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Abstract

A socio-cconomic model of generational infrastructure of
information technology is presented as 2 tered pro i
of ‘learning curves' in mually supportive technologies.
This model is used to analyze trends in research and
product development, and the transition from ‘computer
sgience’ to ‘knowledpe science’ that characterizes the fifth
generation. The achievements of fifth generation research
are evaluated, and the expected directions of futore
Zenerations research are projected.

1 Intreduction

The Japanese Fifth Generation research program has had an
important socio-economic impact internationally in raising
government awareness of fondamental changes in the
natre of informaton technology and its smategic role. It
has been directly responsible for strectural change in
national computing policy such as the formation of the
MCC within the US anti-trust ethos, and the ESPRIT
program in Europe culting across strongly entrenched
national boundaries. One side-cffect of this has been 1o
bring into prominence what was previously seen only as a
marketing/technical description of the evolution of
information technology in terms of its generational
infrasructure. As 1‘.I'Le‘f1E generation Program CcOmes o an
end, this raises policy questions as to the nature and
significance of the next generation, and as to the utility of
conceptualizing computing research in terms of
generational advances.

This paper analyzes the guestions in terms of a general
model of ‘learning curves’ whose time scale is largely
determined by the medium term business cycle of capital
replacement. It highlights an important difference between
computing and other industrizl technologies in that the pace
of change in the base, vlsi, technology is so rapid that
conventional ‘substitution’ effects are swamped by a dered
infrastructure of learning curves involving major qualitative
differences in technologies. A detsiled account of the
underlying model and its fit to the past development of
information technology has been given elsewhere (Gaines
& Shaw, 1986; Gaines, 1990, 1991}, and this paper focuses
on fifth generation and later issues.

2 Electronic Device Technology

The initial breakthrough for computing was in electronic
device technology, and a definition of computer

generations in terms of hardware works well for the early
machines. However, as Rosen (1983) notes it blurs
thereafver and “we are faced with an anomalous situation in
which the most powerful computers of 1979-1980, the
chC ber 176 and the CRAY 1, would have to be
assigned to the second and third generations, respectively,
while the most trivial of hobbyist computers would be a
fifth-generation system.” The reason for this anomaly is
that the substitution effects of one form of technology for
another are gradual and do not correspond to major
structural changes. The enabling effects of changing
technologies are far more dramatic: the change from
mechanical to electronic devices made it possible to store
programs as data and enabled the use of computers ags a
peneral-purpose ool and the development of language
compilers; the transistor made reliable operation possible
and enabled routine data processing and then interactive
timesharing; integrated circuits reduced costs to the level
where computers became commonplace and made possible
the personal computer dedicated 1o a single user,

Modern microelectronics commenced in 1956 when silicon
planar process was invented and enabled integrated circuit
technology to be developed. As Figure 1 shows, the
number of devices on a chip follows Moore's law in
doubling each year through the 1960s, and has continued (o
double every eighteen months through the 19705 and 1980s
{Robinson, 1984). The current projected limit is some
1.000,000,000 devices on a chip in the late 19905 when
guantum mechanical effects will become a barrier to further
packing density on silicon planar chips. However, three-
dimensional packing, semiconducting peptides, optical
devices, or, most likely, new materials not yet considered,

are expected o extend the growth.

Microelectronics shows over 9 decades of performance
increase in 40 years. Such exponential growth is common
in many technologies, but never over more than 2 decades
and then in periods of the order of 100 years. Computer
technology is unique in being based on underlying devices
whose performance has increased at a rate and over a range
achieved by no other technology. ithmic plots, such
as that of Figure 1, do not adeguately project the impact
such a long-term sustained growth, but this is apparent in
the linear plot of the devices on a chip by computer
gch:ncratlolf as mn iln Figr.lﬂ_':e 2. Duringd each gmpt':‘:adon,
c s have ace that correspond in magnitude to
Ihucs::gtuf SOme hundlxjcd years in other indosmies. These
quantitative ¢ es have led to major qualitative effects
that are analyzed in the following sections,
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Figure 1 Growth of devices on a chip

3 Learning Curves in Scientific and
Technological Development

There iz a simple phenomenclogical model of
developments in science technology as a logistic “leaming
curve” of knowledge acquisition {Ayres, 1968; Marchetn,
1981). It has been found to be a useful model of the
introduction of new knowledge, te.-::hnnluiy or product in
which growth takes off slowly, begins to climb rapidly and
then slows down as whatever was introduced has been
asgimilated. Such corves arise in many different disciplines
such as education, ecology, economics, marketing and
technological forecasting (Van Dujin, 1983; Stoneman,
1983).

