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Abstract

This paper describes [COT"s research and develop-
ment activities on knowledge base systems. Our ap-
prazzh is to investigate knowledge base systems from
the viewpaint of legic pregramming. We have defined
several models on the bases of which knowledge base
systems will be developed step by step. Two types of
knowledge base management software system models
are discussed. One = 2 model combining a logic pro-
gramming system and a database management software
system. The other is an integrated model. Pilot, dis-
tributed, and parallel knowledge base machines models
are alsp discutsed.

1. Introduction

Cne of our guiding principles iz that loglc program-
ming can become a new, unifving principle in computer
science|1}|2]. This is because logic programming covers
computer architecture, new programming styles, pro-
gramming language semanties, and database semantics.
Logie programming will alss play ap impertant rele in
sich felds as linguistics and artificial intellipence.

We selected Prolog as the logic programmung lan-
gcage to be wsed zs a research tool. From Prolog a
kernel language was developed corresponding o a con-
veptionz! machine language. The kernel language is the
center around which hardware and software systems for
the Fifth Generation Computer will be developed. In-
ference apd koowledge base machines will be developed
as hardware systems; basic and application software
will be developed as software systems { Figure 1).

Development is being pursued in three stages. The
first, whick staried in 1982 and epded in 1954, is com-
plete, and we are now in the second stage.

Iz the initis] stage the kernel language KL-0[3] was
developed with an object-orieated programmizg fes-
ture added to Prolog. The personal sequential izfer-
exce machine (PSI)[4][5] was developed 2 an inference
machine based on KL-0, and the reiztional database
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Figure 1. ICOT philasophy: Kernel language [ ma-
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machine {ELTA)[6] was developed as the Hrat step to
a knowledge base machine.

Al present we are developing kerne! language KL-
147}, which includes a parallel processing feature added
to tie logical language, 3 more simplified machine lan-
guage than KIL.0. Based on the know-how obiained
through the development of the PSI, the parallel infer-
ence machine (PIM)|8]|%] is being developed to estab.
lish parallel inference techoology. 1COT"s kaowledge
basge machine [HEM) is being developed within a logi-
cal programmicg eavironmens[10] building on the skills
and experience gained in the research oo DELTA.

The ultimate target ia to develop a prototype af
a highly parallel computer for knowledge Information
processing in VLEL



2. Requirements for a knowledge
hase system

What are the necessary conditions for knowledge
base system development?

A conventional database system stores 3 large
amount of shared user data, and retrieves data in
response to different queries from differeat users ac-
cepted simultaneously. The requirements for a con-
ventional database system include: elarification of the
logical basis of the system, efficient use of storage
space/management/processing, gimple user interface,
and a high degree of user program data independence,

The bottom-up approach in which requirements for a
conventional datanase system are reviewed in the light
of logic programming is very important. It has been
pointed out that data and program, and metadata and
object data can be upiformly processed, and that de-
ductive reirieval is posaible, if database construction is
pursued from the standpoint of logic programming{£1].

It is aleo impertant to investigate the requirements of
a knowledge base system top-down, We must clearly
answer the question *What is knowledge?” We must
also answer the following questions: How should knowl-
edge be represented? How should it be acquired? How
should the knowledge, acquired and represented, be
managed? Which query language should be used? How
chould it be retrieved and processed? How should we
define basic operations on knowiedge? Where and how
should it be stored, physically and logically? Which
defipitions of data view should be allowed? Which ma-
chine architecture should be used for the implements-
tion of these functions?

Iz domains where the knowledge is relatively scant
and limited, these questicns have been solved to 2 cer-
tain extent, resuliing in various expert systems. How-
ever, when the amennt of knowiedge ig large, and the
knowledge base has to be shared, the difference ia quan-
tity oiten entails 3 difference in quality on these issues.

A knowledge base system copsiste of a knowledge
hase machine and 2 knowledge base management soft-
ware system. Dedicated hardware for efficient knowl-
edge processing s added to the knowledge base ma-
chine as a knowledge processing contrel unit, based oo
the inference machine. Also, a mass storage mechanism
for large amounts of knowledge is added to the knowl-
edge processing contrel unit, The mass storage is in-
vestigated from the standpoint of memory architecture.
Parallel processing on the knowledge base is necessary
to obtain high performance. The requirements men-
tinmed above should be implemented in query consrel,
eptimization algerithms for parallel retrieval/ parallel
eamputation, parallel execution management, and the
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Figure 2. Knowledge representation

parallel resource management functions of the knowl-
edge base management software system.

