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FIFTH GENWERATION COMPUTER SYSTEMS PROJECT

TAKASHI KURQZUMI

{INSTITUTE FOR NEW GEWERATION COMPUTER TECHNOLOGY)

The Fifth Generation Computsr Systems Project { formally, the
Electronic Computer Basic Technology Development Froject) was iniciaced as
a MITL program in 1982.

Fifth generation computers are under development to meeb the
knowledge information processing needs for the advanced information-
oriented society of the 1990s. This cleariy requires overcoming the
techaical limitations of conventional computers. A fifth generation
computer requires problem solviag and inference functions for inference of
solutions to problems from accumulated knowledge, knowledge base
management functions for collection and retrieval of knowledge,
iantelligent interface functions for fluent conversatioms using natural
language, drawings, images, etc., and intelligent programming functions
for automatic comversion of problem specificacions submicted in natural
language, drawings, etc., into efficient programs.

Fifth generation computers with these functions will have
Ear-reaching impact finding applicatiom in all areas of industry and
soclety. However, research and development (R&D) of these computers
requires an extremely wide variety of leading—edge technology, and the
risks are high. Accordingly, a lonmg—term R&D plan was established for
this projeet that extends over ten yvears with the initial stage lasting
from 1982 to 1984, the intermediate stage from 1985 to 1988, and the final
stage will begin in 1989 and the project will end in 1991.

l. What Is a Fifth Generation Computer?

This project iz founded on the following perceptions: existing
computers have reached their architectural limits; the possibility of
qualitatively different architsctures are in prospect; and a new era in
the history of computars is close at hand. The basic architecture of
today's computers (i.e., the wvon-Neumann architecture} is restricted by
computer machine languages. Encire software syscems are built on these
machine languages, which means that all features of a von—-Neumann computer
are derived from the machine language.

The hardware and software of fifth generation computer will be
determined by a new architecture based on predicate logic. The predicate
logic language will be used as the machine language by hardware to perfoarm
inference and by software to choose combinatioms of the basic hardware

inference coperations.



The basic concept of fifrh generation computars are presented in more
detail below,

1.1 Background of R&D of fifth generation computers
(1) Limitations of today's computars

The basic functions of today's computers are arithmetic operations.
They are suitable for execution of programmable sequences of routine tasks
SUch as numerical caleulacions. These functions are quite diffarent from
man's intellectual activities, which involve performanes of infarence
based on knowledge,

Ia short, the fundamental limitarion of today's computers is thac
they caanot determine what to do by themselves. That is, they cannot
comprehend an unforesean event nor can they choose the mosr appropriate
actien to taka.

(2} Meeting demands on computars in the next decade

Research and development of artificial intelligence technology,
architectures, and software engineering are all necessary to develap the
user-friendly computers as tools for suppoert of human intellectual
activitias and to improve software productivity in the advanced
information-oriented society of the 1990s (Figura 1}.

fa) Easy-to-use computers: In an advanced information-ariented society,
computers will be used ace only in industrigl applications, bur alss in
all other fields, especially in everyday life. Thus they must be readily
usable by persons withour specialized training. Clearly, a man-machine
interface close to the human-to-human interface is required,

(b} Support of intellectual activities: Computers working on the behalf
of men or supporting intellmsecrual activities, such as decision making in
business and R&D are required for maintaining industries and communities
that are both logical and creative.

(e} lncreasing software productivity: Needs for efficienc information
processing are increasing immensely with advance and diversification of
industrial and social activiries. Hence, the advent af the so-called
"software crisis" is anticipated and it can only be dealt with by a
@assive increase in software producrivity,

1.2 Situating £ifth generation computars

To dace, computers can be classified into the following generations,
defined by their respective hardware elements:

= lst generation: Vacuum tubes

= 2Ind generaction: Transiscors

- Jrd generacien: Integrated Circuits (IC)

= J.3th generacion: Large-Scale Integration (LSI) devices ]

- 4th generatiogn: Very Large=3cale Integration (VLSI) devices



However, all these computers have a basic architecture that has
remained almost unchanged from the beginning until now.

Most conventional computars are based on the "sequential processing
and stored program" concept proposed by John von Neumann. Fifth
generation computers are being developed under an architecture based on
predicate logic suitable for parallel processing in artificial
intelligence. In this sense, it may be mors appropriate to classify all
the conventional computers as generation I and fifth generation computars
43 generation LI (Figura 2).

1.3 Basic scheme of a £ifth generation computer
(1} R&D targets of a fifth generation computer

The fifth generation computer project aims at developing a Knowledge
Information Processing Svstem (KIPS) that can satisfy the requirements
described in 1.1 (2) for computers in the next decade. This objective can
be divided into the following three rtargets:

(a) Development of KIPS by using artificial intelligence technology: The
results of research on artificial intelligence should comsistently be
applied and embodied in KIPS as intelligent conversation functions and
inference functions using a knowledge base. The results should also be
used to define the guiding principles of the new knowledge information
processing. - - '

(b) Improvement of software productivity with software enginearing
technelogy: Programs for KIPS will be large and complicated; thus that
can hardly be writtem in the present programming languages and
eavironment., Therefore, new programming languages based on new principles
are required, and a new programming environment, which reduces the burden
oo human programmers, have to be established. Also softwars engineering
techniques for automatically writing programs need Co be developed. These
facilities will enable persoms without specialized knowledge to write
programs easily.

(e) Development of very high-performance hardware: The results so far of
research in artificial intelligence indicates that the calculation speed
of a fifth generatiun computer must be an order of magnitude higher than
that of today's computers. To attain these speeds, ultrahigh-

speed hardware consisting of hundreds of parallel processors must be
developed.

(2) Basic architecture of fifth generation computers

The software and hardware of the fifth generation computar must have
KIPS fumctions, i.e., inference functions that use a knowladge base.

Inference is the main power by which human beings understand things
consciously or uncensciously. Having knowledge and making inferences are
basic conditions for intelleecual activicy.



A logical definicion of inference is "a rational procedure employing
knowledge for extractiom of unknown information from known information."
Inference complies with infersnce rules. The most basic rule is the
syllogism consisting of a major premise (A —» B), a minor premise (B —»
C), and a comclusion {4 ==> C). One method o enable a computsr Lo make
inferences is o incorporate this rule into the hardware for automatic
execution. This is the method to be used in our fifth gemeration
computers. Writing programs in a logical form for making inference is
called logie programming.

