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#1. Items in research and development of the fifth generation computer

systems

Basic application systems

Machine translation system

technology

1-2)  Question answering system
1-3)  Applied speech understanding system
1-4)  Applied picture and image understanding system
1-5)  Applied problem solving system
Basic software systems 2—1) Knowledge base management system
2—-2) Problem solving and inference system
2-3)  Intelligent interface system
New advanced architecture 3-1) Logic programming machine
3-2) Functional machine
3-3) Relational algebra machine
3—4)  Abstract data type support machine
3-5) Data flow machine
3-6) Innovative von Neumann machine
Distributed function architecture 4—1)  Distributed function architecture
4-2)  Network architecture
4--3)  Data base machine
4-4) High-speed numerical computation machine
4-5)  High-evel man-machine communication system
VLSI technology 5-1)  VLSI architecture
. 5-2) Intelligent VLSI CAD system
Systematization technology 6—1) Intelligent programming system
) 6-2)  Knowledge base design system
6--3)  Systematization technology for computer archi-
tecture
6—4)  Data base and distributed data base system
Development supporting 7—1)  Development support system




Project management  y System evaluation  foemc---memmos—soemom-— Fifth generation applications
system \
. t )
v ™
Basic theory and software ]
o Basic application system 4 ) Trial production of an intermediate Development of software
o Basic software system ’ target system on a trial basis for a fifth generation target sysiem
Study of basic theory (prototype)
and system o ) ~
i/} Second specification f} ~
FirstL specification |/
Architecture darchi s Lt ™~ Development of hardware for a fifth _
a N?w ladvance are tecture o Trial production of an generation target system (protoytpe) Fifth
o Distributed function architecture experimental machine ;
Basic research and evaluation A A generation
) - o Distributed function uler
of architecture network system ﬂ / comp
| - system
. . W,
—
T L

0 "
=l s

Systematization technology - / 5 intelligent designing system
g :j::;:ﬁ:ﬁziylechnulogy o Custemized L8[ ¢ Customized VLS] designing o !];n'lelligefnt desig|"|ing
designing system system ystem for program |
o Basic research on o Program and knowledge base and knowledge hases l
program and know- designing system L o Distributed data hase system
ledge base designing S J

k syslems J /\\\\

11 \
(- V w h o Intelligent software tj‘/ .
Development support systems : [9015

o Software Lools and o Sophisticated software tools o, Distributed function network

personal support o Database support systems systems including new advanced

machines b Local networks within research architecture machines
o Networks and support ) institutions

systems " o National Global networks . S
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8 Cancept diagram showing how research and development are to progress
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1. VLSI Design
* Structuring designs
* Integrating all aspects of design
* QOrganizing libraries
2. Preparation of Technical Documents
* Giving a logical structure
* Integrating graphs and graphiecs
* Heterogeneous Documents
3. Computer Aided Instruction
* Paradigms from Program Prepara—
tion
* Techniques from Compiler Techno—
logy
* Techniques from Proof Checking
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ABSTRACT

With the advent of VLSI, the design of high-
performance digital systems changes from the re-
alization of am algorithm on a given architecture
fabricated in a fixed technology to an integrated
precess wherein the mutual interaction of algo-
rithm, architecture, and technology establishes
a balanced design satisfying the system goals.

In this paper, these factors are examined in
terms of the computational needs of Fifth (ener-
ation Computer Systems, with emphasis on appli-
catiens in signal processing, speech generation,
and speech understanding.