3. Knowledge representation and
knowledge acquisition

We begin with a discussion of the representation of
the knowledge to be processed by the knowledge infor-
mation processing compuler.

3.1 Knowledge representation

Various problem-oriented knowledge representation
languages have been developed. A knowledge hase gys-
iem must manage and process a large amonnt of shared
koowledge. We selected the first-order predicate cal-
culus as our knowledge representation language. The
first-order predicate caleulus representation can hao-
dle variables and recursive programming can be used
to represent an infinity of concepts. Hoowledge ele-
ments capn be represented as logical structures. Actu-
ally, we use only Horn Logic, a subset of the first-order
predicate caiculus, because processing efficlency is an
important issue.

The term (relational) data in the ollowing refers to
those jtems represented by type 1 in Figure 2[12], uniess
otherwise specified. Hnowledge refers to these items
represented by types 2-3. Type 1 data is aometimes
called relational data or facts and type 5 is called a
rule. Types 3 and 4 are called queries,

3.2 Knowledge acquisition

Knowledge acquisition is the obtaining of knowledge
from experta, representing it in a ferm which ¢an be
processed by computer, and erganizing the knowledge
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in an orderly magoer = that 3 new piece of knowledge
ean be added or s old plece modified. Integrity and
redundancy checks are necessary in & knowliedge base.
The knowledze acquisition mechaniem is ipdispensable
for the growth of 3 knowledge bzse in both guaniity
and quality.

Hnowledge assimilation, knowledge accommodation,
and koowledge equilibration mechanisms are zlso nec-
essary for knowledge acquisition. Koowledge assimila-
tion entails assuming that the knowledge already stored
in the knowledge base Is correct, aod obtaipipg from
experts unl]r knawledge conststent with that stored in
the koowledge base. Hnowledge aczommeodation en-
tails assumung that the knowledge from the experts is
eorrect, and modiiving the existing knowledge basein a
consistent and syslematlic manner. Finally, knowledge
equilibration entails repeating knowledgs 2ssimiiation
and knowledge accommodation so that consistency be-
tween 2 knowledge base and experts, or ameong two er
more knowledge bases, is obtaiped, Integrating these
functions iato the system is an impertact task ic build-
ing a knowledge base. The process of knowledge acgui-
sition into a koowledge base, shown in Figure 3, was
implemented on the koowledge base management sys-
tem KAISER[13] developed in the izitial stage. This
mechanisim was supported by the following basic in-
ference functions: induction, dediction, and abduction
realized with meta-programming techniques using Pro-
leg. This work alse firmly established the enormous
eapabilities of Prolog.

These fencticns were restricied oniv to [actis; how-
ever, they siould be extended to the rules as a whole.

4. Knowledge base management
system models

Heow should a knowledge base system be developed?

Systern models are defined here with she emmphasis on
krowledge base management sofiware svstems. Mod-
el emplasizieg conirol mechanisms are descrived in
Section 6.

4.1 Combined model

A logic programmizg lacguage system has kaowledge
representatios capabilities and inference funciions su-
perior to these of other languages. Helational data pro-
cesring systoms have a clear logical fouzdation for data
bandling, and car process large amounis of data. More
over, kpowied ge repreaental‘.iau iz s relational data
madel sna be represested within the framewark of a
first-order predicate calculus logic programming ian-
guage. Therefore, 3 logic programming language sys-
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Figure 3. Kpowledge acquisition process

tem and a relatioeal dzta processing svstem bave 2
clage affinity and combined meodel has already been
proposed, incorperating the benefits of a logical pro-
framming language with those of 4 relational datahase
systam.

Several different modals can be developed dopend-
ing upon the ways in which a knowledge base system
manages intentionzl database (IDB} and extensicasl
database (EDB] and alse upon the relationship be-
tween the koowledge base svstem and user program.
These modals are discuesed balow,

4.1.1 Combined model with three layera

A combined model with three layers was developed
en KAISER/DELTA with the approach taken in the
initial stage.

