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Abstract

This paper describes about the research and development status of the knowledge
base system in logic programming and the parallel processing paradigms at the end
of the intermediate stage. Our aim is to realize a prototype of the fifth generation
computer system in the final stage. It will consist of a parallel inference subsystem
and a knowledge basc subsystem.

In the final stage, these subsystems will be integrated into the prototype of the
FGCS by using the parallel logic programming kernel language, Guarded Horn Clauses,
or GHC defined in ICOT in 1985.

The points of this paper are shown as follows,

e the introduction, which describes the relationships among the sysiems,



o the knowledge base system on a sequential inference machine,

s the distributed model of the knowledge base subsystem on distributed sequential

inference machines connected by a local area network,

e the parallel model of the knowledge base subsystem on tightly coupled multi-
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e the interface between the parallel logic programming language GHC and parallel

knowledge base subsystem,

s the conclusion, which deseribes the direction of the FGSC.

1. Introduction

The relationships of the research on knowledge bese systems, and also among the
paralle] inference systems are illustrated in Fig. 1. The arrows in it indicate the flow
of technologies. The technologies developed in earlier research are being used in later
research.

From research and development of the relational database experimental system
in the initial stage, we have developed technology for handling databases with large
numbers of facts [Murakami 83][Itoh 87] and fact database retrieval technology from
the user programs written in the logic programming language [Kunifuji 82][Yokota
86a]. These technologies are being used in the knowledge base subsystem on the
sequential inference machine. In the initial stage, we were waiting for the completion

of the inference machines, PSI and CHI, for our research tools and environments. At
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the beginning of the intermediate stage, we decided that our knowledge base systems
should be developed on these inference machines, We believed this approach would be
the shortest path to our final goal. The inference mechanism is also one of the most
important functions to realize the knowledge base system. So, in our new approach, the
knowledge base system on the inference machine is more able to manage both complex
logical data structures and simple relational data structures. [t is also possible to apply
richer logical functions to processing than can be applied to the relational database
system on the general purpose processor.

Here, the technologies developed for the knowledge base model on the sequential
inference machine are being used in the distributed knowledge base system. The tech-
nelogies developed for the distributed knowledge base subsystem are being used in the
parallel knowledge base subsystem on tightly coupled multi-processors,

At the start of this research, we looked for tightly coupled multi-processors. The
multi-PSI machine was one good candidate for the parallel knowledge base experi-
mental subsystem. To use this system for the parallel knowledge base subsystem in
the same way as for the parallel inference subsystem, it would be easier to integrate
the paralle] inference subsystem and the parallel knowledge base subsystem in the finsl
stage than to take another approach. But unfortunately, at the start, it was impossible
to use the multi-PSI machine for the parallel knowledge base subsystem, and also the
multi-P5I machine did not have shared memory architecture. We therefore decided to
develop experimental tightly coupled multi-processors with large scale shared memory

units, much larger than the paralle! inference machine's shared memory. The tightly



coupled multi-processors are general purpose micro-processors at present, but they are
to be basmj on GHC and to be connected uniformly by the FGCS netwark in the final
stage. Therefore, we now plan to develop GHC based VLSI processors for the proto-
type of the FGCS. We have also developed an application program for the feasibility
check of this experimental system. It is a retrieval program for a large number of
references stored in the experimental system [Shibayama 88]. We have evaluated the
relationships between its parallel reirieval eficiency and the granulanty of the knowl-
edge base. We have also developed ancther application program for reference retrieval
using the semantics of the references [Koguchi 83].

The last area is the research and development of the interface system written in
GHC between the parallel knowledge base subsystem and the parallel inference sub-

system [Yokota 89].

2. Knowledge base system on a sequential inference machine

In this section the knowledge base system on the sequential inference machine is

described,

Overview of the system

The approach of building the knowledge base subsystem on the CHI machine is
to extend a logic programming language that supports knowledge base functions. We
have developed a practical knowledge base system with a large amount of knowledge in

order to prove the effectiveness of the functions. The entire system was developed on



the CHI machine with a high-performance sequential inference processor and a large
capacity memory. The main memory capacity is suflicient for realizing a main memory
based knowledge base.

