Computers 1.

Fom Number Crunchers

To Pocket Genies

A series of technological breakthroughs has begun to bring
the computer revolution to the average person

BY JOHN H. DOUGLAS
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One of thousands of replaceable segments from a STAR, containing multiple IC’s.
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Evolution of computer technology from a 2-*‘bit’" transistor logic circuit of the late
50’s, lower left. to the tiny 1,000-*‘bit’”> MOS memory of today. far right.
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Circuit collection of Gale A. Jallen, CDC

First of three articles dealing,
respectively, with the state of the art in
computer technology, projections of
things to come, and an assessment of
the computer’s impact on society.

Few people realize just how sophisti-
cated is the new technology thrust into
their daily lives in pocket calculators and
digital watches, or what the impact is
likely to be as these technological ad-
vances propel computers into almost every
operation of society. Once an expensive
colossus, the exclusive domain of a tech-
nically trained elite, the computer is fi-
nally on its way toward becoming a
household appliance—an attendant infini-
tely adjustable to our needs, but one to
which we will also have to adapt.

The key to cost reduction and ease of
use for the computer has been miniaturi-
zation, a process that now produces com-
plete electronic circuits visible only under
a microscope and in the future promises
to create elements resolvable only by
electron microscopy. Some 20,000 tran-
sistors can be crammed onto a chip less
than a quarter inch on a side, and within
a few years such ‘‘integrated circuits’
(IC’s) may contain a million transistors—
or their electronic successors.

The first important result of miniaturi-
zation has been a dramatic reduction in
the power required to operate various in-
struments, making them more portable. A
digital watch that can run for a year off
one tiny battery, for example, is made
possible by a low-power chip of com-
puter-like circuitry. This IC first processes
the roughly 33,000 pulses a second com-
ing from a quartz crystal and then trans-
lates these into signals that drive a display
which, itself, represents new
breakthroughs in solid state physics and
materials research.

Another result of miniaturization has
been the greatly increased speed of circuit
operation. Delay time in the fastest IC
transistors is less than that required for an
electrical signal just to travel along the
wires connecting components of older
computers. To achieve the mathematical
capability of today’s pocket calculators
using conventional transistors once re-
quired a desk-sized computer costing sev-
eral hundred times as much as the calcu-
lator and still not able to match its speed.
A vacuum tube computer with all the
functions of these ‘‘pocket genies’” would
be an electronic behemoth, spread over
several fan-cooled standing cabinets,
strung together with heavy cables, and
requiring the power of a major radio sta-
tion.

For the most part, miniaturization has
been a gradual, though steady process. In
central computer memories, for example,
strings of magnetic rings, called cores,
have been used for nearly two decades to
store data. In binary notation, if the core
is magnetized in one direction, its contents

are read as ‘‘zero;’’ if magnetized in the
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opposite direction, as ‘‘one.’’ A large
computer may need 10 million of these
cores, yet they are still hand-strung, under
a microscope. Only by sheer hard work
have manufacturers managed to keep
cores competitive with other memory de-
vices, by shrinking them to only 18 thou-
sandths of an inch in diameter and reduc-
ing access time to a submicrosecond.
Some advances, however, have been

sudden and spectacular. In the mid-1950’s
engineers at Texas Instruments, Inc. and
Fairchild Semiconductor discovered how
to create transistors and other components
on a single chip of silicon, using a tech-
nique called ‘‘photolithography.”” In this
process a mask was used to shield various
portions of a photosensitive coating that
is selectively etched away along the lines
of the mask. Carefully selected impurities

are then diffused into the silicon substrate
and after several repetitions, a multi-
layered surface has been developed which
includes all the components and metallic
connections needed for a complex circuit.
The basic design of these microscopic
transistors, however, was still similar to
that of their larger cousins, depending on
exchange of both electrons and ‘‘holes’’
through the junctions of dissimilar semi-

A primer on computer technology

The main obstacle to understanding how computers work
is realizing just how simple they really are. Electronic
idiot-geniuses, capable of beating any thousand mathe-
maticians at speedy calculation, they lack any shred of
‘“‘intelligent’’ imagination and perform simple arithmetic
with a clumsiness that would appall a third grader.