The logic programmiog laoguage system consisted of
a user pregram and = knowiedge base management svs-
tem, both on the P81 The refational data systers was a
relational database management svstem on tha DELTA
(Figure 4}. The IDB of 2 user program was man:zzed by
the knowledge management program [KAISER), while
the DB was managed by the relational datzbase man
zgement svstem, The knowledge miaoagement program
converted ihe Hom clause query to a relaticaal aige
Braiz query using the deferred evaluatioe method!14)].
The knowledge maonngement program and the rela-
tional darabace management system were logizally con-
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nected By a relational algebrate command interface,
and the DELTA and the P51 were physically connected
bv 2 LAN. The relational database management system
retrieved the EDB by relational algebrale type com-
mands. Since this approach led to a logically low level
interface betwesn a knowledge mapagement program
and the relational database management system, proo-
lems in overzall performance were detected, because a
large number of commands and responses had to be
tragsferred through a physically narrow channel. An-
other problem was that the relational database man-
agement system’s infereace {unciion bad poor extenasi-
bility.

4.1.2. Combined model with four layers

Io the combiued model with four layers, the knowl-
edpe base management syvstem is situated at the side
of the knowledge base system. [t Qs expecied that this
new architecturs will solve the problems found with the
combined made! with three lavers, Better overnl] sys-
temn efhicieney, and load reductions for the knowledge
managemasnt and user programs are also expected. A
Haro clause iaterface is used between the inference ma-
chice and the knowledge base mackine to achieve these
objectives, The amount of communication was reduced
by as much as pessible through the physically narrow
channel.

The program structure oo the inference machine is
the same 28 that in the combined mods] with thres
lavers,

The knowledge bhase management systermn on the

knowledge base machine consists of a knowledge man-
agement layer and a data mabagement layer. The
knowledge management laver managers a part of the
IDB, and the data management layer manages re
lational data. The IDB in the knowledge manage-
ment layer contains shared vser knowledge and contrsl
knowledge (meta-knowledge), provided by the knowl-
edge base machine. The IDB on the inference machine
is managed by the knowledge management program
KAPPA,

Since the Horn clause interface is used between the
inference machine and the knowledge base machine, the
knowledge management layer must be able to process
Hern clanses. The knowiedge management layer con-
verts 3 Horn clause o ap equivalent Horn clause by the
Horn clause trapsfer (HOT) conversion algorithm|15],
which is then converted to relational algebraic expres-
sions. Next, the data management laver retrieves re-
lational data using the relational algebraie expressions
from the knowledge management layer.

Azn example of HCT conversion iz shown below:

(1}
Query Ti-ancestar(taro,Y)
ICB anceator(X.Y):-parent(X.Y)
apcestor(X.Y) :-parent(X. I}, ancestor(Z.¥)
parent (X,7):-edb{father(X,Y))
pareat (X,Y):-edb{mother(X,¥])
EDE father relatien
nother relation

where edb{father{X,¥]) means that the refation exists
in the EDE.

(2] HCT eonversion: 1DB ia converted to the follow-
ing equivaient clauses by HCT.

ancessor(X,.¥Y):-edb(father(X, ¥))
ancestor(X,.Y):-edbimotherdX,¥})
ancestar(X,¥):=edbi{{ather (X, Z})) . ancestar{Z.Y)
ancestor(X,¥) :~edb{mother{X,Z}) ,ancestar(Z,Y)

i3) Deriving relational algebraic expression: The
above eguivalent clauses are converted to the follow-
mg reiational aigebraic expressions.

gncesiors

=
¥

[[”1=un{f¢1thﬂ1“]}
(7 ) 21aral Micther])
(7ei( Tz ol father ::| ancestar]))

C -

= [""1.4['5"|.=m”{ ma!.&cr:: :r.ncu::\.-.!ur]n

1

The Horn clauses converted by HOT arc m_pl'n.r:.]ent
to the Driglna] Horn elauses, and coniain un]y edb PI'Ed-*
jcabes and recursive predicatea,
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Processing by krowledge management laver can be
ipterprated as zspversion processiog from declartive
query te procedural form. It also means that the in-
ference fuoction s allowed in 2 view defimiticn. This
indicates the possibility of systematic apd higher defi-
nitton of data view.

Two approaches are possitle for implementing the
combined medel with four layers.

{1} Add a deduction function te the databaze by
adding 2 legical programming lapguage system

to the relational database system.

