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Abstract

Thi= paper describes & scheme for manipulating mul ti-paradipgm
inowledge representations using an object-oriented concept and an
experimental hardware prototype based on this scheme,

It is useful to be able to inelude various knowledge representation
schemes 1in a system. For example, some kinds of knowledge arc better
represented using databases, logieal formulae, or production systems.
Usually, knowledge is concisely represented and efficiently processed
by limiting the domains,

We define an objeet as an individuzl entity representing speecifie
domain of knowledge with asscciated methods for the use of the
knowledge. The knowladge bhase arehitecture We [propose is an
environment with abjects possessing thelr own knowledge domains. The
cbject methods have to determine both what the object can do and how
to make the methods worl,

Knowledge informatian processing in this knowledge ba =a
architecture is performed by a controller object that broadcasts a
query and ccllects the responses from objects.

We are planning to build an experimental prototype for a knowledge

tase machine, The knowledge base machine contains various specifie
domain objects, It has a disk bank, a hardware stream filter, and an
intelligent memory with &2 master processor. The herdware stream

filter performs coarse filtering on the large capacity knowledge in
the disk bank. The intelligent memory performs complex searching that
cannot be done by the high-speed hardware f©ilter. The dintelligent
memory consists of a controller processor and an array of loeal
processors, Each local processor has its laoeal oemery. This group of
the local memories is regarded as the core af the intelligent memory.
The local memory is used for communicatieon areas and for a work space
to internally process messages sent from the master processor, Loeal
menories are mapped in the mastep processor memory 3pace, providing
the master processor with the capability to collect the responzes with
reduced overheads., We will build an experimental system and develop
knowledge base processing algorithms using this hardware.

1. Introduction

We have participated in Japan's FGCS (Fifth Generation Computep
Systems) project and developed 2 dedicated relational database engine
as the key ocomponent of the relational database machine Delta
[Shibayama 84],[Kakuta 85]. Delta was developed to provide a pesearch
tool for the integration of the knowledge basze and inference mechanis=m
into the knowledge base machine [Murakami &3)]. Delta is connected to
the Personal Sequential Inference machines (PSTs) through a local area
network (LAN)} and logically interfaced by relaticnal-algebra-level

cammands,
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The P5I machines store prograps written in g logie brogramming
language and execute them in their main memory as long as the rule and
faet sections of the Frograms are s=mall and ean fit into it. However,
a2 the applications @Pproach more and more to real aituatiuns, the
nunber of the rules and facts inerease dramatically. The knowledge
base machine should be capable of manipulating and managing those
rules and facts. The relational databzse machine =atores the fact
section of knowledge in tabular form. The database machine provides
services ¢n a vast emount of facte piven in relations. However, this
appreach  requiring that the Tact section be stored in the relational

database has some problems, It involves very many interactions
between PSI  and Delta, gaps between logic and the relational model ,
Limited representation capability of knewledge, and so on. In order

tc overcome these problems, we have come to the conclusion that the
dalabase interface approach should be refined, We did not abandon the
relational database as 3 useful container for a class ef fact=based
knowledge. We now regard the relational database a2 & c¢component of
our knowledge basze approach,

In this paper, an object-oriepted knowledge base scheme is
presented in Seection 2. In Sectien 3 we rurther discuss the
applicaticn of the =cheme te a loecal ares network computing
enviromment amnd to the knowledge base machine experimental hardware,
In Section 4, we discuss the various knowledge ba =e machine
approaches, In Section 5, we describe the knowledge base machipe
experimental hardware, Section €& presents the conelusion and futuyre
research plans,

2. An object-oriented knowledge base scheme

Various model 5 to repreaszent real world knowledge in
computer-manipulable forms has been proposed, Some of them aim at
construeting knovwledge-based systems for spacifie areas. The most

famous and successful aof these are expert systems. The expert systems
are based on a knowledge representation scheme known as the production
aystem. Other krnowledge representation schemes sueh as logie,
semantic network, and frames produced fruitful results and contributed
Lo knowledge representztion research.