In a logie programming environment, most knowledge stored in a
computer can be expressed in the forms of predicata logie. The simplest
of these forms corresponds to relational expressions in exisiting
relational data bases. Therefore, the present relational data base
Lechniques may be the starting poiat for developing a knowledge base.

Programs written in the form of predicate logic are well-suited to
parallel processing.

We chose a predicate logie language far what is equivalant to the
machine language of a conventional computer, which we call the kernel
language.

PROLOG is a predicate logic language used in our gvetem in the same
way as a high-level programming language in existing computers. The
prolog-based kernel {machine) language has to be modified and extended for
KIPS funccions ia our £ifth generation computer. Application-osriented
languages with knowledge rapresentation and modularicy functions are being
developed as users' programming languages.

VLSI techniques progress each year. 4 typical result of this
progress is that the capacity of a semiconductor memory chip has increased
four-fold every three years. New rasearch in computer architecture,
especially on parallel processing machines, is associated with such
software concepts as predicace logic, funetional, and object-ariented
languages. The progress of VLSI techniques supports this research. This
project aims at developing the uitrahigh—-speed parallel processing
hardware described im (1) using the VLSI techniques and the kernel as
machine language, as well as arrificial intelligence, software
engineering, and architecture techniques under a logic programming
environment.

Under the basic architecture described above, a fifth generation
computer must have the following functions to attain the R&D targets
described in (1) (Figure 3):

(a) Problem solving inference functions: These perform deductive and
inductive inference including speculation based on incomplete knowledge.

(b) Knowledge base management functions: These express, collect, store,
and retrieve various knowledge required by inference functionms.



{ed TIntelligent interface functions: These are man—machine interface
functions that can flexibly converse with humans in natural languages.

(d) Intelligent programming functions: These automatically express given
problems in efficisnt programs.

1.4 A developed fifth generation computer

The final form of a developed fifth generation computer consists of
software and hardware that are interfaced by the kernel language (Figure
43.

{1} Software

The software consiscs of & basic software svstem and its
demonstration system. The former is the knowledge information processing
base using high-level languages based on predicate logic. The latter
checks whether or not the results of the fifth generation computer project
are sufficient components of KIPS.

The basic software system comsists of the following modules:

(a} Problem selving inference module: This is the nucleus of the 0S for
a fifth generation computer. It comtrols inference machines, performs
deductive and high-level inference cperations, and solves problems
efficiencly.

(b} Knowledge base management modules: This assumes extensive control
over the knmowledge information base. It has knowledge acquirement
functions inecluding the learning function, which determines whether or mot
specific items of knowledge are worthy of being collected.

(c) Intelligent interface module: This interprets humsn language and
processes graphic daca to play the role of a man-machine intarface.

(d) 1Intelligent programming module: This minimizes the burdens on human
programmers by fully utilizing the most advanced software engineering
techniques. Its ultimate goal is automatic programming.

The demonstration system for basic software checks whether or not the
results of the £ifth generation computer project are suitable for a
variety of KIPS applications. When the development of a fifth generation
computar is completed, a greater number of applicaction systems incorporat=
ing a wide range of knowledge will be developed in place of this module.

{2) Hardware

The hardware consists of the following super-hish performance
machines developed in VLSI with parallel processing technigues.



(a} Infarence machine: Has basic infarence funcrions such as the
syllogism function and exeeutss programs written in the kernel language.

(b} HKnowledge base machine: Processes knowledge daca expressed in a
variety of complicated forms.

(e¢) Intelligent interface machine: Processes acoustic and graphic data.
1.5 Applications and impact of fifth generation computers

Research in artificial incelligence pursues development of
intelligent functioms. Continued effart is required for an extremely long
period of time, but results may find a vast range of applications. The
applications of a KIPS containing these results will help shape the main
stream of an advanced information-oriented sociasty in the future. Some
applications may be completely new, while others are advanced versions of
conventional applications. In such a sociecy, fifth genaration computers
will be required for knowledge information processing.

The purpose of a fifth generation computer is to form a KIPS that
helps solve human problems in probing the unknown world and to greatly
expand the scope of human intellectual activity.

Fifth generation computers will remarkably improve the relativaly low
productivity of primary and tertiary industries rather tham that of
secondary industry. They will also aid in coping with the problems of
resource use and high average age, ete., axpanding the scope of their
impact on society (Figure 5).

2. Overseas Leading Computer R&D Projects

Many R&D projects seeking to extend the frontiers of computing are
underway ia other industrisl countries also. GSince the International
Conference on Fifth Generation Computer Systems in Tokyo in October 1981,
our project has influenced these overseas projects to a great sxtent.
Among them, notable govermment-sponsored projects are the SCSP in the
United States, program for Advanced Information Technology (Alvey Program)
in Great Britain, and ESPRIT in Western Europe. MCC in the Uniced States
and ECRC in Wescern Europe are active projects sponsored by
computer—associated firms,

3. Fifth Generation Computer R&D Plan and Results

The fifch generation computer project is based on the recognition of
the coming of a second new era in the history of computars. This
recognition is confirmed by the subsequent inaugurastions of similar
projects in other industrialized nacions. To prepars for the second era,
we planned to rebuild existing compufer hardware and software systems on a
base that is called a predicate logic system, that is, to build entirely
new hardware and software systems having a scale and an architscture
distinetly diffarent from those of present computers.



The basic techniques required for realiziang the above plan were
developed during the initial stage and during the first vear (1983) of the
intermediste stage of this project. We ares now working on subsystems in
accordance with the intermediate stage plan. The results so far have
demonstrated that commitment to predicate logic is sound and that
constiruction of intelligent systems basad on it is feasible.

3.1 Background of the praject

In 1879, MITI set up the Japan Information Processing Development
Center {(JIPDEC) to investigate and evaluate the concept of a fifth
generation computer. As a result of its activities over two-vear period,
JIPDEC outlined the necessary R&D objectives and targets. Anmother result
was the gradual clarificacion of the goal that a fifth generatiom computer
must perform large-scale complicated knowledge information processing.
Receiving these results in 1981, MITI devised a national plan for
developing Eifth generation computers and, in October of the same year,
held the Iaternational Conference on Fifth Generation Computer Systems to
exchange ideas and opinions about this plan. In 1982, MITI established
the Institute for new generation COmputer Technology (ICOT), initiacing
the fifth generatiom computer project.