It has also been noted in many disciplines that the
qualitative phenomena during the growth of the logistic
curve vary from stage to stage (Crane, 1972; De Mey,
1982; Gaines & Shaw, 1986). The era before the leaming
curve takes off, when too linle is known for planned
progress, is that of the inventor having very little chance of
success. When an inventor makes a breakthrough, very
rapidly his or her work is replicated at research institutions
wotld-wide. The experience gained in this way leads to
empirical design rules with very little foundation except
previous successes and failures. However, as enough
empirical experience is gained it becomes possible to
i:r;]:uclively model the basis of success and failure and
develop rheories. This transition from empiricism to theory
corresponds to the maximum slope of the logistic learning
curve. The theoretical models make it possible to automare
the scientific data gathering and analysis and associated
manufacturing processes. Once auomation has been put in
place =ffort can focus on cost reduction and gquality
improvements in what has become a mature technology.

4 The Infrastructure of the Information
Sciences

The fast, sustained, leaming curve for clectronic devices,
and the scope for positive feedback in the information
sciences, ogether result in a tiered infrastructure for the
information sciences and technologies which is
fundamental o their natwre. Tt involves a succession of
learning curves as rapid advances in one level of
technology trigger off invention in others as shown in
Figure 3.

The breakthrough in electronic device technology leadin
to the zeroth generation is placed at 1940 about the time o

L8]

Figure 2 Devices on a chip during six generations of computers

the Atanasoff and Berry experiments with tube-based
digital calculations. Automation by 1980 had reached the
extreme level where silicon compilers allow a designer 1o
implement ideas directly in devices with little further
human intervention (Fields, 1983).

The first breakthrough generating a computing
infrastructure was the introduction of the stored program
virtual machine architecture. Mauchly (1973) recognized
the significance of stored programs, noting that subroutines
create “a new set of operations which might be said to form
a calcnlus of instructions.” This was the key conceptual
breakthrough in computer architecture, that the limited
functionality provided directly by the hardware could be
increased by stored programs called as subroutines or
procedures, and that the hardware and these rounnes
together may be re as a new virnal machine. This is
the foundation of the development of a variety of forms of
virtual machine architectures (Weegenaar, 1978) that
separates out computing science as a distnct discipline
from other areas of electronic applications.

The next level of breakthrongh was in software to bridge
the gap between machine and task through the development
of problem-oriented languages. Work on the design of
FORTRAN in 1954 and its issue in 1957 marks the
beginning of the second generation era with languages
targeted to specific problem arcas of business data
processing, text processing, database access, machine tool
control, and so on. A 1968 paper on the coming fourth

eneration notes that “programming today has no

coretical basis™ and calls for a scientific basis in the next
generation (Walter, Bohl & Walter, 1968). Sure enough
the theory linking languages to the underlying virtual
machines developed during the fourth generation era, for
example, that of abstract data types and initial algebras
{Goguen, Thatcher & Wagner, 1978). In the fifth
generation era the application of experience, design rules
and theory to the automation of software production
became the top priority (Balzer, Cheatham & Green, 1983).

The next level of breakthrough was in interactive activiry
systems when continuous interaction becoming & si gnificant

ibility as the mean dme berween failures of computers
gg?an to be hours rather than minutes in the early 1960s.
The move from batch-processing to direct human-computer
interaction was made in 1963/1964 with the
implementation of MIT MAC, RAND JO88 and
Dartmouth BASIC systems. The study of such systems led
10 design rules for HCI in the 1970s (Hansen, 1971) and
theoretical foundations started to emerge in the 1980s



1167

[ tmentian
Socially Organized Systems * Research
KW[E@E Autonomous Activity Systems ,Q e ¥ = & Product Innovation
? rE Product Lines

