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Absetract

NON-VON [Shaw, 1979; Shaw, e al, 1981} is a highly parsilel machige adapted o the exiremeiy efficient
support of cartain operasions that appess cenwral o a wide raage of argescaie, Dowiedge-Dased mforms-
tion procssing tasks. (a order o demoaswrate the utiity of the NON-VON architecture ‘or large-scaie
Artificial [oteiligence appiications, we have impiemented a simpie iowicdge-based recrieval syviern, with the
srimitive NON.VON macaice instructions emuinted in software The systam compares Kill-ike descrip-
tioas Boorow iad Winograd, 1977} with :be contents of whas wouid @ practice be a very large databasa,
~strieving ail “matching” deseriptions; the eritenia for deseription-matching require deductive inference over 3
4omain-specific Mowiedge base. This paper describes the ementiai methznisms ~apicyed 2 our =penmestai

mowiedge-dased retwrieval systam.

This research was suppoctad in part Sy the Defense Advanced Researca Projects Ageacy uader conwracts
MDA03-TT-C-0322 and N0O003$-80-G-0132.




1. Introduction

The central focus of our recent research has been the investigation of hughiy paradei non-von Neumann
machine architectures adaoied %o the kinds of cperatioas tha: appear centrai "o the operation of 3 Sroad
class of large-scale knowiedge-bascd systems. Our approach is based oa 1a architeesure Shaw, 1979} :hat
supports the highly edicient evaluation of the most “difficuit” set theoretic and relationai aigedraic operacors.
The machine comprises a tree-structured Primary Processiag Subsystem (PPS), which we are impiementing
using custom nMOS VLSI chips, and a Secondary Procesaing Subsystem (SPS) incorporating modified, higaly
nteiligent disk drives. Qur initial efforts, reported in a receat Stanford doctoral dimertation 'Shaw, 1980al,
have yieided:

1. The “op-ievei” architeciural specification of a highly parailel machine which we

have sunce come o call NON-VON.

2. An analysis of the time compiexity of the csacntial parailel hardware aigorithms
0 be executed on the NON-VON machine in the course of large-scale, meaning-based
data manipulation.

J. The implementation of an operational knowiedge-based information retrieval sys-
tem, demoustrating the use of NON-VON (emulated in software) in support of a very
high level deseriptive (ormalism based on the language KL [Bobrow aad Winograd,
1977).

Portions of the NON-VON machine are now in the eariiest scages of physical iraplementation as part of
a cooperative efort involving the new Computer Science Department at Columbis aad the Knowledge Base
Management Systems Project ac Stanford. Details of the NON-VON hardware are preseated elsewhere (Shaw,
et al., 1981}, and will no¢ be described here. The central focus of the present paper is the structure and functioa
of the demonstration systemr which we have impiemeated as a vehicle [or Ulustrating the use of NON-VON
‘n 2 sumple, but characteristic large-scaie Al application. This system demonsirates :0e manner in which
NON-VON mignt be utilized in support of the highly cfficient recrieval of records [rom very large databases
in applications where the criteria for description-matching require deductive infercace over 3 domain-specide
“knowiedge base®. Our demonstration systom, which was impiemented in MACLISP oa *he DEC PDP-10 at
tbe Stanford Artificial [nteiligence Laboratory, emuiates the primitive operations of the NON-YVON machine
{n software.

Our demoostration system uses a restricted Arst-order predicate calculus as 1 sort of ‘intermediate
form”, bridging the g3p between the semantics of our KRL-like descriptioa !anguage and certain operators
of a relational aigebra having particuiar importance in the computasional sask of logical satisfaction. These
relational algebraie operators are evaluated in parallel by :he NON-VON hardware, yvielding a significans
improvement over the best methods known for performing equivalent operations oa a convestional computer
system. [n this paper, we will trace the operation of our knowiedge-based retrieval system {rom :he levei of
KRL-iike descriptions, through that of the predicate logic-based intermediate form, 3ad down to the level of
the primitive reiational algebraic operators, which are evaiuated in parailel on the NON-VON hardware. We
begin with a discussion of a general and important class of problems which may be thought of as concepiual
macching tasks, of which the knowledge-based information retrieval appiication is a particuiar instance.
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2. The General Concaptual Matching Problem

Maaqy informatioa processing tasks performed by men aad machines alike invoive .he process o macchiag,
by which a correspondence is aasigned between members of two sets ol entities. The criteria for certain sorts
of matches are quite simpie to describe. Lctters are routinely matched with mailboxes, for xxample, and
Coagressmen with constituents. according to straight{orward algonchms based oa simpie, single properties
of the entities in question. By coantrast, our demonstration system may be thought of a3 conceraed with a
mDore interesting ciase of tasks which might be termed concepcual maiching problems. This more demanding
sort of task, which s gonetheiess a commoa part of our cognritive experieace, nvoives the assignmeas of 3
correspondence between entities which humans perceive as being highly and systemacicaily structured, dased
on seiected signiBcant characterutics of those structures.

A surprisingly large share of the kinds of information procemsing activities with whicd both human and
automated data processors are charged may be viewed as involving various kinds of conceptual matching
sroblems. Although meaning-based matching may, io 3 COBOL-based inventory control system for airplane
parts, be deeply embedded within program loops aad sort routines. and hence difficuit to recognize as such,
the fact remains that a large proportion of the CPU cyeles which will be expended in any particular run might
be thought of as identilying appropriate records for manipulation oo the basis of domain-specific criteria—in
our example, criteria involving, say, airplanes, motors and aircraft-specific part-whole relationships. [n the
geaeral spirit of much of the recent work oo knowledge-based systems, we might ask for the ability to describe
these macching criteria, aiong with the domain-specific entities and relationships oa which they are based,
in a very direet, modular, easily understandable manner, mapping salient {acts, rules and reiationships onto
independently expressable assertions within the programmiag system.

Previous work in the Seid of artificial intelligence oers a rich set of knowledge representation and
matching techniques which might be employed in the pursuit of this general approach to the problem of
coaceptual matehing. The kinds of applications with which we are most concerned; though, are those in
which the quantity of data to which counceptual matching techaiques must be applied may de quite large.
More specificaily, our doctoral research acttacks the problem of matching 3 Liven pastern description 3gainst
the members of what may be a very large set of ¢candidate :arges descrptions according to mesning-dased
criteria. The potantial size of the coilection of target deseriptions imposes special zonstrainis on the sorts of

conceptual matching techniques that might be success(ully appiied in practice.
1ng

3. Knowledge- Based Information Retrieval

The particular instance of the concepcual matching task that we have chosen for our demonstiration system
‘s borrowed {rom :the general paradigm of information retrievai, and is itseif most easily exemplified by
the document recrieval (more accuraceiy, reference recrieval) application. [n an ordinary document cetrieval
system, 1 coilection of target documents—all the books in a computer scicoee library, for axample—is first
indexed by assccialing 3 targes description with each document in the coilection. The end user of the
system, who we will call the searcher, then prepares a pattern description which embodies some of the
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saiient characteristics of the sorts of documeats i3 which he is iaterested. The system then compares ihe
pastarn descriptioa with the candidate target deseriptions in she coilection, returaing ail targets that “mateh”
according to certaia prespecified critorian

[t is the cature of these criceria that distinguishes che behavior of a Knowiedge-based information retrieval
system, and indeed, of a system for conceptual natching in general. [n such appiications, it s a0t possibie in
general 0 decide whether 3 match should succeed in a strictly mechanical, “syatactic” maaner; instead, the
acceptability of a match may depend on domain-specific encities and reiationships, and on deductive infereqces
over these entities and relationships. [o the case of the computer science iibrasy, {or exampie, :he systam
qight be required to ‘know about” such eatities as computers, algorithms, programmers, and storage devices.

Certain charscteristic astributes of these entities (the scorage medium attribute, whose values difer for
different kinds of siorage devices, for exampie) might also be included in this domain-specific knowledge.
Amoung the typical kinds of reiationships that might be embodied in the knowledge base of such a system is
the facs that a tape drive is a particular kind of storage device whose storage medium is always magnetic tape;
one simple deductive inference invoiving this relatioaship might esvablish the fact that a pattern deseription in
which the subject of a document is described as involving a storage device with magpetic tape as its medium
would be satisfied By a target description in which a tape drive appeared io the correspoading position.

Let us now brielly examine the manner in which such a knowledge-based laformation retrieval systam
might be used in practice. [n contrast with an ordinary information retrieval system, three discinct classes of
users would be involved in the operation of a knowiedge-based retrieval system. [n addition w0 the searchers
and indexers, a third class of users haviag expertise in the subject areas of the documents 0 be indexed
would be required o formuiate and encode the sorts of domain-specific knowledge described above for use in
indexing and retrieval. Members of this third class of users, which has ao analogue within the context of the
conventional information retrieval system, might be called knowiedge engineers. Our primary concera in this
saper, however, mil be with the process of retrieval by searching end-users, under the assumption thac the
knowiedge base has previously beeg constructed and all documents in the collection indexed.

While space does not permit a detailed discumsion of :he weaknesses of existing information retrievai
systems, and of the manner in which our knowledge-based retrieval system addresses these limitations, it s
worth mentioning that our approach wouid ofer :he greatest advantages in the case where highly specific
Largets are o be retrieved from among a large class of ‘conceptuaily heterogeneous™ documents. Phrased
differently, knowicdge-based recrieval mechods shouid prove most critical in the coatext of tasis in which the
semantic criteria for satisfaction of a user's requcst are mesaingful for only a comparativeiy smalil subset of
the targes collection. A very ambitious example of such a task might be the selection of 3 speciaiized journal
article whose relevance might only be apparent o, say, a graduate studenc working ia the fleid 'who had read

the paper, from amoang the set of all documents in a large uaiversity coilection.

4. A System for Knowiedge-Based Retrieval

ln order to demoanstrate the way in which a NON-VON-like machige might be used in an actual Al spplication,
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we have implemented a simple knowiedge-based information retricval system having tae basic structure
sutlined above. [n the interest of appilicability to problems other than our sampie documens rceteieval
application, however, the system we have unpiemeated i3 in [act somewnat more generai in one rcspec‘:
than suggested by the sbove discussion. 3pecifically, the ruies defining :he semantics of matchiog witdin
she document description language have goc been embedded inextricably within the code of he retrieval
system, but have instesd been explicitly formulated as an independent, scoarable set of axioms expressed in
cestricted frst-order predicate calculus. Specification of the match semantics ia the form of a separate sat
of declaratively specified rules also coatributes to the Hexibility of our demonstration system, ia that the
matching axioms could be easily modified 0 reflect changes in the descnption language or in :he rules lor
description matching without affecting the behavior of the systam as a whole :brough modifications of the
code itselfl. More accurateiy, then, the knowledge-based retrieval system which we have impiemented may
be thought of as making :eference to three conceptually distinct “databases™: a target coilection, a domain-
specific knowledge base, and a matcl specification defining the matching semantics of the knowledge-based
description laaguage.