The fifth generation computer project is a lO-year R&D plan
consisting of a 3-year inicial scage, & 4=vear intermediate stage, and a
J-year final stage (Figured ).

(a) The main R&D goals in the initial stage (1982 to 1984) were to
~collect the results of past knowledge information processing R&D, evaluate
and synthesize these results, and develop basic techniques necessary for
the intermediate stage.

(b) A primary R&D goal in the intermediate stage (1985 to 1988) is to
determine the necessary softwara and hardware models, algorithm, and basic
architecture based on the results of the initial stage. Another primary
goal is te create smail-to-middle-scale prototype subsystsms for a £ifth
generation computer.

(c) The main R&D goals in the final stage (1989 to 1991) are to integrate
all results obtained up to that time and create a complece Fifth
generation computer system as a protobype.

3.2 Initial scage R&D targets and results

To attain the geal of developing basic techniques in the initial
stage (1982 to 1984), the targets below were established, which pertain to
the inference subsystem, knowledge base subsystem, basic software, and
pilot model for sofrware development.

As a result, the basic techniques necessary for subsystem development
in the intermediate stage were, om the whole, developed satisfactorily
during the imitial stage.



(1} Inference subsystem

(a) Targets: The inference subsystem and the knowledge base subsystem
form the nucleus of f£ifth generation computer hardwars. One target of the
inicial stage was to settls certaia basic issues in hardware grchitectura.
So we studied parallel infsrence, data flow mechanisms, and abstract data
type mechanisms.

Other targets of the initial stape were the evaluation of methods for
developing the techniques by software simularion and the creation and
evaluation of small-scale experimental svstems.

(b) Reselts: Data flow and reduction based architectures were evaluated
using software simulator for &4 parallel processing elements. Also, a
hardware simulator consisting of 8 to 16 element processors was created
and used to evaluate the data flow, reduction, and modified reduction
{complete-copying/clause-unit-processing) methods. The simulations proved
that sufficient parallelism can be obtained by these methods. An abstract
data type mechanism was evaluated for the language specifications af the
kernel language.

(2} Knowledge base subsystem

(a) Target: A knowledge base machine stores, retrieves, and efficlently
updatas knowledge data expressed in 2 knowledge represencaction or the
kernel language. Finding basic techniques for develapment of such a
machine was a target of the initial stage. As such, three mechanisms had
to be researched and developed: the knewledge base basic mechanism, the
parallel relaticnal knawledge processing mechanism, and the relational
data base mechanism. Other targets wers to evaluate methods for buildinmg
and managing a knowledge base logically, to determine a basic architecture
for parallel relational knowledge computation and a basic architecture for
a4 relational data base machine (by simulating the machine}, and finally to
construct and evaluate the machina.

(b} Results: A relariocnal data base machine called Delta was
constructed. This machine comsiscs of hierarchical starage, four parallel
relational algebraic computation engines, and multiple processors having
distributed funcitons. Delta connects to the sequential inference machine
through an interface that transfers relational algebraic commands and
data.

(3} Basic software system

The basic software system is the nucleus of fifth generatiom computer
software. The system consists of the 5G kernel language, problem solving
inference software, knowledge base manapement softwars, intalligent
interface software, and intelligent programming sofcware, all of which are
described below.

(1) 5G language

{a) Targets: The kernel language versionm 0 (KL0) is a sequential
language specifying the interface between the core hardware and softwares



of the pilot model for application software development. The target was
KLD prototype design and development by the end of 1983,

The kernel language wersion 1 (KL1) is a parallel language
stipulacing the interface betwsen the hardware and software of the
inference subsystem for the intermediate stage. Determining the basie
language specifications of KLl was another target of the inirial stage.

{(b) Results: KLD was developed as the machine language of the pilet
model. It has PROLOG functions to which frequently used functions have
been added and from which seldom used functions have been deleted. The
added functions are, for example, improved execution efficiency, parallel
execution, and string manipulation functions. The deleted Fumctions are,
for example, those of program definition and data base management.
Furthermore, a system deseription language called Extended Self-contained
Prolog (ESP) was developed separately. ESP has module creation {objecc-
oriented) and marco expansion functions. By developing ELO and ESP
separately, the conflicting needs for higher efficiency and flexible
description could be harmonized on a high level. The effectiveness of ESP
may have been sufficiently proved by SIMPOS, which is described later.

KLl is for advanced parallel processing. Therefore, it must support
strong independence between minutely divided execuction units and assume
precise control over communication and syachronizaction bectween units. The
firsc KLl developed is based on concurrent PROLOG amd has functions such
as AND parallel, OR parallel, ser/stream conversion, module creacionm, and
meta-inference. However, the eavironment for the OR parallel fumctiom
and read=-only annotations wers found to be too complicaced for
implementation, as wWere, as a result of testing prototype processing
svstems., Therefore, a second KLl mamed Guarded Horn Clause (GHC) was
developed by adding semantic rules to the language specifications and
thereby deleting unnecessary functions.

(ii) Problem solving inference sofrware

{a) Targets:  Problem solving inference software must have functions
requiring unexplored techniques; e.g., high—level inference functions
including speculation based on incomplete knowledge, cooperative problem
salving functions, ete. Primary R&D targets for this software have been
assigned to the intermediace and final scages. The target of the initial
stage was to develop various prototypes of problem solving software for
obtainiag the informaton requisite to reaching the primary goals.

(b} HResults: Merchods to develop parallal inferance, meta=inference, and
problem solving inference funcrtions were aevaluated. Concerning the
parallel inference function, how to develop a2 parallel execution
interpreter for purs PROLOG programs was evaluated. The meta-inference
function infers and controls inference itself. For this functiom, a
simulation language was developed. To improve the execution efficiency of
meta-inference programs, mathods to use partial calculations and apply the
results for numerical formula processing were evaluated. Concearning the
problem solving inference function, techniques Eor solving particular
problems on actual use were evaluatad. Problems dealt wich were
discributed-cype problems, problems in CAD of electronic circuits, etc.



(iii) Knowledge base software

(a) Targets: Three targets wers determined to cope with the trend toward
larzer-scale knowledge bases. The firsc tarzet was to evaluate metheds ro
connezt a knowledge base and iaference machine. To evaluste the methaods,
4 progrsm managing a4 large-scale relational data base had to be develeped.
The second target was to davelop a complicated knowledge representatiom
system intended for a particular field. The third target was to develop
an experimental system using knowledge to evaluate pur R&D results.