Science

Interactive Activity Sysiems 4# 3

C ampuﬁug Problem-Oriented Languages

Scierice vinual machine Arehitecture
Electronic Device Technology

Generation : 0

1
]
4
« Breakthrough: creative advance made ¢

Knowledge Acquisition Systems _‘&

»

& Throw-Away Products

' R1EL LA
TE] T ATM
j“‘i“&**;ﬁ*

Knowledge-Based Systems E{'% 5 g & Low-Cost Producis
]

"

e =

N
w &
BB

P I ..
=] A==

E- RN -1
=R
o
o0 A =
o
D Pt —
~
ook =

- Replication period: experience gained by mimicing breakthrough
« Empirical period: design rules formutated from experience

« Theoretical period: underlying theories formulated and tested

« Automation pericd: thecries predict experience & generate rules

« Maturity: theories become assimilated and used routinely

Figure 3 The infrastructure of the information sciences

{Alexander, 1987). The improvement of human-computer
interaction was a major stated priority in the Japanese fifth
generation development program (Karatsu, 1982). Other
forms of interaction also became feasible as a result of
improved reliability such as direct digital control, and
various forms of digital communications systems.

The next level of breakthrough was one of knowledge-
based systems supporting knowledge-processing, the
heman capability to store information through its inter-
relations and make inferences about its consequences, The
breakthroogh in hwlod% -based systems dates from the
development of DENDRAL (Buchanan, Duaffield &
Robertson, 1971) for inferring chemical structures from
mass-spectrometry data and MYCIN (Shortliffe, 1976) for
the diagnosis of microbial infections in the early 19705, It
led to a spate of expert system development in the fourth
generation era of the 19705 (Gevarter, 1983), and pragmatic
design rules for knowledge engineering in the current fifth
generation era (Hayes-Roth, 1984). The utilization of their
visi production capability (Gaines, 1984, Galinski, 1983)
for the support of knowledge-based systems through
PROLOG machines (Kitsuregawa & Tanaka, 1988) has
been the other major priority in the Japanese fifth
generation development program (Moto-oka, 1982).

Defining the upper levels of the infrastructure becomes
more and more speculative as we move into the immediate
past of our own era and look for evidence of learning
curves that are at their early stages. It is reasonable to
suppose that the level above the representation and
processing of knowledge in the computer is that of
knowledge acquisition systems, breakthroughs in machine
learning and expertise modeling. Two breakthroughs in
this area have been Lenat's AM leaming mathematics by
discovery (Davis & Lenat, 1982) and Michalski’s inductive
inference of expert rules for plant disease diagnosis

(Michalski & Chilausky, 1980). In the fifth generation era
machine learning hecame a highly active research area in
its replication phase (Michalski & Carbonefl, 19%83). The
general field of knowledge acquisition has also seen a
massive growth in research (Boose, 1989),

One may speculate that the growth of roboties will provide
the next breakthroughs in which goal-directed, mobile
computational systermns will act autonomously to achieve
their objectives. The breakthrough into the sixth generation
era commencing in 1988 will probably be seen as one of
atonomons activiry systems. It is possible to see the
nascent congcepts for this breakthrough in the adoption of
the goal-directed programming paradigms of logic
programming languages such as PROLOG. When, in a
robot, a goal specification is expanded by such a
programming sysiem into & sequence of actions upon the
world dependent on conditions being satisfied in that world,
then the behavior of such a system will deviate sufficientl
from its top-level specification, yet be so clearly gm_]!_f
directed, as to appear autonomous. However, to achieve
significant results with such systems we need to add
perceptal acts to the planning structures of a language
such as SIPE (Wilkins, 1984) and develop logic
programming languages that cope with the resulting
em logic (Allen, 1984)—in these developments the
sixth generation breakthrough will come to be recognized,
possibly in the notion of “situated action” (Suchman, 1987)
and its application in subsumption architectures for
autonomous robots (Brooks, 1990; Connell, 1990).

One may speculate further that interaction between these
systems will become increasingly important in enabling
them to cooperate to achieve goals and that the seventh
generation era commencing in 1996 will be one of socially
organized systems. The Japanese “Sixth Generation™
research program proposals emphasize emnlation of
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creativity and intuition and the development of inter-
disciplinary knowledge sciences (STA, 1985; Gaines,
1986a). This recognizes the distincrion berween “computer
science” and “knowledge science” as shown in Figure 3,
and that cutting edge innovation in the information sciences
involves human and social considerations intrinsic to the
nature of knowledge.