The evelving silicon planar technology is
providing capability for the fabrication of -in-
dividual circuits containing millions of devices.
Complex systems cannot exploit this technology,
however, without the limitation of architectural
elements to restricted classes of cananical
forms which can be modularly expanded to reflect
the natural hierarchy of the task domain. A
specific domain where such a basis set of func-
tional units is particularly useful is that of
spectral analysis and filtering, where the tech-
nology now permits fullutilization of all possi-
ble parallelism. For example, N point FETs can
exploit up to (N/2)logsN complex “butterfly'
units, and such a high performance architecture
in turn demands a technological base requiring
wafer-scale integration and accompanying redun-
dancy techniques dictated by yield considera—
tions. In this way, the modular size of umits,
the architecture of interconnection, the techno-
logical base for testing and restructuring, are
all seen to interact in complex ways. Whereas
in previous systems, natural modular elements
were built from smaller separate elements, now
the characteristic limitations of the technology
establish the degree of redundancy and size of
modular elements, thus strongly constraining the
overall architecture. Today redundancy tech-
niques are applied at the chip level, but large
new systems will require system level utiliza-
tion of redundant elements. These large systems
will also require a testing architecture and
technology capable of comprehensive testing of
modules at fabrication time for use by intercon-
nection processes, but also self-testing during
field utilization te continually establish the
viability of these complex computational engines.
Technological innovations may also lead to three-
dimensicnal structures that will permit new
interconnection strategies and architectural
forms.

The massive parallelism afforded by the evolv-—

ing technology reveals, however, the need for
fundamental understanding of algorithmic repre-
sentation. As usually expressed, algorithms con-—
found the competence or semantics of a task with
its performance. 1In a world restricted to sin-
gle-sequence von Neumann machines this was not a
severe limitation, but now the system designer
requires the systematic means to explore space/
time/power tradeoffs as various performance op-
tions all the while retainimng the basic compe-
tence of the prescribed task. New results pro-—
viding the theoretical basis for these perform—
ance explorations are finding use in design sys-—
tems that provide the system designer with a
comprehensive choice of options, hence merging

a class of algorithms fer a given task with a
corresponding set of architectural possibilities.
The availability of extensive parallelism has
also encouraged nmew compilation techniques for
the design of data path-units incorporating dis-
tributed arithmetic-logic capability over a set
of registers., VLSI desigh strategies of this
sort thus encourage the designer to exploit
parallel operacions on specialized registers in
a way not possible with previous general-purpose
architectures. Future design systems will dis-
cover such task-specifiec parallelism and auto—
matically compile architectures that reflect
these possibilities,

The interacting constraints due to technology,
architecture, and algorithm provide a particular-
ly rich set of design options in systems for
digital signal processing, speech generation Erom
text or concept, and speech understanding. Sys-
tems capable of supporting interactive design for
these applications will soon permit the realiza-
tion of high performance complex engines. It is
of especial interest that the techniques described
here for use in Fifth Generation Computer Systems
will provide the bazsis for both the requisite de-
sign systems and the application systems produced
by thier utilization.

L. INTRODUCTION

Fifth Generation Computer Systems will be used
to solve very complex problems with a very high
level of performance. In order to design these
systems successfully, they must be seen as the
result of integrating together several different
(but interacting) constraint domains, each of
which has its own characteristic structures. The
constraint domains are -

1. Technology 2, Algorithm 3. Archicecture
4. Data Structure
5. Programming Language

It is the claim of this paper that the best




designs are obtained when these structures
"match" or interrelate in a complementary way,
each supporting the other. Each of these design
domains has a substantial internal theory, but
also overlaps with the other domains, and the
system designer must be aware of the design
freedom and constraints at each level, as well
as the consequences of design decisions at any
given level on all of the other interacting
levels.

In this paper, we will focus on the first
three constraint systems, although we of course
do not wish te diminish the importance of the
additional constraintg, This will enable us to
once again see integrated circuit systems as the
realization of multiple interacting constraints
specified by different levels of representatiom.

Once again, we will observe the necessity for
well-formedness within each constraint system,
but also that these representations "line up"
with each other (e.g. logic, circuit, and mask
ilayout) so that changes to one level automati-
cally propagate to other levels. We will in-
vestigate the interplay between algorithmic
representation and architectural representation,
and examine the influence of technology on the
latter. We will then conceritrate on the nature
of integrated circuit design, and the way in
which these systems are specified at all levels
and verified for correctness. Examples of this
process are drawn from signal processing, where
there exist many useful canonical structures
that are rich in parallelism. These algorithm
structures and representations are well-under-
stood, and'allow us to readily appreciate and
invent appropriate architectures and technology.