It is unlikely, however, that the real world Knowledge can he
efficiently represented, manipulated, and maintained using a =ole
knowledge representatian scheme. There are several domains of humanp
knowledge, Each dowaln of knowledge has a knowledge representation
scheme that i=s mo=at appropriate for that speeifie domain., Various
knowledge-based systems have ©been implemecnted (commercially op
experimentally) with their own problem domains and methodol ogies, Wa
think of ineluding various systems that have different knowledge
representations into a total sy stem,

The concept of the object-oriented computing paradigm was
introduced recently ard is recognized as s rFowerful methodology that
can be applied to a wide range of problems, The object-oriented
concept is mainly useful for data encapsulation and for highly
modul arized computing with communication between modules achieved by
méssage-passing. The concept is applicable not only “or apecific
language primitives but al=zo for a wide range of system design level
problems.
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We adopted an objeot-oriented approach for a knowledge-based
irnformation manipulation schene, The base concept we have for
adopting this approach is cooperative problem solving. Cooperative
problem solving requires a number of independent programs or systems
which have self-contained functiocns. Sueh programs or systems are
copaslidered to k. functions of the subsystems in the total system.
Given a guestion that requires complex decomposition for a total
system te answer it, first the question has to be manipulated by the
many subsystems that make up the whaole system.

The subsystems are considered as containers aof various objects. An
objeet is an active entily providing eertain funectieons to ather

objeets with an interface defined in a gystem~wide manner, For
example, a relational databasze management system providesz functions
for aoccesses on itz databases, It provides objects containing a

database (a set of relations) and a set of associated database aaccess
funetions to it (Fig. 1). Thus, each of the subsystems holds a
number of objects, The objects are then hierarchically combined to
Torm the higher-level objects., The system offers more intelligent
(requiring more inferences) interfaces to the even higher-level
object s,

In this scheme, we do not strietly define the languages or
knowledge representations that deseribe the objects. Rather, the
system, when implemented, will be like a distributed system possesalng
an integrated protocol with the capability of knowing what other
subsystems can do, as well as informing those subsyatems what it ean
do, using the protocol.

For example, if the total system is given a query such as, "What 1s
the populatien density of Japan?", the query is represented in Prolog
as; '

popul ation _density( japan, X) :=
population(japan,XP), areca(japan,XA), X 1s YP/XA.

We do not discuss the transformation eof the natural language guery
inte Prolog. It is done somewhere in & man-machine interface within
the total system. The high-level obiect interprets the Prolog gquery
by decomposing it into requirements for knowledge of the population
and area of Japan. We do not assume an object-level PFrolog
interpreter here. If we did, query processing would proceed to find a

e e o e — = -

i Relational database object 1 |
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Fig. 1. A relaticnal database object
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population predicate in the processor's main memory. When it iz -not
Found, the system would simply return fail. (Closed World Assumption)
If we have a FProlog/relational database interface interpreter
(metal evel interpreter), the gquery will be interpreted to form a
relational database query represented in SQL as;:

select population
froem population_relation
where ecountry = Japan

and

zelect ares
frem area_relation
where country = Japan

(The relational database query could be different, by optimization or
interpretation of the Frolog query.)

4 system-wide object is needed whichk contains a directory as to
what the objects in the total system previde as methods, In this
case, the database management system (or a databasze machine) provides
a relational database access interfape, The top-level {query
controller) object responsible for the query asks the directory object
to know how to got the Population and area of Japan. The directory
object returns the object identifier corresponding to the relaticnal
database management objeet containing the information. The query
controller object then sends & me3ssage to the relational database
management objeet through the relational database access interface
(Fig. 2).

The example shown here is simple, but the level of ona methed eall
can be arbitrarily high. It will reach the level of an integrated
subguery, a decomposed section of the original query. If an expert
syastem forms an object, a subquery that needs the expert system is
cent to the object wusing the bredefined object method call as
interface,

i |
| Query T —— ——2| Directory ;
| controller | | management |
| objeat [{mmmmmc e | object |
| [ | I
| | | |
e —— ————————— te e e — S ———————
- |
| |
I v
bt T T e —— +
! !
|  Relational ]
| Database |
i object |
I |
[ |
e e e e o+