{b} Results: Aan experimental data base management svstem named Knowledge
Acquisition-oriented Information SuppliER (KAISER) was developed for an
grientation to management of a large-scale knowledge base. The
development of FKALSER was based on knowledge representation according to
predicate logic and used relational data base techniques closely
associated with logic representation. KAISER consisted of modules to
manage the inmternal daca base for 2 Personal Sequential Inferemce (PSL)
machine and modules to manage the external data base for Delta. The
modules are knowledge acquisition, knowladge manipulation, knowledge
accumulation, knowledge interface, and knowledge conversation. The
knowledge manipulation and accumulacion modules are equivalent to a
conventional relational data base management program. The knowledge
interface module translates retrieval requests expressed in a logical
langnage into the relacional data base manipulation language. The
knowledge conversation module provides necessary knowledge for the user
through natural conversation. THe knowledgs acquisition module acquires
new knowledge, stores it in a knowledge base, and updates the contents aof
the knowledge base. 1ts functioms are based on logical formatted
knowledge acquisition.

Two programming languages instead of a fixed knowledge representation
s¥sCem were prepared for flexible knowledge representation. One is named
Mandala, the other Complex Indeterminats Language (CIL).

Mandala is based on the logical lamguage KLl and has a variety of
funetions supporting programming techmniques used to create object-
oriented, rule-oriented, and data-oriented programs.

CIL is a problem—oriented knowledge representation language. It
enables to modelling the process of understanding the content of a
conversation on the computer. The representation format of CIL is so
universal that CIL will find many new applicarions. In short, this
language is PROLOC reinforced by frames with comstraint.

The prototypes of a Japanese sentencs generation support system and a
CAD syscem for logic design in electronics were created and evaluated as
experimental expert systems. The applicability of logic, object-oriented,
and parallel languages to these systems was also evaluated.

(iv) Intelligent interface sofrware
{a) Targets: The main target of the initisl stage was to perform

research on natural language processing for flexible conversation between
men and computars. Other targets associated with natural language

- 10 -



processing wers the development of a daca base for natural language
processing, development of language analysis techaiques, and study of the
recognition functions of an intelligent interface.

(b) Results: A data base for a natural language (dictionary) differs in
contents and creation method from a dicriomary for use by humans having
commen sense and high incelligence. In the inirial stage, therefore, a
small-scale experimental electronic dictionary was developed to determine
the basic specifications of a full-scale electronic dictionary. Then,
functions such syntactic analysis, semantic analysis, word analysis,
sentence interpretation, and sentence generation functions weres researched
and developed. The functicns comply with Lexical Functional Grammar (LFG)
and Generalized Phrase Structure Grammar (GPSG). As a syntax analyzer, a
high-performance program utilizing the features of logical language was
developed and named Bottom Up Parser (BUP). BUP can be applied to grammar
belonging to a free grammar family of extended contaxts. Therafore, a
syntax description system for defining individual swntactie rules was also
developed.

An experimentzl sentence imterpretation system (named DUALS) was
developed for the intelligent interface. This system reads and
understands sencences and responds to questions according to situational
semantic logic. The system has syntactic, semantic, and contextual
analysis functions that comply with LFC and can process the kind of
sentences that appear in Jspanese text books for Jed-year elementary
school students. Besides these functions, problem solving and sentence
composition functions were also incorporated in this svstem.

(v) Intelligent programming softwars

(a) Targets: One target concerning intelligent programming software was
to develop an ESP-based system that supports smooth modular programming.
Another was to develop and evaluate 3 software test and management program
that supports efficient programming stages; i.a., desizning, coding,
testing, debugging, modifying, maintazining, and managing programs
efficiently.

(b) Results: The above-mentioned object-orienced language ESP was
developed as a primary function for modular programming. The programming
system was developed and installed in a P5I machine, which is now being
uzsad.

The specifications of experimental systems were evaluated as those of
software verification programs. The experimental systems ars a saftwars
development consultation system, a hierarchical logic program verification
system, etc. Furthermore, prototvpe for a few of these systems were
developed.

..ll_



(4) Pilot model for software development

{a) Targees: The model is a Sequencial Inferance Machine (SIM) having a
partially improved version of the existing von-Neumann architecture and is
a tool for efficiently developing software for £ifch gsneraciom computers.
Develaping 5IM hardware and software was a target of the initial stage.

SIM hardware is a firmware-based machine supporting KLO. When

executing software written in the kernel languagse, this hardware must
exhibit execution speed several times faster than cthe execution speed of a

large-scale general-purposes machine and prowvide largser addressable space
Chan 10M bvtes. SIM sofcware is the 05 for SIM. Lf combined with
intalligent programming software, this 05 becomes a programming operating
system.

(2) Results (S5IM hardware): The 5IM hardware ccnsists of basic and
axcendad svstems. The basic sysrem consiscs of a PSI machine and a LaN,
This system was developed in che inicial scage to assist software
development. The extended system consiscs of a Cooperative
High-performance sequential Inference {(CHI) machine placed behind a PSI
machine and peripherals such as graphic I/0 units. A relatively long
period was allowed for developing the extended system because the system
had to have high performance and advanced fucaticns.

Boch PSI and CHI wmachines have a tag architecture and use a
microprogram control method. The design of the PSL machine has placed
emphasis on supporting 10 concrol funerions of the 08, but thart of the
CHL machine benind P51 has minimized thess functions and placed emphasis
on high-speed execution of programs written in logical languages. The
exacution speed of the PSI machine is 30K Logical Inference Par Second
{LIP5), and that of the CHL machine 2008 LIPS or higher. The storage
capacity of PSI is 40 bits x 16M words, and that of CHI is 36 bies x 64M
words. The PSI machine cycle time is 200 nanoseconds, and the CHI
counterpart is lU0 nancseconds. The main device technlques used in PSI
are TTL and HMOS te:hniquﬂs, and those in CHAI are CML and CMOS tachuiquga.
By the end of 1986, approximately 100 PSI machines will be in use for
software development by the fifth generarion computer project.

(b) Results (5IM software): S5IM software comsists of a programming
system and an 0S. Thus ir is called the S5IM Programming and Operating
System (SIMPOS). SIMPQS divides into four lavers. Among these, three
layvers, the kernel, supervisor, and I/0 controller, form the 0S5; the one
laver above the other three is the programming syscem. SIMPOS has been
designed according to the policies below (Figure@ ).

