place (eg. in
“ the USA the beingsgetting married mit be'of dﬁfmf‘ﬁ?i&.hléf tiiridgeable age, and
‘not already be married). "tn-kddition; an evénts repréwmﬁoﬁ’giml& !picify what changes

Casa consec;uence of the event - for “getting marﬂeﬂ"‘ it is prasuh my fecesiaty to change

the beings’ marital status and to Indicate that they are now spomes
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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 person’s sex (or parents, or blood
group ~- the lst of what does hot change s cleatly too huge tb explicitlj snumerate).

The dymamic approach does not have this difficllty since the transition
procedure presumably knows exactly what aspects of the befare-state to’ éhange and
anything it does not touch is ipso facto l?unchang’ea;“ﬁiiwwei; the black-box natiire of the
procedure makes it much more difficult to reasoan_oggevems(is 0PP°$¢d to Just
performing them). For example, using the dynamic approach it is impossibleto dec:de if a
given after:staté could haveé resutted ‘from a given ‘everit -itisnotposslblc to run the
© event’s black-box procedure "backwards” in'an attempt to defive a 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. The problem with this is that it'{s not generally possible

TelLT

(cutrently) to show that“a giver transition procedire corréctly irhjsieme

enits 2 given static
description. That is, it is ‘quité possible that the dynamié désckiption“and the static
description of purportedly the $dme event are not in fact équivalent. "To insure this

equivalence, one either needs a powerful procedure-analysis techin

 description does indesd satisfy ‘thie static oné) or an equally pbwers W%fé&éure—s’ynthesis

technique (to derive the dynamic description given the-static 6hé). ‘Both ‘of thése are quite

beyond the current state of the art.

544 Arithmetic
One concept which the ¢urrent 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
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6 Some Representations

The section discusses ‘several represefititions’ in terms' of ‘the- Issues- presented In

section 5. No,atmﬁt is made-to explain’ the différent veptesentations in great detatl -
anyone desiring such details should. consult fhve: biblfegrafihy”’ T've representations
considered here are thosen from those concefited with data-basés’ (DBTE, Todd's relational
model). mathematical logic {first-order predicate calcalus); agniﬁ’vvsﬁmﬁnoﬁ (Quillian’s
~ semantic memor*), and-artificial intefligetice (PRrinerike tnguges” semantic networks)
" This is-a- rea‘sembiyrapmwiveaiiﬁsﬁefﬁt.iefiigﬁémsaﬁ%ﬁmw itheas; especially
-those which cutrently Tack ‘sufficiently concréte: dmmm *(&gﬁ*‘ntnl;iw[mm &

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

6.1 An Aside: “Assertions” 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.” Synta#t;alty.;the dif!eren;e
-between the two-is'obv-io'us:‘ Network representations  (such as ’CE;);evn_code 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.appear in-assertional notations correspond to points (often called
"nodes”) in network ones. In addition; expressl'oninested within awﬁous én correspond
to network points. For example, an alkernative assertional representat:on for figure 2-4a is

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




LISP itself involves dmvtng the parenthesued L

looal connectlons) of oourte. at some level the patter

function is represented by the wholeexpreulon'(SEX-Qg'{_)meﬁmkh)', .

Given this ktnd‘ of rather direct tyntactic cotmpmdence_,betw'een assertional and
network notations, it is perhaps tempting to say that the onlydm:mcehetm them-is-the
syntax used, and that there is no reason.tot'}m,_then WMWWMmew the

other. Indeed when network" informat;on is entered gnto a omgqte:the network is

usually first encoded into some llnw netation \yhldt lhg r. can easily read. For

example. variout pam of CE have been tmglememed in L.ISP, whu;h -requires that

everything be encoded as parenthesued expteuiom, Then agmt, a common notation for

“ MWIM f% Kwufﬂ -6l

L "?‘3".} B

'I‘hus it is clear that any network an be reooded aspsetof amwns. and, vlce-yersa

However. there y_ more than a tyntoctic difference betw,gen networks and

o;sertions when it comes to p_Locv_ecg_g} them

work Rotations use il connedivity. to
emphasize the & ggf_lggct__jg;_ between thlngt, ond thus are. ggg;.l far tepresentations such
as CE which opente on the basls of tracing through :ut;h gnme;;:iom {In the case of CE,

the loool connections provide the paths along which labels propagate, and.t

kind of processing)._ Assertional notations, on the other hend::,’gmph‘aggp.{the}yglMIc

patterns of the ex;tresslons = they are usuolly ptfoceued via tnmekjndof gattern matching

which compares two whole expressions at one tlnge (instead of hav;ng to do.it.in.terms of

N matcher must use_"local connections

» (e g the fact that two tokens are equal) but the yer. is not mnod with this level of

deutl.
Thus in the dtscussion which follows, syttems \!lll be  Called netwodt based” if

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

6.2 Assertion-based systems -
6.2.1 Codd’s Refational Data Model [Codd 1§70)
" The primitive constract in Codd’s represent*itiénﬁis" the flat ‘N-tuple. and a

relation is a class of such N’mplﬁ (just as in CEa bnnary rehtbn it extenslonally a class of

2-tuples). The "slots™ in each tnple contain atomic values (such as character strmgs or -
numbers) - they do not point to other tuplet. Tuples are aoteued vta pattern matchmg -
the standard accessing opération is to create a new reluion mmting of all tuple: in an’
existing relatton (or crass-product of relatlons) whtch match a given pattern The user
interface to a relational data-base consists of i htgh levet query language. whxch gets
compifed (or m‘erpreted) into a series of pattern-mitch reqlmts. -

