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COMPUTING
DEVICES

HYBRID

DIGITAL
ABACUSES

SELECTIVE
SEQUENCE
CALCUIATORS

Above: skeletal representation of computor classes, with a few
examples. Below: typical electronic analog computor compo-
nent. Input signal enters via jack at the left; outputs of either
sign are taken from right-hand jacks. Cut at right shows assem-
bled computor used in Philbrick Researches’ home lab for design
problems in circuits, feedback controls, and for consulting work.
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The Electronic Analog

By George A. Philbrick,

Geo. A. Philbrick Researches, Inc.
Boston Mass.

and

Henry M. Paynter,

Massachusetts Institute of Technology

Would you drive a spike with your fist? No?
Then why bruise your brain on an armor-plated
differential equation? Man is a user of tools, and is
helpless without them. His aboriginal club and
spear outdid the beast; and now the superiority of
his implements measures the material advance of
civilization. All instruments, however elaborate
and refined, are just tools along with hoes and ham-
mers. They extend the power of our muscles, the
length of our arms, and the sharpness and range of
our perceptions. At the upper stages, culturally,
come the tools which extend the powers of the in-
tellect. And chief among these we count comput-
ing devices, or Computors.

The computing machine is becoming as essential
to our modern existence as electricity and the au-
tomobile. Already with the help of computors, in-
novations have been wrought that would assured-
ly have been unthinkable without their use; recent
rapid advances in the fields of nuclear science, su-
personic flight and rocketry offer strong testimony
to their valve in analysis, design, development.

Not only have computors been used to obtain in-

creased knowledge and more accurate, rapid pre-
diction of the behavior of physical processes, but
on an ever greater scale computing equipment is
being incorporated as an essential element in the
control itself of such processes. Present examples
of such applications are the well known computing
gunsights and other fire-control equipment, as well
as the less well known but equally successful uses
of computors to operate machine tools, and for
continuous automatic process and quality control.
Potential developments of this sort seem unlimited.

Digital and Analog

Computors come in all sizes, all speeds, all prices.
Here we shall concentrate on the fast electronic
analog, but first we must place this type properly
in the hierarchy of all computors. The two major
categories, nowadays, are called digital and ana-
logical. The one deals in numbers only, the other
in continuous physical variables. The first com-
putes by repeatedly refining an approximation, and
its accuracy is potentially unlimited; in the second
type some sort of physical model is set in operation
to generate a solution which is valid by virtue of an
analogy to the problem at hand. This latter type,
the analog computor, is limited in accuracy by the
physical elements of the model.

It is frequently constructive to employ more than
one type of computor on any given problem, since
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Computor as a Lab Tool §

each type may be most effective for certain phases.
Thus analog and digital methods may complement
one another when applied in sequence, the first
pointing the way to an answer and the second lead-
ing to any desired precision of the final results. As
to all the types and combinations of computors
which are in use and in development, there is no
pretense here of complete generality or inclusive-
ness. Space limitations, alone forbid such scope.

We leave the digital types now (to their propon-
ents), and proceed in more detail to break down
the analog category into its several branches. One
important branch, not usually called “computors,”
is represented by true scale models. In these a
structure or phenomenon is reproduced by chang-
ing its physical dimensions without discarding the
general physical form. To this branch belong such
models as the tiny experimental airplane in a wind
tunnel, the miniature dam and dammed lake on a
table top, and even model transmission lines re-
duced to laboratory size. Somewhat less direct
models are those in which the medium is altered:
for example the electrolytic tank used in the study
of hydromechanical field problems. Still less direct,
but models nevertheless, are the semi-mathemati-
cal types normally identified as analog computors.

Analog computor used regularly in an industrial laboratory of a
large chemical compnay for sutdy of control problems, analysis
of reaction kinetics, and solving nonlinear differential equations.
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The physical elements of such computors make
available a set of operations, which may be chosen
either because they are mathematically fundamen-
tal, or.because they recur as dynamic relations in
the structures being studied.

