Digital Computer
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Switching Circuits

Basic operational requirements of digital computers and fundamentals of the means for
obtaining them are set forth. For the most part familiar switching circuits can be used bhut
they must meet the special requirements of positive action that are described here
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UTOMATICALLY-SEQUENCED digi-

tal computers are machines
that have no intelligence, yet carry
out, without intervention, lengthy
routines of mathematical calcula-
tion. An understanding of general
desiyn cunsiderations requires a
survey of the procedures followed
by a human computer using desk
calculator.

A human computer does more’
than arithmetic; he not only carries
out the elementary processes of
addition, subtraction, multiplica-
tion, and division, but he also de-
cides what numbers to add, multi-
ply, etc., and what to do with his
results. These results of his arith-
metic are only stepping stones to
his final goal, just as the numbers
apon which he performs his arith-
metic  were previous stepping
stones. Some problems require mil-
lions of arithmetic operations to
arrive at a relatively small set of
numbers representing the final an-
swer,

If we reduce the human computer
to an automaton having only the
ability to read, write, and do arith-
metic, we need to give him a very
detailed set of working instructions.
These instructions include original
numerical data from which he
works, and an explicit program of
operations to be performed. He

must be told, for example, to read’

numbers in two specified places,
add them, and write the result in
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a specified place. He must then be
told where to find his next instruc-
tion, unless all instructions are se-
rially listed and no variations in
their order are to be made. Explicit
instructions as to where to write
partial results and when and where
to refer back to them for further
use comprise a sort of automatic
memory. The sheets of paper, num-
bered for identification, form a
storage for numbers; his whole pro-
gram is stored on paper before he
starts to work.

Even the power of decision can
be mechanized. If a human com-
puter is supposed to compute one
intermediate result to a specified
degree of accuracy by a method of
successive approximations, he must
continue until further steps make
insignificant changes. He is there-
fore instructed to keep repeating
the procedure until a tentative an-
swer, taken to ten places, equals the
previous tentative answer, and then
to proceed with the main program.

- We see that our automaton must
be given instructions, or orders, in-
corporating the following informa-
tion: (1) where to find operands;
that is, the two numbers to be com-
bined by addition, multiplication,
subtraction, or division, (2) which
arithmetic operation to perform,
(83) where to write the result;
either in a specified place for fur-
ture reference or on his final an-
swer sheet, and (4) where to find
his next set of similar instructions.

An electronic computer operates
on a similar routine. Machines be-
ing designed and built will perform
this cycle of operations in a milli-

" second or less, working with num-

bers having ten decimal places.
Such speed means that these ma-
chines will make it practical to
solve problems requiring so many
millions of arithmetic operations as
not to be considered at present. Di-
recting such a machine is a major
administrative problem. As Dr. von
Neumann of the Institute for Ad-
vanced Study expressed it, “Pro-
gramming a problem for such & ma-
chine is equivalent to writing a
detailed set of instructions for
twenty automatons with desk cal-
culators sufficient to keep them
busy for two years, working a forty-
hour week.” These aufomatons have
no ability to think for themselves!

Leaving the mathematical and
administrative problems to others,
we can proceed to the basic elec-
tronic problems. We must first have
(A) an electronic alphabet for writ-
ing numbers and orders, (B)
medium on which to write, (C)
means of writing and reading, and
(D) means for interpreting the
written word. These words may be
numerical, as 3721499825, or coded
orders, as A0173Q75B6. When a
number-word (number) is read, it
must be translated into what the
machine recognizes as numerical
form. An order-word (order) must
be interpreted by being converted
to a set of voltages, to operat
switches. :

Reading a word consists in part
of transmitting it to the organ
which is to interpret and be affected
by it. Thus numbers are trans-
mitted from storage to arithmetic
unit, or vice versa, and orders are
sent from storage to the central
control organ, or dispatcher. In ad-
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FIG. 1-—Pulses are “stored statically in
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dition, both kinds of words are
transmitted to storage from the in-
put as needed, and final answers or
desired partial results are trans-
mitted to the machine output.

An order must not only tell the
central control which numbers to
dispatch to the arithmetic unit
from storage, but must also tell cen-
trol control which arithmetic oper-
ation is to be performed and where
the result is to be sent.

In addition to the central control
organ, there must be various local
control stations. The arithmetic
unit itself, for example, is prima-
rily a traffic unit such that the ar-
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rival of two numbers causes the
transmission of a third number.
Whether this third number is the
sum, difference, product, or quo-
tient of the other two depends upon
the dispatching system of the arith-
meti¢c unit. Separate arithmetic
units-can be built for the four cases,
but it is also feasible to make a
universal arithmetic unit which will
perform any one of the four proc-
esses upon request of the central
control. Hence the central control
must not only dispatch number-
words and orders, but must also in-
terpret orders and actuate circuit
changes.