The first problem in addressing oneself to a computer is
that they can ‘‘think’’ only in binary notation—digits of
either zero or one. These bits (binary digits) of information
are the easiest to store and manipulate, since the electronic
device involved is either off (zero) or on (one). Since people
usually don’t think in binary (except for a few patient
specialists who sometimes find people more and more diffi-
cult to talk to), various languages have been devised to allow
non-specialists to communicate more easily with computers.
A built-in compiler then translates these formulas or instruc-
tions into binary notation before execution of a program
begins.

Once translated into binary, numbers are processed in logic
circuits, which reduce arithmetic operations to a series of
logical functions such as AND, OR, NOT, etc. Each logical
function requires a separate circuit, involving perhaps a half
dozen separate electronic elements. Just to add two bits of
data may require nine of these circuits.

Since a complex program using the largest computers may
require billions of operations involving billions of pieces of
data, the need for extreme speed and small size becomes
apparent. Although the earliest computers used electrical
relays and vacuum tubes to form logic circuits, not until
the invention of the transistor could the process of miniaturi-
zation begin that has led to the computer’s growing impact
on daily life.

In the early junction transistors, separate layers of a
semiconductor (usually germanium) were doped with impu-
rity atoms that bound themselves to the germanium in such
a way that either an electron was left over (creating an n-type
layer) or that an electron was missing (creating a p-type
layer). Sandwiched together, an n-type layer could conduct
electrons toward a junction, while a p-type layer brought
holes—if voltage was applied in the right (forward bias)
direction. If voltage was applied the other way (reverse bias),
very little current flowed.
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) )

)

When a doped layer had a junction on either side, current
across the whole device could be controlled by adjusting
the voltage on the middle layer (called the base). If a base

were made of p-type material and raised to a positive voltage
relative to one n-layer (called the emitter), electrons flowed
from emitter to base. If the other n-layer (called the collector)
was then raised to an even higher positive voltage than the
base, the electrons would flow straight through the base and
into the collector. By lowering the base voltage, the electron
flow between emitter and collector could be stopped. Such
a device thus acted as a switch or amplifier and was called

a transistor.
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To combine many of these into one integrated circuit,
a chip of silicon is doped to form (say) a p-type layer, on
which an n-type layer is grown. The surface is oxidized to
form an insulating layer, and then covered with a light-sen-
sitive photoresist. Where ultraviolet light falls through a
carefully positioned mask, the photoresist hardens. An acid
bath etches away the nonhardened portion of the photoresist
and oxide layer, allowing the material underneath to be
further doped. After several repetitions, a multilayered
structure has been developed on the chip that includes tran-
sistors and many other circuit elements, all connected by
thin metallic strips deposited in a final step.

source gate drain
\ 4 metal

Because of the multiple steps, such integrated junction
transistors are relatively expensive to make, so an alternative
design was invented to reduce the number of steps, increase
density and lessen the amount of power needed to operate
the devices. This field effect transistor uses the electric field
on one of it metallic contacts (the gate) to induce current
flow between two similarly doped regions (now called the
source and drain). Key to the process is the very thin layer
of oxide under the gate through which the applied field
induces a conducting channel in the underlying silicon—
hence the term metal-oxide-semiconductor (Mos) technology.

Most integrated circuits are used as modules in larger
devices, and thus come contained in a sealed unit with
projecting pins for ease of replacement as plug-in devices.
A pocket calculator will contain one such unit, a giant
computer requires many thousand. —J.H.D.
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conductors. (Hence the name *
r ‘‘bipolar’” transistor.)