As will be seea shortly, the dexdble approach w the the specification of match semantics that ‘we have
outlined, together with the capacity for the use of domain-specific knowiedge in evaluating the success of
potential matches, supports a very powerful and highly general set of capabilities not avaiable ia a coaventicaal
informasion retrieval system. [t i3 aot dificult to construet a scenario in which this sort of geaeralized
knowledge-based retrieval system might offer 3 aumber of importaat practical advantages by comparison with
3 coaventional information retrieval system. Unfortunately, there is a fundamental tespect in whieh our
preseatly operasional demonstration system, which runs oa conventional computer hardware, would not be

practical for use io aa actual application invoiving a large target collection.

Specificaily, :he demonstration system relies very heavily on the execution of several operations which,
on 3 von Neumann machine, are quite expensive whea the operands comprise a large amount of data. As
it happens, it is precisely in the case of a very large arget collection that our knowledge-based approach s
of the grestest potential uctility. If this approach is to be regarded as a candidate for practical appiicatioa,
consideration muse thus be gives to any aiternatives o :he von Neumana =achige architecturs thac nigas

support the more efficient axecution of these operations.

Oa the NON-VON machine, the most expensive low-level operatioas invoived in our approach o knowledge-
based retrieval—in particuiaz, the most computationally expensive primitive operatoes of a reiational aigedra—
may be evaluated in a highly eficient maaner. Based oa a hierarchy of iateiligent storage devices, this ar-
chitecture in fact permits an O(log n) improvemens (with very favorable constant factors) in time complexity
over the evaiuation methods used f{or these operacors on 3 conventional computer system, without the use
of redundant storage, and using currencly available and poteatiaily competitive technoiogy. Although it was
aot our onginal goal in pursuing this research, these results have recantly begun to astract attention withia
the database management commuaity by virtue of the important toie piayed by these “difRcuit” relational
algebraic primitives within database management systems based on the relational model of data [Codd, 19701
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Because of this coanection with the conceras of relational database systems, together with the close seiation-
ship between our architectural work aad cariier research on speciaiized hazdware {or iatabase managemest,
NON-VON is sometimes referred to as 3 (relational) database macaine. On close examipacion, :B1s more
immediate byproduct of our research iy 20t quite the coincidence it might seem at first glunce: indeey, the
teasons these operations have proven Lo be 30 central to our own work s closely reiated o at least one of the

reasons for their (requent appearance ia :he reiational dataoase lterature, as wiil be seca sportly.

5. Organisation of the Retrieval System

The nature of the problem we have chosen o attack, and of the approach 0 ita solution that we 2ave
adopted, imposes what might be described as a vertically incegraced organization on this paper. Although we
are conceraed with only a single task, which is itsell reasocaably well defined and manageabie in scope. the
methodical reader will be foilowing our ipproach to its solution along a loag route extending {rom :he level
of very high level descriptions, through the arena of logical formula manipulation, and down o the domain of
actual parailel operations in hardware. [t has been our experience in deseribing this research before a aumber
of audiences thas the “vertical distanee” which must be covered in its exposition may make it diffcult o
recain the overail structurce of our work while attending o the detaus of each of thase “layers’.

ln an attemps to mitigate this difficulty, we dave aitempted to illustrate in Figure S.1 the versical structure
of our system, which is closely mirrored by the orguﬁzacion of this paper; the reader may wish o refer back to
this 8gure periodically for purposes of reorientation (oe at very lesst, resssurance). At :he top level, documents
and domain-specific knowledge are represented using a knowledge-based description language. Examples of
this language appear immediately o the right of the phrase ‘knowiedge-based descriptioa language” in Figure
3.1; they aeed a0t be studied carefuily at :his point, but are presested o give some feeling for the kind of
‘nformation they embody. At the bottom of our vertical caain, the primitive operations of a reiatiogal-aigedbra
{again ilustrated mmediately to the right o :he corresponding citle) are interpreted by the NON-VON
Macline.

Most of the activity of our actual demonstration system, however, takes place in the middle portion of
our :lustration—the part dealing with formuia expressed in a rescrictad frst order logic. s we shail see,
the strength of predicate calculus as an “intermediate form” for our system derives [rom s lexbility as a
deseriptive tooi, on the one hand, aad {rom its interesting and usefui relationship to the relationai algebraic
primitives, oa the other. [n our demonstration system, ail descriptions, Joth target and pactern. are iirst
cogverted into a special aormalized form, and the resulting data struciures manipuiated according o the
rules embodied in the mateh specification (which, we recall, are also expreased ia predicate logic) o locate al
matehing target documents. The details of these manipulations are embodied in an algorithm cailed LSEC
(for Logical Satisfaction by Extensional Consiraiac), whose primicive (relational aigebraic) operatioas are
impiemeated directly as highly parailel macroiastructions of the NON-VON machine.

The remainder of this paper describes the structure and function of the demonstration system, from
the level of knowlcdge-based descriptions through the invocation (but not the evaluation) of the reiational
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algebraic primitives which form the macroinstructioas of the NON-VON machine. Seciion 3 intcoduces and
excmpiifics the knowledge-based descriptioa language. la Section 7. such aspects of the rejational model of
data, ita relationship to peedicase calcuius, and its use as a database query language is are essential 2o our own
work are presentad and iilustrated:; the appiication of these technoiques ia our own work s ldes atroduced,
Tinaily, Section 3 deseribes the LSEC algorithm, whose execution s central o the operatioa of he working

demonscration systam.

5. The Knowledge-Based Deseription Language

The knowiedge-dased description language thas we have adopted or use in our demonstration system is Dased
closely on 3 simple subset of the knowledge representation language XRL Bobrow and Winograd, 1977).
Rasher shaa begin with a formal treatment this description language, we have chosen o frst exempiily ita

descriptions with a simple (albeit rather coatrived) example of a hypothetical document description:

s Document
authors
sat-with-all-of
Thompsoa
Walters
set-of
an Eagineer
countries-of-publication
set-with-any-of
USA
Great-Britain
subject
involves
an [avention with
purpose
or
Power-generation
Power-transmission
peinting-dates
set-with-exactly
1959
1962
s Textbook

(In the actual deseription language, parenthceses are used extensively for purposes of grouping; we have
takea the [iberty of omitting the parencheses \n this and most other exampies, using indeatation to coavey
the same structural aformatioa.)

The above description is made up of two descriptu:s—cup—<f which charactarizes its referent as a
Document, and the other more specifically a3 a Textbook. The use of descriptions composed of muitipie
descriptors, each rellecting a different way of viewing the samc real-world eatity, is an esseqtiai paet of our
knowicdge-based desenption language.

In all, there are eight types of descriptors that may be included in the descriptions of osur lagguage, each
of which i illustrated in the above example. The two thas we have just mentioned are caled perspectives.

8 1



Zach perspective inciudes 3 single prococype (Document and Textbook, :n :he examples under coamderation)
“ith which is associated a particular set of characteristic siows. Qne or more of these siots may e tiiled with
agother deseriptioa in any particuiar inscance of a perspective. [n our sxampie, :he auchors and countrics-
of-publicasion siots (among suhers) are bothd diled. Altcraately, s perspective may appear without aay of its
siots flled, a8 in the case of the Textbook descriptor. A target perspective is deemed o “syntacticady” match
{see Subsectica 7.7) a pattern perspective exactly in the (recursively defined) case where the prototypes ace
identicai, and where every sloc that is fiiled in the pattern has a matching description in the correspoading
position :n the target.

Several other ypes of descriptors are emoedded wichin the siots of our sop-levei sxampie descriptioa. The
simplest of these are the individual descriptors Thompson, Walters, USA, Greac Britain, Power-generation
Power-tragsmissioa, and the two dawes. ladividuals are the only *atomic” (i.e., non-decomposable) descriptor
type, and may, 0 a irst appraximation, be thought of 3s corresponding %o single, specific ensities in the *real
worid”. [ndividual descriptors in the pattern description are matched only by identical individual descriptors

in the corresponding :arget descriptioas.

The semantics of the four “set types” —set of, set with exactly, set with all of and set with any
of—conform reasonably weil 20 the meaning suggested by their names. [0 our example. the authors are
described as a set whose members are iil eagineers, and which inciudes beth Thompson and Walters in
particular (posnibly along with others). The set of countries in which the hypothetical document is published
a3 required to inciude either the USA, Great Britain or boch. Finally, the document is 10 bear exactly swo
printing daces: 1959 and 1962. For the most part, the rules for matching descripcors of the various set types
are fairly intwitive; [or details, the reader is referred 0 the matching axioms tiemseives, which are included

as an appendix to our doctoral dissertasion ‘Shaw, 1080a].

{nvolves descriptors support description-matching on the basis of scructurai embedding. Speeifically, an
invoives descriptor in the pattern which has a description D as its argumenc will success{uily mateh againse
any description o the corresponding position within the zarget which either itseif matches D or has some
subdescription which matches D. [n intuitive :erms, description D, is cailed 3 subdescription of deseripiion
Dy if D, s lexeally nested at aay depth within the body of Dj, either a3 3 :zlot Sller [in the case of a
perspective) or an argument (in the case of a set type or disjunctive deseriptor). For a Dore precise defnitioa,

the reader is again referred o the matching adoms.

Finally, the disjunctive descriptor is defined o match 3gainst a given target descristor J either of its two
arguments (the individuals Power generatioa and Power transmission, i our exampie} would match againse
that targes descriptor.