The CHI hardware systemn configuration is shown in Fig.2. The performance of
the processor in the CHI is about 500 KLIPS (logical inferences per second}), and the
capacity of the main memory is 320 megabytes. The processor and main memory are
connected to a front-end processor for input-output operations. The high performance
comes from special hardware for unification, backtracking, clause indexing and sophis-
ticated compiler optimization. The large memory capacity makes il possible to realize
a memory based knowledge base system.

The CHI software system configuration is shown in Fig.§. The software system is
r:::nmp-osed of three layers: a kernel layer, a language processing layer and an applica-
tion layer. The kernel layer provides basic functions for multi-processing and remote
input-output operations. The language processing layer provides a full interactive pro-
gramming environment for SUPLOG. a Proleg dialect with multiple name space. The
application layer provides special inference rules and facts for special areas, such as
DNA sequence matching and 2 machine translation system. Especially, we have devel-
oped the DNA sequence matching program for the application system. The program
is one of the typical retrieval applications of collecting all the solutions from a large
knowledge base. All processes share the knowledge base systems illustrated in the
lower part of Fig.§, and all processes execule logic programs within their own execu-

tion environment illustrated in the upper part of Fig.5, such as local stacks, global
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stacks, trail stacks and local knowledge bases.
Sa, from the user’s point of view, the CHI is like & domain-oriented knowledge base
machine rather then o Prolos machine, when application layer programs are loaded on

the system programs.

Multipule-multipule name space

We introduced the multiple-multiple name space method to avoid name conflict
between inter-processes. An example of multiple-multiple name spaces is shown in
Fig.4. This method gives an elegant way of sharing & knowledge base among inter-
processes. To realize it, each process copies the name tables of the shared clause
database, when created. The point is that the copied name tables arein the local clause
base, so each process can change any name space without affecting other processes.
Using the multiple-multiple name space method three facilities were provided.

First, the encapsulation facility reduces name conflici and increases reliability by
hiding predicates for internal use from outer worlds. Next, the inheritance facility
enhances hierarchical knowledge representation such as the frame theory. One of the
great advantages of this facility is that we can construct both the rule hierarchy and the
data hierarchy in the same way. Last is the shadowing facility. In Fig.§ an example
of the shadowing facility 15 shown, which makes it possible to hide the predicates.
The shadowing facility forbids inheritance of the property from the upper class to the
lower class, that is for the exceptional inheritance. A kind of non-monotomce property

inheritance can be represented by using this facility. We have enhanced it to cover



parallel non-monotonic inheritance problems.

Parallel non-monotonic property inheritance would be touched, before going to the
topic of the distributed knowledge base system. We have made a model of it and
have developed a toy program in GHC to process the parallel non-monotonic property
inheritance knowledge base. We expect it to grow up and to be used in some of the

large scale parallel application programs in the final stage.

3. Distributed knowledge base system

The distributed knowledge base system is a kind of co-operative problem solving
svstom in the distributed environment, It is located logically between the knowledge
base systemn on the single processor and the paraliel knowledge base system on the

tightly coupled processors.

Overview of the system

Logical configuration of the distributed knowledge base system which is called is
shown in Fig.6. It consists of the application program, the global knowledge base
manager and a number of local knowledge base managers. The application program
on this system was developed for the support system for programming,.

Physical configuration of the PHI systemn is shown in Fig.7. The PSI machines
connected by a local area network are used both for the host systems and the knowledge
hase systems. Dach site of the knowledge base has the same logical structure as the

software shown in Fig.?. Omnc global manager and onc or more local managers are



dvnamically assigned to cach user or application program shown in Fig 6. The basic
functions in each site of the knowledge base system are based on the deductive database.
Therefore, the knowledge base management laver manages an internal database, or
IDB, which is & set of rules, and the database management layer manages the external
database, or EDB, which is a =set of facts,

In this system, a querv may be a set of sentences written in the logic programming
language. The PHI computes an auswer to 4 guery as a set of facts in the EDB using
the rules in the IDB, and the user program on the host receives it picce by piece. When

a backtrack occurs in the user program, the PHI returns an alternative answer.