The fogical semantics for this sy&tem is the retaﬁom‘l algebra. whrch describes
how refations may be meamngfhﬂy subsetted projected o The procedural semantlcs is
embodied in the pa'tern-matcher which tmplements these operations Thus there is a
reasonably close coupling between the Iogrcal and prooedura! mntics o |

‘As for consis.tency checkxng, this an area of current research Much of this
research is devated to devebp‘ing additinnal repmentatiom w!'uch can be used alongslde
the tuples. One resson that some other representation is needed is that the tuples
themselves deal only with "value® objects such a numbers and strmgs - there is no direct
way to refer to real-word ob jects (such as persons). |

When. perfb'rmtng additions, deletions, or trpdatet; it :i“s neéessary 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;;hg}gyghtabc added does not
_duplicate one that is already t!ier;e,-,purlt‘:sﬁ"stmrlgf%;‘.,;,;.
( tuples which depend on® the one bemg dehte% {The. mthn Qf depcnd on” a,ctually turns
~ out to be quite complex, and is a topic of curreny,research ;gtem;.)

CItiseasyto shaw that Codd's. xhqm; ds. mpg MW complete. . It is

consistent beuuse the procepural semanqg Qz i

LR A, LR LU R

ry-to alo delete those

m.msww.mwm is a

direct reflecuon of the logical seman;lct (tbe rgguml ', ) ,Qi sourse, it may be very

difﬁcult to show that a given implementation of a pattern Wmmmemem the

_ relational algebrs (especiplly when complex. SPUTIAAUAR, 4t done), but thy general ided. is
. simple. As for completeness, sinee the relationa) daja-hase’s uniysise is finiie (consisting of

g qgle;). any exhaustive

a fmite set of relations, each bemg A finite chg q; t

Wv o

enumeration procedure wiu bea completeone, . -—;?;’_5;;,*' s

Now, the major limitation of Codd’s w is that.it has abmm na facilities
for expressing general information. Since the, zest 9{, ;@ %\dm;;ed -in section 5
Hmw tp. discuss them in the
icy. hecking, mentioned

_depend in someway on, gl!gugg ofgmgggl informy,

PR R B

| contxt of thisreprsencation. Wi ropacd 1t e f s

) above. another M tor Peeding a,?‘P?“?'s“QWW f;ﬁ( Q&Ptgpmgr Wtency
oD, Fyr sé*mﬂki&%fsqgs have
neral consteaing,  In summary, the
¢, bgtween CE and

Codd's scheme. R s e ntn e £ SeRNE ThA B © e

constrajnts is that they usyally involve general infor

s *2

& unique sex, one of ‘male’ or Temale” is one guch,

ability to handle genera) informagion is the myjor Supgiony,

e AT e S ST T R I T T e



6:22 Planner-like Languages
The Planner-like languages ‘are the fesult of oné approach for adding ‘general
information to a Codd-like Hata-base. Theseianguagesweredeveloped for artificial
intelligence applica:tibﬁ?:‘.”and’indu'di:?'linnék (Hewitt ﬁ'fif%ﬁiv’e‘r*m&:deott' &
Sussman 1973, GOL {Pople 19723. and QA4 [Rulifson et al lﬁﬁl Fot purposes of this brief
discussion, no dlsuﬁmm will' be made ammg them (even thiough stgnif icant differences do
exist) -- the discussmfn is in terms ofm general appr'oach. ot in terms of some particular
Ii’ncarnatio‘n of this ‘appi‘dﬁcﬁ. ' | - |
 There are two components of these representations. The Tirst Is an assertional
data-base which is essentlally like Codd's. The differences are minor: In Codd's scheme,

SRS O oL

‘data-bases the appropriate

the tuples are *Ii* the appropriate r%ﬁtloﬁ;v\dhite in !
relanon is "in” each tuple (by having the first slot in'the tup%e be the relmon nanfé). “Also,
assertional data-basé tuples may be riested, such as e

"(COLOR-OF swcm cmnx KED))"

The seconﬂ cumponent of &“Planaer-like repmemiuon ‘handles the general
inf‘ormation This' is dorie using proéedural at(athmem ai discussed In"Séction 542, The
procedures are attached to pattérns, 3uch as’ '(COI:OK-OF X ??)“"’?When such a pattern
is successfully matched agains: an assertion in the dah-bue Eﬁe pattem s varhb’fes there, X
and Y) get bound to the appro‘priate pieces of the .a’sserﬁbn (e.g. X;-' BLC‘)CKI and
Y - (DARK RED)). This bindinig process is the way a procedure réceives its arguments
the proceddre has acc?ss to the bindings of its pattern’s variables. . R

Both "antecedent” and "conse_.quent". processing are done using attached

procedures. For antecedent processing, there is one set of procedures for additbns. and a
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separate set o deltins. When a datum is bout o be added o the ssertional data-base,
all "addition" progedufe: attached ‘tg_i patterns which matcht)\e datum are executed. These
procedures may in trn aces the dabase, BBy GG oKhr precedres o be run.
Similarly, appropriate "'delg;i.on'_' procedures.are executed when a.datym is deleted. For

consequent processing, there i3 another set of procedures for

enerating assertions which
match a given pattern. For gx?rqplg, a consequent procgdgxc.gttachedto the pattern
“(PRIME ?N)" might generate the prime numbets(u ofcqu:ggpgmg infeasible sg store
them all directly as assertions of the form (PRIME 2), (PRIME 3), (PRIME 5), etc) In more
_ complex »ca;“gs,”the generating. procedures t;.anfhetpsxe}lv‘es acgeu the data-base, PQi?fb'V
~ invoking oth& proqgglures. v | |