It is also possible that building an adequate forecasting
mipdel based on the premises of this paper may undermine
the very processes that we model. If we come to
understand the dynamics of our progress inte the future
then we may be able to modify the underlying process—to
make the next steps more rapidly when the territory is

better mapped.

5 Using the BRETAM Model

The dered infrastructure model of Figure 3 also shows the

superimposed trajectories of invention, research, and s0 on,

The intersection of these with the horizontal lines of the

different information sciences may be used to model and

predict the primary focus of different types of activity in
each generation of computers:

« Invention is focused at the BR interface where new
breakthrough attempts are being made based on
cxperience with the replicated breakthroughs of the
technology below.

» Research is focused at the R E interface where new
recognized breakthroughs are being investigated using the
empirical design rules of the technologies below,

* Product Innovation is focused at the ET interface where
new products are being developed based on the empirical
design rules of one technology and the theoretical
foundations of those below.

+ Product Lines are focused at the T A interface where
product lines can rest on the solid theoretical foundations
of one technology and the automation of the technologies
below.

« Low-post Products are focused at the AM interface where
cost reduction can be based om the automated mass
production of one technology and the mature
technologics below.

+ Throw-away Products are at the MM interface where cost
reduction has become such that maintenance and repair
costs exceed replacement costs,

For example, by the end of the fourth generation (1972-80):

« BR: recognition of the knowledpe acquisition possibilities
of knowledge-based systems led to the breakthrough to
inductive-inference systems.

+ RE: research focused on the natoral representation of
knowledge through the development of human-computer
interaction, e.g. the Xerox Star direct manipulation of
objects.

+« ET: experience with the human-computer interaction
using the problem-oriented language BASIC led to the
innovative product of the Apple II personal computer.

« TA: the simplicity of the problem-oriented langnage RPG
11 led to the design of the IBM Systemy3 product line of
small business computers.

* AM: special-purpose chips allowed the mass-production
of low-cost, high-quality calculators.

By the end of the fifth generation (1980-88):

* B R: recognition of the goal-seeking possibilities of
inductive inference systems led to breakthroughs in
ElOROMOUS-ACvity systems.

* R E: research focused on knowledge acquisition for
knowledge-hased sysiems,

« ET: the advantages of the non-procedural representation
of knowledge for human-computer interaction led to the
innowvative designs of Lisp and Prolog machines.

+ TA: the ease of human-computer interaction through a
direct manipulation problem-oriented langnage led to the
Apple Macintosh product line of personal computers.

* AM: the design of highly-integrated language sysiems has
allowed the mass-production of low-cost, high-quality
software such as Turbo Pascal,

+ MM: calculators have become so low in cost that
replacement is preferable to repair.

By the end of the sixth generation (1988-96):

+ BR: recognition of the cooperative possibilities of
autonomous intelligent systems will lead 1o a
breakthrough in soclally organized systems.

* RE: research will be focused on autonomous intelligent
behavior in systems such as neura]l networks and
subsumption robots.

« ET: the advances in inductive systems will lead to new
products for extracting knowledge from large datasets.

= T A: non-procedural problem-criented languages will
become routinely available on main-frame computers.

* AM: highly interactive personal workstations will drop in
cost to a level where they become standard office
equipment.

+« MM: workstation replacement will have become more
effective than maintenance and repair.

6 Significant Developments and Interactions

The BRETAM model can be used to highlight the
significant developments in information technology for
purposes of planning research, development and
applications. Figure 4 left shows the cross section of
Figure 3 that is relevant 1o the state of the art in information
technologies during the previous, fifth generation of
computers. The top three levels on the right of invention,
research and innovation show why the fifth generation is
generally recognized for its innovations in artificial
intelligence, Tt was during this period that knowledge-
based system ucts such as expert system shells first
became available. Howewver, in terms of reliance wpon
proven technology, it is the lower levels of product lines
and below that are significant. The fifth generation was
that in which human-computer interaction was dramatically
improved through graphic users interfaces, object oriented
languages brought control of complex system development
in software engineering, and networking became
ubiguitous. All these innovations took for granted
advances in the underlying device technology that offered
very fast powerful and reliable processors and large high-
speed memories at low-cost.

