Microelectronics
and Computer Science

The functional architecture of the computer has traditionally been

shaped by the size of specialized components and concepts of how

people think. Microelectronics is now eliminating these constraints

by Ivan E. Sutherland and Carver A. Mead

( :omputer science has grown up in
an era of computer technologies
in which wires were cheap and

switching elements were expensive. In-

tegrated-circuit technology reverses the
cost situation, making switching ele-
ments essentially free and leaving wires
as the only expensive component. In an
integrated circuit the “wires,” actually
conducting paths, are expensive because
they occupy most of the space and con-
sume most of the time. Between inte-
grated circuits the wires, which may be
flat conducting paths on a printed circuit
board, are expensive because of their
size and delaying effect. Computer theo-
ry is just beginning to take the cost re-
versal into consideration. As a result
computer design has not yet begun to
take advantage of the full range of capa-
bilities implicit in microelectronics. As
we learn to understand the changed rela-
tive costs of logic and wiring and to take
advantage of the possibilities inherent in

large-scale integration we can expect a

real revolution in computation, not only

in the forms of computing machines but
also in the theories on which their design
and use are founded.

Why is it that computation theory
needs to be revised? Suppose one sets
out to develop some theories of compu-
tation, hoping to put them to work
toward two ends: to establish upper
bounds on what is computable and to
serve as a guide to the design and use of
computing machines. Such theories
would presumably also advance under-
standing of computation processes and
perhaps shed light on the nature of
knowledge and thought. The theories
might be based purely on mathematical
reasoning or might also be based on fun-
damental physical principles. By mathe-
matical reasoning alone one can prove
many things about computers without
resorting to physical principles. Only by
attending to physical principles, how-
ever, can one make more quantitative
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statements about how long a computer
of given physical dimensions must take
to accomplish a given process, based on
the fact that information cannot move
around in the computer faster than the
speed of light and that it takes a certain
amount of matter, energy and space to
represent one bit, or binary digit, of in-
formation with a given reliability.

omputer science as it 1s practiced to-

day is based almost entirely on
mathematical reasoning. It is concerned
with the logical operations that take
place in computing devices. It touches
only lightly on the necessity to distribute
logic devices in space, a necessity that
forces one to provide communication
paths between them. Computer science
as it is practiced today has little to say
about how the physical limitations to
such communications bound the com-
plexity of the computing tasks a physi-
cally realizable computer can accom-
plish.

That is so in part because anyone who
thinks of a computer as a logical ma-
chine that performs logical, numerical
or algebraic operations on data will nat-
urally think of the machine in terms of
the mathematical notation relevant to
those fields. In such notations the sym-
bol x written in one place on the page is
identical in meaning with the symbol x
written in another place on the page.
The idea that communication in space is
required if such values are to be identi-
cal as represented in a computer storage
device has no place in the notation. The
notation itself focuses attention on the
logical operations, reflecting the fact
that human beings think most effective-
ly about only one thing at a time. A
mathematical proof is a sequence of
steps we absorb over a period of time,
and it is easiest to think of computing
devices that also do only one thing at a
time. The sequential approach to math-
ematics is not required inside a comput-

er, but the mathematical approach we
normally take to problems does not en-
courage us to think of approaches other
than sequential ones for the solution of
problems. Nearly all computers in oper-
ation today perform individual steps on
individual items of data one after anoth-
er in time sequence.

It was appropriate to ignore the costs
of communication when logic elements
were slow and expensive and wires were
relatively fast and cheap. Sequential
machines are appropriate to such tech-
nologies because they can be built with
a minimum number of switching ele-
ments. We have been led—by natural in-
clination, by our accustomed notations
for mathematics and by technology—to
develop a style of computing machines
and a body of computing theory both of
which are rendered obsolete by integrat-
ed-circuit technology. We have been
able to ignore the limitations placed by
physical principles on communications
inside computers because those commu-
nications did not slow down our opera-
tions appreciably and were only a small
part of the cost of the machines we built.
By making logic elements essentially
free and leaving communication cost
the dominant factor, integrated-circuit
technology forces us into a revolution
not only in the kinds of machines we
build but also in their theoretical basis.