qu. since ‘al_l ptocq;sir}g within a system buedm}l’lanner-hki I;ﬁgu§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 prgceduru Th?‘w'?t‘_'@icaﬂ be said about
a Planner-like system’s behavior "in genqral,f because little can be md n gmal‘ about

the behavior of any programming language. As a conse uence of this, there.is no built-in

bt

logical semantics for the meanings of the ‘.aue(rt,i}pm:.'_ F",ﬂﬁ’??'ﬂ?}’! the assertion
"(NOT (COLOR-OF BLOCKI GREEN)" might mean that blockl Is not green, If the
relevant‘ procedu;e; hay_é been ;;oded to treat'NOTjaocoqltngto },it‘s_ﬁq:;tomjlry mea?\‘n‘ing.
Thus it can be very difficult to determine the global meaning of a given. assertion, since it
depends on the whole structure of procedures installed in the sy}gem ,{(Whld’! may be very
‘complex). -

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

consistency checking. Also, nations of "loglqlmm:y' and 'jlpwgi"gal_mpletene;s,"are
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inapplicable without a logical semantics. ‘Consistency checking can be iniplementéd for a
particular application by having the “addition® procedites do whatever checking is
necessary before a datuin is added, but this réquires that all the information about what to
check be coded directly in the procedures. “Thus when neWw checks are needed it Is ‘necess'ary
to change all the relevant procedures, which can be very difficult. - Also, it is impossible to
do "general vs. géner’ﬁi“ebnsm‘ency checking, since the géneral information is implicit in the
structure of the procedures and is ot directly manipulable. ‘

Some Plahﬁeﬁlikd hnguagé (e.g Micro-?hnnerISussman g_t al 1970]) handle
universal quintif ication by explicitly iiéréting through the set of relevant pattern-variable
bindings. For example, the notion of “"every dark red ob jec;' is represemed in a ptbcle&ure
as a loop which iterates through all of the bindings of X for assertions which match
* "(COLOR-OF ?X (DARK RED))". This of course méans that the class being quantified
over must be reasonably small - "every person” wouild take too fong, and “every prime
number” would take infinite time. Asa concrcte example, the quéry "Are all di'af‘t evaders
criminals?” is answered by enumerating all cf“‘me 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 cutrently 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 "layers.”

Each layer describes the differences between itself ind the contéxt reptésented by the

following layers in‘the list. This xmptememmon makes it ealy to trédte 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 mprq&dqeawhkh access that data. As
above, if a representation licks a Jogical semantiés tﬁm%ﬁw oMible 1 have a general
consistency-chiecking procedure for-i€-{sincé such apmem ficeds to know what
“the data;st»rm:tu'resf mvexn in order to tell if ‘thvey are chmisteiit). Tn DBTG, almost all

consistency checking (done at the time of an addition; déiétion; or update) must be explicitly

coded into the particular programs which do the additions; ete. Uhnlike Plannec-fike

~ languages, DBTG ‘has Title provision for procediral sttaéhient. This mieans that the
| COBOL programs tend mmmm&umm atvadded to a DBTG
system -- there is no way to modulatly attach wew pmea%“wme Felevant data (as
~ opposed to mbmmg them all in one menolithi¢ program):

- There are of course further difference bidweer DBTG and ocher représentations
(such as Codd s) but these are irrelevant to comparing DBTG with CE. The' m Jjor.
difference between DBTG and CE is that virtually all of the tnumnng information ina

s méan,

DBTG system ("general® information, information about wht tive' .
etc) is buried deep within the particular COBOL procediirét imtédd of being more
directly accessilSte: (for purposes of conistency checking, Wi&c’i‘ﬁ IS of course true

that DBTG cin do-anything thit CE (or any ‘othier diti-bitse -5t  éanido, But only

because COBOL is a Turing-univers programmitiy ings
towards making such universsl power Wiore tractible toiuse. < 0 -

v~ DBTC does ‘very little

- 632 Quiﬂim!s"stmnm Memory
One of the first: network-bused upmmm wwnum a967] mede? for

represeniting

human usocm’ve memery.  The “lemantic memory™ Mdmiﬂ%" o nedes
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oncepu” (e u '-'égg', "meat’, "at’, eic) connecied by links-representing "associations”
(e.g. there might be links connesting ‘at’ :Q.bq;h,','dg;_;gd;w&; presumably.indicating
that dogs eat meat). The memary is. accessed by Mﬂi mm‘&!ﬁ%ﬂn&mg» the
shkméu path of associations con"rllectiﬁg them. Thus given !“t‘. i Yencat” the shoetes
path might be the one through “eat.” | : ,

This is V&‘meih in the spirit of -psyshplegicat ward-absociation tests, and is not