Figure 8.1 defines the precise syatax of our knowiedge-based description {anguage. Consistent with the
usuai conventions, she aames of doaterminals are enciosed in 1ngle drackets. with alternative choices separated
by verticai bars. Braccs are used as meta-symbols (oe purposes of grouping; parenthescs, on the other haad,
are symbois of the description language iwsell. A “plus” superseript is used to indicate that a syntactic element

may occur one or more times, while 3 superscripted asterisk marks an element which may occur zero or more

-
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( description ) == ({ descriptor ) ")
( deseriptor ) ==
\ individual )
{ perspective ) |
‘ set-of descriptor } |
{ set-with-exactly descriptor) |
{ sat-with-al-of descriptor ) |
{ set-with-aay-of descriptor ) |
{ invoives descriptor ) |
{ disjunctive descriptor )
(individual ) ::= (LISP idestifier )
| perspective ) = ({ a| an } ( procosype ) { dller pair) ")
{ protocype ) ::== ( LISP idencifier)
{ Aller pair ) ::=s ({slot aame) ( deseription })
{ set-of descriptor ) ::m= ( set-of { description ))
{ set-with-exactly deseriptor | ::== ( set-with-exaesly { description ) 7 )
( set-wath-all-of descriptor } == ( sat-with-all-of | deseription ) ™)
( sat-with-say-of descriptor ) == ( set-with-any-of { description) ™)

( invoives descriptor ) == ( involves ( deseription ))

( disjunctive descriptor ) := ( ar | description )~ )

Figure 8.1  Syotax of the Knowiedge-Basea Description Language




times.

la the course of examining a number of actual documents chosea [rom the domaia of computer science, we
were able to ideatify severai kinds of deductive inference mechanisms thac mighs weil prove uscfui in a3 woeking
knowledge-based retrieval system. In our ctual demonstration syscem, however, ocaly a1 siagie, relat.vely
simple form of infereace—based on antecedent-consequent (or simply AC) pairs—was chasen for purposes
of demonscrasing our approach 0 meaning-based matching. Sach antecedeyt-consequent ruie cxpresses a
reiatioaship detween *wo descriptions—thc aatecedea¢ and the consequent—which may be thought of either
in :erms of Umplicatioa or speciaiizatioa. Under the first interpretation, the fact that a given *real-woreld”
entity may be appropriateiy described by the antecedent descriptioa is taken to logicaily imply that the entity
in questicn may aiso be described by the consequent. From the (formaily equivalent) alternative viewpoint,
the antecedent is considered %0 be a special case of the consequent.

Que system piaces no rescrictions on the form of the antecedent and consequent deseriptioas. [n particular,
it is possible to formulate AC pairs which express simple generalizatioa relationships (the fac: thas 3 Tape
drive is a special kind of Storage device, for example), and elaborated generalisations (.., thac a Tape drive
s a Storage device whose medium is magnetic tape), aloag with a aumber of more general relationships. [t
should be noted that the relastionship expressed in AC pairs is transitive. As it happeas, the iransitivity of
implication is one of the charasteristics which impose certain special requirements oo the maiching procedures.

In secsion T, wo will see how this sort of requirerment is accomodated by the LSEC algorithm.

7. Logie, Relations and Ratrieval

As noted earlier, predicate logic and the relational aigebra together provide a critical link between our
knowledge-based retrieval language and the underlying NON-VON machine. In :his section. he congee-
tions between :hese two mathematical tools, and their use in both coaventional database maanagerncnt aad
xnowledge-based recrieval tasks, will be introduced. Subsectioa 7.1 reviews those aspects of the relational
model of data chat are essential to our research incerests. [n Subsection 7.2, we ilustrate the simple procedure
5y which pattern and target descriptions, along with ail antecedent-consequent pairs 0 de included in the
knowledge base, are zormalized—that is, converted into reiacional form for manipulation using the logical
and relationai algebraic tools. The relationship betwen predicate logic and the relationai algedra is introduced
in Subsection 7.3, using a simple example iavolving the evaiuation of an ordinary (as opposed o knowiedge-
based) database query for purpoees of illustratioa. The full sec of relatioaai aigebraic primitives of concern 0
our research are described more systematically in Subsection 7.1. The remaining taree subsections deseribe
the tools used o define the rules for matching knowiedge-based descriptions, eading with a discussion of the 28
matching axioms. These axioms comprise the match specification actuaily used in our working demoastratioa

system, and appeared as an appendix to our Ph.D. thesis [Shaw, 1980al.

7.1 The relational modef of data

The relational model of data, as typicaily formulated by researchers in database managemeat systems, has its
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roota in two seminal papers by Codd [1970. 1972]. [n this concext, the term sciacion is used :0 denote 1 set of
scructured entities cailed tuples which, #icaia 3 single relation, share 3 :ommoan attribute scructure. We may
more rigocously define a aormalised refation of degree n as a set of tuples, wiere each -uple s an eiement of
the cartesian product of n (a0t gecessariiy distinct) sets—cailed the underiying domains of the reiation—of
aon-decomposadie eatities. Since reiations are sews, we may refer %0 the jumber of slcrnents—in Zhis cage,
*uples—ia 1 reistion as the cardinaiity of that reistion. [ntuitively, reiations may be :hought of as “tabies”,
in whicl each ‘row” represeats one tupie and esch column represents one of the n (simple) atcributes of that
reistion.

[t is conventional to either name or aumber the attributes of a relation for conveniencs in referring either
0 a whoie “coiumn” of the reiatica, or %0 she value of the attribute in question within a particuisr tupie. [n
some discussions (and in particular, in much of this paper), it is aiso usefu] to group several attributes (some
possibly repeated) together, referring to them jointly as a compound astribuce.

The term aormalized redecta the “type distinction” between underlying domain eslements, which may
serve as the values of attnbutes, and tupies and relations, which may not. A single :uple thus can 20: be
used to directly represent 3 hierarchically aested data structure. (Our use of the tarm gormalised correspoanda
o what s now commouly referred to as frst zormal form in the database management community.) The
example binary (order two) relatioa shown bDelow expresses a part-whole relationship Secween airplanes and

their (hypothetical) constitueat parss:

PRODUCT | PART
DC-10 ! wheel
DC-10 eagiae-mount
DC-3 oxygen-mask
DC10 ' oxygen-masx
DC-i0 radio

This exampie reiation, which will be used severai times in the remainder of this section, should be interpreted
as asserting thac a DC-10 inciudes as parts a wheel, 1n engine-mount, ao oxygen mask and a radio, while 2
JC-3 acludes an axygen mask. Note thas each of :he entries in the zabie are “primitive domain elements”;
rather than represent the fact that the DC-10 coantains each of these four parts Dy associating an expiicit
dsc of parts with a single eatry for DC-10, the airplane’s identity must de repeated for cach part in order
to satialy the gormalization requirements. As we shail see in he next subsection, however, data structures

expressed as lists, trees, ete. may be easiiy “acrmalised” in a simple and mechaaical fashion.

7.2 Normalization of xnowledge-based descriptioas

Upon casual wnspection, our knowledge-based descriptions aiready appear '0 have the bdasic struciure of
relations. To be sure, the atiribute/value structure observed in the tupies of 3 reiation are close analogues,
both in {orm and function, of the siot/(iller constructs of our knowiedge-based descriptioa laaguage. Note,
however, that while the value of a simple attribute within a given tuple must be a non-dctompossble clement
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of 3 particuiar primitive domain, the Giler of 2 siot may itsell be a zeneral description, possibly containing
its own embedded subdeseriptioas, and so on. Furthermore, the inciusion within a siot of descriptors of aay
type but individual, aloag with the capability {or muitipie abstraction through the use of multipie-descmptor
descriptions, also violates the constraints of relativnal normaiisz4tion.

The capacity for multiple viewpoints, aad for an arbitrary degree of structural embedding, s essential 0
the dnd of knowledge-based retrieval with which we are concerned. This difference between the “schematie’
structures embodied in our knowledge-based descriptioas, on the one hand, aad the :uple of a aormalized
reiation, on the other, is thus quite fundamental 10 our approach %0 knowiedge-based retrievai. Consequently,
although it is certainiy tempcing 0 appiy the toais of logic and reiacional aigebra more direcily to the task a2
hand, all knowiedge-based descrintions musi be converted to normalised reistional form before this machinery
can be apolied. We will thus aow examine :he procedure by which our demoanstration system aormalizes the
knowleds ased descriptions prior to the application of logical and reiational algebraic mechanisms.

Noc: ._1ation of the externai (unnormalised) form of a description involves the addition of new tuples o
various re.iions in the siagie extansional database which cmbodies all the descriptive information manipulated
by the system. (The erm ‘extecsional” will be motivated in Subsection 7.5.) Consider, for exampie,
the following description, which s composed of a single perapective descriptor having Storage-device as its

protoSype and Mag-tape as the (ller of its medium slot:

s Storage-device

medium == Mag-tape

The internai (normalized) form of this description comprises the {ollowing set of six tupies, which wouid
be added to five distinct reistions in the extensional database (since the reiatica +DTOR--DTYPLE« acquires

two new tuples):

«DTION--DTORs (G001, G0O2)

«DTOR--DTYPE« (G002, Perspective)
+PERSPECTIVE--PROTOTYPL: (G002, Storage-device)
+OBJECT--SLOT--FILLER« (G002, Medium, Storage-device)
+DTOR--DTYPE« (G003, Individuai)
«INDIVIDUAL-DTOR--INDIVIDUAL: (G003, Mag-cape)

(Tn the intercst of beevity, the word DESCRIPTION has been abbreviated 3as DTION, DESCRIPTOR s
DTOR and IMPLIES as [MP, as in our actual system., We wiil also be using the abbreviatioas PAT, (o
PATTERN, and TAR, for TARGET.)
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Noce that, in order to expiicitly indicate 20 which reiation he lupies in question wiil 5e added. we have
used 3 somewhas different represeatation scheme, cailed incensionai notatioa, for representuing ide dormalised
form of cur example description. [n intensionai aotatioa, the name of the telation appears irst, {ollowed by a
parenthesized lisc which specifies (in 2 predetermined order associated with the relation .0 question) the vaiue
of each simple astribute in the particular tuple deing represented. Particular tupies \n atensional zoctation
‘Bus dave the form of logical predicaces (with constant argumeats), which, a3 we shail see :n :he foilowng
subsec:ion, wil permit their incorporation in well-formed formula of a restricted irst order predicate calcuius,
The significance of the asterisks surrounding ‘he reistion aame in inteasional rotation wil be discussed in
Subsection 7.5.

While it will a0t be aecesaary w0 consider the detailed semantics of sach of the sixteen reiatioas which
are employed in our demousiration sysiem, aad their relationship to the external descriptions from which
they are geaerated, it is worth noting a few charactaristic diferences between the extaraal and internal forms
of a description. Perhaps most obvious is the appearance within the internai form of a number of primitive
elements (2hose of the form GOOn in our exampie) which may be said % “carry meaning” soiely on the basis
of their rejstionship with other, explicitly aamed, primitive elements. (This techaique, along with the caming
convention for such elements, should be familiar 20 LISP programmers a3 an anaiogue of :he “CENSYMed”
atom.)

More interesting, however, is the ippearance within the internal form of certain “naturaily” camed
arimitive =lements which aonetheiess do not appeu'crplici:ly within the original external desceription. 'Ln
particular, note that while some of the 1amed elements correspond to semantically meaningful tokens found
n the external descripsion, others (in our example, Perspective and [ndividual) serve a purely symeactic
function. cxplicitly representing in aormalized relational form the structural information :hat was implieit
in the syntax of our knowledge-based deseription language. Loosaly speaking, :he proccss of aormalization
involves 3 fattening of the original tree structure of the external description, together with an expm.iion of
the original description o explicitly represen: syntactic informasion.