{A} System design based oo a single framewaork: The machine, langnage
system, 05, and programming system should be structured in the same
logical programming framework.

(B) Conversational system having multi-window functioms: A multi-window

system including a mouse and kevboard is an extremely effective
conversatlon means Ln an intelligent system.

- 12 -



(C) Data base functions: A logical language and a relational data base
are very harmonious. Therefors, 2 new programming systam and a new OS
fully uctilizing dacta base functions should be developed.

(D) Japanese language processing: People should be able to communicate
WiLCh computasrs in their own language. To be usable in Japan, computers
must be able to process the Japanese language.

(E) Compatibility: As many existing software modules as possible should
be reusable to create a large-scale program. Therefore, functionms
Providing the necessary compacibility should be available.

3.3 Intermediate stage RAD targets and current situatiom

The intermediare stage (1985 to 1988) is important for this project
because the success ar failure of project will be determined in this
stage. In this respect, the R&D targets of this stage were formulated
according to the following policies.

(a) The basic software techmiques necessary for problem solving
inference, knowledge base management, intelligent interface, and
intelligent programming functions should be developed.

(b) As a hardvare system supperting the above basic software functions, a
number of small-to-medium scale subsvstems (inference and knowladpga basze
subsystems) should be developed. Then, their functions should be tested.

{e) A parallel software environment and a network system should be
created as ao infra-structure for supporting software development.

The BR&D targets of the intermediate stage and the current situation
are described below for hardware, software, and development support
syslems.

(1) Hardware system

The final fifth genmeration computer hardware consists of inference
and knowledge base subsystems. The desired execution speed of the
hardware is in the range 100M te LG LIPS.

Research and development of the hardware system in the intermediate
stage is based on the R&D results of mechanisms for inference and
knowledge base subsystems and of SIM in the imitial stage. Also, the R&D
follows the parallel-language specifications of KLL.

The B&D goal in the intermediate stage is to determine an advanced
parallel-machine architecture for the inference and knowledge base
subsystems. This goal is closely associated with the research and
development resource and execution management software (am 0% for parallel
machines) and parallel processing software that are executed in the

parallel-processing machines.
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(A} Iaference subsystem

The first R&D target of the infercnce subsvstem in the intermediate
stage is to study the machanisms daveloped in the initial stage (e.g.,
data flow and raduction mechanisms) wich KLI specifications, evaluars the
results, and extend tche mechanisms. As wall, the other R&D targecs listad
below are now being pursued with the goal of devaloping a Parallel
Inference Machine (PIM) suirable for a parallel logizal language.

(a) PIM architecture: The PIM architecture should be determined for a
network of approximately 100 element processors. Then, prototype hardware
should be developed and its operations tescad.

(b) Component modules: The prototypes of component modules performing
fine-grained parallel processing in an element processor should be
developed. The modules must operate according Lo mechods implemented by
mechanisms such as data flow and reduction.

(c) Large-scale PIM architecture: A natwork of approximately 1000
element processors should be simulated by software. Alse, the mechanism
connecting a PIM and a Knowledge Base Machine (KBM) should be
investigated.

During the first year of the intermediate stage (1985), we evaluated
in decazil the dacta flow, reduction, complete copy, and clause unit mechods
that were implemented in the initial stage. At the same time, the
architecture of PIMs executing KLl was evaluated, as were the component
modules. Furthermore, basic PIM specifications were decermined, and a
prototype simulator for modelling PIMs was developed.

(B) Knowledge base subsystem

Based on R&D results of the imitial scage (RDBM), R&D of the
knowledge base subsvstem in the intermediate stage should clarify
techinigues for developing the knowledge computation mechanisms that KBM
ought to be equipped with. Then, the architecture of parallel KBMs should
be determined, and prototype hardware developed., Furthermore, techniques
for developing mechanisms supporting distributed knowledge bases should be
clarified. These targets are detailed below.

(a) KBM architecture: Techniques for developing knowledge computation
mechanisms should be investigated. Also, the protocype of a knowledge
computation engine having functiscas such as sorting variable—length
records and collaring character strings should be developed.

{(b) Distributed knowledge base architecture: Multiple knowledge bases
may be connected by a high-speed bus or Local Area Network (LAN). To make
these knowledge bases which appear logically as a gingle knowledge base, a
conttol mechanism for discributed KBMs is necessary.

This mechanism should be investigated. Also, a software simulator
and a verification system should be developed.



(e} Large-scale EBM architecture: The parallel processing mechanisms of
¥3Ms should be investigated, and procotypes of a software simulator and an
operation test simulator should be developed.

In the incermediate stag=, we evaluated in detail the connection
between the relational data base machine, Delta, which had besn developed
in the initial stage, and & PSI machine. We also evaluated a model
architecture for KBMs and prepared for the development of a prototype test
system,

(2) Basic software system

The final R&D goal of the basic software system is to develop the
nucleus of fifth generation computer software.

In the intermediate stage, the R&D targets of the basic software
system are Co extend Kermel Language versiom 1 (KL1), design the
specifications of Kermel Language 2 (KL2), research and develop new
software techniques such as parallel-inference control, implement the
element techaique developed ia the imitial stage, and develop a full-scale
prototype system. These six R&D targets inm the intermediate stage are
detailed below.

During the first year of the intermediate stage, the implementation
specifications of KLl were determined, and prototypes of portioms of
processing systems were developed. To implement the element technology, a
sample program was designed and developed, and a test system was designed
and partially developed.

(A) 5G Kernel Language

(a) KLl: KLl supports the hardware system developed in the intermediate
stage. Some processing systems im KLl are useful for creating a parallel
programming environment. In the intermediate stage, these systems and the
programming support system in KLl should be developed, used to reach the
other R&D goals, and evaluated. The results should be reflected in the
specifications of KL2.

(b} KL2Z: KLZ supports the prototype system to be developed in the final
stage. In the second half of the intermediate stage, the language
gspecifications of KL2 should be determined. The specificatioms will be
KLl language speacifications with knowledge representation functions, etc.,
added.

(B} Problem solving inference software modules

Techniques for developing software modules that will be the nucleus
of the 085 controlling and managing a PIM should be developed. Also, an
inductive inferesnce funetion and an inference function supplementing
konowladge should be investigated. These R&D targets are detailed below.