8g: For gxample, the above
. example could. just 3s well. mean thatmm& m'ﬂﬂw links -have o meaning -other
.. than that of P““’m“‘ﬂ Now, being.a. MMMM:YM finds
the shortest path in a psychologically plausibie, manaar. . The. ayaiers: propagates markers
along the links breadth first (in parallel), smﬁng at the two given concepts ("dog” and
"meat”). Thus the piace where these two 'mem’m &gmmud ‘to lie along
. the shortest path between the two given cﬂneem ‘Fhe:mmlmmmy of this: lies
- in the faa that itmkmhshadbxmm-ﬁke solls workipg in parallel. .
| - Klearly cwm»um is w0, unstuGume te beuseful ina datacbase. It is
. included here becase it exemplifigs label propagation-ans some othe: aspects of CE. -For
~ one, it does have a kind of logical semantics - the.notion of “shortest path” can be
rigorously definad.in terms “Sm theory,  The procedural semanios is straightfosward
. {parallel. marker progagation), and the connection pesween; the. logisn and. procedural

semantics lies.in showing. that ;paraliel propagation . indeed results in finding. the: shortest
path. B
Unlike CE, the critical aspect of Quillian’s scheme is the timing of the

propagations - if they are not done strictly breadth first then the first connecting path
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found might et be the shortest. In CE, the order ih which things are done is irrelevant -
a different order may-cause a tabél collision to octur:at‘édffferenit pointin a CE net, but it

633 Semantic Networks
Having intreduced the idex of an expawmmwms and nodes to encode
meaning, Quiltian and wehets tried 1o apply -sich networks wﬁmwﬁm@nmms |

version of his semantic memory. - T netaoft consists: W*’MFW‘-‘of’ﬁnkx;wnh |
different rules for maﬁngmﬂemﬁa\g them: ‘This preventy cofifusions such as the |
abové “meats et doga’ |
Howenr, all existing semantic mémery: m feg. TORUS [Mylopoulos et al
_ 1975], OWL [Martin 1974} and Fahlmar's [978]) ek - mwm ‘Jogical semantics. This
leads to confusions such as tive “sloppy quantification” diasied 'in- mbn'ﬁ The
"procedurat semantics” for a semantic Hetwork sﬂm um ‘"o be ¢hbodied in some
icomplicated procedure for- tmmﬁng ﬂ\e network, W m nm Q)ﬂﬁm‘rwiglml
| idea of well-defined ptnﬂﬂ ‘marker pnplgm seerni-to- mwm rejected ‘as beiflg too
tied up with a verv-naive view of mroplmwvhﬁnt wo beatring on: how ‘things
should be represenred in-a computer. !‘rﬁmﬁevnwm;xﬂ wteémpts *tov show’ that
paraitel :propaga:iou in-irveeresting computationally e well usipspohoiogicafly.
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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 networks. From mathemagical lagic comes the
emphasis on having ,a‘wel'l-deﬁneq’ semantics for all constructs.. Also, aCE; "world" is quite
similar to a logical "model," the ma jor qs;‘feretice bemg that in logic the models are not
themselves manipulable objects in the ‘rgprmnt,aﬁgon,_u_’m;le__fm, CE the worlds are
manipulable. From semantic network -research. comes the tdﬁa of parallel marker
propagation and the idea that everything should be specified 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, 1969]. Much of the philosdphical 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 hand:e.events, procedures, or
arithmetic - one obvious posﬁib‘ility 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 Work,” the wofld “Which represents some
person’s beliefs, etc), and CEis v representation in ‘WHich 1f 15 edsy fo'state faets about
© worlds. “Finding” is 4 toplc%irhmustbewofkﬁoﬁtinﬁwfe&&ﬁmardéf fot CE to be
practical for real‘data-base applications, and issies of "imﬁﬁﬁndi‘ﬁtﬁi‘n‘ are of course
always important when o€ is proposing a mupr&d:mhn Y béifeve that CE i5'a system’

which can in fact be built upon by myself and offiers; ind that it1s fide just a pretty toy.

NS N {, .
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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 att objecs *x’.such that .."
Within the CE framew’ork.“. the starting point for hmdlmgauch & query. is to. censtruct
(intensionally) the class which contains all the desired. abjects, and,;thén to determine which
objects are in fact in that class. For example, "Find ,all-.fhe children of- Jane Smith® would
. be answe;ed by constructing ghe clis 2 in figure A-l and then finding all the (;bjgcts
which are constrained to be in ‘Z'. Clearly, an obpc& 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 wfx'nd;ing.iallthe ob jects
~in a class such as 'Z'. Of course, if the query is "Find gne.of .." then the "Find all”
procedur? can be run until the first object .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 oh,ject. 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 Ject-class '’ (which is constrained to contain the single sex of - Jane Smith).
Starting an "=x" label from this class, the goal is.to have ' ident ntified with some ob ject in
the data-base (in this case, female). As described in saction 23, this. identification occurs

when a "+x" label collides with an "=female” label -- this means that-'x’ 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 uier,is interested will be
among the terminals. So, what the user needs to'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 so waich she 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’ o ’

The one problem with suction is that it ix very: incomplete -~ there.are many
simple cases in which the generated 'W‘bmbhcked 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 Jane Smith is a child of Mary, Smx’ih. and that Billy jbnes
is a child of Jane Smith. Now, the query is 'Fiad all grandchildren Qf /Mary 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 objects in-Z'. Glearly, ‘Billy-Jones’ is an ob ject
in Z". To see ‘this in terms of label propagations, 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 fd;ils to propagate.a ™" label f rom Z to ‘Bilty-]ongs‘. 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 evary ob ject-




102 Appendix A
" 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 totally 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. The first uses
unconventional cellular hardware to do the label propagations in paraliel The second isa
modification of the first'which uses an amy of mlcmpms (md is more feasible than

the first with curren: tedmo!ogy) VThe third lmplemwion ls one that actually exists —

the label propagations are performed using an ordinary gml—purpose computer.