Transmission and Representation

" A NUMBER, say 43712, can be
read and transmitted in two funda-
mentally different ways. If one
transmission channel is used for
each column, we can simultaneously
transmit a 2 along the first channel,
a 1 along the next, 7 along the next,
etc. This simultaneous transmission
of the digits of each position along
their appropriate channels is a
PARALLEL operation. Its character-
istic feature is that it distinguishes
between digits by a spatial relation,
transmitting all digits at the same
time.

Conversely, we could transmit all
digits over a common channel, at
successive times, in the order 2, 1,
7, 3, 4. The separate digits would
be distinguished by their time of
arrival on a common line. This is
a SERIAL process, digits being dis-
tinguished by a temporal relation.

If ten pulses, made recognizable
from each other by modulation, are
available, any number can be trans-
mitted either serially, over one line,
or in parallel, over many lines, from
one organ to another. We will con-
sider only serial operation because
it is more illustrative of traffic
(switching) dispatching problems,
as well as because it is the system
employed in the machines that will
first be constructed.

ORDERS to various parts of the
machine must also be capable of
transmission, hence they can be ex-
pressed conveniently as numbers in
some arbitrary code. Thus num-
bers and orders are represented in
the same way, being strings of dig-
its. We know which is which when
we put them into the machine, so

that 1f our programmer dispatches
only orders to central points and
numbers to arithmetic points, it
will not matter that the machine
by itself cannot distinguish orders
from numbers. In fact, this is a
convenience, because by consider-
ing an order as a number we can’
modify an order by operating on it
with the arithmetic unit.
REPRESENTING the ten digits by
pulses of different amplitude would
reduce machine reliability, making
results depend upon tube constants
and supply voltages. It is better to
have only two amplitudes to dis-
tinguish. If these two amplitudes
represent digits 0 and 1, we must
find a way of representing numbers
in terms of these two digits. In
decimal notation, the number 352
means
2 X 1P+ 5X 100 + 3 X 1 =
2 + 50 + 300
Each successive digit position to
the left represents the coeflicient of
the next higher power of 10. We
therefore need digits only to 9; a
coefficient of 10 in any place is
equivalent to a coefficient of ulnity
in the next place. If we dr ¢ =
use of 10 as our base, and use» =
stead, we write a number <ach as
37 in the following binary manner,
100101, meaning

IX24+0X224+1X 240X+
OX24+1X2=1+4432=37

We pay for the simplicity of hav-
ing only two different digits by
needing approximately three times
as many columns to write a number
in the binary system as in the deci-
mal system.

To represent 0 and 1 and the cor-
responding pulse trains, we choose
a basic pulse repetition rate of 2
mc, and synchronize all parts of the
machine so that successive pulses
(representing 0 or 1) occur at
these half-microsecond intervals. If

-all trains of pulses are locked to

this reprate (repetition rate), we
can use the presence of a pulse to
represent 1, and the absence of a
pulse to represent 0. Thus the six-
microsecond pulse train shown
graphically in Fig. 1A represents
the binary word 110101100111
(read from right to left) which has
the (decimal) value 3431. Voltage
and tube parameters need only be
held within the tolerance range to
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keep the pulses within their am
plitude range of reliable operation.

Now that we have a scheme for
representing numbers as pulse
trains, we are ready to analyze
problems of storing numbers.

STORAGE — Typical machines op-
erate with numbers of ten signifi-
cant figures ia the decimal system,
so will require roughly 35 binary
places. A 35 binary place number
at 2-mc reprate will be represented
by a pulse train having a duration
of 17.5 microseconds. It is imprac-
tical to put information into a ma-
chine or to print results at such a
rate, over 50,000 words per second.
We need a speed changer, or device
for storing the many words being
written into it at one speed, and ca-
pable of being read at some other
speed, either faster or slower. One
scheme is magnetic recording of the
pulse trains on either wire or tape.
Magnetic pulses cannot be packed
more closely than about 200 per
inch if they are not to overlap and
become incapable of resolution. The
reprate of reading and writing
magnetically for a given packing
is proportional to the speed at
which the wire is transported.
Hence we can magnetically record
pulse traing leisurely and run them
into the machine rapidly or con-
versely, can record fast signals on
a fast wire, and later read the wire
at a speed which an electric type-
writer can reliably be expected to
follow. ’

Inside the machine we need two

" types of memory, one that stores a

train of pulses statically and an-
other that stores the high reprate
trains of pulses.