{2} Parallel inference software: Techniques for controlling advanced
parallel processing should be developed. Then, softwars controlling
problem solving parallel infarence machines that make deductive inferences
at high speed should be developed.
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(b} Basic software for advanced infarsnce: Prototype software having
ddvanced infersnce funcrtions and scme learaing functions should be
developed. Advanced infzrence funcrions such as inductive inferesnce and
analogical inference ars necessary for developing an intelligent systsm.

(¢} Basic software for cooperative problem solution: Prototvpe softwars
should be developed that enables cooperation among multiple problem
solving programs and performs inference by supplementing knowledge.

(c) Knowledge base management softwars modules

Techniques for developing knowledge base management functions should
be developed. These functions are knowledge acquisition that processes
both known and incempletely known knowledge, knowledge representatiom,
knowladge storage, and knowledge use that processes distributed knowledge
sources. This R&D target is decailed below.

(a) Knowledge representation and use svstem: The knowledge programming
language designed in the inirial stage should evolve to a knowledge
reprasentation language for use in a specific field and treatmeat as a
common base. Also, a prototype of a knowledge base creation support
system having koowledge base editing functions should be developed.

(b) Basie software for knowledge acquisition: Tools for acquiring
knowledge from experts should be developed. Also, techmniques for
composing rules based on induetive inference should he researched.

{e) Basic software for distributad knowledge base management: The KAISER
developed in the initial stage should be developed further, a model of
distributad knowledge bases should be created, and the algorithm of
managing muleiple knowledge bases as a single logical knowledge base
should be determiped.

(D) Intelligent interface software modules

Software supporting flexible esaversations between a computer and
human beings should be researched and developed. This software must have
the functions of semantic analysis support, sentence analysis that can
cross reference and process omissions, and santence generation that
creates natural sentences from semantic exprassions. Also, a pilot model
for researching versatile conversation functions should be devaloped. The
conversation functicns must process natural languages, acoustic data,
graphie data, etc. These targets are detailed below.

(a) Suppore of dietionary creation: Software supporting the creatiom of
and reference to entries and their semantic variations in a dictionary
should be developed.

(B) Japanese language GPSG systam: A Japanese language parser based on
the GPS5G theory should be developed.
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{e) Contex: interpretation svstem (extended): A prototype of a context
lnterpretation system should be devaloped by introducing new language
theories such as svntactics and situation semantics.

(d) Conversacion system (Pilot model): 4 procotype conversation system
should be developed that models changes of knowledge about the
comversation partner in a knowledge base during conversation. Alse,
tachniques for processing acoustic and graphic I1/O data should be
lnvestigatad.

{E) Intelligent programming software modules

Technigques for coding new software in logical languages should be
developed, as should techniques for programming in specificationm
description Japanese language and formatted logical language as well as
for converting and verifying programs. Techniques for supporting an
overall programming procedure ranging from design to maintenance should
also be developed. These targets are detailed below.

{a) Specification description natural language sysCem: Japanese language
constrained in grammar and vocabulary should be used to desecribe
specifications. Therefore, a system is required that analyzes the syntax
and mesaning of input specification description Japanese language and
converts the language to formacted specification descriptions.

(b} Software knowledge management system: Knowladge about programs
developed in 5IMs should be collected in a knowledge base, and an
intelligenc programming support system using this knowledge base should be
developed. :

(e) Basic softwars for program conversion, verification, and generation:
A prototype system should be developed that converts programs to optimize
them logically, tests the conversion results, and generates programs
according to the results.

{d) Owerall programming support system: A prototype system supporting an
entire programming process that ranges from design to maintenance should
be developed.

(F) Demonstration system for basic software

The R&ED results of the basic software should be applied to a number
of fields. Also, prototype softwars testing of the application results
should be developed to feed the test rasults back te the basic softwvare.

(3) Development support sysCem

Advanced R&D requires a suitable R&D support system. In the initial
stage, a pilot model for software development was created. In the
intermediate stage, parallel software development tools should be
developed as an infra-structure to further facilitate R&D.

(@) Parallel software development machines: Parallel software machines
(M=SIMs) should be developed te support the development of a variety of
parallal=inference software based on KL1. An M=-5IM is the CPU of the



small-to-medium=scale PSI machine develaped in the initial stage. A4
number of closely connected M~3IMs make up a multi-processor software
system for parallel scftware development. This system can also be used to
test Lhe effectiveness of parallel processing. The system should become
usable in the middle of the intermediacs stage.

(b) Improvement and extension of SIM: The functions of the SIM software
and hardware developed in the intial stage should be improved and exrended
to become mors useful tools.

(e} Development support necwork system: A Local Araa Network (LAN)
should be extended and improved for more efficient development of
software. Also, a wide area network should be prepared for exchanging
data and software between R&D groups, chereby improving R&D efficiency.

During the intermediate stage, SIMs wers improved and extanded,
miniaturization and parallelization promoted, and development support
networks created.

4. Fifth Generation Computer R&D Organizarion and Support Project
4.l OQrgamization

LCOT was established in April 1982 as a research institute for
promoting the fifth generation computar project. The lahoratories openad
in June 1982,

ICOT conmsists of an administration office and Research Laboratories.

In the first year of the intermediarte stage (1985), the otganization
was expanded from one department with three R&D laborataries during the
initial stage to one department with Five R&D laboratories. In 1985 and
1286, new researchers wera taken in and at present (1985) toral of
approximately 80 researchers are working on the project (Figure §).

4.2 Fifth generation computer R&D activitias

ICOT is charged with responsibilicy for the fifth generation computer
project by MITI. The consignment fee was approximatrsly 400 million yen in
1982, 2.7 billion im 1983, 5.1 billion in 1984, and 4.8 billionm inm 1985.
[t is approximately 5.5 billiem ven in 1986.

The project team consisting of ICOT resescrchers is the main executor
of the fifth generation compucer project. In addition, a Project
Promotion Committee (PPC) and Working Groups (WG) have baen estabished to
give advice to the project teams. The PPC and WGs were reorganized in
accordance with the progress of R&D (Figure9 : Ac present in 1986).