Bl Using Cellular Parallel Hardware

The basic iﬁea 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 chu-point--hfa'rqm 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 chss-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 endow each point with a fixed number (N) of slots, each slot containing
a pointer to a label. Here, the number of labels on u#h point is Iimiud to N, but the total
number of labéls in the whole network may be much greater (since each point may have up
to N different ﬁbels). The disadvantage of this schemé 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 is M, then each potn‘t 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




o to be able to decompou a complex_ label -intoﬂ its simpler ¢
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wires connecting each constraint to each of it points, or some multiplexed scheme using
fewer wires. Either of these alternatives is undesirable because i, is important to minimize

both the number of wires and the complexiy of each procegsor.

The second approach allows both for fewer wires and simpler processors. It relies
on llmiting the 'number of different label;“ in the entire nawork (not just on each point).
_ Assuming that N labcls are allowed then each point need ?nly have 2N bits worth of

storage: E&ch lubel is regresented by two Dits, whou four states mdnqté -, "=", and
“none.” W,i\tvh this scheme, copying a. label involves c,hlngm mly 2 Dits ;,(,t,he;.hi,t;,«,l?sins
_‘indicated either by a polmer of log N bm. or by mgkiglqsm;) Througbhall points, runs
the point bus which sends reset sl;nats to. all goin:;,;nq Mndk@ the signaling of
_ inconsistem:tes A point wm signal an incqnussncy if. it is told ;o fet 2 labe!s state to ""
__._and its current sute u " or " » md vice versa,

| The partition comtmnts and the ome constrg,;m 49 nog need to. km?w what is

"inside" 3 abel (veing interesed only in the +1- gates, by shp oKber, cansirains o have
enxs . Hence the system

i
!.s-y_;gr 1
g

must contain one N-slot "b,bel memory whxch ;pres the, s;rumc [9:' ggch hbek - ex;her an
ob jectlworld pair, or an ordered-pairlworld trtplc. Thg wqug part of each label Js a
log-N pointer to the label in the label memory which . the.original labels worki-tag. To

allow access to this memary, there must be a label by

8" which presents the contents of the

label memory for inspecuon by the oonstmnt rocessors. This an enthgrbe donegn a

request basis or in some synchronized mmner (sgch as g}vmgxhe contents of 1 thru N in
~order with the proper gynch).' e

An additional complexity is that is that tm constraints, world.constraints, and
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binary relationship constraints can generate new Tabets. “This must be tndled by the’ label
bus either on a request basis or by havirig'all lintised labsl méinory slots be ‘assignable
during their presentation-titie on the bus. A‘ho.theﬁbe!m‘cmry:nust contain information
about object identifications and about the worki trée. ~ 1 |

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 nemryto chmge pi;ca of hardware évery
time new data is added.” Consider the CE machine io consist of 2 tessellation of constraint-
processor cells and point-regisiérs. Each processor céll is of a fixed type (corresponding to
the paniculai? kind of primitive constraint Whirfh ‘the' ceﬂuupmmui,and ‘ﬁ;sé‘it'i;t:ed\ﬁrlres
attached to 1 through 4 point registers whick it “‘éﬁhi"’(‘f!ﬁe’ﬁhﬁb&‘&f ﬁb’i’nis being
determined by the type of the constraint). ‘Now, am dlwm“isld‘dtétotﬁe ‘data-base by
adding some new constraints. A new coristraint is “added” byu!eotmga’currently'unused
processdr cell of ‘the cotrect type and “finking” its wneﬁpo?ﬁt‘%theappmprnate other
points in the netwofX. When two point are linked” it meins that they represent the same
class and hence their registers must be Eé’pt”iﬁ%tﬁéﬁ same m%es--tﬁey must be “wired
together.” Now, figures 2-Ig and 2-1h show such & *wire” < it apirtiﬂon constramt with
‘only one subclass, Thus the task of "growingawlr‘e"bet@im two pomt-régisters translates

to the task of activating enough of the curréntly unused ‘partition” constraints to form a

s

SARLGm &

chain between the points. ‘The chiin will ackivély ‘propagate aif the labels from each of the
‘original point-ragisters o the other. 'l"ogrow the cfmm, a@ﬁhﬂ-ﬁﬁe *wave front" of
 special labels which progagate only through unused “partition constraints ‘can be started
from each of the original point-registers. The place wherethetivowaivefronts f irst

intersect is then known ib?ﬁé:bari of the shortest pathoﬁﬁﬁ«dngtheorigxnal 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: “astivate” 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 LS technology is capable of the tagk.

\

B.2 Usmg Micraprocessors ("active pages”). ;

Since ‘the‘rcellnfflag, machines propased abave 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. segment the network into Jocal “pages”, each with its
own microprocessor for propagating labels within the pagg.?hewwfk within a_ page
would be implemented a5 a linked-list structure, so the, pmbjmzof grow__ipg wires in cellular
hardﬁare does not oceur. Each. processor has access tosthc'h,bl bus” as above,-in addition
to a cammon "mail bus™ which is used to export (and import) labels which.cross page
boundaries. |

It would not be unreasanable with present technology to have a l-page chip which
contains the pfocessor and the linked-list. memory for a anglepaga 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 sysnem has been lmphmmwd to provide the”dath-baﬁ.- and the low-level

very complex system for doing symbolic mathiematics; dnd'the advisor is'd proposed

subsystem to aid users wheri they need help. The user will fhteraet with the advisor in
more-or-less natural English. madewtmwmkmmﬁmy 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 adviek ' Thé advisor consists of
an English parser, a high-level problem solver, and a tow-Mvel data-base and inference
capability {for ’wm‘c'haet is used). “The data-base conthtns esséfitially all of the ddvisor's

information about pracwm ‘ind about the user: Gefvéleréth estiimates | that the 'CE data-