Developing a new theoretical basis

“OM” CIRCUIT, an experimental microproc-
essor designed by the authors at the California
Institute of Technology, is notable for its high
degree of regularity, which makes it possible
to pack more logic and memory functions on
the chip. The main body of the chip (omitting
the communication interfaces at top and bot-
tom) is made up of 16 nearly identical col-
umns in four groups of four; each column rep-
resents one bit of a 16-bit computer. About
40 percent of the chip (lower portion) is mem-
ory; middle 20 percent is the “shifter” section
and top 20 percent is the arithmetic section.
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for computer science will not be easy;
indeed, the task has been put off in part
because it is very difficult to combine
notions of logic with notions of topolo-
gy, time, space and distance, as a new
theory will require. In this article we
shall outline some of the elements such
a theory must include, first by examin-
ing the inadequacies of a simple existing
theory applicable to small logic net-
works. Then we shall see how the chang-
es in the relative costs of wiring and log-
ic must change the nature of the com-

puters built in the future. Finally we
hope to outline some elements we feel
belong in a theory of computation ap-
propriate to the new structures. Such a
theory will be quite unlike the present
basis of computer science, and so we
feel justified in describing as revolution-
ary the effect of integrated-circuit tech-
nology both on the design of computing
machines and on the intellectual frame-
work within which such machines are
exploited.

Most computer-science curriculums

INTERCONNECTIONS among the logic elements of an integrated
circuit have become more expensive than the elements themselves.
Moreover, as the complexity of a randomly wired array of elements
increases, the interconnections become longer and more numerous.
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include a course in switching theory,
even though it is largely irrelevant to
the present-day practice of computer
design. Switching theory, which was de-
veloped to help design the relay-operat-
ed switching networks of automatic tele-
phone systems, provided guides that en-
abled a designer to formulate a network
with the minimum number of relays for
accomplishing some given logical oper-
ation. It has been extended to the design
of networks of newer kinds of logic ele-
ments, for example a logic network with

Even at modest levels of complexity “wiring” occupies most of the
available space on an integrated-circuit chip. This is a comparatively
simple integrated circuit dating from about 1971. Note that the linear
connectors running between active elements occupy most of the space.



CHIP IN WAFER, UNTESTED
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COST OF AN INTEGRATED CIRCUIT is a small part of the cost of a complete system. As
is shown here, the cost of a single typical integrated-circuit die in a wafer is only 10 cents,
Given about a 20 percent yield of good chips, after packaging and testing each good chip costs
$1.60. Assuming that 100 chips are assembled on each of 20 printed-circuit boards, the cost per
chip is almost doubled by each chip’s share of board, back panel, cabinet and power supply.
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AVERAGE COST

$ .10

1.00

.50

1.00

.15
.20

CUMULATIVE COST
$ 10

1.60

2.60

2.75
2.95

the minimum number of conventional
logic gates.

There is no guarantee, however, that
such a minimum-number network will
occupy the minimum space in an inte-
grated circuit or perform its task in the
minimum time. Integrated-circuit de-
signers find they can often add transis-
tors to a design and thereby save space
or time, because adding to the minimum
number may simplify the pattern of
conductors in the design and may speed
up its operation. Switching theory does
minimize the number of switching com-
ponents, but it ignores the cost and delay
of the communication paths. In today’s
technology the area of a circuit devoted
to communication between elements
usually far exceeds the area devoted to
switching elements, and communication
delays are much longer than logic de-
lays. What is needed, therefore, is a the-
ory that minimizes the cost of computa-
tional tasks, considering not only the
cost in area and time of the switching
elements but also the much larger area
and time costs of transporting data from
one place to another. Because switching
theory as it is known today is based on
an obsolete cost function it is largely
useless for the design of integrated cir-
cuits.

Switching theory is even less useful at
the level of design where one is combin-
ing integrated circuits into a larger sys-
tem. In most cases it costs much more to
test, package and interconnect integrat-
ed circuits than to manufacture the cir-
cuits themselves. These costs are largely
independent of the particular function
of the circuit involved. Even if the cost
of the circuits is ignored, communica-
tion from one integrated-circuit chip to
another is much slower than communi-
cation on a single chip. Given a cata-
logue of standard circuits, there is great
motivation to introduce more complex
integrated circuits because fewer of
them are required, so that the large cost
of mounting and interconnecting them
isreduced. In fact, designers often speci-
fy integrated circuits containing super-
fluous elements because there is no cost
advantage to eliminating the unneeded
switching elements. Switching theory
has nothing to say about these impor-
tant issues of cost and speed.

Although the cost of communication
has so far found no real place in the
theoretical results of computer science,
it does play a role in the thinking of
practical designers. Seymour Cray, the
designer of many of the most powerful
computers, cites the “thickness of the
mat” and “getting rid of the heat” as the
two major problems of machine design.
It is obvious that controlling the geome-
try of the interconnections is essential. If
connections can be made to follow regu-
lar patterns, they can be produced by
less expensive methods and can also be