Figure 4 right shows the equivalent picture of what is
happening now as we progress through the sixth generaton
of computers. Hardware and networking have become
almost negligible in cost and almost indefinitely powerful.
Large-scale distributed systems are becoming readily
available in terms of equipment and hardware architectures.
Object oriented languages, and their associated application
programming support environmenis (APSEs) and class
libraries, are i&mming routinely available at very low-cost.
Graphic user interfaces (GUIs) are become standardized
and portable across platforms as a muu'm:1|y available
technology. By the end of this generation the lowest level
of knowledge-based system technology will have become
available as well-supported uct lines. These will
support large-scale conceptual modeling at the enterprise
level, the integration of heterogeneous information and
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Figure 4 Significant technologies in the fifth and sixth generations

processes at lower levels, and the emulation of many
aspects of human skilled behavior. Whether they are called
“abject oriented deductive databases,” “second generation
expert system shells,” or “knowledge representation
servers,” or something completely different, is a matter for
fashion, chaos theory, linguistics and marketing, to
derermine—we can already define their functionality and
exhibit their application and that is enough.

If one focuses on a particular area of development or
application, the BRETAM model may be used to examine
the infleences on it from technologics at different levels,
and hence in differing states of mamrity. For example,
Figure 5 shows the influences on the development of
Computer-Aided Software Engineering (CASE) tools
during the fifth and sixth generations. CASE tools were
developed as part of the automation phase for problem-
oriented languages and, while commercial tools are
designed 10 support many paradigms, the full impact is
dependent on the development of formal specification

Socially Organized Systems

Autonomous Activity Systems

Knowledge Acquisition Systems

Interactive Activity Systems

Problem-Crientad Languages

Virtual Machine Architecture

Elactronic Davice Technology Eﬂ hd

5;6

1
9
B
]

O A =

BIR
RIE

Knowledge-Based Systems _E T
TIA
A

i
]
2
L]

languages subject to verification of correct implementation.
The computer-support of CASE diagramming tools, group
support, and theorem-proving verification methods has
been dependent on the availability of low-cost high-power
processors and displays from the electronic device
technology level supporting workstation and networks at
the virtual machine architecture level. The application of
this low-level technology to CASE has been dependent on
{he development of graphic user interfaces at the interactive
activity systems level. The complexity of reasoning
required in operating a full CASE environment has made it
a major target for applications of expert systems technology
at the knowledge-based systems level, and we may expect
an increasing application of machine learning technigues 1o
support automatic programming as the knowledge
acquisition systems level develops.

Thus, at any given level, there is dependency on the
availability gf%_he more mature technologies below, and
support for further development from innovations in the
less mature technologies above.

Machine Learning

Expert Systems

/ Window systems, graphics
Specification languages
\ Workstatlons, networks

Low-cost mamory,
bit-map ﬂ‘f5pliu;'.!-¥

Figure 5 Influences between levels in development of Computer-Aided Software Engineering (CASE)
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7 Current Issues at Each Level

The levels in the BRETAM model can be used as the basis
for a check list of current i55ues in information technology.

In electronic device technology the packing densities are
becoming so great that to sustain the line of growth in
Figure 1 new approaches are needed. Electron beam
lithography has been used experimentally to fabricate
devices with gate lengths down to 65nm and current efforts
arc targeted on 20nm (Allee, Broers & Pease, 1991). There
is also extensive exploration of alternative materials to
silicon for the fabrication of computing devices. Nonlingar
interactions between material and photon streams are
capable of supporting computation and maintaining
continuing résearch activities on optical computing
technologies (Lebreton, 1991). Research also continues on
organic semiconductors {Gunshor, 1988) where high
fabrication densities are theoretically possible and genetic
engineering  techniques offer new manufacturing
approaches. It is significant to note that the technology of
DNA, its analysis and fabrication, is not only critically
dependent on information technology but also is irself a
paralie]l “information processing technology™—in organic
material rather than silicon. The most innovative advances
in materials during the fifth generation era have been those
ted on nanstechnology, of system fabrication at the
molecular level. The molecular ‘train sets’ of roday
(Stoddart, 1991) are a fascinating curiosity that illustrate a
breakthrough in both fabrication and instrumentation at the
molecular level, and offer opportunities for new
technologies which are currently at the limits of our
imagination,
In virtual machine architecture the primary motivation has
been to take advantage of the opportunities for 1
processing offered by modern visi technology. is has
resulted in a very wide range of approaches from machines
utilizing tens of thousands of conventional processor chips
{Alder, 1988) to neural network technologies performing
compuiations in radically different ways (Soucek, 1991},
The essential tension between special-purpose computing
and gcncral-pu?ma computing that has existed since the
carliest days of the digital computer underlics rescarch
activities and product innovations in this area. It is
commonly stated as ong of relation to the level above, of
the provision of problem-oriented languages w interface
computational requiremenis to computational resources,
and it also a problem of integration, of combining special-
purpose functionality with general-purpose support
technology.