STATIC REGISTER — The first of
these, the static register, is needed,
among other places, in the arith-
metic unit, to set up central volt-

.ages in accordance with the 0’s and

1’s of a number. Basically a static
register is a flip-flop such as that of
Fig. 1B which has two stable states.
High and low plate voltages can be
taken to represent the storage of a
lorald.

In a practical flip-flop, grid ca-
pacitors are used to speed transi-
tion from one state to the other.
Minimum transition time depends

- upon mutual conductance of the

tubes. A more rapid flip-flop than
the one shown can be made by us-
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ing such tubes as the 6AKS5, con-
nected either as pentodes or triodes.
Provision is also made for setting
the flip-flop in either state by ap-
plying a negative pulse to the ap-
propriate tube. The diodes are igo-
lation buffers to disconnect the
pulse sources when pulses are not

"being applied. This not only re-

duces loading on the transfer pulse
from one tube to the other, but also
prevents this pulse from being
transmitted to other flip-flops via
the input circuit.

Tying the two input leads to-
gether provides a binary counter.
The plate-grid coupling capac-
itances provide enough memory
(time lag) for the flip-flop to re-
member in which state it was prior
to the application of a pulse ap-

plied to both tubes. As a result, an
input pulse changes the state of
the flip-flop and provides a scale-of-
two, or binary counter. Cascaded
binary counters have many appli-
cations. For binary counter pur-
poses, the grid input arrangements
can be omitted and a positive pulse
applied to the common cathode lead.

By using 35 flip-flops, one for
each binary column, we can stati- .
cally store a 85 place binary number.
Writing a number into a register
consists of setting its flip-flops in
accordance with the succession of
0's and 1's in the binary number.
Reading the register consists of
causing it to generate the pulse
train éorresponding to its array of
0’s and 1's.

FEEDING REGISTER — There are

September, 1948 — ELECTRONICS
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'wo ways of @onverting a serial
‘rain of pulses into the parallel
‘form for storage in the static reg-
ster. The pulses can either be fed
nto the register from the end or
et up in' parallel alongside it.

The latter scheme is indicated in
Fig. 1C; the train of pulses is fed
nto a delay line of 0.5 us sections,
-0 that just as the last pulse ap-
«wars at the input the previous
aulses appear at the various junc-
.ons. The delay line thus mo-
mentarily converts the serial pat-
rn of voltage peaks versus time
nto a spatial pattern of voltage
ersus position; voltage appears at
he junctions corresponding to the
wsitions of the binary 1’s in the
‘nimber represented, nd voltage ap-
wars at the positions correspond-
ng to 0’s. When this space pattern
s obtained, all the gatés are opened
v an“detivating pulse, and the 1’s
«re entered into the register via the
«et 1 input leads. The register can
e cleared by applying a pulse to
the set 0 inputs.

If the plate outputs of the flip-
lops are connected to successive
junctions of a duplicate delay line,
clearing the register (by simulta-
neously setting all flip-flops to 0)
will introduce pulses into the line
at the 1 positions; thesé pulses will
come out of the delay line as the
desired train.

The other scheme for sending a
train into a static register is some-
what similar to the operation of
some desk computing machines that
have only 10 keys, 0 through 9.
Pushing 3 enters 0003 on the dials,
then pushing 5 shifts the 3 along
as the 5 is entered, showing 0035,
etc. This sequential to parallel con-
version can be accomplished by the
shifting register of Fig. 1D.

The set 0 lines are all connected
to a shift pulse bus. A shift pulse
then clears all flip-flops, and any
registering 1 generate ' output

" pulses. These pulses arrive at the

set 1 leads of the next flip-flops,
transferring the 1’s one place to
the right. Clearing a flip-flop reg-
istering 0 generates no pulse, so
leaves the next flip-flop cleared to
0. Hence every time a shift pulse
is sent in, the contents of the regis-
ter shift to the right. If the shift
pulses come at a 2-mc reprate,
evenly interspersed between the
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2-mc signal pulses sent into the
left-hand flip-flop, every time the
register is shifted it will find the
next digit of the teain in the left-
hand flip-flop and 35 shifts will re-
sult in a static storage of the 35
pulses in the train. We now stop the
shifting and have the number
stored.

Reading the register (regener-
ating the train of pulses) is sim-
ple. The output of the right-hand
flip-flop is connected to a transmis-
sion bus ‘and 35 shifts are made,
sending the successive 1's and 0's
onto the line, and leaving the reg-
ister cleared to all 0’s, assuming

that no signal is coming in from the .

left.