Flg. 2. Query processing by objects
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In the above example, we assumed a single directory object for
storing the system-wide directory. It can be easily imagined that
centralizing the directory functions will ocause a performance
bottleneck. We can divide the directory to each subsystem. When each
directory objeet encounters a query it cannot answer, it has teo ask
other directory objects distributed in other machines, Th e
system-wide directory management 1is very much like a distributed
database management. We can use distributed database techniques to
manage the distributed directeries,

3. Application of object-oriented knowledge base =cheme Lo a
distributed computing environment

When thia scheme is applied to =& network-oriented distriboted
computing enviromment, each subsystem is regarded as a2 econtainer of
objects providing some specific funetions through a =et of interfaces
to the other subsystems, This helps to construct a unified network
computing scheme, For example, there are many subsystems in ICOT's

network-connected research enviromment, £ npumber of PEIs and a
relational database machine (Delta) have been developed and connected
via a local area network. There are plans to add the HFM (High

performance Prelog Machine) and PIM (Parallel Inference Machine}
[Onai 85]1,[Ito 85) hardware components to the network enviromment, A
global scheme to integrate them to form an experimental Knowledge
Information Processing System is required to make them wark in an
organized way. In other words, a distributed operating system based
en a netwerk architecture that contrels and manages the systen
components is needed. If each of the subsystems work independently,
it is wunlikely that the integrated system can handle wider ranging
problems, however powerful each machipe may be. Each subsystem -is
designed and (being) implemented to fit the scope of usage appropriate
for them, The database machine is, for eéxample, suited for handling
(relational) database operaticns on data stored in relation form using
stream crunching engines. The PST is designed to provide a personal
computing facility with a2 comfortable man-machine interface based on a
bit=-map display.

This knowledge base scheme is also related to the knowledge base
machine architecture. In our coneept, the knowledge base machine will
atore, process, and maintain data and relations from many areas of
knowledge (Fig, 3. Each field of knowledge is better represented
using knowledge representation schemes that most fit their efficient
and mnatural deseription. If the knowledge is of a tabular form, it
may well be stored in relations, Prolog facts are considered to be an
example of this, However, it i3 meaningless to simply store all the
facts in relation form. One of the advantages of storing facts 1in
relation form is that thereby some operations on the stored facts can
be reduced to relational database operations. When applying
relatiopnal database operatiens on the stored faects, various hardware
mechanisms and optimization methods treating the facts as relational
tuples, can be u=ed.

In this situation, a knowledge base architecture in a high=level
sense controls an enviromment which econtains many objests such as
relational database objects as well as other cbjects with more
self-contained computation units., The object methods in the knowledge
base machine are supported using the hardware resgurcea in the
relational databasze =section and knowledge basze section. To support
various object methods within the knowledge base machine, flexible
syastem design wutilizing specialized hardware and control software is
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required,
4. Approaches to the knowledge base machine

The Prolog machines assume that logic pregrams are kept in main

memory. A knowledge base machine is responsible for providing
efficient and responsive storage of the rules and facts in external
storage. Let wus take a luok at some possible approaches and discuss

their characteristics,
4.1 Relational database approach

The idea of this approach 1is the combination of a relational
database section and a Frolog section to construct a knowledge base
machine. The relational database access sections are extracted from
application programs and commands are dssued to the relatiomal
database management system or relational database machines, Interface
efficiency between the logic programming section and database section
have to be fully taken inte account 1in any designs wusing this
approach. If the interface is slew, like the local area network
connection, the command 1ssue count  should be kept low to avold
communication overhead associated with every interaction between the
two sections. There is a technique called the compiled approach that
collects the relztional datzbase gccesses from Frolog Programs
[Yokota 8%a]. It iz a mechanism to reduce the interactiona., In this
dpproach, it 1is up to the interpreter (in a Prolog machine) to
discriminate database accesses. It alse has to control issuing
commands, receive the results, and modify the obtained result from the
database section as the anawer to the application programs. There are
majer drawbacks in this approach. One is that if the communication
speed between the sections is slow, processing speed 1s slow. Second,
as the result from the database sectlion 1s in relation form, that is,
a flat collection of tuples, the read routine must transform this
regsult with the Frolog machine's internal representation. Thi= is
partly because the relational database sectlon 1ias aseparated at the
fact dinterface. The knowledge basze and inference sections are better
separated at the point where each of them completes meaningful
computation upits, not where facts and rules are diseriminated
syntactically. Third, although some cperations are efficiently
performed in the database secticn, they must be performed in the
inference section because the database section enly provides 1limited
relational=-al gebra-based interface. Fourth, this approach does not
utilize the benefits assoeiated with the incorporation of relational
databaszes, Efficient manipulation of sets is cne of the features of
the relational database. The Delta and Proleg combination, however,
does not positively wuse the set manipulation concept. For these