In problem-oriented languages the move lowards 2 mature
technology is apparent in many changing attitedes to the
lechnology as well as in new developments. The
application of a conceptual framework of manufacturing to
software has become very fruitful and 15 @ magor thrust in
Japan, Europe and the USA (Fernstrdm, 1991; Humphrey,
1991; Basili, Caldiera & Cantone, 1992). However, the
requirecments for zero-defect, maintainable software
manufactured from reusable parts has generated new
requirements in the base technology. The development of
Ada and C++ have been two practical exiensions to
previous technology addressing issues of rensability such as
abstraction and encapsulation. However, there are also
more fundamentzl trends towards theoretically well-
founded languages such as PROLOG and ML that offer
possibilities for combining verification with reasonable
run«time performance. In the sixth generation era the
combination of features and experience from logic
programming, functional programming and object-oriented

programming, functional programming and object-oriented
programming to provide new generation languages will be
a major arca of rescarch and development—Ait-Kaci's
proposals for LIFE are an indication of what might be
achieved (Af-Kaci & Podelski, 1991).

In interactive activity sysiems the need to achieve
interoperability between diverse equipment across high-
speed local and wide-area networks has been a major
developmental thrust in the ﬁft]lun;cnml:icm leading to
widespread adoption of the IS0 OS] standards (Day and
Zimmerman, 1983), and to major standardization efforts at
the uvpper levels concerned with data content and
application integration (Modiri, 1991). There has been a
parallel thrust in human-computer interaction where the
need to develop products with platform-independent
g’aphic user interfaces has led to the adoption of CMU's X-
indows and OSF's Motif as virtual standards under Unix,
and the development of user interface management systems
such as OIT and XVT thar allow a single interface
definition 1o be implemented automatically on virtsally all
rsonal computers and workstations. What is still missing
in networking is the capability to integrate communities
across wide area networks such that the system 5 A% @
single entity rather than a local having one set nalP nctions,
loosely and heterogencously coupled to a global network,
What is missing in the user interface are the capabilities to
recognize spoﬁen language and to interact in natural
langua These have been objectives since the first
generation of computers and it is reasonable to expect that
advances in all the lower level technologies supporti
knowledge-based systems together with the development o
more powerful knowledge bases make speech and language
auractive targets for sixth generation development.

In knowledge-based systemss the necd to development
secure theoretical foundations for knowledge representation
may be seen as a major dynamic in all research. The
acceplability of arbitrary heuristics in artificial intelligence
systems declined in the fifth generation, and complexity
analyses of basic knowledge representation systems began
to identify the intrinsic problems of deductive knowledge
representation systems (Brachman and Lewvesque, 1984,
Mebel, 1988; Schmidt-Schaufi, 1989). In the mid-1980s
Afr-Kaci (1984, 1986) gave a lattice-theoretic model of
knowledge base langnages with operational semantics
through term rewriting that resolved many of the issues of
complexity and deduction algorithms for term subsumplion
knowledge representation systems. This y-caleulus is
particularly interesting because it provides foundations for
complex object representation in deductive databases, for
type computation in functional programming languages,
and for knowledge representation in artificial intelligence.
Developments based on sound theory are now targeted on
the provision of knowledge mfprcsemar.iun services, and
effort is becoming increasingly focused on the development
of standardized modolar systems with layers of well-
defined and well-implemented functionality. This research
is underway not only in the artificial intelligence
community but also in the deductive database (Ohori,
1990}, logic programming {Yardeni and Shapiro, 1991) and
funetional programming communites (Fuh and Mishra,
1990). This convergence of interests is o be expected as
certain aspects of ‘knowledge’ and ‘intellipence’ are
factored out to become realized by standard computational
data structures and processes.