The static registers described
above require two tubes per binary
digit, or 70 tubes per word stored,
so are uneconomical for the main

storage. (A general purpose com-

puter needs storage facilities for

‘at least 1,000 words). However the

static register is useful in the
arithmetic unit for intermediate
storage between two organs with
different speeds, such as internal
parts of the machine and the mag-
netic wire. One word at a time can
be written at any speed, and then
read at any other, permitting syn-
chronizing input data pulses with
the 2-mc clock, which would be
impossible to do by trying to run
the wire at an exact speed.

The other internal high-speed
memory, or scratch paper, of the
machine can either hold pulse
trains as a static array, or remem-
ber them dynamically; that is, in
the form of pulse trains available
for retransmission on demand. Only
the latter choice will be discussed
here.

DYNAMIC MEMORY—The simplest
way of achieving dynamic memory
is to feed pulses into a delay line
whose output is connected back to
the input to keep the pulses circu-
lating. An amplifier and pulse re-
generator are needed at the delay
line output to compensate losses.
Distorted pulses from the line are
used to control a gate feeding fresh
pulses from the master pulser, or
clock, back into the line. Such a
gating combination in the recircula-
tion system is referred to as a pulse
reshaper.

The losses of an electric delay

line arv too great. Each word to
be stored requires 17.5 ps of line to
hold it; this implies a total of 17.5
milliseconds of electrical delay line,
whether in one or several segments.
To transmit the individual 0.2 ws
pulses without excessive distortion
requires a bandwidth of 10 mc.
Even with the optimistic figure of
6 db per us attenuation in lines
having this bandwidth, attenuation
wou'd be 105,000 db, requiring
7,000 tubes such as the 6AK5 hav-
ing a gain of 15 db per stage. This
is excessive,

A practical way to simplify dy-
namic storage is to store pulses
acoustically rather than electricalh
We can convert the 0.2 us pulses
into 0.2 us packets of h-f using a
carrier frequency of 20 or 30 mc.
These h-f pulses can then be used
to dgive a quartz crystal which in
turn generates waves in a mercury
column. A receiving crystal at the
far end senses these waves giving
a signal that is amplified and recti- ~
fied to regenerate the pulses. At-
tenuation in mercury is approxis
mately 0.06 db per ux at a carrier
frequency of 30 mec, or one ;e
cent of that for the electrical .
The pair of crystal transducers
with the line introduces a ivs~ .
about 50 db.

If one long delay line is used,
coupling losses would be negligible,
but a single delay line of 17.5 milli-
seconds would require on the aver-
age a waiting time of 9 milliseconds.
before the desired word would be
available. This is too long. A prac-
tical compromise between equip-
ment and speed is to subdivide the
memory into lines, or tanks, of 20
word capacity, each having a dela
of 350 us. Thus 50 lines are neede.i
involving 50 pairs of transducer-
having 2,500 db attenuation. Add-
ing the attenuation of 1,050 db in
the mercury, we have a total of
3,550 db attenuation (to be com-
pared with the 105,000 db of elec-
trical lines) and requiring only’
about 250 amplifier tubes. A typical
recirculating tank circuit is shown
in Fig. 1E.

We now have conceptually a
source of input signals, a receiver
for output signals, an arithmetic
unit. static registers and dynamic
memory tanks. Signals must be dis-
patched from one to another of
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Table [—Operation of an Elementary Adder

Terminals of Llvimentary Adder

INPUT A

———————
INPUT B —————

INPUT C (CARRY)

ar

ELEMENTARY
ADDER

QUTPUT D (DIGIT)

OUTPUT C {CARRY)

In A 0 0 0
InB .. 0 1
InC. 1] 1 0
Out ). . PR (] 1 1
OutC.. ... . 0 0 0

Binary operations
1) A single input 1 generates a 1
and no carry
2) Two input 1's gencrate a carry
but no output

‘

%) Three input 1's generate both
and output and a carry

orif AANDB AND C

List of Binary Input-Output Combinations

Rules of Arithmetic

(1) (A AND B) or (A AND C,)or (BAND
(2) Aor

the digit .
(3) AAND B AND C generates both

. Functions of Elementary Adder
Transmit a digitif A OR B OR C and not A AND B, A AND C, nor B AND C,