We then move to architectural considerations
where there are less well specified canonical
forms and primitive computing elements. We con-
sider a scheme for implementation of large-scale
semantic nets, and then move to a discussion aof
speech synthesis and understanding. Once again,
we will enceounter multiple interrelated levels
of representation. Most current speech recogni-
tion systems consider only the waveform aspect
of a speech utterance, but we show that compre-
hensive recognition of a broad class of utter-
ances must integrate together the constraint
strengths from a number of different levels of
language representation, including syntax,
semantics, phonology, and the structure of the
lexicon, In this way, we see again a problem
domain where various levels of representation
must be brought together in complex ways.

In the discussion above, each of the con-
straint domains 1s of course z knowledge source,
and we wish to point out that algorithm, archi-
tecture, and technology are all complex knowl-
edge sources, each with a substantial internal
theory, but also with non-trivial overlap. It
is the specification of systems to cope with
such problem areas that will substantially occu-
py the designers of fifth generation 'systems.

IL. FUNCTIONAL SPECIFICATION

An initial specification of an algorithm and

corresponding architecture is currently done in
most cases by the human designer in an informal
way. An important area of research, however, is
the means to derive an initial specification of
the system from a functional specification.
Here, we must understand much of the designer's
expert knowledge, and how it is used tec con-—
struct the system. We consider two examples:

1. Digital Filter design. Programs exist to
convert a functicmal specification of, say, a
band-pass filter {frequency band, in-band rip-
pte, out—of-band attenuation, etc.) to a canoni-
cal digital filter form, complete with numerical
specification of the digital filter parameters.
This may be thought of as a complete functiomal
to architecture {and implied algorithm) trans-
farmation, and hence captures much design knowl-
edge. ’

2. Analog circuit design. Starting with a
functional specification of an output signal
waveform, there has been some initial success in
representing the circuit designer's knowledge in
a rule based system. These rules decide on the
parts {or modules) of the resulting system, and
the circuit topology (or interconnection of mod-
ules), and produce cne possible circuit that
satisfies the functional requirement. These de-
sign rules do not specify a '"best" circuit, and
so there is need to further investigate the de-
sign along the dimensions of various performance
criteria.

Research on such design strategies starting
at the functional level is clearly of fundamen-
tal Importance. The initial research indicates
that it is possible to represent the output of
the designer's initial activity as an architec-
tural structure composed hierarchically of basic
primitive or canonical elements. But there re-
mains the task of investigating and varying the
performance of the design.

I1II. ALGORITHMIC AND ARCHTECTURAL REPRESENTA-
TIONS
In many problem domains, we are often given
an initial algerithm and architecture together.
Unfortunately, this confounds the competence

{what an algorithm does) with its performance
(how the algorithm is executed) since the algo-
rithm is expressed in terms of an architecture,
Usually algorithms are expressed in terms of a
von-Neumann single-sequence computer architec-
ture, but this tends to obscure potential paral-
lelism, and represents the algorithm at only one
performance level.

1. We would like to have a fundamental means
to represent separately the competence and per—
formance of an algorithm. While there has been
some initial research, there is not yet such a
technique appropriate for broad classes of algo-
rithms. There is need for much more research
here. ' :

2. It is possible, however, te introduce com-
petence~constrained performance transformations
that permit systematic manipulation of perfor-
mance while guaranteeing that the competence is
preserved. Two examples: : :




a. A system specified by.a hardware design
language scheme can be transformed to any other
theoretically possible performance. Techniques
for these transformations utilize basic ideas
of conflict resolution.

b. 1In specific cases, such as gate arrays,
the system designer can change performance
features (such as fan-in/fan-out, pin count,
logic delay) with a set of basic transforma-—
tions that guarantee that the intended logic
function is not altered.