" - base will contain about mmmim st B

The CE system uied for the advisor ishnphmo&ted in LISP without any
multiprocessing. Parafielism is simulnted by having a priovity qubde &f propagations to be
«done. With a sequential system; it is VWW&W&%M heliristics bt deciding
which propagation to do next - doing them purely breadth-first (as parafiel ‘hardware
would) is quite wasteful.' T'wo of the heuristics-used &re *° = %~ |
(1) Propagate "+" labeis in preference to: ™ ones For example, 1t is much less expensive to
propagate "+* la&ls.upﬂﬂi in & taxowomy (sach' a3 figure 59 B rute (pl) than it is to
propagate "-" labels dpwnwards using rule (|§2). Basically, this heuristic says that is usually
more informativ e to know what something is 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 terms 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}, .!N_l it;j;@ﬁ;im;@ﬁhg&thé,unr always uses
‘BELIEVES' to megn the relasion between-an indjyidual.and all the worki-objects which
are consistent with that individual's beliefs. The W'B,ELIEY&‘ is of course arbitrary
~and is not part tln.f,, the data-base in any case. - the,;iman;sgn# structural feature of
‘BELIEVES’ is that all references-to-an ind(y;gluall?sz belx,etj:,fa;g’:mggc. via this class. I

belabor this point only to eriphasize that, ngihiig feit has begn introdured ~ ‘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 éonmggmcwj;h,mllﬂi bel}é{s)’vu also a wor\ld in
W-JFa] (ie. is a world in which _]anes father equals John). As in section 28, the use of the

mbchs congtraint means that w- BILLY is m;hgn w- Jghj Bllly believes at least

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

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

her f&ﬂm‘u j@hn._ As with W-BILL?._{, qnchs W-JANE contains gllvwgﬁ!ds which are
~consistent with. Jane's beliefs, The class M’-WE-} is all worlds in which . Billy behcves

‘Jane's father is John (ie. all worlds in which. W-BILLY is sironger than W-JF=}). The

~ partition constraint then means that there is no world in wum& which is also in
W-BB JF=] (ie the two classes are mm;lly;;c__xgl@vﬁ, That .is, none of -Jane’s possible

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

. Jane’s worlds it is ‘the.case that W-BILLY. is.not.a. subiass &w-;w That is, in all of
Jang’s worlds there is some world in W-BILLY which issagp o W- }Ft};-m‘ Billy has at least

~one possible world in which. Jane's fatheris not Joha,: -
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c2 | "I believe .."

There is one remaining- ptoblen with fi’gur‘é Cha. R’eg%bﬁl‘(é) statés that in all of
Jane's worlds it is ot the case that' W-BILLY is'a subclais of W:]JF=], while reglon (d)
states that in all worlds it is the case Ehat th‘é’ W-BILLY i such a subclass — since the
subclass constraint in tegion (d) is not*‘f"éht‘iv‘ized. it 1% "elitled™ for all worlds. Thus it is
necessary to relativize region (. "\‘Well,"‘W-S'Bjﬁj“ii'ﬁfﬁd;yi’déﬂhéd as bemg 'e"iiactly |
those worlds in which the subctis comseraint hblds. “Thus the subclass constraint in region
(d) can be deleted, and something new should be connected 6 W?-ﬁB}F-J The question is,
: _v_a_h_'o_v is the one wh"ﬁ? beliéves that "Billy belives . The iﬁi'wei'"is?t‘hiféthe‘ data-base
believes it. Therefore a world-class is néeded to represent the data-base’s "'éoint of view" -
call it T. Then figure C1b skiows whiat should be added when region (d) is deleted ~ it
P states that I (the data-bise) believe that Billy belleves... Behavmra“ﬂy, the class ‘T" is uscd by
putting a “winf" label on it as part of the inidal fabeting. This enablés Qﬁiie_éér“i‘simiéhed
~ to 'T’, such as‘the «W-BBJFf-j.‘ : ‘ ;
Now in on;'se'me everything in the data-base is quatified by °I (the data-base)
: beheve such—and-such - afzer all, ttw datashase iS58l can ‘B viewed as ‘being an entity
‘with a point of 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 represenit: other points of
view which conflict with the data-base's.’ In'thie iﬁbve"fituﬁﬁk Jarie’s poiat of view
regarding Billy’s béliefs is different from the &tft*m’i ‘and this conflict is what
motivated the introdpmon of T in the first place. By htﬁimgth explicit T, the data‘base
can keep. track of the d#ﬂ!rencebetwm facts {t believes to-be trae in &1l worlds (including

Jane’s, for example), and facts which it believes:to be mm&fﬁvmwnwmlds The next
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- section deals with how the data-base can represent the fact that soe of these many worlds
are “true” and the some (like Jane's) arenottrue, .