Since descriptions serve roies as patterns, targets, antecedents or consequents #ithin our system, tupies
must be added to the extensional database to redlect these roies. II our exampie were in {act a :arget description
(which of course seems unnatural in this case), this connection wouid be drawn by the addition of :he single

tupie ’

+TARGET--COLLECTION » (G0OI, { collection name })

to the s TARGET--COLLECTION « reiation. [, on the other hand, the exampic description were the
consequent of an AC-pair whose antecedeat description was a Tape-drive, the following four tuples would
instead be added to the extensional database:
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«ANTECEDENT--CONSEQUENT« (G004, GOO1)
«DTION--DTORs (G004, GOOS)

«DTOR--DTYPLEs (GOOS, Parspective)
«PERSPECTIVE--PROTOTYPE« (G005, Tape-drive)

Note that the knowledge base, which was charactenzed in Section 4 as a separate database for pedagogical
scasons, i3 actually implemented as part of the single extensional database, together with all candidace targes
descriptions in the collection and the internal form of the pattern description used in the course of a particular

retrieval sessioa.

7.3 Logie as an edective query language

[a this subsection, we will examine some fundamental connections between the deseriptive capabilities of the
Grst order predicate calculus and the use of relational algebraic operators to make such logical descriptions
computationaily edective. While we might have chosen to exemplify this relationship using a realistic example
of the behavior of our demonstration system, the relative complexity of the knowledge-based mastching
operation would have made it unnecessarily difficult to ideatily the essential import of such an example.
We nave thus chcsen to illustrate the central aspecta of our use of mathematical logic aad reiational algebra
through the use of a simple example typieal of conventional (as opposed o knowiedge-based) retrieval in a
reiational dacabase management context. Of interesc io this regard is the observacioa that a wide range of
typical database queries can be expressed in the form of

l. a well-formed (ormula in the first-order predicate calculus (without (uaction sym-
bols), together with

2. a list of free variables of that well-formed formula, ail possible joint instantiations

of which are to be returned as the vaiue of the query.
This observation is best illustrated by coasidering a simpie =xampie. To this end, we have supplemented
the hypothetical «PRODUCT--PART « relation introduced in Subsection 7.! with a gew «CUSTOMER--
PRODUCT e relation, which is to be interpreted as asserting that American Airlines has purchased one or

mare DC-J's and one or more DC-10's, while Westarn Airlines owns one or more DC-10's only:

CUSTOMER | PRODUCT PRODUCT | PART
American | DC-3 DC-10 | wheel
Westerm | DC-10 DC-10 | eagine-mouns
American | DC-10 DC-3 | oxygen-mask

DC-10 | oxygen-mask
DC-10 | radio




Suppose we wished to produce a list pairing each airline with each part which could be found in the
ioventory of that airline, independent of the idengcy of the model (or models) of airplane which accounted for
the presence of that part within the inventory of that airline. In reiational terms, we shouid like the resujt
of our query to be a new biaary relation having two attributes—onc ranging over the same primitive domain
as the CUSTOMER attribute of the s CUSTOMER--PRODUCT « rclation, and one over that of the PART

attribute of the «PRODUCT--PART » relation—each of whose tuples satisfies the relationship in question.

Such a query might be expressed in the {ollowing way using the language of first-order logic:

(z, 2): 3y.
(sCUSTOMER--PRODUCT: (z, y) A
«PRODUCT--PART « (y, 1))

where the result variables are specified in a parenthesized list which is prefixed to the well-formed formula
and [ollowed by a colon. Here, we are assigning a correspondence between the predicate  CUSTOMER--
PRODUCTs and the relation having CUSTOMER and PRODUCT as its attributes, and similarly, between
the «’RODUCT--PART « predicate and the other relation. The resuit of this query is defined to be a new
relation, having two attributes (corresponding to the two free variables z and z specified in the resuit variable
list), whose tuples enumcrate all of the combinations of one instantiation of z and one instantiation of z for
which the weil-formed formula is true for some instantiation of the existentially quantified variable y.

Let us now consider how the result of such a query might be computed. All possible combiaations of
tuples. one of which is chosen from the sCUSTOMPER--PRODUCT + relation, the other from «PRODUCT-
-PART+, whose product attributes share a common value are identified, as dlustrated below by the lines

connecting tuples of the two argument relations:

CUSTOMER ' PRODUCT PRODUCT ! PART
American | DC-3 DC-10 wheel
\
Western | DC-10 DC-10 | engine-mount
American | DC-10 N DC-3 oxygen-mask
DC-10 | oxygen-mask
DC-10 radio

For cach such matching pair of tuples, a new Lupic is created by concatcoating the two and eliminating
one copy of the common PRODUCT attribute, thus yielding the following ternary relation:
13




CUSTOMER , PRODUCT PART
Amercan | DC-3 axygen-mask
Wescarn DC-10 wneel
Western | DC-10 engrnc-mouas
Western . DC-10 xygen-mask
Westcern | DC-10 ragio
American | DC-10 ! wheef
Amertecan | DC-10 | engine-mouns
American | DC-10 oxygen-mask
American DC-l10 radio

The operation :hat we dave just described provides our first example of 3 relational aigebraic operatioa,

which is called the join (more precisely, the natural join) of the two argument relations. The PRODUCT

attributes of each of the mwo irgument relations are together referred to as the join attributes.
Recall, however, :hat our formulation of the query made no referencs o the product by wiich
customer and par: are reiated. To produce the desired resuit relation, we musc therefors remove

PRODUCT attribute {rom our intermediate resuit. Notice, however, that the frst and eighth tuples in

the
the
the

intermediate resujt are discinguished only by the value of their respective product attributes. Upoa removal of

this attribute, these ¢two tupies would ao longer differ, introducing a redundancy in the resuit reiatioa which

s prohibited by the fact that relations are sets. (As we shall see in the lollowing subsection, our injunctién

against relations with redundaat tupies does oot refleet a superstitious adhereace 0 our formai definition of

relations, but is in fact motivated by important practical consideraticns.)

The fnal step of our exampie thus involves not only removal of the PRODUCT attribute, but also

elimination of the redundant tuples that wouid otherwise result from the removal of formerly distinguishing

acinibute vaiues:

CUSTOMER ' PART
American | oxygea-mask
Western | whee]
Western snguae-mouas
Western oxygen-mask
Wescern sadio
Amecican whee{
American | eagiae-mouns
Americaa | radio

This cornbined operaticn is an example of another reiational algebraic operation, cailed projection. Wa

refer to the CUSTOMER and PART attributes, which are carried through to the resuit reiation io our exampie,

as projected attributes, while the PRODUCT acteibute is deseribed s projected out of the argument relation.

The very simple exampic that we have just coasidered has required only che informal introduciion of

the joia 20d project operators. o :he following subsection, we will define a larger se¢ of reiational algebraic
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primitives, providing a moce rigorous definition for each one. The impoczance of *he reiational aigebra to our
rask (and indeed, to0 a1 great many knowiecge-based tasks) derives from the fact :hat this more :omplete set
of reiational aigebraic primicives has all the ‘descriptive power” of the iogic-Dased query language introduced
above.

Peraps the best known anaiogue of this observation in the reiational database literature 3 the so-caled
completeness resuit due to Codd [1972]. [a easence, Codd gave a coastructive proof that any query formu-
lated using the calcuius of a-expressions (often called the reiationsal caleylus}—a descriptive language quite
similar 'o our own drst-order predicate caicujus-oased query language, but where, amoang other distinctions,
juantificstion is over tuples and aot elcments of the primitive domains—couid e computed Sy application of
a suitabie sequence of relaticaal aigebraic operations. [gnoring for the moment the differences between sirict
frst-order logic and relational calculus, Codd's result thus provides a systematic (shough geaerally inefficient)
way ol computing the resujt of an arbitrary frsc-order query, as defined above, using only the relational
algebraic operatioas that will be defined in the aext subsection.

One way of viewing the roles of logic and relational algebra in this sort of retrieval task that ‘we have found
particularty useful in our work is based on :he 1j0tion of a formal theory. Within this theoretical {ramework,
we Yiew the query as part of 3 frs¢-order theory, and the reiations in the (extensional) database as a particuias
Anite interpretation of that theory. [n particuiar, each primitive predicate in the query is associzted with oae
celation in the extensional database, which is treated a3 its interprecation. Within this {ramework, we can
view the prodlem of finding the result of the query as that of inding ail poesible values of the (free) rerult
variables such that the query weil-formed formula is logically satisfied under that interpretation. [or this
reason, we sometimes call refer to the task of computiag the resuit of a logical query as one of satisfaction

aver 3 dnite (albeit generally large) domain.

7.4 The reistional algebraic primitives

Tha relational aigebrs we have used in our research s based on a smail set of algebraic operators enumerated
by Codd (1972| which take cne or more relations (along with certain “coantrol” information) as arguments,
returning a singie new relation as their value. This set of primitives inciudes the crdinary set operations—
which, with one restriction, are defined for reiations in much she same way as for other sets—aiong ¥ith several
siructured operators, which make reference %o the intarnal attribute structure of the constituens upies. The
two most important structurced operators, project and join, have aircady been informally described n the
previous subsection. Several ocher structured operations will aiso be niroduced ia :his subsection which may
in fact be derived from project, join and :he unstructured set operaticns, but which serve certain particularly
iumportaat functions in many practical applications of relational aigebraic systems.

Specificaily, we will be concerned in this paper with the (ollowing reiational aigebraic primitives:

1. Union

[2*]

. [ntersection
3. Set diference
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o

. Projection

Join

s.n

-4

Selection

Qo

. Reatriction

The three dinary set operators union, intersection and se¢ diference are delined in a reiztional aigedraie
system in the same way as for sets in geacral, with one exceptioa: the reiational version of eacld 3 dedned
only when the two relations that serve as its operands are union-compatible. Two reiations are said o be
qnion-compatible if and oniy U they are of the same degree n and the underiying domains of the i-ch simpie
attributes of the two reistions are she same for all 1, (1 € i € n).

We thus dedne the union of two union-zompatible relatioas R, and R;, deaoted (R, L R3), as 4 relation
consisting of exactly those tupies that are an element of Ry, of Ry, or both. The intarsection (R( N Ry) is
defined as that relation containing all tuples found in both R, and Ry. Finaily, the set dilfereace (R, — R;)
is defined %0 coasist of exactly those tuples of R, that are aot present in Rj.

o preparastion for our formal definition of the projection operator, we will aeed %0 introduce some
additional aotation. First, we adopt the convention that a list of primitive domain eicments eaclosed by angle
brackets (“/™ and “}") will designate a aew tuple containing the specified clements as the valucs of its simple
astributes, in the order listed. Futhermore, if r is 2 tuple of some n-ary reiation R, we will define ri;] o0 be the
value of the j-ch actribute of r, (1 < j < n). [t will be convenient to extend this cotation o allow upreuiém
such as rid|, where A is 2 compound attribute of R consisting of the m (2ot necessarily distinct) simple
attributes aumbered 5y, Jy, - .., Jm, defined such that (r{A|) represenca the aew tuple {ri5i], 7{72j, ... r[Jmi).