3. Once a given architecture is obtained via
transformations, then its consequences can be
derived in a given techn016§§. For example,
estimates of spatial area, time delay, and
power consumption can be made in a technology-
dependent way. The realization of a particular
architecture in a selected technology is done
hierachically in a way that displays the avail-
able useful parallelism, and this means that
module interconnections must be made explicit
(topologically and in area utilizatien), and
this problem induces close coupling between -
architecture and technelogy. ]

Examples of architecture/technology inter-—
action:

a. Particion size vs. redundancy for large
systems utilizing wafer-scale integration. The
need for redundancy in such systems introduces
additional potential parallelism in the archi-
tecture, and means that logical locality may
not translate into physical locality, with
resulting performance limitations in space and
time.

b. Integrated circuits are thought of as 2-
dimensional arrays of devices now. However,
with introduction of stacked epitaxial silicon
layers, 3-dimensional structures are possible,
and these may be profitably exploited for C-MOS.
Furthermore, the metal interconnect and contact
technologies have very strong effects on the
architecture and its performance in both space
and time.

c¢. In general, techneclogical changes can be
traded for architectural changes. In the de-
sign of real-time systems, a high-speed technol-
ogy does not require as much exploitation of
parallelism as a lower-speed technology. There
will always be a tendency to expleoit technologi-
cal performance in an attempt to limit the con=-
trol complexity required by parallelism.

IV. GENERATION OF ARCHITECTURAL UNITS

The effect of technology om architecture is
‘reflected in a continuum of interconnections
strategles:

1. fixed at design time

2. fixed at fabrication time

3. dynamic connectlon strategies that utilize
on-line testing and link formation.

Due to faults arising from defects, perfor—
mance may not be strictly predictable at design
time but only boundable, These bounds can be
obtained from new techniques that statistically
predict yield from a detailed mask layout speci-
fication. Knowledge of yield factors at design

time in a quantitative way permits the designer
to further explore architectural options of
module size and parallel redundancy. Such tech-
niques, together with reconfiguration procedures -
at fabrication time, have increased yields of H4o
K RAM chips by a factor of 3.5, a fact that has
enoTmeus eConNUmic consequences.

We now assume that a desired architecture
(complete with redundant elements if needed) is
available, and we must implement it using some
IC technology such as NMOS or CMOS.

1. Several levels of representation must be
generated, correctly maintained, and properly
aligned.

These include architecture, logic, circuit,
device, and layout specifications. Due to the
complexity of modern chips, there is a search
for universal canonical modules and hierarchical
connection and verification strategies that can
reduce the amount of '"random'" detail considered
by the designer, and hence these are called
structured design strategies.

(1) A number of basic canonical forms have
been specified. These include standard cells,
gate arrays, program logic arrays, finite state
machine structures, register arrays, and arith-
metic-logic unit components.

(2) It is important that these forms be re-
presented in a way that permits parameterized
instantiation (i.e. logiec function, intercon-
nect "pitch," transistor size). This suggets an
analogy with software procedures, and the idea
of a type. Hence a module is represented as a
program. To design a module is to write a pro-
gram to generate it. Such techniques permit the
correct generation of many logic and register
functions by a direct transformation from the
functional specification to detailed mask lay-
outs. There 1s no question that increasingly
the IC designer has diminished need to concern
himself with the high complexity of layout with
such canonical procedures. These techniques
also show the equivalence of program and data,
angd hence the popularity of languages such as
LISP for this purpose.

(3) Not only can individual modules be repre-
sented by program, but entire systems can be
instantiated using similar techniques.

a. control can be realized with finire state
machines that represent multiple processes.

b. maximally parallel data paths can be
formed by distributing arithmetic-legic units
over a register array in a parallel way. Pro-
grams exist to automatically place these ele-
ments and create the requisite local busses for
interconnection. The designer can thus specify
special purpose registers together with corres—
ponding dedicated processing capability.

(4)  Modular, Hierarchical Design Overview.

(5) Themes Throughout,

2. Example

" S8ignal processing tasks can utilize the tech-
niques for design that we have discussed.

a. Basic canonical cells. There are a small
number of basic computations that are extensive-
ly used in signal processing. Examination of a
number of tasks (recursive biquadratic filter,




radix 2 FFT computational element, finite im—
pulse response filters, lattice filters, and
correlation) shows the elements that can be con-—
tained in a basic reconfigurable cell.

b. Fully parallel FFT. In order to exploit
all possible parallelism in an FFT, a large
_gstructure is needed suggesting restructurable
wafer scale integration. Such a realization
requires partiticoning and redundancy strategies
that transform functional modularity into tech-
nclogical modularity and augment the basic par-
allelism with additional elements dictated by
redundancy .