Gienerate a carry if A AND B, AANDC,or BAND C

— D et D
Or OO
Pt D bk D et
—0 D et
Pk el ok ek et

Logical concepts

) generates a carry

or C generates an output digit .
unless one of the above AND com-

binations occurs, which operates a

gate to prevent the transmission of

digit and carry

these organs. In general, any organ
may be called upon to send signals
to any other. The simplest way of
doing this is to connect all tank
inputs to a common point through
switches (electronic gates) and to
connect the arithmetic unit output
to this point. Then opening the
proper gate will allow the signal to
proceed to the chosen tank, and to
r ther. Conversely, if several
< are to be capable of sending
«veral receivers, all sources can

w connected in parallel to s com-
mon transmission bus, and the re-
ceivers connected to this bus
through gates. Then by opening a
receiver gate, and instructing the
proper source to transmit, the de-
sired result should follow. In prac-
tice, this would not work, for with
many sources in parallel, each
source would be loaded by the paral-
lel combination of the output im-
pedances of all the others. We need,
between each source and the com-
mon bus, a butfer which allows only
one way traffic, so that a signal can
come from a source through the
buffer -to the bus, but the other
sources cannot load the bus. The
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use of a buffer between an oscil-
lator and a modulated r-f amplifier
is well known. In our case of pass-
ing pulses of only one polarity, we
do not need a triode or pentode
buffer, but can use a diode. This
diode is normally biased with back
voltage so that it presents a high

impedance to the common bus. A -

pulse on the bus increases the back
voltage on the diodes and is pro-
tected. A pulse from a source, how-
ever, reverses the polarity on that
one diode and goes through with
small loss. The advantage of such
buffers is that gernmmanium diodes
can be used, greatly reducing shunt

. capacitance.

With gates and buffers we can
perform circuit switching, or spa-
tial selection for traffic control. If
we stored our 1,000 words in 1,000
one-word tanks, there would be an
exorbitant number of switches with
their attendant losses and control
problems. We could compromise on
50 tanks holding 20 words each. We
can choose any one «f ‘liese 50
tanks by spatial switching and any
one of the 20 words in a tank by
temporal selection. The temporal

AR
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zelection requires no switches
aside from the timing gate.

The timing circuit can be oper-
ated by dividing the master clock
rate. The 2-mc reprate drives a
counter which counts up to 35 and
then throws a flip-flop, giving an
output which is on for 35 pulses, or
one word time, and off for the next.
By feeding these rectangular
waves of word duration into a scale-
of-20 counter, we can devise a cir-
cuit which will give an output (to
control a gate) for the duration of
any desired one of the twenty
words.

Arithmetic Circuits

To understand how to combine
gates and buffers to make a circuit
that will do arithmetie, it is con-
?enient to interpret gates and buf-

ers in terms of their logical
behavior.

A GATE is essentially a device
having two inputs and one oitput.
Either input can be considered
as the signal, and the other as the
control. Obtaining output from a
gate is dependent upon stimulating
both inputs; that is, it requires
stimulation of one input AND the
other input. Logically the gate de-
tects the AND concept, one thing
AND another.- - o

BUFFERS, on the other hand, that
feed two or more signals to a com-
mon point give an output signal if
any one of the sources is excited;
that is, if one OR another input of
the row of buffers is stimulated.
Hence two buffers connecting two
inputs to one output constitute the
logical concept of OR, one signal
OR another.

Typical gate and buffer circuits
using tubes are shown in Fig. 2.
The series gate of Fig. 2A has both
grids normally biased beyvond cut-
off ; both must be driven above cut-
off to produce an output. The paral-
lel gate of Fig. 2B has all tubes
normally conducting. If the load

resistor is large compared to the

conducting resistance of a single.
tube, the common plate voltage will
remain low unless all tubes are cut
off by signals.

The series ‘and parallel buffers of
Fig. 2C and 2D represent inverse
operating conditions on the cor-
responding gate circuits. The nor-
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mal-abnormal conduction states are
interchanged, and the circuits are
stimulated by pulses of sign op-
posite to those required by the cor-
responding gates. A signal on any
input produces a change in the out-
put.

The diode circuits of Fig. 2 are
all parallel circuits. Gates, requir-
ing the AND or multiple coinci-
dence, have all their diodes nor-
mally conducting, while buffers
have all their diodes normally non-
conducting. Diodes are generally
of the germanium type.

Adder s Basic Element

To add two digits, the basic op-
eration of arithmetic, we need two
inputs and one output. If the sum
of the two digits is greater than 9
in the decimal system, or greater
than 1 in the binary system, a carry
will be produced to add in the next
digit position. Hence we need three
inputs, one for each digit in the
given position, plus one for the
possible carry from the previous
position. We also need two outputs,
one for the output digit, and one
for the carry. Thus each digit posi-
tion requires a device as shown in
Table I. Operating characteristics
of this elementary adder can be de-
duced from the laws of arithmaetic.
The desired outputs for the eight
possible input combinations of 0
and 1 on the three inputs are listed
in the table.

There are two types of adders:
parallel and serial.