We may aow dedine the projection of a relation R over the compound attribute A as the set
{(ridl} : reR}

Note that we have defined the projection operator in such 3 way that simple attributes within the compound
attribute A may be replicated in the course of projection. Depending on certain details in the dednition of the
join operatioa, this convention may have important theoretical consequences adecting the expressive power of
the resujting algebra

The projection operator may be thougat of as a sort of “vertical subsetting” operation, .o wiich

1. the *noa-projected” attributes of each tupie in the argument reiation are eiiminated,
2. the remaining atiributes may be permuted and/or ceplicated, and

3. any duplicate tuples that resuit from the elimination of values that formerily
distinguished diferent tuples are then removed.

ln most impicmentations on a von Neumann machine—that is, 3 “conventicaal” computer system baving
a single centeal processing unit acting on a single bank of random access memory—.ihe attribute climinatioa
and permutation/replicatioa functions can both be impiemented using a simple and computationaily inex-
pensive procedure whose complexity s linear in the cardinality of the argumenc reiation. The climination of
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redundaat tupies, on the other hand, may be surprisingly time-consuming, particulariy when the irgumeqt
selation is large. [n (act, one commoa convention in some voa Neumann implementations is o reiax the ree
quirement that reiations be irue sets, allowwng the introduction of duplication during some or ail projeciions.

This approach introduces the foilowing probiems, however:

1. :he mawntenance of duplicate tuples may !ead w combinatorially explosive growth
in the cardinality of the intermediace resuits of a complex query, aad

2. functions sensitive to the repetition of identical tupies—the caiculation of aumencal
counts and statistical measures, {or sxample—will 20¢ yieid accurate results f redun-
daat tuples are no¢ irst ciiminaced.

Oue of the zapabilities of she NON-VON machine is the performance of true projecticq without the high
cost of redundant tupie elimination.

Definition of the join operation requires :he definition of cae additional coastruct: the concatenation of
two tuples. [f r, is a tuple of a relation R, having degree n;, and r; s a tuple of reiation Ry, having degree

na, :he concatenation (ry|r1) of *| and ry is defined to be the aew (n; + nqh-tuple

(mill, 2l - oo ri{nad rat] ra2); -, r2{na)

Several variatioas of the join operator are commoanly diseussed in the literature; we will begin by deflning
3 particularly important variant knowa as the squi-join. The equi-joia of two relations R, and R; over :he
compound attributes A, and As, respectively (each 1ssumed 0 be composed of the same aumber of simpie
attributes, with correspoading simple attributes having underiying domains that are comparapie under the

equaiity predicate) is defined as

{(relre) s PLeRU A Prelly A i [Ay] = ra{Aq]}

Ay and Aj are referred o as the (compound) join attributes, which will have special significance in :he
algorithms introduced in this paper. ln the case where A, and A; are the degecerate compound attributes
containing ao simpie actributes, equi-join reduces o the sxtended cartesian produc: of the tupies of 2, and
Ry—that i, o the set of all possible conecatenatioas of one tuple {rom R, with oae {rom ;3. The more general
jota operation may be intuitively thought of as 3 proccas of fltering the extended cartcsian product of R, and
Ry by removing {rom the resuit all conjoined tupies whose respective join atiributes have different values.
{The computational method suggested by this interpretation, of course, wouid ia general Se impracticaily
inefBeient.)

The join operation is in general quite expensive oa 3 coaventicnal von Neumann machine. since the tupies
of R, and R; must be paired for cqualicy with respect to the join atiributes before the extended cartesian
product of each group of “matching” tuples can be computed. [n ihe absence of physical ciustering with
respect %o the join attributes (whose ideatity may vary in different joins over the same pair of reiations), oe
the use of various techniques requiring a large amount of redundant storage, joiniag is fypicaily accomplisted
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most eficiently oa a von Neumann .zachine by pre-sorting the two argument relations with respect %0 the join
astribuces. The order of the tupies {oilowing the sort s actuaily gratuitous infermation {rom :he viewpoint of
the join operation. From a scrictly formal perspective, the requiremencts of 3 join—that the tupies be saired
in such 3 way thas the values of the join acttribute mactca—are significantly weaxer thaa those of 2 sore, which
require that the resuiting set be sequenced according 0 those values. The distinction 3 oot ia the case
of 3 vou Neumann machine, where a0 asymptotically superior general solution %o this pairing problem than
sorting is presently known. Oae of the design goals of the NON-VON machine, jowever, 3 0 make ise
of the weaker coastraints iavoived in the definition of this kind of operation w0 obviate the aeed for either
pre-sorting or the extravagant use of redundant storage.

One commoan variant of the equi-join operator s he natursl join, intreduced in the exampie of the
previous section, in which oae of the two join attributes, which are reduadastly represented o the result
reistion in the case of squi-join, is eliminated (as if by projection). Our architecture suppores both the natural
and equi-joia in a highly efBcient manner. A more general form of join often discussed in the literasure s
the 9-join, whose definition is similar to that of the equi-join, but with the equality predicate replaced by a
Dore general binary predicate 4. (la Codd’s definition, 9 is defined to be ocae of the arithmetic operations
=, # <, €, > or 2.} Cousiderations for the efficient evaluation of the general join operator differ in
several respects (rom those involved in evaluating the equi-join. We will not discuss this more general case in
the present paper. .

Each of the other relational algebraic operators w be described in this subsection can in fact be derived
from the structured operators project aad join and the three unstructured set operators, and are defined here

for one or both of the folowing reasoas:

1. The operator embodies a special case of one or more o the previously dedned
primitives which might admit the possibility of either 3 iess compiex, or 2 more eficient,
hardware unpiemeatation

2. The operator represents an important ind (requeatly encouncered use of some
composition of the primitives defined earlier

One derived operation that occurs (requently in doth practical aand :heoreticai discussions, and which
plays a particularly importans roie in our approach, is cailed selection. Most algorichms aad architectures
lor “associative retrieval” impiement what is essentiaily a process of reiational selection. [n :he NON-VON
machine, seiection requires only 3 smail, {ixed amouns of time, (adependenc of the size of :he database; ugniike
most aasocintive processor designs, however, our architecture explicitly addresses the probiems of efficiently
implementing other relational operators as weil. The seiect operator returns a subset of its single argument
reiatioa consiscing of all tuples that satisiy a list of aciribute/vaiue pairs. The seiect operator may thus be
regarded a3 a aatural join of the argumens relation with a singietoa reiation (a relation consiscing of exactly
oge expiicitiy specided tupic) over all attributes of the singlcton. More preciseiy, the resuit of a sclection from

reiation @ witl compound attribute A and value tupie V is

(-:reRAFA| =V}
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where the correspoading A and V' domains are 3gain assumed to be compatibie with respect 1o equaiity.
Another important derived operation is known as restriction. While restricion, like the joia operator, is

sometimes defined in terms of a general J, we wiil again be concerned only wich the case where 7 i3 the binary

equalicy predicate. The restriction of a relation R over the corupound asiributes 4, aad A; (both composed

of simple attributes of R) is defined as
{r:-eRA A = ridg)}

[n its most common {orm, wnere the compound actributes A, aad A are 2acd composed of exac:ly oane
sumpie attribute, the restriction operator feturas ail tuples of its argument relation in which the vaiues of
the two specified attributes arc equal. Although restriction can be defined solely in terms of the join aad
projecs operators, an implementation based in a straightforward way oa this derivation would be considesably
more complex aad ineficieas than one speciiically tauored to support the restrict operator. Reatriciion is an
important snougd operasion in prastice that we have treated the capacity for direct (and efcient) evaluation
of restrictive expressions as a signiicant design objective.

Finally, wa must acknowledge a derived operacion that haa considerabie theoreticai and practical impae-
tagee in many applicatioas, but to which we have devoted little special atlention in our evaluation of alter-
native architectures. This operation, called division, is used 0 achieve the efects of universal quantification
within the queries of a language based on the retational caleulus (Codd (1972]) and may weil be worethy of
special astention in course of designing a generaily-applicable relational database machine. Since it was aot
necessary thas this kind of operation be implemented edicieatly in its full generality for purposes of our Al
application, however, the relational division operator will not be givea the same sort of special coasideratioa

in this paper 18 the other ~wo derived operators described abave.

7.5 Defined predicaces

The exampie query formuiated in Subsection 7.3 made use of wo iogicai predicates, sach 1ssociated with
an explicitly defined relation that might be scored in an “extensional database” of the sort used in our
demoanstration system, We refer to a predicate of this kind, whose mecaning derives {rom its association with
3 relation whose constituent tupies are explicitly enumerated, as a primitive predicate. As we shall see :a
Subsection 7.7, though, our knowiedge-based retrieval task requires the use of another kind of predicate,
which we wiil cail a defined predicace.

A defined predicate correspoads to no fxed, explicitly defined reiation, as does a primitive predicase,
but instead derives its mcaning from 3 proper (noa-logical) axiom expressing its equivaience o a weil-formed
{ormuia involving other (defined or primitive) predicates. (Our notion of 3 defined predicate is closely reiated
to that of a view, as defined in the reiational database literature, and to other constructs that Qave been
introduced peripdically by researchers in other areas of computer science; it is our use of defined predicates
that should be of interest here.) Following a coaveation empioyed in certain recent wark oa logic and databases,
we will sometimes rofer to the set of defined predicatcs as the intensional database of our system (by contrast
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with the ertensional Jatabase, which is composed of relations specified expiicitly by enumerating all their
tuples, esch of which corrcsponds 0 a primitive predicate in the logical query language). o the interest of
perpicacity, we adops the coaveation of surrounding the aame of each peimitive predicate by isterisks, as in
the exampies we have aiready seen, while the names of defined predicates wiil aot be so enciosed.