Then came design of a transistor tailor-
made for miniaturization. In 1960, scien-
tists at Bell Laboratories proposed using
the electric field from a small metal
‘‘gate’’ to induce current between two
slightly separated semiconductor regions,
and two years later RCA demonstrated the
first ‘‘field-effect’’ transistor. (It’s also
sometimes called a ‘‘unipolar’’ transistor,
since either holes or electrons—not
both—are conducted.) Not only could
these be packed closer together in inte-
grated circuits than bipolar transistors, but
because of their greater simplicity, the
fabrication process was speeded up and
made less costly. The new process in-
volved laying conductive metallic strips
over a thin layer of oxide to separate them
from the silicon substrate and was thus
called metal-oxide-semiconductor (MOS)
technology.

Transistor circuits can be used either as
memory cells or as the *‘logic’’ units that
perform arithmetical functions in a com-
puter. Traditionally, bipolar circuits have
been considered fast, relatively bulky and
power consuming, and expensive. MOS
circuits have been prized for their com-
pactness, cheapness. and low power re-
quirements, but they have generally
operated many times slower than compa-
rable bipolar circuits. As a result, MOS
circuits provided the key to small, bat-
tery-powered calculators—where power,
cost and size were at a premium but great
speed was not (few people care whether
the answer to an arithmetical problem is
displayed on their calculator in a millise-
cond or half a second). MOs circuits also
have begun replacing magnetic cores in
the central memories of large computers,
and if their cost keep descending faster
than that of stringing millions of tiny rings
(very likely), core memories may become
obsolete. Bipolar circuits, meanwhile,
have maintained their position as un-
disputed leader in fabrication of the
super-high-speed central processing units
(cpu’s) of very large computers.

These traditional roles for the two main
branches of integrated circuitry may not
last long, however. To make bipolar de-
vices more compact, inexpensive and less
power consuming, manufacturers have
developed a new process called integrated
injection logic (I’L). By combining
various elements of a circuit and carefully
arranging them on the silicon substrate so
as to require the minimum number of
fabrication steps. the I2L technique
achieves the density of an Mos circuit
while maintaining the speed of bipolar
circuits. And power is low enough that
some companies now believe they can
produce a wristwatch with bipolar transis-
tors, using I2L circuitry.

Mos technology, meanwhile, is also
developing in new directions. To capital-
ize on the low power capabilities, manu-
facturers found that the configuration re-

‘junction’’
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Purcell operating the DC STAR 100.

quiring the least power involved using
both an electron-conducting (‘‘n-chan-
nel’’) and a hole-conducting (‘‘p-chan-
nel’’) transistor. Only one transistor at a
time conducts in this ‘‘complementary
MOS’’ (CMOS) configuration, so power
consumption is extremely low—the cMOs
circuit in a wristwatch, for example,
dissipates only a couple of microwatts
power. The configuration is also highly
stable, making cMos circuits ideal in ap-
plications involving physical abuse and
extraneous currents, as in computers for
automobile engines.

The latest innovation in MOs technology
promises to make these devices much fas-
ter, so that they may begin to compete
with bipolar units in cpu’s. A principal
cause of delays in Mos devices is charge
build-up in the silicon substrate; if a thin
layer of silicon could be used instead, and
individual elements better isolated, the
‘‘capacitance’’ would be reduced and less
charge would accumulate. To accomplish
this, sapphire (an insulator) can be used
as the substrate, with circuit elements
formed by diffusing appropriate atoms
into a thin layer of silicon grown on the
sapphire’s surface. Such silicon-on-
sapphire (sos) devices have the low power
dissipation of other cmos circuits, but
more closely approach bipolar speeds. So
far they are more expensive, but the gap
is narrowing.