+———-.-———|,——--_-|- -+—-—1-1-——-.--—-+ +——-—--—--n-—q|.__-+ 1.---:-———.--————-1-

o PR — - o ——————— ———————————— reem—-———— e i e
H |
| e m——————— s T " pr— mmsmem fmmm—mm s m—— Fmmmmmmm———— * |
| | Knowledge | | Knowledge | | Knowledge | .. | KEnowledge | |
| | object | | ebject ! | ebject | | ebject | !
| | A P B o C | ! N | )
| |
| |
| |

Enowledge base machine

+---_------—--*____-_-_______-_—-_____--____,--_________h__q,-_______+

Fig. 3. A knowledge base machine modal
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reasons, it is unlikely that using simple Prolog with a relational
database will be fruitful in knowledge base machine researnh,

4.2 Extended Relational Database Approach

The natural ertension of the first approach is to ephance the
interface (adding new compmands to the database section) to increase
the eclass of cperations in the database section, This 1= considered
to be & modification of the relational database system to mateh the
legie progranming envirorment efficiently and naturally. In other
words, an inference mechanism 1is incorporated inte the databasze
seotion by the additien of certain commands. For example, a
unification command can be added to the database [Yoketa B4b]. This
requires modification of relational database schemas to handle tags,
store variables, and =0 forth. fet these are not very drastic
modifications and involve relatively little effort. In this approach,
like the first approach, the interface is at the command level and it
is still necessary for the host computer to generate the commands and
transform the result.

Both of the above two approach uszes command=-based interfaces, The
command-based interface is inefficient in most cases for the following
reasona.

Une is that the knowledge base machine i3 operated by the command
sequence from the host machine. It is efficient to give the knowledge
base machine some degree of freedom to contrel the order of fact or
rule ba se access, Apparently, even 1f the -eonplled approach
discriminates the database access section from Prelog programs, i1t
will cause frequent accesses to the loosely-connected database
machine., Another probler is that an integrated database management
system (or a database machine) provides for the maintepnance of
database such as transaction cantrel, security control, and
concurrency contreol, Each time a command (sequence) iz sent to the
database machine, overhead accumulates and reduces system performance.
Thus, it would be a good idea to give a macroscopic query representing
a8 meaningful unit to the database machine and let the database machine
toe take care of the query, lnecluding eptimization of the ordering of
such as database access and command execution.

4.3 Prolog Interface Approach
The third approach is to =et up the interface as a subset of

Frolog. This is a departure from the command-oriented interface idea,
Internally, of course, a knowledge base machine needs to manipulate an

a very large fact or rule base, So, 1n spite of the change of
interface, this approach does not imply any departure from databaase
manipulation, There should be internal mechanisms to handl e large

amount of facts and rule baszes. Providing predefined predicate ealls
of the Prolog subset is considered as the defining characteristie of
object methods for knowledge base machine, This approach provides
flexibility to the interface. When an application requiring knowledge
base handling i3 found, it is not obvious where to draw a line between
the knowledge base machine and inference machine, In other werds,
there are up to various different levels the knowledge base machine
section should perform,
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For example, the 1ist manipulation ean be a mathod fer a knowledge
base manipulation, For example, if there are two long lists ip
Frolog, call them a_long list and annther_long_list, Wwe ecan write a2
Frolog program long append far appending the two long lists. However,
it will be time- and resource-consuming to execute 1t in & Frolaog
Frocesser wusing backtracking, The semantics of list-appending is
cbvicus if only ene-way appending is needed. In this case we do not
have to use a non~deterministie caleulation, For example, we canm
represent the 1ist as an array in the knowledge base machine, then the
long append is easily done by forming a new dppended array. In other
words, the knowledge base machine could be considered as a machine
which features fast execution of extended builtin predicates. The
builtin predicate set must be determined around various knowledge base
maripulations to give a well-separated interface with the inference
pRachine section. It provides powerful funections wutilizing efficient
storage strategy to handle data for storage in the knowledge base
section on aceount of its large veolume,