A PARALLEL ADDER is made of 35
elementary adders, one for.each
digit position. Various digits are
set up in a static register, as pre-
viously discussed, and the steady
register output voltages represent-

ing 0’s and 1's activate static ele-’

mentary adders. The carry output
lead of each place can be perma-
nently connected to the carry input
lead of the next, requiring one type
of elementary adder to satisfy the
rules of arithmetic. Alternatively
the sum and carry digits can be
formed statically in each place,
and the carrier transmitted to their
neighboring adders an instant later.
Part of the difference in the cir-
cuitry is involved with the fact that
a carry may generate a carry, as
in adding 7774 to 2226. Propaga-

ELECTRONICS — September, 1948

tion of tne carry down the line can
be handled in various ways.

THE SERIAL ADDER uses a single
complicated elementary adder for
successive digit places in sequence.
Pulse trains are not set up in static
form, but are fed in dynamically,
the two numbers arriving simulta-
neously. If an output 1 pulse is

generated, it is transmitted im- -

mediately as one digit of the sum.
If a carry pulse is generated, it is
delayed 0.5 us and returned to the
carry input, arriving there coinci-
dent with the input dlgxts of the
next place.

An elementary adder can be made
of gates and buffers. Rules of
arithmetic shown by the list of in-
put digit combinations are stated
in Table I. The preventing opera-
tion in case (2) implies a negative
gate, or logical AND NOT, which
is easy to devise from diodes by
using several bias levels. With this
tefminology, the functions of an
elementary adder can be described
logically as at the bottom of the
table. The complicated combina-
tions of AND and OR are straight-
forward logically and electronically,
but lead to a practical circuit em-
ploving (in one design) nine pen-

" todes and 36 diodes! Some of these

elements are incorporated to re-
shape pulses, and several diodes are
used as limiters and d-c level
restorers.

Any adder can be considered as
a problem in traffic control where
the signals (numbers) that are put
in control the transmission of
pulses throughout the adder. This
local control is one step more com-
plicated than the central control, or
traffic dispatch between organs. In
the ceptral control problem, control
\oltage% set up the paths to be
taken by signal pulses. In the local
control, pulse paths, and times
(clock beats) at which pulses occur
are set by the signals themselves,
so that there is no longer a clear-
cut distinction between signal and
control pulses.

MULTIPLICATION is a more com-
plex problem. Ordinary longhand
multiplication consists essentially of
adding the multiplicand (574 a-
many times as the right-hand diy:!
of the multiplier (31) shifting
columns, adding on the multiplicans

‘memory storage.

-+ times as the next digii,
~ the example:

it
31

. 571
oo a7t
574

17794 37

17794
Because in: the binary system,
only I’s and 0’s occur, we have for
the partial products either the mul-
tiplicand itself, or zero.
Decimal Binary
23 10111
5 101
115 B 10111
00000
10111

1110011

This allows us to use a shifting
register (previously described) to-
gether with a basic adder, to per-
form multiplication. We do or do
not add in the multiplicand accord-
ing to whether the right-hand digit
of the multiplier is 1 or 0, shift the
number in the register, and repeat.
Thus a basic arithme!. unit con-
sisting of registers, w:. :
shifted when desired, .

buffers, can either add

according to whethe: .t gets (o~ -
ple signal to add, or whether it gets
also a signal to shift and repeat.
Other modifications permit sub-
traction and division. Which opera-
tion is to be performed is controlled
by signals from central control,
usually quasi-static voltages to keep
certain gates open until the opera-
tion is completed.

Before examining means for con-
verting pulse trains representing
arbitrarily coded orders into gate
control voltages, let us ylance
the overall organization of the -
puter.

The input portion of the machine
sends all its words, both numbers
and orders, to the high speed
From storage,
orders go to the central control,
logically through a decoder, but this
decoder is the main part of the
‘central control and so is not usually
considered separately. Central con-
trol must dispatch operating in-
structions to all machine units, in-
cluding the input, for it must tell
the input when there is room in the
memory for more data and orders

é 115
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to continue the problem. The gen-
eral scheme is shown in Fig. 3. The
only feature of the diagram that s
unnecessary is the transmission of
orders (not control voltages) to and
from the arithmetic unit. This
is a useful way of pyramiding
the hierarchy of control to achieve
versatility of operation. Because
orders themselves are coded to ap-
pear as numbers, orders can be
modified by performing arithmetic
upon them. This feature simplifies
programming the mathematical
problem in terms of dispatching
orders, but need not concern the
electronic circuit designer.