3y way of ilustratioa, lct us consider a very simpie exampie of a defined predicate, called CUSTOMER-
.PART, whose body i3 precisely the weil-formed {ormula from the sampie query ntroduced in Subseczion

7.3

CUSTOMER--PART(z, 3) =
2y
(« CUSTOMER--PRODUCT s (2, ) A
«PRODUCT--PART: (y, 1))

In :his exampie, the dcfined predicate CUSTOMER--PART s defined ia terms of :he “wo primitive
predicates s CUSTOMER--PRODUCT « and «PRODUCT--PART», allowing its reduction to predicates whose
interpretations are explicitly available in the extensional database. The aewly defined predicate could thus
be used as a sort of “shorthand” for the sample query, which might now be expressed as

(=, 2):

CUSTOMER-PART (z, 1)

Although intensionaily defined predicaies (more precisely, :heir analogues within the caleulus of a-
expressions) were not ineluded as part of Codd's original formalism for the relational modei of data. more
recent work Dy several researchers suggests ote possible manner in which defined predicates might be empioyed
anthin a drst-order query. At the risk of oversimpiificatioq, this approach (exemplified by Reiter 1977} aad by
Chang and Lee (1973]) iavoives a two-step procedure {or the cvaiuacioa of queries. During :he irst step, the
query (which may invoive boch primitive and defined predicaics), along with the predicate definition axioms
fouad in the intensional database, s manipulated using automatic theorem-proving tecaniques 0 remove ail
occurrences of the defined predicates, yieldiag a transformed query coataining only primitive predicates. The
resuiting transformed query is then evaluated using ordinary database retrieval techniques. As we shail see
in the next subsecticn, however, the lack of extensional ‘eedback in the course of intensional manipulation
ntroduces certain problems which preclude the possibility of a straightiorward appiication of this approach

%0 our knowicdge-based retrieval task.

7.6 Recursive predicate definitioa



From :be perspective of our own application, one of the most serious limitations of the spproach to retrieval
thas we informaily outlined a: *he end of the lasc subsection relates to the zeed w0 support recyursiveiy-defined
predicates. Before considering the roie of recursive predicate defnition wichin our system {or knowiedge-based
retrieval, iet us consicer a very simpie exampie of a recursively-defined predicate. [magine for the momens
thac the extensional database coatained a binary reiation, called « CHILD--PARENT . asserting that Suzanae
223 Charles-Jr and Marilyn as parenws, while Charies-Jr is in turn the sog of Charies-S¢ and Esteile, ate., as
iluscrated below:

CHILD | PARENT
Suzapge | Charies-Jr
Suzanne | Marityn

Charies-Jr | Charies3e
Charies-Jr Estalle

Marilys | Benjamin

Mardyn | Esther

Suppose oow thac we wished 0 construct a defined predicata DESCENDANT--ANCESTOR having the
value trye whenever ita fr3t argument is either the child, graadechild, great-graadchild, ete. of its secoad
argumeans.

[Fiv were g0t for the problem of recursion within a predicate definition, the DESCENDANT--ANCESTOR
predicate could be defined as ’

DESCENDANT--ANCESTOR(z, s) m
«CHILD.-PARENT. (2, 3) v
.
(s CHILD--PARENT (z, y) A
«DESCENDANT--ANCESTOR. (y, 1))

Note, howerer, that the Grst step (query ransiormation) of the hypothetical two-step process outlined
‘a the previous subseetion could no longer simply repiace each occurrence of the defined predicate DESCEN-
DANT--ANCESTOR with its body, since that body itseif coatains anocher invecation of DESCENDANT--
ANCESTOR; the theorem-proving technique would thus either (ail to terminate, or {ail ta nd all possibie
results of the query.

The approsach that we adopted in the LSEC algorithm %o the proclem of recursive predicata definition
uses intermediate results of the query evaluation in order to terminate computation after all potentiaily
relevant resuits have been obtained, avoiding computational loops based on the endlem expaasion of cyeles
of mutually-defined predicates. While we will aot examine the details of the LSEC algorithm at this point,
the basic mechanism by which LSEC haadles recursion is quite simple. [n essence, our approach invoives the
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ireatment of the conjunctive operator in a query weil-formed formula as a “computational” {as opposed 0 2
serictly “logical”) AND. Asin the case of the LISP AND, the operands of such 3 cogjunction are cvaiuated in
left-to-right order until the frss *failure” —specifically. until the Arst case ia which appiication of she LSEC
procedure to some operand yieids a false-extension (defined rigorously in Section 3), which may regasded s
a geaeralization of the booiean coastant false. (a the above example, «DESCENDANT--ANCESTOR« (y, 3)
will not be recursively evaluated after the primitive predicate «CHILD--PARENT: (z,y) s found 0 have
20 possibie instantiations consistent with the currens binding of z—chat is, after reaching the level of the
“‘grandparents”.

In passing, it should be acknowledged that the importance of recursive dredicate definition withia our
own application may well reflect characteristics specific to our thesis task. We are thus unabie o make
agy claims regarding the suitability of our 3pproach for use in conventional reiztional database applications.
Indeed. Gallaire, et al. [1978, after reviewing the probiems of recursive predicate definition, suggest that “it
is not clear that oae should permit recursive axioms (in the intensioaal database) for realistic problems”. The
suspicion that the additional theoretical power provided by recursive predicate definition may bave minimal
significance in the context of contemporary praciical database requirements has been echoed by other authors.
While our own areas of expertise do not permit a qualified opinion in this regard, it shouid be emphasized
that in our application, in which defined predicates are no¢ directly incorporated in a user-level deseription
language, but instead are used internally to express and implement the semaatics of a higher-level description
language, recursive predicate definitioa is easential. '

[n the following subsection, we will examine the way ia which recursively defined predicates in ‘the

intensional databuse are used to define the semanties of cur knowledge-based description language.

7.7 Axioms defining the match semantics

Having aow introduced the esseatial logical and relational tools, lec us aow consider :he maaner in waich a
user’s knowiedge-based pattern description is matched against the coilection of candidate arget deseriptions
according to the axioms defined in the match specification. [n each such query ask, regardless of the particular

pattern deseripiion, the “top-level” logical query is has the form
(2) : DTION-DAP-DTION (2, pac-dticn)

The intended result of this query is a unary relation, each of whose tuples has as the value of its singie
atsribute a particular target description (more precisely, the primitive domain eiement :hat anchors the
inernal form of that targes description) which matches the given pattern description according %o the rules
defined in the match specification. Specifically, the match specification comprises a definition of the defined
predicate DTTON-IMP-DTION in terms of other predicates, some of which are themseives defined in other

axioms, and so oa.
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Dtiog-imp-dtica
Dtion-directly-imp-dtion
Dtiog-imp-dior
Dtiog-imp-individual-dtor
Dtor-imp-individusl-dtor
' [ndividual-dtor-imp-individual-dtor
Dtiop-imp-perspective-dtor
Dtor-imp-perspective-dtor
Perspective-dtor-imp-perspective-dior
Dtiog-imp=set=of-dior ‘
Dtor-imp-set=of-dtor |
|
|

Set-of-dior-imp-set-of-dtor
Set-witb-exactiy-dtor-imp-set-of-dtor
Dticg-1mp-set-mth-all-of-dtor
Dtor-ump-set-with-all-of-dtor
Sat-w1theall-of-dior-im p-set-with-all-of-dtor
Set-with-axactly-dior-imp-set- with-all-of-dtor
Dtiog-1mp-set-mii-aay-of-dtor
Dtor-imp-set-wih-any-of-dtor
Set-wtheall-of-dtor-imp-set- with-any-of-dtor
Set- w1t h-exactiy-dios-im p-set- with-any-of-dtor
Set-of-dtor-imp-set-with-any-of-dtor
N— Dtiop-imp-invoives-dtor
Dtion-proper-super-dtion
4 Dtioa-immediste-super-dtor
N—————— Dtioz-im p=disjunctive-dtor
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Figure 7.2 Axioms Defining the Match Semantics

The names of cach of the 26 axioms defining the match semantics of our knowledge-based description
language are listed in Figure 7.2. We have indented this list to indicate which predicates are defined in terms
of which other predicates, with the name of a defined predicate shown below, and indented by one unit with
cespect to, the name of the defined predicata in whose body it is first used. (The “top-level” defined predicate
DTION-IMP-DTION, for example, is defined in terms of the defined predicate DTION-DIRECTLY-IMP-
DTION.) Exceptional definitional directions are indicated explicitly using arrows. (PERSPECTIVE-DTOR-
IMP-PERSPECTIVE-DTOR, for example, is defined in terms of the top-level delined predicate DTION-IMP-

DTION.) Each of the upward-pointing arrows thus identifies a recursive predicate definition loop, underscoring

the central role such definitions occupy in our thesis system.

Although it will not be necessary at this point to consider the details of each deflined predicate in the

match specification, it may be instructive to consider one typical such predicate in an attempt to convey
some feeling for the kind of information cinbodied in these matching rules. To this cnd, we consider the
defined predicate PERSPECTIVE-DTOR-IMP-PERSPECTIVE-DTOR, which implements what we may call

syntactic perspective matching:
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Perspective-dtor-imp-purspective-dtor (tar-per, pat-per| =
3 proto .
(Per-proco pas-per, prota) A
Per-proto (tar-per, protoj) A
7 slos .
((Z pat-ill .
Obj-slot-Gll (pat-per, siot, pat-ll))
= 3 pat-dll, tar-Gll .
(Obj-sioe-5ll (pat-per, siot, pat-Gl) A
Obj-slot-6ll (tar-per, sios, tar-ll) A
Dtioo-imp-dtion (tar-dll, pac-4ll)))

la the course of syntactic perspective matching, all target perspectives thas match a given pattern
perspective and have the same prototype a3 that pattern perspective are ideatified. By contrast with semantic
perspective masching, this procedure does aot identify those target perspectives that have differeat prototypes
than thas of the pattern, but that would in fact satisly the matehing criteria on the basis of domain-specific
specialization relationships derived [rom the knowledge base. The mesning of this defined predicate s
reasonably straigntforward: in order for a “larget-perspective-dtor” o maca a ‘pattern-perspective-dtor” on
the basis of this defined predicate, the prototypes of each must be the same, and for sach slot which is lled
in the pattern, the corresponding siot must be flled ia 3 compatible way (as specified by the recursive call o
DTION-IMP-DTION) within the target.

The full sec of 26 axioms that togecher constitute the match specification for our knowledge dased
deseription language are presented as an appendix to our dectoral dissersation Shaw, 1950al.

daving now examined an exampie of the use of weil-formed formuiz within our demonstration system,
it seems appropriate to explicitly list the respects in which our logic-based query and predicate definition
language s in fact restricted by comparison with the full language of first-order predicace caleulus. Tlirse,
function symbols (which in fact add ao formal axpresaive power o the predicate calculus) have been eliminaced
(rom considerstion. Second, our present application has not required the use of explicit aegation; the NOT
operator has thus been omitted from our language as well. Note that by contrasc with the case of functions,
the additioa of aegation would significantly expand the expressive capabpilities of our language; we consider
such an extension to represent a potentially important avenue aloog which our own work might be extended.
Because ncgation introduces 3 number of surprisingly diflicult problems whea used in a computationaily

efective deseription language, however, we have chosen to omit this coastruct from coasideration in our work

to date.