Distributed and recursive query processiug

Recursive query processing in the deductive database and in the distributed en-
vironment is one of the kev points of rescarch and development. Distributed query
processing 15 based on the comimunicaiion cest minimization approach, which is the
spme approach as ordingl distributed database systems. Our recursive query process-
ing is based on a bottom-up approech combined with query transformation procedures
in order to reduce the calculation cost. We adopted a dynamic optimization method
in these types of processing. Becausc a query is also a set of sentences in the logic
program, we applied propram transformation methods, for example, the partial evalu-
ation method and the theorem proving methods, to query transformation procedures.
They can be seen as a kind of knowledge compilation method applied to the queries,

IDB and EDB for effcient retrieval.



Handling negations

The PHI allows negative literals in bodies of clauses. This extension introduces two
difficulties in query processing. One is that we have to specify an appropriate class of
databases at first, and then the semantics of negation has to be defined. The other is
that we have to consider an efficient query evaluation method which is correct under
the semantics.

For the first problem, we consider a class of the so-called stratified data bases which
are partitioned into layers. The evaluation of the clause basc are decided layer by layer
from the bottom layer. Then a higher layer can use the negations decided in the lower
layers. We defined a new method for the second problem. The ordered linear resolution
with tabulation method has already been developed for the definite database, and we
combined the idea of negation as failure with it, and applied it to query processing
in the PHI system. This new method is suitable for the bottom-up algorithm usually

used in knowledge retrieval processing.

4, Parallel knowledge base system

In this system, we assume that knowledge is what is represented by the set of terms.
Here, the term is the primitive element of clauses. It may include variables in itself and
has a more complex logical structure than data. We have defined new unification based
operations on the relational term base for the parallel knowledge base system. Typical
new operations are unification-join and unification-restriction [Yokota 86][Morita 86].

They can be seen as a combination of the unification operations and the relational



algebraic operations which are normally used in the relational databases. Because all
terms retrieved using this new method are unified with the terms in queries, we call

this new method ‘retrieval by unification’, or RBU.

Unification based query language

A simple example of the unification based query language is shown in Fig.8. The
‘retrieve’ in Fig.8 is a predicate to retrieve knowledge base. The meaning of it is
illustrated by the AND-OR tree in the lower part of Fig.§. The leaves in this tree
are the retrieval conditions given in the query or the rules and facts in the knowledge
base. Because both rules and facts are stored in the knowledge base in the same logical
scheme, it is convenient to select the rules concerning the facts which are expected to
be retrieved and to apply them instantaneously to their facts in the same place. It
also means that inference processing can be performed even during knowledge base
retrieval. It is especially convenient when the shallow inference rules are widely and
iteratively applied to a large amount of knowledge. For example, when there are a
many kinds of standard tactics in the system of a ‘go’ game or chess game, it is very
convenient to evaluate all of them after moving only a few steps.

Here we consider a case where the knowledge base is very large. For processing
efficiency, it is also necessary to process in parallel.

Fig.9 shows the flow of query compilation and its parallel execution processing.
When one of the idle processing elements is determined dynamically by the other pro-

cessing elements to be a receiver of the queries, this processing element then compiles



the queries into RBU operations and decomposes them into many pieces which are units
of parallel processing. They are then delivered to the other processing elements. The
query language between the knowledge base and user programs is defined according to

these 1deas [Monoil 83].

Hardware configuration

For the parallel execution of a large number of their decomposed pieces, each of
which is very large, we have developed the experimental system shown in Fig.10. It
is composed of eight processing elements, and eight multi-port page-memory units.
Each processing element is connected with & page-memory unit by a port through a
switching network. Because a logical space lies on all the page-memory units, each
processing, element can access same logical space at the same time in page-memory

units through its own port in parallel.

Parallel processing timing diagram

Fib.11 is the parallel processing timing diagram. The processing time is composed
of compiling, decomposing. delivering a2nd processing time. If the knowledge base is
very large, the whale processing time using all the processing elements in paraliel is
reduced to about one eighth of the whole time using only one processing element. The
system’s memory stores many references for different papers.

However, in this paper we did not describe the other application program of a

retrieval method using ebstract information. This retrieval method uses abstract in-



formation of the knowledge base and its queries [Koguchi 88]. It is different {rom the
traditional retrieval method using a keyword. This new idea and technology should be
very useful for the reference retrieval application program on the parallel knowledge

base system.