We have mentioned that orders
are coded in numerical form. Sup-
pose for example that eight differ-
ent orders are desired; that is,

iwht different lines are to be ener-
~izved. Any eight things can be
represented in code form by the
binary numbers 0 to 7; that is, 000,
001, 010, 011, 100, 101, 110, 111.
These are the eight combinations
of three places, each having either
of two values. Electrically, we can
have three wires, each of which
may have voltage applied. If
~widvrs e pulse trains they can be

~erted to the static three wire
combination by setting up a static
register of three flip-flops. We then
have three wires, any one or more
of which may be hot, representing
eight different possibilities, and we
wish to excite any one of eight
leads in accordance with these
choices. In general, we have N
wires of two possible states each
(hot or cold) giving 2 combina-
*tomx, and wish to excite only one of
2 outputs. In practice, instead of
using N wires from N flip-flops,
having some hot and some cold, it is
better to bring two wires from each
flip-flop, one from each side. We
then have N pairs of wires, each of
which has only one side hot. All
input pairs are thus excited one
way or the other, avoiding compli-
cations of zero-voltage input sig-
nals. )

The simplest case of a decoder is
where N = 2, so that there are two
input pairs and four output leads.
The circuit of Fig. 4A shows this
case. The horizontal and vertical
lines are connected through diodes,
so that the diodes in any column
form a gate, or AND circuit. If
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apper and lower lines of the top
vair are excited positively, output
from the left-hand lead is excited,
and so on for the four possible

.combinations of input.

¥ UPPER
First UPPE
P

A‘m LOWER

R2\R
B

FUPPER
SECOND
PA
" _LOWER

SIMPLE DECODER { 8 DIODES)
ALL DIODES NORMALLY CONDUCTING

(A)

o
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vijutitjuruit it futufefrfufuteit
UVILjuLujLjuiLjufe jujrjuicful
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FOUR PAIR DECODER (64 DIODES)

(B)

+

o ,,§%§.>.>§>§_j§f:§

1 %%%ﬁéﬁﬁj

TWO SETS OF FOUR WIRES (32 DIODES)Y
(c)

FIG. 4—Switching circuits use unidirec-
tional conductance of diodes

For larger decoders, it will be
convenient to indicate the presence
of a diode connection between two
lines by a circle at the crossover.
There are no direct connections.
Figure 4B shows a simple decoder
for four input pairs, yielding 16
possible output excitations. Com-
binations of upper and lower pair
excitations that result in excitation
of each of the 16 lines are indicated
on the figure.

This direct check of the possible
combinations can be called a one-
stage decoder. Fewer diodes are
required if we decode in two stages,
namely, by mixing two pairs as in
Fig. 4A to get one line out of four,
and doing the same with the other
two pairs to get one line out of
another set of four. We then have
two sets of four lines each, in which
only one line of each set is excited.
These two sets can be fed into the
circuit. of Fig. 4C. Thus in using
Fig. 4B, each output line requires
a quadruple coincidence for excita-
tion, and 64 diodes are needed. By
using two circuits of Fig. 4A and
one of Fig. 4C, making successive
simple coincidences, we need
8 + 8 + 32 = 48 decoders, or a -
saving of 25 percent.

Multistage decoding exhibits
even greater savings as N iIn-
creases. For N = 8, allowing
selection of any one of 256 memory
tanks by virtue of the 2° = 256
different gated that may be opened
by an 8-pulse signal, a three-stage
decoding requires only 608 diodes
as against 2,048 for single-stage
decoding. .

Traffic Handling Systems

Having seen how a coded order
can be converted to the selection of
a gate opening voltage, it is of in-
terest to consider briefly the gen-
eral traffic handling plan. The
mathematician prepares his in-
structions to the machine in terms
of numerical data, coded orders to
select which basic operation the
arithmetic unit is to perform, for
sequencing the machine or for ex-
pressing the routine to be followed.
In general two kinds of words are
put into the machine memory:
numbers and orders.

Assume that the memory is capa-
ble of storing 1,000 words and, for
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simplicity, that the two kinds. of
words are of equal duration, or
number of pulse positions. These
1,000 words occupy definite poai-
- tions in two dimensional space-time.
Hence we can consider their posi-
tions as pigeonholes numbered from
1 to 1,000 and call for transmission
of a word to or from any pigeon-
hole. The simplest way of entering
the input data is to take the firs{
thousand words from a magnetic
wire and store them sequentially in
the thousand cells. This can be
done by using a counter to measure
off a word, and cause unity to be
added to the address to which the
next word is to be sent.

High speed reading of the
memory can also be done sequen-
tially by giving the address 1 as the
instruction for the cell to be read
and by having a built in arrange-
ment for automatically adding
unity to the address of the cell to
be read.
read cell 2 as soon as it has, finished
with cell 1 and.is ready to read
again.