{2} Integrate the relatiopal database system into the
logical programing lacguage system, and take
macmam advantage of the loference function of
Lhe logical programming language system,

We have empicyed the second approach to develop
the knowledge management system RAPPA, and the
knowledge hase system PHI-1 on the ioference machine
P51 (the machiae model of PHI-1 is discussed in See-
ticn 6). The knowledge management program KAFPFA
is being de\rgiuped as a toal for natural lnuguage pro-
ceasing and as a thesrem prover. It retrieves knowledge
from a thesaurus in non-first normal form with approx-
imately one milliot words, and from an elestronie diz-
tionary with apprestimately a hali million werds,

4.2 Integrated model

It is necessary $o improve the capabilities of the
knowledge base sysiem by storing user-sbared object
knowledge (rules) in the EDB of che kocwledge base
machine., Two ajsiosches are pusaible; nbject know!-
edpe and data may be managed separsiely, or they may
be maruaged tegether. The firsi approach is zavanta-
renns wien Lhe amount of knowleige 8 small, 16 s
= natural extensicn of the combined model with three
jayvers. The second approzch iz Cetter when the amouct
af koowledge is large, ar whes knowledzez and data zre
closely conmectad logicadly im small units, Thus, we d=
fined a new iplegraied mode! to dreal koowledpe aod
data in the same mapoer. For this purpese we define
the term relation, 3 oatural extensico of relatioasi dats,
1z follows:

TCK, %K. . %K,

F iz 2 ger of terma. We 2all T 2 term relation, Te
operate the tesm relstiom, s unificatiosn relaticaal op-
eraiion was igtroduced, The unification relaticzal op-
£raslon wos an exiensica o e relntiooal data moel

t2 ibe relaticnal knowledge base mods!, cpersiions of

Hanwledge Dase _ﬁ._u'll'.!m
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. Guerylanawiedge .
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f — aperationg
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Resource rmanagemenlexeeetion econtrol

Figure 3. Optimization sitategy using meta-knowledge
position of the query

conventional relational algebra, such as jein and re
striction, are extended io operations based on unifi
cation. [n ether words, eguality-check operations be
tween constants are enhapced to unification operations
betwesn lerms. Thus {equi) jein and restriction zre
exterded to unificazion-jein and unifiestion-restriction,
respesiively[10f. Repeatedily using these operatioss,
the knowledge which want 1o be take is retrieved. He-
trieval uzing ihese basic operations iz czlled retrieval
by unifcation RBU. RETU will be useg in breadth-first.
search, in feids whese a large amount of knowledge is
proceszed by shallow inference. Handling treatmenta. /
the temporal term relations ia RBU, and moduluizy
tion of sets of terms must aiso be considered.

5. Hetrieve control and update
control

A guery czn be interpreted as a retrievei from a
model-theoretic viewpoint, or as a thecrem-proving
request from the prooi-theoretic viewpeini. 1o both
cades, 1L s impertant to onblmise query procersing con-
trol.  Therefore, coacents of query compiiatisa znd
Anowledge compilation are jotroduced to aptimize the
control of query nrocessing.

Thz ouery language used by the user ie 5 wec..
friendly problem-ociented language. Query compils
tito processing entails compiiing the probiem-oriented
languzge (POL) inte the basic operaticn codes of the
knowiedge base machine, after semantic and syztzeic
zraivsia of the POL sxpression. From a different as e
thiz alsc 2otails compilicg various guery lacguage: ints
2 aingie intermediate lopguage within the knowledge




base system. That iz, the intermediate language is posi-
tiooed between the kernel language and the koowledge
representation language. This istermediate language
should be defined taking beth knowledge representa-
tional power and processing efficiency of the knowl-
edge base system into account, very impeortant research
1.np'u:.

To improve the efficiency of retrieval or update pro-
cessing, the copeept of partial evaluation by meta-
programming way intreduced ia the implementation of
a knewledge compiler. A knowledge server and predi-
cate server are provided by the knowledge compiler for
retrieval, At update processing, the knowledge base
s reorganized using an laductive inference function to
improve the efficiency of subsequent retrieval process-
ing. A retrieve control code is imbedded ip the knowl-
edge base, The multi-world concept is used to medular-
ize the koowiedge base into layers iz order to improve
query processing eficiency {Figure 5). Partial compi-
lation or complete compilation can be selected depend-
ing upon the application. When parial compilation is
uzed, optimization will be obtained by morpitoring the
status of intermediate results.

Wa have begun investigation of these research lopics
uging both the combined mode]l with four lavers and
the integrated model

B. Knowledge base machine
model

The kpowledge base machine will be a paralis! pro-
cessing machine in which logical processors and mem-
ory devices are linked in a high speed network.

6.1 Processor / dedicated hardware /
network

be processor is ao inference machine, and has a
dala-stream type dedicated hardware system to dis
tribute simple repeated processing leads of massive
amounts of data. The processer performs parallel con-
rol of o dedicated hardware systems, geoerstes data
sireams for seversl. It alse contrels the generation se-
quence.
Functions of the dedicated hardwars gysiem can be
classified ints the following two types:

(1} Limit the amount of data transmission befwesn
the primary aod secondary storage devices.