Because this project is pursuing R&D at the froatiers of high

technology, its R&D targets cam hardly be achieved by the efforts uf_the
above parties alene. We consider it Lmportan:t that parcties engaged in
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similar projeccs should be a source of stimulation to each ocher, make
public their B&D results, and exchange information. Based on this concept
1COT is publishiag its R&D results, welcoming visiting researchers, and
holding active communication with overseas B&D institutes according to the
following policies:

(1} ICOT researchers are sent to leading R&D and academic instirutes in
the United States and Europe to investigate technology, exchange opimions,
and present papers.

(2) Experts visiting from other countries are welcomed. GSelected experts
are invited for short periods co exchange ideas.

(3) This exchange also takes place with overseas government-sponsored R&D
institutes that are engaged in high-technology computer development
projects.

ICOT signed, in Jume 1986, a memorandum with NSF (dational Science
Foundation) of the United States to receive their researchers. ICOT is
exchanging informaticn with France on AL technology according to the
agreement reached at the Jepan~France Machine Information Round Table.
ICOT is megotiating the exchange of R&D results wich the Alvey directorate
in Greae Britain. ICOT is exchanging information with GMD in West Germany
vig cthe Japan-W. Germany forums. We are also exchanging R&D results with
the 5G Academy in Canada.

In addicion, ICOT is holding an anoual R&D results report meetings,
internaticnal conferemces on Fifth Generation Computer Systems (FGCS '84,
etc.), and publishing these, the ICOT Journal, Technical Newsletters, etc.

4.3 Fifth generation computer development support projects

To reinforce the foundatioms of this project, progressive and
influential applicarion fields must increase, fifth generation computer
users must be trained, and the industrial-governmental-academic
cooperation necessary to support the project must be fortified. To
sacisfy these requirements, the activities that follow are actively

promoted inm parallel with R&D.
{1} Electronie dictionary project for natural language processing

Fifth generation computer R&D has developed a small-scale electronic
dicCionary as a tool for R&D of the basic software system.

For subsequent natural language processing, a large-scale
general-purpose slectronic dictionary is necessary. As an institute for
R&D of such dictiomaries, Japan clectronic Dictionary Research center
(JDR) was established by the basie technology research promotion center
and eight computer manufacturars.
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This projest is clesaly linked with the fifth generation computer
project. It aims at developing a general-purpese electronic dictionary
containing 300,000 words. Development of this dictionary is important for
reinforcing the foundations to fifth generation computer R&D. In the
lattar half of tha 1990s, it is expected thac a general-purpose elactronic
dictionary will be installed in a fifth generation computer and used in a
wide range of fields requiring advanced natural language processing.

(2} Dissemination of fifth generation computer R&D results

The R&D results on the fifth gemeration compurer are to be
dissseminated for the purpose of sstablishing creative and techoical
foundarions of computar science in Japan. To meet this purpose, the
rasulrs are collated and their use promoted. In May 1986, R&D results of
the inirial stage, such as the PSI machine and SIMPOS, have gone through
the procedure for making them available for use. Since then, their
dissemination has been accively promoced. This will expand the scope of
the environment for developing fifth generationm computar applicatien
software and thus greatly contribute to establishing the foundations of
widespread use of fifth generation computers.

(3} AI center

To promote the dissemination of Al-asssciated tachnolegy, LCOT and
JIPDEC and other institutions established the AL Cencer in April [986:

{1) Promore R&D of AL application software

(2) Investigate and research Al applications

(3) Promote dissemination of AL technology

(4) Promote communication between registered AL cenCer memhers

The AI center will discribute fifth generation computzr R&D results
as tools for research in arcificial intelligence.
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APPENDIX






R&D Results im the Initial Stage (1993 to 1985)

Hardwara Eachoolosy

o Development and evaluation of the prototypes of a software simulator
and a hardware simulator (8 to 16 processors) for parallel inference
methods (data flow, reduction, complete copy, and clause unit
processingl

o Creation and evaluation of a prototype parallel relational daca base
machine called Delta = & parallel engines performing relational
algebraic computation at high speed

Software technology
o Development of PROLOG-based KLO and determination of specifications for

parallel processing KLl language

o Development of an 05 (SIMPDS) by ESP having modular programming
functions -

o Development of small-scale experimental systems such as knowledge use,
semantic, and RDB functions

Development support svstem

o Development of sequential inference machines (PSI machine (30K LIPS)
and CHI machine (150K LIPS)

Inference Subsystem R&D Policies in the Intermediate Stage

o Development of a pilot model of a Parallel Inference Machine (PIM)
« Connection of 100 elemsnt processors
» Target performance 2M LIPS/system
o Creation of prototype component modules
. Modules of reduction type, data flaw type, ate. (High-performance
processors executing parallel processing)
. Targer performance: 200K LIFS/wodule
o Functional conditions
. Execution of Kernel Language 1 (KL1)
. 08 for parallel machines (SIMPOS)



Current B&D Statos of ILoference Subsystem

o Model of parallel inferancs machines
. Extension and detailed evaluation of data flow, reduction, kabu-wake,
and goal rewriting execution models; development of prototype comtrol
gofrwars
o Ewvaluation of technigues and development of tools
« BEvaluation of ¥L1 from the viewpoint of implementation techniques:
Synchronization feature, parallel processing method, meta-calls,
stream processing
« Developmene of sofcware tools for designing parallel inference
machines
o Concept and functional evaluation of parallel inference machine
architecture
. Processing methods used by element processors
. Parallel processing method among element processors

. Large-scale network of parallel machines and its control method

Eowledge Base Subsystem R&D Policies im the Intermediate Stage

o Connection of multiple processing modules having knowledge computatiom
mechanisms

o Development of the basic model of a knowledge base and establishment of
an architecture for knowledge base machines

o Functional conditions
« Uniform knowledge of semantic representation applicable to many

fields

« Efficient processing of a large body of knowledge
- Parallel and discributed processing control

- Retrieval having ianference functions



Current R&D Statums of Enowledge Base Subsystem

Evaluation of relational dats base contrsl mechanisms

. Evaluation of the buffer management methods used by Delta (a

ralational data base machine), and evaluation of relational engines

and parallel control features

Concept and funcrtional design of knowledge base control mechanisa

Enowledge base machine model (uniform processing of knowledge or

semantic representations)

Belarional knowledge representation by the introduction of the term
in deterministic first order predicate logic

Large=scale architecture of knowledge base machines

Evaluation of methods to efficiently process a large body of
knowledge, and simulation

Enowledge base pilot system

Design of tools for testing the functions of relatiomal data base

machines

Concept and functional design of distributed knowledge base control

mechanlsm

. Evaluation of objectives for systemizing multiple knowledge base

machines, and design of a test system



Basic Software (5G Keroel Language) BA&D Policies in the Intermediate Stage

i
Initial stage Intermediate stage ' Final stage
- KLO specifications . Design, development and . ¥L2 processing
and processing feasibility test of KLL
systams
i . Conceptual KLIL . Conceptusl KLZ
specificatians specificarions

o FKernel Language version 1 (L1}
« Specificarions for system description language (full=-set)
- KLl processing system = For sequential praceQaing machines
= For parallel processing machines
« PIMOS description functions (modular programming and macro functions)
and optimization functions
o Kernel Language version 2 (EL2)

» Knowledge reprasentation, knowledge base management functions, ete.