¢. This example shows the way in which con-
straint domains represented as knowledge sources
are integrated together in a complementary way
to achieve the final design.

V. SYSTEMS FOR INFERENCING THROUGH INTEGRATION
OF KNOWLEDGE SOURCES

In this section, we consider system design
where the abstract levels of representation are
not as well understood or established as in the
previous sections when we dealt with more con-
crete entities such as logic, circuits, and
signals. Our examples are drawn from the field
of language processing. . -

1. Semantic nets realized by a commection
machine. Here we consider the basic problem of
retrieving knowledge. A few simple operations
are used repeatedly:

a. deducing facts from semantic inheritance

networks

b. matching patterns, or finding the best

match

c¢. sorting according to some parameter

d. searching graphs for sub-graphs of a

specified structure.

A switching network is provided that permits
the realization of many virtual networks on one
basic architecture. Commnication is achieved
by message passing over the uniform array of
cells, each of which contains a simple processor
containing a few registers, a state vector, and
a rule table. Work is currently under way at
MIT to generate a large machine of this type for
artificial intelligence research.

2., Text—to-Speech Conversion for unrestricted
English text is now well understood. It can be
represented as a linguistic analysis of the text
followed by a generation of the speech waveform
from an underlying phonetic representation.

a. In the text analysis, word structure,
letter—to-sound rules, stress rules, boundary
adjustments, and low-level phonetic contextual
adjustments are made.

b. The speech waveform is generated by first
deriving a timing structure, then the pitch
waveform, and finally the detailed phonetic
parameters needed to drive a model that produces
the output waveform.

Although there remain problems of representa-
tion for lexical units, the relation of syntax
to phonology, and pitch conteur, these tech-
niques are presently capable of producing highly
intelligible.and reasonably natural sounding

speech. A VLSI hardware system to realize these
functions, however, has not been constructed,
although it should be possible using wafer-scale
restructurable technelogy. It is important to
see this system as a means to discover and inte-—
grate a wide variety of language constraints in
arder to achieve the construction of a satisfac-
tory speech waveform.
3. Speech Recognition and Understanding

Here we contrast two views of the problem.

a. Most current commercial systems implicitly
assume that the information in the speech signal
is sufficient to recognize the utterance, and
hence the speech recognition problem becomes a
pattern matching problem, usually employing some
parametric representation of the speech (such as
linear predictive coding). Because of speaker
variation and timing changes, an optimal dynamic
programming match is performed. Fortunately, a
regular two-dimensional architecture can be
devised for these intensive computations, and
great parallelism can be exploited to perform
the dynamic time warping in real time.

b. For large vocabularies, realistic syntax,
multiple speakers, and noisy input, the speech
understanding problem becomes very difficult.
Much research is needed to develop a cognitive
model for human speech perception. While much
remaips to be learned, the best current knowl-
edge represents the generation of a percept as
an integrdtion process over many knowledge
sources. Each of these knowledge sources has a
substantial internal theory, but also interac-
tion with the other sources. In this way, con-
straint strengths due to syntax, semantics,
phonology, and the lexicon are exploited at ap-
propriate points in the time-evolution of the
perception to build the linguistic or textual
representation of the utterance. Even at the
phonetic level, many different parameters in-
teract in complex ways with context-dependent
tradeoffs to determine the phonetic segment
features. Fifth Generation architecture can be
expected to provide the framework needed to
represent these structures and provide for
their mutual interaction. We should realize,
however, that these are exceedingly difficult
problems which will require extensive contribu-
tions from many talents.

VI. SUMMARY

We have shown how architecture, algorithm,
and technology interact to form VLSI systems.
The way in which these structures interact is
also found among the various levels of VLST de-
sign representation, and the several constraint
domains utilized in matural language tasks.
These observations show that much of the com-
plexity faced by the need to represent and con-
struct solutions teo the problems faced by Fifth
Generation computing systems is profitably
thought of as systems of mutually interacting
knowledge sources with various degrees of coupl-
ing. Further research will specify in more de-
tail the nature of such knowledge representa-
tion, and the inference mechanisms needed to
yield consistent and correct systems.
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