A procedure that may be more
flexible for repeating subsequences
and setting up branch operations
(choice of next order depending
upon present results) and also more
convenient in practical program-
‘ming, is the four address code. In
this system each order is composed
of four addresses (or memory cell
locations) : the address of the first
operand (number to be arithmeti-
cally operated upon), the address of
the second operand, the code for the
-peration to be performed, and the
sddress of the next order to be read
after completion of the present in-
structions. This system is more
efficient if memory reference is slow
compared to other operations; that
is, if waiting time for a word to
be reached in the sequential read-
ing of a dynamic memory is rela-
tively large because it allows the

_essentially simultaneous look-up of
both operands.

A variation of the four address
system is the use of a fifth address
in the words on the input wire, to
designate the cell into which that
word is to be stored. The fifth
address is automatically deleted as
the word is entered into the
machine.

In electronic digital computers,

ns

It will then automatically -

1+ 1

‘me tubes, for example, are called
upon to develop a pulse of usable
level, or not called upon at all.
Variations between tubes, aging,
or tolerances of resistors do not
affect accuracy, until they become
so extreme that the signal falls out
of usable range. A ten to twenty
per cent variation of signal
strength has no effort on a series of
pulses. “Ideally a computing ma-
chine works perfectly or not at all.
Actually, as tubes deteriorate, there
is a threshold at which operation
may be erratic. By setting a limit
checking circuit for a safe level
margin, this otherwise possible
operation can be put in the class
with complete breakdown.

Errors can occur due to noise
generating a false pulse at an
allowed pulse time when the word
transmitted has a zero in that posi-

tion. This noise pulse may be in- .

distinguishable from a proper
pulse. Octurrence of errors due to
such random causes can be guarded
against by one of several checking
schemes.

. One of the most elaborate check-
ing schemes that has been proposed
i8 to check the arithmetic and the
transmission. The arithmetic can
be checked in a fashion similar to
the ancient system of casting out
9’s, where each number is expressed
ag it§ excess over a multiple of 9;
that is, it has a value of 0—8. This
is done by adding sideways. The
9’s excess of a sum of numbers is
equal to the sum of their individual
excesses, (expressed as an excess
if larger than 9). The 9’s excess of
the product of two numbers equals
the (excess of the) product of their
excesses. A simple auxiliary addi-
tion or multiplication on the ex-
cesses has often been_used for
checking arithmetic. For example,
multiplying 371 by 24 gives 8904.
The 9’s excess of 371 is found by
adding the digits 3 + 7 +'1 = 11,
= 2. Similarly, the 9’s
excess of 24 is 6. The product of
these two excesses is 12, having
itself an excess of 8, which agrees
with the excess of 8904, 8 + 4 —
12, 1 + 2 = 3. A corresponding
procedure of casting out (2' — 1)
can be set up for binary computa-
tion, and a small auxiliary arith-
metic unit operated sxmultmeously
with the main unit. -

This type of checking lends itself
to verifying correct transmission
of a number. The excess count of
a number can be stored with it in
the memory for performing the
parallel arithmetic check. It can
be used as a transmission check by
taking the excess count of a num-
ber received by the arithmetic unit
and comparing it with the received
check count. Very peculiar trans-
mission errors are required to make
the new count of an incorrectly
transmitted number agree with -
either its original count or an in-
correctly transmitted count. This
type of checking is based on arith-
metic.

Checking the address selection
exercised by central control can be
done by storing with each word its
address. When the word and ac-
companying address is read, .the
read address is checked against the
called-for address. This checks
both the spatial and temporal
phases of word selection in the
machine.

Electronic design of machines is
fast progressing to the point where
they will be more perfect than the
mathematics set up for them. 1
refer to such varied factors as
round-off error, inevitably intro-
duced by working to a fixed number
of significant figures. If a machine
performs 1,000 arithmetic opera-
tions a second for davs on end,
what relationship does the final
answer have to the original hypoth-
eses? Some mathematical research
is being done on this point. A
more vital question is the design of
mathematics suited for machines.
Many procedures use machines for
replacing human computers, using
numerical computational schemes
developed for the human brain.
Characteristics of an electronic
machine are different from those of
a human brain, and it is reasonable
to suppose that computational pro-
cedures can be devised which, al-
though unsuited for hand comput-
ing, are well adapted to machine
routines. Such procedures have
been developed for a few speclal
problems.

The writer thanks the Raytheon
Manufacturing Company and the
Eckert-Mauchly Computer Corpora-
tion for supplying some of the cir-
cuit details shown in the figures.
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