Finally, we have intentionsily permitted only a restricied {orm of universal quantifieation. Rather thaa

permit universal quantification of the geseral form
vz.P(z)

we restrict P/z) 2o be of the form
Qz) 2 B(=2) .

where Q(z), called the quaiification ciause, is further restricted o contain no disjunction or universai quaatificatioan,
while the body B(z) is an unrestricted weil-lormed formula. While detailed consideration of universal
quantification wul be deferred to Section 7, we note for now that the qualification clause serves the important
pracuical function of restricting the piausible range of universaily quantified variables, :3us limiting :be set of

“z values” wihich must be coasidered to those vaiues for which Q(z) is satisfied

8. The LSEC Algorithm for Logical Satisfaction

[ this section, we will describe the (unction of the LSEC algorithm, through which the connection becween
logical deseriptive mechanisms and actual relatioaal algebraic operations is established .o our demoastratioa
system. The LSEC algorithm has been fully implementad in our demonstration system 1ad tested oa carsfully
chosen exampies designed 0 exercise each portion of the algorithm.

We begin in Subsection 3.1 with aa example of the use oi LSEC in evaluating the resuits of a simple
conventional database query, avoiding maay of the spurious complications arising in our knowiedge-based
retrieval application that are peripheral wo the essential operation of the LSEC algorithm. [a :he remainder
of the section, we describe the bebavior of the algorithm upoa encountering esch of the six types of logieal
{ormuism used in constructing the match specification, ending with the procedure by which the result reiation

s constructed.

8.1 A simple example

The example we have chosen to illustrata the process of exteasional constraint has the virtue of ilustratiog
she essential betavior of :he LSEC aigorithm, but may weil seem a bit contrived to the reader. To be sure
that our somewbdas unnatural example does 10t obscure the features we will be attempting o uUlustrate, we
thus begin with a bric{ discussion of its “real-worid” setting.

[n our exampie, a hypothctical capitaiist wishes to alect the behavior of major U.3. corporaticas by
exerting an indirect influence on key individuals within those corporations—specifically, on the olicers aad
directors of those firms. This indirect influence is in turn o be mediated by the attorneys and accountants
of these key individuais. oa whom these individuals are presumed to rely for informatioa and advice. The
capitalist might suceceed, {or example, in lafluencing the behavior of :he corporation by bribiag its president’s
attorney, or the accountant of one of its directors. To this end, our capitaiist wishes o review a lst
of professionals (attorneys and accountants), paired with corporations on whom these professionals couid
uitimaceiy cxers an influeace :hrough some third party whose identity is of no concern %o the capitaliss.
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Four :wo-astribute reiations will be used ia our example:

ATTY' CLNT ACCT' CLNT OFCR, CORP ORTR CORP
Atsyl i Joaes Acctl | Smich Smuth XCorp Jones YCorp
Attyl ' Stone Acetl | Jones Jjones XCorp
Atty2  Joncs Smica XCorp

The frst associates attorneys with their cliects; the second, accountants with their ciieats; he third, oficery
with the corporations by which they are smployed: the fourth, directors with the carporations oa whose
Soards :hey serve. The binary rclation whica our hypothetical capitaiist wishes to review may be described

asing the logical query

{professionai, corporation): 3 client.
(*ATTY --CLNT« (professional, clieat) v
+ACCT--CLNT . (professional, client}) A
(+OFCR--CORP« (client, corporation) V
+DRTR--CORP . (client, corporaiion)))

Without conceatrating oa the details of the algorithm, we will now sketch he manner in which LSEC
Snds the resuits of this query.

The most important data structure maintaiged and manipulated by the LSEC algorithm is called the
Accumufated Disjoint Extension (sometimes referred o as the ADE, or somewhas less precisely, as simply the
sxtensica). Loosely speaking, the ADE may be thought of as 1 set of reiations, each of which describes oae
wsy o which that part of the logical formula thus far encountercd may be satisfied. {In oae sense, the ADE
ay thus be shought of as a sort of dynami¢, extensionai analogue o the intensional zotioa of a disjunctive
aormai form.] The initiai ADE in any LSEC session s aiways the distinguisded ADE :rue-extension, which
s a set consisting of the singie degenerate relation containing 20 attributes and ao tuples (the true-reistion).
[n the course of processing the top-level query (and the defined predicate boaies introauced in the course of
expanding that query), this ADE is constrained by the various logicai subformula; after the whoie query has
beea proccased, the result relation may be extracted (ia 3 maanner detailed in Subsection 3.9) from the Snad
ADE.

The tree-traversal algotithm embodied in the LSEC aigorithm causes the initiai ADE (false-extension) 2o

be constrained Arat by the disjunction

(s OFCR--CORP (clieat, corporation) V
*DRTR--CORP-« (client, corporation))




The resulting ADC is a set of two relasions, the Grst cocresponding ‘o influences exerted througn olicers,

aad the second through directors:

Jones 1+ YCorp
Jones XCorp
\ mub .‘CCornl Smuth  XCorp |

Constraining this ADE furcher to redect the content of the first conjoined subformuia of :he body of
our query {to redect the {act that access lo these key \ndividuais may be through eicher their atiorncys or
accountants), LSEC “multiplies through” :he originai ATTY--CLNT« aad sACCT.-CLNT+ relations by
joining esch with each of the two terms (coaostituent relations) in the ADE over the common existentially
quaatified variable client. Because none of the attorneys in our exampie has as client the loae individual
(Smith) who serves as a corporate officer, one of the four resuiting terms will be a false-reistion—a relation
having aqy attribute structure, but no tupies—which will be eliminated from the ADE, yielding :he three
reiation ADE

Atsyl | Jones« YCorp
Aty! | Joaes | XCorp Acet! | Smich | XCorp
Atty2 | Jones | YCorp Acctl | Jones | YCorp
Atty2 | Jones 1 XCorp I Acctl Smueh XCoer Acctl | Jones | XCorp

Notice that by existantiaily quantifying client, instead of leaving it {ree in the query weil-formed formula,
we have indicated that the identity of the clieat is of 3o concern o the end-user; it is used only o establish
that some link between professional and corporation exists. Upoa exiting (rom the scope of the existentially
quantified (ormula, we thus project out the CLNT attribute rorm all erms in :he current ADE. The resuit

{after eiiminating oae redundaat tuple in the third reiscion) s

Ateyl ! YCorep
Actyl | XCorp
Atty2 | YCorp Accel | XCorp
Atey2 | XCorp I Acetl + XCorp I Acctl  YCorp

Finally, the union of all reistions in the ADE is taken, thus combining all ils terms into a single resuit

relation:



Attyl  YCorp
Ayl XCorp
Atty2 ' YCorp
Aeey2 | XCorp
Acctl | XCorp
Acetl  YCorp

Note that during the performance of this Gnal union operation, cae more tupie becomes redundant, aad
must be eiiminated.

By way of summary, then, :be LSEC algorithm starts with an unconstrained extension (the ADE true
extension), which is then constrained by the query formula. o our demonscration system, the injtiai query is

always the defined predicate

(z) : DTION-IMP-DTION(z. pat-dtion}

whose body is expanded o the course of the algorithm, with different types of logicai formula “surfacing”
at differeat depchs within this expansion. [n the remainder of this section, we will review the behavior of the

LSEC algorithm upon encounteriag each of these logical formula types.

3.2 Existantial quantifieation

The processing of existentially quantified (ormula within the tap-levei query, or within some defined predicata
body eacountered in the course of evaluacing this query, is quite simpie, but provides a good introduction
‘0 the use of one of the essential data structures maagipulated by che algorithm: the logical variable stack.
(Although it will be referred to informally a3 simpiy “the stack”, the logical variable stack should a0t be
confused with :he stack maintained by the underiying LISP system, which maintains the bindings of the
\-variabies involved in execution of our demonstration system.)

A 2ew stack frame is created each time an existentially or universaily quantifed formuia, or 3 dedned
oredicate, is encountered, to hold certain information about each quantified variable or {ormai parameter
(ia the case of the defincd predicate) introduced within the current formula. There are two components o
this informastioa: the Srst speciies the variable's ¢ype, which may be either constaat-valued or actribute-id-
valued, while the second is the value itsetl. Quantified variables, though, are aiways o the latter type: upoa
encountering the existeatiaily quantified formula, a unique name cailed an actribute identifier (actribute-id)
is generated for each existantially quantified variable 'o designate a particuiar attribute thae will ultimateiy
appear in one or more rclatioas in the ADE. Although the same attribute may be referenced usiag differenc
names within the bodies of different defined predieates, cach such aame will be “bound” 1o the same atiribute-
id as diferent I‘oca:ion.s within the logieal variable stack. Conversely, the same variable name may appear a
various [rames within the current stack in the case where the same variablc aame is re-used {paasibly from
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the same piace within two gested invocaiions of *he same defined predicate) wicthin a scope in which it 128
siready beea defined. [n each of its appearances, such a name may e bound :0 3 differeat attribute-id:
such cases, the most recently added stack [rame (the {rame oa the *top” of the stack) i3 treated as ‘curreat”.

The processing of existentially quaatified formule is sow quite simpie to describe. Upon entering such 3
{ormuia, LSEC fret creates 2 aew stack {rame contawming informacioa about cach of the existeatiaily quantied
vanabies introduccd in the current formula. Next, the current ADE is (recuruveiy) constrained by its body,
#hich s impiicitly treated as a conjunctica of one or more subformula (see Subseetion 3.1). Upon exit {rom
the existentiaily quancified foemuia. each o these existentially quaatiied variabies s projected out of esch
term in the resuiting ADE for reasons of :ficieacy. Readers familiar with Codd’s consiructive compieteness
proof (Codd, 1972} may aotice that our maintenance of a logical variable stack serves what may be regarded
a3 a dynamic analogue of the process of conversion to prenex normal form, but adapted to the case where the

required renaming operations cannot be determined statically on a purely lexical basis.

3.3 Universal quantification

As in the case of the existential formula, processing of universally quantified formulm begins with the creation
of aew attribute-ids to identdy each of the newiy-introduced universally quaatified variables, aad a aew stack
frame is created to record the type (“astribute-id-valued”) and value {the newly generated unique attribute-id
name) of each such variable. The substantive portion of the processing of universally quantified formuls within
LSEC, bowever, is considerably more compiex than the correspoading part of the procsdure for prmﬁmg

existeatially quantified formulm. As noted in Subsection 7.7, all such formuls are of the form
v2.Q(3) O B(z)

where the qualification clause Q(z) is restricted to coatain no disjunction or uaiversal quaatifeation. This
quaiification clause is used to resirict the range of the universaily quantified variable z in esch of the poasibie
concexts dedned by alternauve joint instastiatioas of the various quaatified variables that are “visibie” within
the current scope. We now consider in some detau the manner in which LSEC conscrains the current ADE
by 31 universaily quantified formula.