Traditional roles of computers are
themselves changing, with many new
*‘families’’ of computers—with units of
all sizes, designed for mutual compati-
bility—competing for a share of the mar-
ket. Even the definition of a computer is
becoming uncertain: Very little distin-
guishes a pocket ‘‘calculator’” with 86
built-in mathematical functions and capa-
ble of executing a complete program of
49 steps from a desk-top ‘‘computer’’ that
may solve the same sorts of problems, but
which has a larger memory and some
plug-in peripheral equipment.

Two of the hottest new areas are the
mini- and micro-computers. A microcom-
puter uses the same integrated circuit
‘‘microprocessor’’ found in calculators,
but adds a memory and access to periph-
eral equipment. Probably the largest mar-

ket for the micros will be special-purpose
applications such as monitoring and con-
trolling automobile engines or keeping
track of inventory in electronic cash reg-
isters. Again, miniaturization is the key:
Complete microcomputer circuitry can
now be built on a single chip (0.2 inches
square)—including a read-only memory
for stored programs, a random access
memory to keep track of data, and circuits
to interface with external equipment.
Minicomputers generally have larger
& memories, operate much faster to handle

§ fairly complex programs quickly, and are

tied into a ‘‘system,’’ including such con-
ventional peripherals as an input type-
writer and cathode ray display. Prices
keep varying, but most calculators now
sell for less than $100, micros for around
$1,000, and the lowest priced mini system
for about $12,000.

At the other end of the scale are the
giant ‘‘number crunchers’’—computers
that can perform hundreds of millions of
operations a second, store millions of data
“‘words’’ in a fast random access mem-
ory, and which cost tens of millions of
dollars. Here one must not only worry
about how to incorporate the very latest
technology into a giant machine that may
be designed 5 to 10 years before it is
delivered, but also how to adapt its quick
but simple-minded workings to whole new
classes of problems.

The drive for computing efficiency has
led to a heightened emphasis on computer
‘‘architecture’’—the overall strategy of
data handling and component placement.
Traditionally, in scientific computation,
large quantities of data were read from a
magnetic tape or punched cards onto a
high-speed disk, from which sizable
chunks were taken when needed, and
stored in the very high speed, random
access central memory. The central pro-
cessing unit (CPU) then took what numbers
it needed to perform operations designated
by a program. Usually these operations
were done one at a time and the results
fed back along the memory chain to a
printout unit. Unfortunately, this step by
step operation made the overall computing
process much slower than the capability
inherent in the hardware.

To meet the challenge, designers found
various ways of having several operations
going on at once. In ILLIAC IV (SN:
10/13/73, p. 236), some 64 separate pro-
cessors run in parallel to provide a total
of 100 to 200 million operations per sec-
ond. More recently, the STAR 100 (Con-
trol Data Corp.) and the ASC (Texas
Instruments, Inc.) each provide up to 100
million results a second using arithmetical
‘‘pipelines’’—units in the central proces-
sor that can accept new pieces of data
while old ones are still going through the
later stages of computation. (These speeds
can be compared to tens of thousands of
operations a second in the early 1950’s
and a few million in the mid-1960’s).

Another time-saving approach is to ex-
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tend the hierarchy of memories and pe-
ripheral units. Between the millisecond
speeds of disks and the sub-microsecond
speeds of the random access central
memory lies a gap that may soon be filled
by a variety of new equipment. So that
the central processor does not have to
waste time ordering shifts of data, auxil-
liary computers are attached to take care
of such details. In the STAR system being
installed at the Lawrence Livermore Lab-
oratory, for example, 14 auxilliary com-
puters are needed to keep the main pro-
cessor running at top speed. €DC engineer
Charles J. Purcell calls these the ‘“14 little
baby chicks around the mother hen’’ that
allow the main computer to work at near
90 percent efficiency, rather than the 50
percent it would be able to reach if the
cpU had to direct everything.

Yet, even newer technology has already
made many of these machines theoret-
ically obsolete, and the average person is
just beginning to feel the ‘‘computer rev-
olution.”” These most recent technologies
and an assessment of the computer’s im-
pact will be the subject of subsequent
articles. O
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