Various Media

Indirect analog computors generally carry out or
assist in the solution of equations, algrebraic and
differential, linear and nonlinear. An extremely
familiar and simple example is the slide rule,
which is entirely algebraic. At the other extreme
of elaboration is the differential analyzer, which
may be a roomful in itself, and which can take
some formidable differential equations in its stride.
Actually this general class of computor is repre-
sented in many physical media, even including
pneumatic and hydraulic; the predominant realms,
however, are the mechanical and electrical. The
differential analyzer already mentioned, being
based on a mechanical disk-type integrator mech-
anism, belongs to the mechanical group. This in-
strument is very far from being outmoded, but as
a practical matter it cannot be operated at a con-
veniently high speed for certain applications.

We turn now to the electrical (and electronic)
analog computors. Some machines in this class are
often referred to as ‘“differential analyzers,” but

© this is perhaps an impropriety in view of the con-

notatiéns of that term.

Electrical analogs of the indirect class normally
employ high-gain amplifiers, which are applied in
feedback loops to assure accuracy in terms of a
few highly consistent circuit elements. By such
means it is possible to take advantage of the pre-
cision and other desirable properties of those ele-
ments, and accordingly to perform quite strict
mathematical operations among the variables in
an artificial system. Let us take a look at some fun-
damentals, beginning with purely conductive or re-
sistive elements. If such elements are arranged in
series, the voltage across an entire set is equal to
the sum of the voltages across the individual ele-
ments. Again, if conductors converge, or branch
from a single conducting element, the current in
the single element is precisely the algebraic sum
of the currents in the branches. Either of these
physical truths may be applied to make a reliable
adder. Look further at the property of resistance,
or at the inverse property of conductance. In any
given electrical path, these properties fix the pro-
portionality between current and voltage in a pre-
cise way. For example if a pair of resistors have
equal currents, the voltages they experience are in
proportion to their resistances. In an appropriate
feedback loop, this fact may be used to magnify or
diminish a computed signal in a ratio which may
be accurately determined and adjusted. Thus for
example one can “multiply by a constant” of any
magnitude, or multiply voltages by each other.

Another electric circuit element available in
pure form is the capacitor, which is able to store a
charge. The charge it stores is equal to the product

Above: ““central component’’ used as convenience with assem-
blages to provide initiating signal, enable facile connection to
scopes. Below (top down): example of component with simplified
graphical symbol; interconnected assembly forming computor;
properties in addition; proportion, differentiation, integration.

EQUIVALENT
SYMBOL:

SET GAIN (&/e,)

POSITIVE
OUTPUT

(VOLTS)

INPUT NEGATIVE
(VOLTS) OUTPUT

(VOLTS)

OSCILLOSCOPE
SCREEN

STEP-
GENERATOR

STIMULUS
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DIFFERENTIATE:

CURRENTS
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INTEGRATE:

CONDUCTORS
PROPORTION:
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PROPORTION:
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¥ Class demonstration set-up for specific servomechanism
problem in Department of Engineering, University of California.
Equipment is used for instruction and advanced student projects.
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Above: simple mechancial system and analogous arrangement
of computing components. Lower right: names, symbols, tran-
sient responses, simple combination for basic linear operations.
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of its capacitance and the voltage across its ter-
minals. Thus the charge is measurable by means of
this voltage, and being quantity of electricity its
rate of change is simply the current supplied to
the capacitor element. Conversely, the voltage is
proportional to the time integral of the incoming
current, and the proportionality is directly dictated
by the value of the capacitance. These facts lead
to a means for integrating and differentiating with
respect to time.

It is convenient, however, instead of dealing with
both currents and voltages, to employ one or the
other type of variable alone for the inputs and out-
puts of computing operations. By applying regula-
tory—or feedback— techniques, the above elemen-
tary circuit arrangements may be adapted in such
a way that the relevant operations take place be-
tween applied currents and responding currents,
or between applied voltages and responding volt-
ages. Either currents or voltages may serve in prac-
tice as computing signals: the choice is up to the
designer. It happens that voltages, applied and
measured with respect to a common conductor (or
“ground”), have become most popular. In any
event, one is led by these techniques to devices in
which the operations of addition, multiplication
by adjustable factors, and differentiation or inte-
gration with respect to time are automatically per-
formed between inputs and outputs; and generally
these latter are voltages with respect to a con-
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