(2:1) Periorm preprocessing for the processor, reduc-
ing processing load.
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Figure 6. Block diagram of relational database mackine

{2-2) Reduoce the load of simple repeated processing
en a larpe number of objecis with the processor.

Therefore, it is important to develop an algorithm for
the dedicated hardware system that processes a data
gtream io linearly over time 13 much as possible.

Four relational engines (RE) were -d_;:veluped for
DELTA as dedicated hardware systems (Figure 6). A
sarting {unction using pipelined two-way sort)merge
algorishm [16], corresponding to (2-1} above, and re
latiseal operations such as jein abd restriction, corre
Epnnr]':ng to {2-2} above, were ]mplemented in VLS i
the RE. The RE has a sorter, two 64K bytes registers
and a relational algebra processing unit {RAPU) | and
can process a 3M bytes/s data stream {Figure 7). Ea-
gine parallel control method apd muliiple-engine effect
were analyzed by DELTA[1T].

We are now developiog 3 unification engine {UE)[1B!
as dedicated hardware which can process streams of
terms (variable length /structure) and waify them. The
term generality concept, viewed in the lght of unifica-
tion, is introduced so that this engine cap also perform
term sorting processing eficiently (Figure 8).

The bus and a completely connecied mesh are the
major structures of the neiwork. However, multi-port
page memeory (MPPM)[19] linking network asd hier-
archical memory devices 15 alzo neluded., These com-
ponents are assembled to develop koowledge base ma-
chipes step by step. The following machine maodels are
beicg developed for that purpose.
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6.2 Machine models
{1) Piiot model

A pilos medel (PHI-1) (Figure 9) is being devel
oped o estzblish the basic technologicul elements for
building distributed znd parallel knowledge base muc
ciines. PHI-1 corsists of an inierence machine (PSI),
dedicaied bardware, and a secondary storage device
The dedicated hardware system perform associative
key word searches of knowledge using superimposed-
cede of bashing function. The definition of the bashin:
function is extended to termas.

(2) Distributed model

A distributed madel (PHI-2) is = madel in which twa
or more PHI-1%s are linked by LAN. Hest machines will
be two or more P51 (Figure 107,
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Thiz mode! will be used i{o study the relation
of computaticn cost and communication cest, dis-
tricuted knowledge management, disitibuted gueries
distributed retrieval, and coaperative problem-salving.

{3} Pearalle]l model

This mode! cavers a number of research topics. An
experimental bardware systemn will be developed {0 an-
alyze basic architectural problems.

The parallel model links several processors, severa]
eogioes, and secondary memory devices in a petwork
{Figure 11). We zre considering a mechanism in which
petwork and hierarchical memeory are integrated. The
hierarchical memory will be placed between the pri-
mal memory within the processor and the secondary
memory. The processer will be an inference machice,
znd the engine will be a wnification engine. Hisrarehi-
czl memory will be used to store temporal resclution
for in knowledge base retrieval. It will also be uged as
stared memory by processors.

This mode! will be used to study ideal memory ar-
chitecture for snowiedge base machines, multiple mem-
ary access control methods, and parallel contrel of pre-
cessors and engines, Characteriztics of the d:gTee af
parzllelism 2nd precessing volume/granularity will be
evajuated against basic operations in krowledge base
processing, the order in which they are applied, and
the amount of knowledge to be processed. Architee-
ture, parallel rescurce mapagement, angd parallel ex-
ecttion management will be analyzed. Compared fo
a relational database the degree of parallelism aod the
amount of processing in knowledpge base processing van
more dyaamically, slace unification is the basic oper-
ation in the koowledge base. Also, loads on phvsi-
cil resources such 13 processer, £ngine, and memory
vary dynamicaily depending uwpon the traffic. There

fore, parallel resource management and paralle] execu-
tion management must be integrated in a cobereat and
comprebensive management methodology, considering
processing division everhead, communication overhead,
and schedule overhead.

7. Conclusion

We described the present status of research and de-
velopment at ICOT on knowiedge base systems. The
koowledge base system and the inference machine will
be linked more closely beth physically and legically.
ICOT is alse working on developments of an intelligent
interface program and shell program of expert system
on the PS8l inference machine, although we could not
touch upon these activities in this paper. Based oo the
technologles obtained and accumulated throuvegh these
activities, we will develop & prototype of a highly par-
allel computer for knowledge processing, which is cur
ultimate aim.
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