5. Interface system between GHC and the parallel knowledge
base system

The features of the GHC are the don’t-care nondeterministic and-parallel process-
ing, and the data stream-type input-output processing. When a process in the don't
care nondeterministic and-parallel method finds a resolution, then it stops trying to
find the other resolutions. It is inconsistent with the all solution collecting mechanism
which is required in the knowledge base system. To avoid this problem, the special
predicates which are the processes in GHC are provided. They continuously receive
all the resolutions from the knowledge base system in a stream which is the second
feature of GHC. We have developed the special predicate processing system and have
embedded it into GHC. This interface system will be applied in the parallel knowledge
base system which will be enhanced to the knowledge base clusters in the prototype of
the FGCS. At present, for the evaluation of it we have developed the better-first search
parallel production system on it (see Fig.12). The detail of it had been descrived in

[Yokota 89].



6. Storage technologies for logical structure data

In this section a few efficient storage technologies for a large amount of logical
structure data are descrived. Generally, the key points of the storage methods for data
are memory epace, insertion and retraction efficiency. However, in the storage methods
for logically structured data, we consider the efficiency of retrieval by unification.

For example, Fig.1§ shows the idea of the structured superimposed code word
enhanced from the supcrimposed code for the data. The left-hand side tree, which is
structured data, is superimposed onto binary-codes, where the variable ‘X’ is always
transferred into a sequence of all ‘1°. The richt-hand side tree, which is the query,
is also superimposed onto binary-codes, where the variable ‘X’ is always transferred
into a sequence of all ‘0", Moreover, the decper node in the tree is superimposed
onto a shorter lenght code word than the shallower node. The same name node is
superimposed onto the same code word, These mappings of the variables arc for the
retrieval by unification. But unfortunately we have not yet found a good application
for this new method.

Fig.1§ shows another storage method. This method is a combination of the hashing
method and trie method. We have evaluated it in the GHC interfuce system. Accord-
ingly, the hashing and trie method is very efficient in search and insert operation. The

detail evaluation of it had been described in [Yokota 89].
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7. Conclusion

This paper have descrived at the current status of research and development of the
knowledge base subsystem. In the intermedinie stage, we investigated and performed
experiments on four knowledge base mechanismns and the application programs on the
parallel knowledge base system required for constructing the prototype of the FGCS.

Here, the knowledge base syvstems are summarized as follows.

(1) The knowledge base system on the CHI machine provides a very high perfor-
mance knowledge retrieval mechanisin, & praciical memory based knowledge buse,
and a hierarchical elause base for a multi-process environment. In this system,
multiple multiple name spaces play an essential role in hierarchical knowledge

representation and avoiding iuter-process name conflict.

(2) We have developed a distributed knowledge base svstem based on deductive datahase:,
Recursive query processing is based on the caleulation cost minimization ap-
proach, which comes from the logic programuning iransfer methods, because the
guery, IDB and EDB are defined by the sets of sentences in the logic programming

language.

(3) In parallel knowledge buse rescarch, the experimental hardware and knowledge
base management software have been developed. An application prograin for a
fensibility chieck of the svstem has also been developed. The system has been

proven to manipuiate sets of terms efficiently in parallel.

— 14



(4) We propose to introduce special predicate processes for the interface between the
GHC processes and the knowledge base processes. It receives all the resolutions
from the knowledge base processes in stream. We have developed a parallel

application program to check the feasibility of the interface system.

In conclusion, the first and second research areas will be finished at the end of the
intermediate stage. The relational database system on the general purpose machine
developed in the initial stage, the knowledge base system on the CHI machine and the
distributed knowledge base system on the PSI machines developed in the intermediate
stage are milestones towards our final goal. The parallel knowledge base subsystem,
the interface system between GHC and the parallel knowledge base subsystem, and
the semantics retrieval application program will be enhanced and combined to realize
clusters, which are some of the components of the prototype of the Fifth Generation
Computer System in the final stage. The various technologies developed in the inter-

mediate stage will be incorporated in the FGCS.
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Fio.5  Non-monotonic Inheritance in Knowledge Bases
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