C3 ‘Knowledge, God, and W;s)dom& .
The sxmplif xed vemqn of the egumgle. rggmented m figure C-l, deals only mth
"belief " Hawever, the original example deals with. knqyledge -- not only does Billy

believe that Jane’s father is John, he knows it. One solu
 dara-base belleves is necessarly “true” (at et Insoar a3, the dya:tase i concerned). This

N is to_say. that w;‘:a;aver,4,the

is quite reasonable - after all, how could the data-base ever Agcemplish Vgny_thjng,,jf it were
in continual doubt about the validity of what it believed? Of ¢ course. there may be cases in
which 1t is desu'able to represgnt the fact thag the da@-mge,considgrs itself to be an
probabnl_ity rqgchgnig;p described insection 3&?3@ in the c,gnfgx% (ﬁqu the above example,
the ffqt th:t it is true ~m‘tfhat Jage’s father isJolmm_gbugyreggnted by pdlﬁg the, f@ggpcm
shown in figure Clg. Naw, both John and the diacbasebeligve tha. Jane's father is John,
. Which ’"*?k“.l?t."!?i!?e'“f true” (insofar as the datacbase is.concerved). .
* The problem wih this sheme 1 that Jue Ao  be sgacty that which
 the database believes. I is reasonable to say thas the daja-base's ogliefs contain gnly true
statements, butu is vuﬁnregs_onab_ﬁ!g tc; say that the ,gat;;g;u'shglgefs contain all true
 ssaements ~ the database ceranly doss ot have completenformats abaut everything
‘that is true in ;pe »uni‘ve,:s?.‘ If the data-hase does "ﬂ‘ hyﬂtmmmlﬂfmt% who

worlds which are consistent with “reality.”
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Now, it is ‘des'ira"b‘)e'tor'gtﬁint‘l‘ie‘*ibo% notioft that everything the data-base
Believes is true, even though the data-base's béliefs du ot mma" triiths. This is’
represented in figure C-2a. As usual, the direction of the subclass arrow is from stronger to
weaker: God’s beliefs (i.e. reality) are consistent with the dita-base’s beliefs, but God
believes many other things in addition. Note that W-GOD might be'so stx‘&ﬁg as to be a

single object: Representing W-GOD as an ob jekt-class would mean that God allows only
one possible universe. Akhough the issue of whether the uniVerss 1§ “one” or "many" might

“be of philasophical interest to some, it appears 'to have no technical importance here — I

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

~ object-class. |

Using W-GOD' makes it possiblé to é,bsti‘acflfy déscribe two different aspects of an
entity's “wisdom* The fifst aspect is that everything the entity betieves is in fact true -
this is shown in figure C-%a. The second 'ia'spiect.;islathit theentity ’k‘niiuﬁi :al'i‘tliere is to khow
the entity knows exactly what God ‘does. Now, this nation of *ibsolite wisdom" i‘i’ clearly
not very useful -- often someone is considered to be wise 'on‘l'yf“‘ié}itl*i‘"ifé"s'pect to a 'g"i:ven
sub ject area. Ohne pﬁsﬁbk solution is tb‘dﬁicfg God’s khow'l‘dge into several domains —
figure C-2¢ divides knowledge into the domains of ““iécounting,” "‘iﬁitﬁem’atié's';"' and

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

network in figure C-2d can be used. Of course, domains such as "iiéﬁiihting"are much too

large for'most'p‘urpése's ~ they can be further divided until an‘appr&prla{e size is reached

(such as "Billy knows all there is t6 know about accountmg for mergers uslng the poohng-

of -interests techmque") '
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. Of course, just uuug the.name "W-ACGOUNTING" does et mean that the
data-base thereby kngws what Mdommofmzu It.may be necessary for some
applications. to oomtrain W-ACCQUNTING: appropristely w:this is-3 topnc for future

research.

C.4. Interworld Objects
The above discussion of W-COD does not mm have much direct relevance to

_ the example of Jane’s father — everything works.caerectly by jas, using the: construction in
figure Cle (withaut aseding.io introduce W-GOD). Ax dstailed above, this. construgtion
invalves the assumption that, thc m ba{g ktmws em;y:hmg ;hat ig true, but. this
assumptwn causes no dlffio:nlty in the exampk mm tact the data.-base does. kmw all
the relevant facts. - However, figure C-1 does not qyite handle the original example, which
Is “Billy knows who Jane's father is..", not "Billy knpws Jage's fasher is_John." " The
problem is that Billy may know that Jane's father is ‘m)n Lm;phggvgr), Qq: the data-base
does not know it. That is, there is an entity (Biliy) whﬁ knows more than the data-base,
which means that the data-base can not be uud as the arbiter of sruth. This is why
. W-GOD js negded for the example. . |

A rephrasing of the. relevant past of the example is. *Billy beliaves that Jane's
father is.«, and Janes father is.in fact.” That.ix, both Billy.and God believe that Jane's
father is identical ta. the object ‘o', but the data-base does. nat know. anything else. abeut ‘o'
As a first munpt a&upmequng this, consides. Ligure C~la, -which is. muat to replace. the
relevant parts of C-la.

The problem. with C-3a is. ;hat; the ob m'chs ‘«’_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 particular, ‘o’ can be-different for Ged and for BAly, which
goes against the ide that God and Bily should have the sime ‘«’. Thesohution 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 always represents the same extensional object i all wdﬁd& 1ts label-
propagating behavior is the safe as the normal wbject constrainds rule'(Bl) =~ it broadcasts
~an "-obf iabel. The difference is ﬂnteoﬁ(!mmm sach'a hbveiand a Teobj2" fabel
can occur regardless of whether or not the two-Wbels have £ sitre world:tag. Thus
ob jects in &iffer'em worlds can become identifiéd with each ‘other. This behavior
implements the fact that the interworkt objéct (an Intensional constfuction) represents the
same 'exteﬁ‘sional object in‘all worlds: By making the ol ject:clisé~"d" an interiorid 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