Recall Grst that the ADE is in generai a set ol several relacioas, called the terms of that ADE. LSEC
constrains each term by the universai formuia, then takes the union of the resuits 20 form 3 aecw ADE. [a
order 10 constrain a given sxtension term by 3 universal formuia, LSEC must drse idencify a crucial se¢ of
variables cailed the context variables of :hat formuia. The context variabies are preciseiy those attribute-id-
valued variables that appesar within the qualification clause, but whose inpermoat scope is ot local %o the
qualification ¢iause. {Our somewhat uawieldy dednition is required o inayre thas 3 variable appearing within
he qualification clause a¢ 3 point where its name is bound both locaily—that i, within the qualification
clause—and globaily is ao¢ treated as 3 coatext variable.)

LSEC aext computes what is called the qualificd extension term by (recursively) constraining the exteasion
term by the qualification clause (Q(z)) of the universai formuia. The qualified extension term is thea projected

29



over the attributes corresponding -0 cach of the context variables (as determined by the current stack bindings
for those context variables), yieiding a set of coatext tuples. Cach such tuple defines one context {or evaluatica
of the body of the universally quantified {ormula. [n intuitive teems, a context may be thought of s coctaining
all relevant informatioa about one possible way in which the qualification clause might be satisGed—shat i3,
oae “‘such that ..." condition in a universal formula which might be described by the CEnglish assertion “for
ail = such that Q(z) is true, B(z) must aiso be true’. Note that it is oot sufficient in general w0 fiad all z
satisiying this “such that ...” clause, and to simply substitute all such = into the body of the universal formuia
to obtain 3 new set of constraining formula. [n order to avoid excluding joint instantiaticns which which
might well satisfy the top-level query, information regarding coastraints on variables giobal to the universal
formula must be propagated along with each such =z value.

Each of these context tupies will ultimately contribute to the result for the currcat extension term, the
partial results due o each being appended together at the end to form 3 aew extension. Let us aow coonsider
the manner in which a given coatext tuple is used o coastrain the qualified extension term by the bedy of
the universaily quantified variable. First, the qualified extension term is selected on the attributes and values
specified in the context variable list and the curreat context tuple, respectively, to obtain the coatext-bound
axtension slice for that context tuple. By projecting the context-bound extension slice over the universally
quantified variable, it is now possible to identify the efective range of the universaily quantified variable
within the curreat context, resulting in a list of context-bound universally quantified values.

To obtain the partial resuit, the universally quantified variable is first projected out of the qualified
extension term sice. The result (correspoading to the current context tuple) is thea constrained by various
instantiated versions of the body in succession—~frst, by a version of the body with the frst context-bound
universally quantified vaiue substituted for the universally quaatified variable, aext with the second such value
substituted for that variable, and so on for each of the possible values within the sffective (context-bound)
range of the universally quantified variable. The resuit corrresponding to this context tuple is now combined
with those derived [rom each of the others to obtain 3 version of the original extension term constrained >y
the universally quaatified formula. As noted above, the fnal result is obtained by taking she unioa of the
results due to cach extensioa slice in the original ADE.

As 0 the case of existential quantification, the universaily quaaufied variables are projected out of tbe

result upon lesving the scope of the universally quantified formulia for reasons of eficiency.

8.4 Coajunction

[t is in the case of a conjunctive formula that the process of progressive constraint which underlies the

operation of the LSEC algorithm is most evident. Upon encountering 3 set of conjoined subformule
Plz)AQ(z)A R(z)A ... ,

the old ADE is first constrained by P(z); the result is thea further coastrained by Q(z), then by R(z), aad
s0 on until either the extension has been constrained by the last conjoined sublormula or 2 false-extension s
returned by one such constraining step, in which case computation terminates with the value false-extensioa.
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8.5 Disjunction

I the course of constraining the ADE by a disjunctive formula, the “width” of the ADE—more precisely,
the number of reiations which it comprises—is, in the general case, iccreased o redect a larger aumber of

alterastive ways in which the query might be satisded. To constrain the current ADE by a disjunctioa
P(z)v Q(z) |

for example, two copies of the ADE are made; cne is constrained by P(z), the ovher by Q(z), and the results

combined to form the new ADE.

3.6 Defined predicates

The processing of a defined predicate witdin the LSEC aigorithm is analogous to the binding of \-variables
within LISP. A new stack frame s crosted o associate with the [ormal parameters all relevant injormation
inherited {rom the actual parameters. A: the time of binding, each formal paramecar s designated as either a
conscant-valued variable, if the correspoading actual parameter is either a constaat or has itsell aiready been
classified as a constant-valued variable, or an astribute-id-vaiued variable, in the case where the corresponding
actual parameter is itseif attribute-id-valued (by virtue of having been bouad at some level to a quantified
variabie). ’

Following crestion of the new stack frame, the curreat ADE is (recursively) constrained by the body of the
defined predicate, with its current bindings. For syntactic simplicity, the body of a defined predicace may be
a list of conjoined subformuia, and need 3ot be an explicit conjunction. Typically, thea, a defined predicate
is processed by establishing aew bindings and then evaluaiing the list of conjoined subformuls which make
up its body.

8.7 Primitive predicatas

[t is in the proccesing of primitive predicates that most of the computational efort of :he LSEC algorithm
is expended. For 2 simple illustration of the computationally demanding aspects of this process, consider the
proccwing of the simple query

(z9): 22.P(2,5) A Q5. y)

whers P and Q are both primitive predicates.

Since the body of the query is a conjunction, the initial ADE (true-excension} is first conscrained by the
primitive predicate P(z,z). Coustrains of the true-extensios by 3 pnmitive predicace is treated as a special
case by the LSEC algorithm. The resultiag ADE coatains 3 singie reiation, the indepecadent cxtension of the
primitive predicate in question. The independent extcnsion of a primitive predicate is defined as the resuit of
selecting the corresponding primitive celation in the extensicnal database on the values of any consiant-valued
arguments that may be specified, then projecting out the atiributes corresponding to ail such conscant-vaiued
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arguments. [n our example, P has no constant-valued argumencs: tlie resuit is thus the degenerate case of g
indepeadens extension: 3 new ADE consisting of the singie primitive reiatioa zorrespondiog to P.

This ADE s aext coastrained by the second conjoined {actor, the arimitive predicate @(z. y). [n :his
more typical case, where the ADE is not equal to true-exteasion, the independcat extension of Q(z, y) is Grst
computed by seieetion and projection of the primitive reiation correspoading 0 @, as deseribed above, aad
then joined with the curreat ADE over ail common atiributes. [n our exampie, the independent exteasion of
Q{2, y) woulid be joined with the oid ADE (the independent exteasion of P{z, z}) over the common existeatiaily
quantified variable z. [n our knowiedge-bascd retrieval task, this join operation, which would in Zenerai be
vary expensive on an ordinary machine in the case where the relations invoived are of large cardinality, occurs
quite {requentiy in the course of executing the LSEC aigorithm, aand would probably aceount for most of the
execution time in 3 realistic application. [t is the aeed o perform such joias (or similar operations) in a highly
edicient manner which thus provides whai is probably the most important justification for the use of parailel

hardware in the kinds of knowledge-based applications with which we are concerned.

3.3 The resuit formula

Up to this poiat, we have considered only the treatment of existentially and universaily quantified varisbles
by the LSEC aigorithm. [ wul be recalled, however, that the “top-level” query formula must always cogtain
at least one, and poesibly more, [ree variables, ail poixble satisfying combisations of which will ultimauiy
be returned as the resuit of the query. During the buik of the LSEC aigorithm, ree variables are treated in
exacily the same manner as existentiaily quantified variables: dissinct attributesids are created for esca, and
the associated information stored on :he logical variable staeck without any indication of :heir special scatus.

After the initial ADE (true-extension) has been coastrained by the full well-{ormed formuia, however,
each of the reiations in the resulting ADE is projected over ihe resuit variables, and the unioa of the
(necessarily union-compatible—see Subsection 7.4) resuiting relations is taken to yieid the query result. [n
our demonstration system, for exarnple, each relation in the 3nal ADE is projected over the attributesid
corresponding to the top-level target document descripiioas, and the union of *he resultiag unary relations—a

2ew reistion listing esch of the matching targets—is dispiayed to the user.

3.9 Oa the compiedty of LSEC

As we have already noted. the NON-VON machine s designed o axscute iae primitive operatioas of the
LSEC algorithm in a highly eficient manner. (The reader is referred to Shaw {1978 foe the aigorithms
themselves, and to Shaw, et al. [1981! {or details of the NON-VON architecture.) Since 3 aumber of thesa
relaticnal algebraic operations will in geaeral be required in the course of an actual retrievai cask, however,
it is reasonable at this point %o consider the complexity of the LSEC algorithm in terms of these reiational
algebeaic primitives. Firse, it should be noted that the individual who constructs the set of defined predicates
(whick, \a our demonstration system, implement the match scrmantics) may exercise a considerabie degree of
expiicit coatroi over the sequence of operations that will ultimately be performed ig the course of exccuting the
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LSEC algorithm. [a practice, it has been our experience thas predicate definitioa s an activity more nearly
like ordinary (aibeit very 2igh-icvei) programming than, say, .oe analogous task coairoating the irelitees of
a resolution theorem proving syscem. [n particuiar, it is possibie 10 define two “weakiy equivaicat”’ sets of
predicates—that a8, two sews which are indistinguishabie oo :he basis of thewr input/joutput Sehavioe under
she LSEC agorithm—suca *hat oge s considerably more eficient shan the other.

[t has been our cxperieace that the aumber of reistional algebraic operations which occur in the course
of retrieving target deseriptions matching pattarn deseriptions of realistic size and compiexaty is fairly modeat
(oo more than a1 {ew dosena such evaiuaiions for he most detaded of our test deseriptions, for example).
To be sure, the aumber of such operations couid ia theory grow quite rapidly as :he size of :he pattera
description grew very large—the exact behavior depending bocth on intrinsic characteristics of the high-levei
description ianguage and oa factors under ihe coatroi of the individual responsible for predicate definition.
[n practics, however, the ssue of query size and compiexity is much less imporsant than that of database
size, partirularty in the case of the very large databsses o which our resesrch is directed. In this regard,
it is the fact that she aumber of reiational aigebraic operasions, while directly reiated 0 query :omplexity,
s independent of the sise of he database, which s of central concern. The criticai determinant of system
behavior in realistic large-scaie database appiications is thus the efficiency with which the individual reiational
algebraic primitives—oparticularly the join operator, by virtue of its complexity and [requency of invocation
within LSEC—are performed oa the underiying machine. It is here that the NON-VON architecture oders a
potentially dramatic performance improvement (with a comparable lavestment ia hardware) over coaventional

computar systems.
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