The simple long append example will give the impression that the
operation 1s too simple to call it a knowledge base machine. However,
the level of the interface can be varied teo answer a full subguery as
long as it is self-contained within the knowledge s22¢ machine,

£. An experimentzl knowledge base machine

Enowledge stored in a knowledge ba ae machine has two
characteriasties., It Guickly becomes so large in quantity that it does
not fit in the main memory. This means that the number of items
holding pieces of knowledge becomes large. Secondary memory is needed
to store the knowledge physically. Ml 3o, the knowledge items are
irterpreted to generate the rezult. This is considered as broadening
the meaning of the 4inference procesa, Examples of the ipference
pracess &are rule matches, pattern matches, and reductiens. We think
that two=layered knowledge base processing is appropriate to make the
archltecture match the two different types of knowledge processing,

For example, if the knowledge base contains a large number of
Prolog eclauses, preunification is effective for the first-level
Selection of elauses. Full unification on the candidates and the
inference process that follows are second-level processing. In the
case of intelligent text retrieval, the ocandidate text is fipst
gelacted from the knowledge base using the keyword matoh. The
candidate texts undergo a further examination by the more intelligent
mateh agalpnst the criterion.

For our experience of the implementation of the relational database
engine in the initial stage of the FGCS project, we believe that
stream processing 1s a strong hardware computing methaedology for
crunching large amount of data in data streams. The data stream is a
concept referring to a econtinucus physical chainm of data flowing out
from a buffer (possibly a disk ecache), processed in pipeline fashion
and returned to another (or the same) buffer, This is not efficient
for processing queries that have a fixed pattern. In thias cage, some
Fine grain indices ean bhe applied. However, to deal with general
classes of queries, some hardware mechanism must be incorporated to
perform brute-forece data crunching, Streanm processing can be applied
to first-level filtering of knowledge items. Stream processing
hardware 1s required to prevent bottlenecks in the data streanm flow,
because the 3speed of the stream flow is the key factor in this
filtering stage. Hardwired logic is therefore = natural sclution for
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the filter.

Second-level of knowledge base processing lncludes operations
involving more complex data handling than these which stream-oriented
hardware can perform. In particular, the complex search problem (like
production rulc maitehing) requires several program steps to run, This
i3 not simple pattern matching to be ezsily implemented in hardware
but a computation that requires sophisticated algorithms.

We plan to build a hardware system for experimental knowledge base
algorithms incorporating mechanisms for the two important aspects,
The basic idea is to use different hardware component for the twe
aspectas, The stream crunching task is to be performed using a
stream-oriented engine and the complex tasks, such asz flexible
matching, in the intelligent memory section.

The hardware configuration is shown in Fig. i, There are four
major components, The 1intelligent memory 4is the section where
second-level knowledge basze manipulatioen is performed. This is

explained in detail later, The relational database section is
responsible for the relaticnal database operations. We use the
relational database engine and a large semiconductor memory te exploit
the relationzl database cperation pracessing technology adopted 4in
Del ta, The file management processor is responzible for managing the
Flle system used in the machine. There are relational files for the
relaticnal database =section and non-relational files for ather
knowledge representations. The disk bank atores the relational and
nen-relational files, A filter is associated with each disk in the
bank. The filter is responsible for stream-ecriented processing, It
performs operations that are possible within a scan of the stream,