Modalblogv!c deals with (among other ,thingi)’«%h‘t’dt’s.ﬂnéﬁbn between "necessary”
truths and “contingent” truths. A necessary truth iy oié that' mrue‘?m the definitions of
the terms used -- for example, it is necessarily true that aft crows n‘ré%irdi,‘ if we use “crow”
- and "bird” with their normal meanings. However, ff‘u-‘mﬁ;&ﬁﬁﬁgﬁdy true that all crows
are black - no legical laws would be violated if tmmwwmw “Modal
logics are systems in which the distinction betwe?n ":iecessary" and “contingent” can be

explicitly specified. Iti this sense, CE ean be used‘gsa modat fogit’ Figuré C-4a states that
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all créws are n@urily birds -- the subclass constraint holds in g_ﬂm worlds. Figure
_ C-4b states that all crows are contingently black - the mbglnscomtrain: holds in this .
'mlity. but it might not hold in some other. Tha:is.thcdm-bue allows for the passibility
that in some worlds it might not be the case #ha_; Aall crows are black, |

xr‘Anbther‘L;a‘sp:e;t of medal logic deals with notians such as "want,” as in "John
wanes Jane to be wih him” A rough traniaon o tis s thaf.Jehn “desires” a workd in
which Jane is with him. This can be represented directly by'mtmduciné 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 topic for future research.
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D Design Decisiuns

As With any research project, certain more-or-leis atbnﬁry design decisions had
to be made during the formulation of CE in order that the work might proceed. This
appendix briefly discusses some of these decisiohd and some alternatives to them. The
main reason fof inclading this appendix is that for certain apphcations 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 Valt_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, :fnd this notion has not yet provgd to be useful.

If "=" is eliminated, it is necessary to reformulate the f:rocess of ob ject
identification. With ", identification occurs when an "=" collides with a "+" (or another
"="). Without "=", identifications §ccur when a 4" reaches an ob ject-class. Thus the "+" will
have to come t(j the ob ject, instead of the "+ 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 oft the part;icular Eappllcatior‘i.

Another zlternative is tg add the "-o" 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 bz 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,,,:gmp;.y. Fprlnstance,

.....

since they are ,.z!«s*iw!v msr-.q;l:w wdt&mg':@ﬁmtga ray be of use in some
applicattons, particularly where there are many empty classes. . . . .

A further akernative is to scrap. aILo{ the exigting ppel; in_favor of-a dif ferent
scheme The exuting labels all refer 0 ggm- ) d;ffegegt sgheme can he used in which
the labels refer to%lnmemch scheme,tg\ere are threghpel& L
"«A" on a class ‘C' means that ‘A’ is a subclass of ‘'C’; | -

“sA"on '’ means that C'lsa subclassof A
"eA” on 'C’ means that ‘A "ﬁ‘?"?f are mutually exclusive.

In_ this 'schvem‘e.‘__ "o-"qorru onds roughly to. " " "e" ggrre;gonds to "7 and a

& "v:

»eombmatlon of o-A arrd -oA On ;he ame polm 'c’ ?rrqgondr g "-" (sjnce each cl;;s is
known to be a subclass of the other} The propagauon rule: for the pnmmvc constmnts
_ can be modrfred to handle there labels approprmem The problems rvith fhns scheme stern
from the fact that u does not refer to ob )em ﬂl’or gne thmg. lt ts unclear how the ldea of

ob Ject (eg single—member class) an be formuhted at wa»ll - sq;me other kind of label is

; U
probably needed l-'or another thmg, lt u not knowable whether the cluses beipg ref erred

.4?4 7 ¥

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

!"’i},. %

..Th“ actually m's!',t Ps.w ,-dv.m!!s-_ for applications where it i "G"*M that all classes in

\

the network be non-empty.
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D.2 Other Objects
Currently, CE has two kinds of ob jects which can appear in labels: ‘simple ob jects

such as "x", and ordered pairs such as "<x,ys" Itrﬁaybeusef’ul to introduce other kinds of

ob jects for certain applications. For example, considér integer arithmetic. Special integer-
ob jects "3", “17", etc. cin be defined, and primitives suchas *sum® and “difference”.can be
defined which use them. For handling tnequalities, objects can be defined to represent
integer intervals, and these can be manipulated by constrants wﬁﬂ:hexpress fhe various
inequality relatio_ns. : | |
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 ases For one thmg. L!SP—hke structures can
be built by defining a primitiVe constraint for CONS which cdn be used to put these pairs
together'(a\'nd éke them apart). For another thmg. quanufncatlon could be performed
without using the t-m constraint. The basic idea is to introduoe a primuive for relatlon
- 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 glven
here primarily because the resultmg expressions seem to be very unnatural and awkward to
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D.3 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 t“ﬂu ea;isting fpri‘rniti'v)‘es}. indeed
throughout this document new pnmmves havse been repnudly mtroduced or proposed
(eg. in the immdhtely proceding uction). smce CE u built entirely mz ‘of label-ob Jects
-and primitive constraints, any addition to CE will be either in. berms. cf -new ab jects, .new
. constraints, or both.

One such possible addition involves :"prooedural uttachment" 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 oty us utached class-points.
and propagates new labels when such patterns oscur. However, Mthk constzaint might
be an arbttrary procedure for accessing the oumde world etther to recene information or to
produce effects. For example, the clats 'PERSONS' aught be ued via'such a procedure to
' an external file which lists all the persons. A “obj/inf" 1lahei;react;ing this class causes the
procedure to add ‘obj' to the list of persons; and u"-obymi"mmesan ii'lconsistency if in
fact ‘obj is a person on the list.

The ma Jor limitation on the power of such a pmcedure i,s\j,'h_at is must have a
well-defined semantics in terms. of label. pmpagatm In the 'PERSONS’ example, the
semantics is easy to express since the file in the outside world corresponds 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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Indices

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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