Current RED Status of Basic Software (5C Kernel Lamguage)

o KLl language design
+ Refinement of GHC language specifications and development of subsets
. Dasign of KLI-U (user language), KL1-C {(core language), KLI-P (pragma
language), and KL1-B (base language)
o Processing systems
. Sequential processing system: Development in PROLOG/ESP
. Discributed processing system: Basic evaluation using a multi-PS1/
simulator

«» Evaluation of a debugger



Basic Software (Problem—Solvimg Inference Software) B&D Policies im the
Intermediate Stage

o Parallel inference software
. Development of the nucleus (for controlling parallel executiom of
deductive inferences and for resource management) of an 05 (PIMOS)
for parallel inference machines (PIM) in a multi-P5I system
o Advanced inference software
« Research on advanced inference functions such as inductive inference
and analogical inference
o Cooperative problem-solving software
- Research on cooperative functions of multiple problem-solviog

programs

Current E&D Status of Basic Software (Problem-Solving Iaference Software)

o Parallel inference software
«» Coneeptual design of PIMOS using KLI
+ Evaluation of method to solve ssarch problems using KLI
o Advanced inference software
« Evaluation of inductive and analogical inference features
- Development of a prototype meta-interpreter performing partial
computation
o Coeperative problem—solving software
. Evaluation of experimental systems cooperating in solving problems
« Basic experimental system for reusing scftware in Mandala
(object-oriented knowledge representation language)

. Basic experimental CAD system using KL1



Basic Software (Knowledge Base Management Sofrware) R&D Folicies in the
Intermediate Stage

o Knowledge representation application system and knowledge acguisicion

sofsware

- Design and development of knowledge represeantation language
(Mandala/CIL)

- Knowledge base management system including tools for creating a
knowledge base

- Representation of a dynamic svstem, 4and inference engines having
qualitative inference functions
- Lntroduction of learning functions in numerical formula processing
o Distributed knowledge base management software

» Software managing multiple knowledge bases as a single logical
knowledge base

Current BED States of Basic Software (Knowledge Base Minapement Software)
o Knowledge representation application system and knowledge acquisition

software

« Evaluation of description in Mandala/CIL and language specifications
that reflect the results
« Application of partial computation to the numerical formula

processing system by meta-programming

- Evaluation of knowledge representation in intelligent layout CAD

+ Evaluation of knowledge base management functions using
meta-inforence functians

@ Concept and functional design of distributad knowledge base software

- Requirement analysis and specification design for natural language

processing and theorem praging

+ Connection of PSI (large-scale relational daca base management
program) and Delta, and evaluation



Basic Software (Intelligent Interface Software) R&D Policies in the

Intermediate Stage

o Semantic analysis system, and sentence analvsis and generation software
. Research on semantic analysis and on creation of a semantic
dictionary; development of a support program
. Evaluation of sentence analysis and generation functions; development
of experimental software
. Syntactilc analysis funetion
« Semantic analysis function
. Contextual analysis function
. Others
o Pilet model of a conversation system
. Intelligent document processing (creatiom, editing, retriewval,
conversion, summstion)

. Discourse understanding aimed at logic-based systems (DUALS)

Current B&D Status of Basic Software (Intelligent Interface Software)

o Semantic analysis system, and sentence analvsis and generation software
. Creation of detailed specifications for Japanese-tg=-Japanese,
Japanese-to-English, and English-to-English dicrionaries, thesaurus,
efc.
« Evaluacion of specifications for dictiomary utility systems and
development of prototype programs
. Creation of basic sectlons of the dictiomaries
. Determination of projects for development of dicticnaries
. Creacion of specifications for deseriptions of Japanese grammar
o Pilor model of a conversation system, and experimental software
. Conceptual design of intelligent document processing
« Improvement of DUALS
. Conceptual design of an intelligent conversation system and an

intelligent information retrieval system
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Basic Software (Intelligent Programming Software) B&D Policies im the

Intermediate Stage

o Verification system for spezification dascription
+ Functions to describe specifications in Japanmese and formal language
and te support the description
o Program conversion, verification and generation software
+ Rasearch in program conversion, verification and generation functions
and development of experimental software
o Pilot model of an overall programming support system (program design to
maintenance)
. Experimenral system supporting the antire range of programming

process from design to maintenance

Current B&D Status of Basic Software (Intelligent Programming Software)

o Verificatisn system for specification description syscem
- Evaluarion of specification description in natural language and
formal language
o Joftware for converting, verifying, and generating programs
. Basic research in program conversionm, verification, and generation
. Research in theorem proving and rewriting terms, and development of
profat¥pe programs
o Pilot model of an overall programming support system

. Basic research in program modification for redesigning specifications

Development Support System B&D Policies in the Intermediate Stage

o Pilot models of machines for parallel software development
- Execution of KLI and PIMDS
» Mulei=P5I V1 and W2
o Lmprovement and expansion of sequential inference machines
0o Network system for development support
- Connmection by LAN and DDX network

. Overseas comuection



Current B&D Statns of Development Support System

Pilot models of machines for parallel softwares development

. Design and development of 2 prototype of a densea (mesh-type)
connection mechanism between Mulei=-PSI (V1) machines
Conceptual and functional design of miniature mulei=-P5I (V2) machines

« Extension of SIMPOS for parallel software developwment functions

Improvement and expansion of sequential inference machines

« Conceptual and functional design of miniasture high-speed processor
modules (hardware) and extended software

Hetwark system for development support

« Functional design of software for a SIM necwork svstem {£file server,
mail server, etc.)

. Tests of internacional networks
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