In knowledge acquisition systems the replication era of
pragmatic copying of techniques and tools in the 1980s has
#iven way to attempts 1o integrate methodologics and
understand their underlying basis in the 1990s.



McDermott's (1988) role limiting methods are based on the
abstraction of conmol knowledge from a family of rclated
tasks, and the use of this to classify knowledge
requirements and usage. As we identify role limiting
methods we may come to rationalize them and develop
alternative approaches that are more principled which is the
basis of Chandrasekaran®s (1988) analysis of generic rasks:
The KADS research project (Akkermans, Harmelen,
Shreiber and Wielinga, 1992) in the ESPRIT program has
led to major advances in principled approaches to
knowledge acquisition using a software engineering model.
Apart from the development of more principled knowledge
acquisition methodologies, we may also expect existin
knowledge acquisition tools to be applied to the develop
large-scale knowledpe bases in the sixth generation era,
The Cyc project at MCC (Lenat & Guha, 1990) has been
the outstanding example of such an attempt during the fifih
generation, and the move towards knowledge interchange
standards (Weches, Fikes, Finin, Gruber, Patil, Senator &
Swartout, 1991) may be seen as supporting more
widespread developmenis in the sixth generation.

In autonomouns activity systems we are only at the
beginning of an understanding of the nature of situated
action and the interplay between the activities we interpret
as ‘planning” and ‘representation” and the underlying neural
rocesses which seem completely different in nature
Clancey, 1990). It is probable that for advances in this
area we shall have to a much wider perspective on
knowledge-based systems in computing that analyzes their
essential relationships- to- the cognitive -and social
knowledge of the human species (Gaines, 1991).
Similar considerations apply to the expected breakthrough
in socially organized systems. Current experiments in
computer-supported cooperative work, intelligent agents
surrogates, and distributed artificial intelligence are the
necessary preliminaries to a major advance, and are
reflected in the emphasis on system integration at lower
levels, Socially organized will be a very active but
relatively uncoordinated area of research throughout the
sixth generation era.

8 Conclusions

It is interesting to examine the fifth generation program,
and its world-wide emulation, in the light of the BRETAM
model. In terms of timing, the Japansse announcement in
1982 came as knowledge-based system technology was
moving into its empirical phase with expectations of
significant product innovation by the late-1980s. The
distinction between the lower foor levels of ‘computer
science' and the “qualitative change in the nature of
information technology innovation in a new era of
‘knowledge science' was also becoming apparent. The
entire focus of the ICOT research and development
program has been consistent with this rationale since it has
concentrated on the enabling technologies for effective
krowledge-based systems in terms of use of vlsi
technology for new machine architectures supporting logi

programming on interactive work stations. Thus 1t

emphasis has been on the application of mature or maturin
computer science technologies to provide a soli

technological foundation for innovation in knowledge-
hased syslems.

The parallel programs triggered off in the USA, UK and
Europe, have not had such a specific focus but have tended
to address the whole cross-section of fifth generation
technology issues from chip encapsulation, through paraliel
architectures, specification languages, user interfaces,
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network protocols, knowledge representation systcms,
knowledge acquisition and planning. They have also
addressed specific application domains significantly
impacted by fifth generation developments, such as office
automation and computer-integrated manufacturing. These
other areas have also been addressed in Japan but not as
part of the specific *fifth generation’ initiative.

As a final conelusion, it is reasonable to conjecture that the
essence of sixth and seventh developments will that of
treating ‘kmowledge' as the raw material to be processed
rather than ‘data’ This conclusion will not be surprising
for anyone at this meeting, but it is one that may be given
more quaniitative substance and detail through the model
presented in this paper. In particular, it is important to note
that the shift towards a knowledge perspective in no way
reduces our dcﬁjcnd;ncy on continuing advances in
electronics, machine architectures, software engineering
and improved human-computer interaction. These are the
bedrock on which the foundations of knowledge-based
systems are laid.
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