The intelligent memory has several features. The core of tha

- e L T T —— -
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| database | | semiconductor |
| engine |=-====| memery |
i = - = - -
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ILPl-] Local memory ! T T PO dm——————
e T — ———————— + { | |
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Fig. 4. Experimental knowledge base machine hardware configuration
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hardware consists of an array of microprocessors (local processors).
Each of the processors has 1ts local memory of the order of 2 few
megaby te, The twe ends of each loecal memory are shared by two
neighbaring local processers (Fig, 5). The shared section is a
"memory windew" wused for communication between neighboring loeal
processors without data transfer, The memory windew is derived from
the register window idea of the RISC architecture [Patterson Bzl. The
regiater window 1s useful for expensive register saving/restoration
and data communication in subroutine calls or process switching., We
adopted this idea for the local memory for rapid data ocommunicatien
between a cascade of processors, We will also use these memory
windows for experimenting with various knowledge base processing
algorithms in & stream-pracessing-coriented way. In this case, the
timing restriotion to form & pipeline is looser than that of the diszk
filter,

The other feature of the configuration i= that the loeal processors
2an work In parallel. Thias is useful for distributing problem=s which
are parallel in nature and require more flexibility than striect stream
processing, In production systems, for example, most of the
performance bottlenecks are in the matehing phase of the production
rul es, There have been proposals for executing production systems in
dedicated hardware [Miranker 84]. Our machine aims at more
general-purpose applications, but we think this architecture can
perform productiens with good performance., In our machine, we assume
that the working memory is temporally redundant, that is, there are
f'ew updates to the werking memory in a production eyele, 30, wWe can
broadeast copies of the working memory te all of the local processors
and distribute production rules to the loeal proce ssors, Each 1loocal
processor has a section of produstion rules and g copy of working
memory. In the match cycle of production system execution, all the
processors run in parallel to discover matching rules. The controller
microprocessor carries out selection serially by examining the flags
raised by the local processors. Since the microprocessor performs the
flag check by referring only te its main memory (ancther aspect of the
local memory), sequential selecticn is not so time consuming., This
phase would, however, bes the bottleneck cemparing this architecture
wWith a4 production system machine. The act phase iz done by

LP1's LP2's LP3i's LE4's LPE5's LPE's LPn's
Memory Memory Memory Memory Memory Memory Memary
Space Space Space Space Space Space Space

o mmmmd bmmmme—d fm—e e +  fmm——— + dmm—=— T T Ty—
i i I o I (| P |
| L1 | | LP2 | | LP3 | | LPY | JLPS | | LP6 {==! LPn |
[ o 1 (I It i P !
dm————— 4+ Amem—— + drmmmad fmmmmmt  pmmmmmd desssed fmem—a +

Fig. 5. Memory window
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broadeasting the message to all the local Proceassors to rewrite its
Wworking memory copies as specified. This is done in parallel, using
the broadecasting funetion of the memory. So if working memory updates
are not as frequent as we zssumed, the act phase will not be time
consuming.

The software strueture of the master processor 1s shown in Fig. 6.
The interface is a subset of Prolog. The details of the language i=
still under investigation. We intend to include set operation
primitives as in the relational databtase interface and several builltin
methods represented in predicate «calla, The relational database
management secetien 4is responsible for handl ing knowledge represented
in relation form, The relaticnal database engine developed in the
initial =stage 4is managed in this section, The other main section of
the software 1s for parallel knowledge processing using the local
processors, The parzallelism is applied to application-oriented
knowledge base manipulation, data structure transformation, and so on,
The relational database management section is supported by a realtime
menitor for responsive database access control. The general-purpose
operating saystem provides the wuwsual support mainly for software
development teol.

6. Conclusion and future plans

We claimed that & global knowledge information processing system
integration oo nee pt is necessary for a distributed computing
énvironment and an object-oriented scheme is effective toe loosely
define the global architecture, From a knowledge base machine
development viewpoint, “a logie programming based interface provides
mere flexible and natural separation between the inference section and
the knowledge basze section than a command-based interface, Finally,
we have described the experimental hardware and its software structure
for use in the research of a knowledge base machine,

The detailed hardware architecture and interface language are under
investigation, We plan to build the hardware after we complete thoae
designs.

| Relational ! Parallel |  Software |
| database | knowledge | devel opment |
| management | processing : tool i
e e :
H Real time i General=-purpose [

mond tor | cperating aystem |

-

Fig. 6. Master processor seftware configuration
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