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delay circuits wherever possible. In circuits which require a
high impedance level, shunt capacity should be minimized, and
if circuits are frequency-selective within the frequency range of
interest, frequency compensation may be required. A familiar
example is that of inductive compensation in the plate load of a
vacuum-tube amplifier, as illustrated in Fig. 14-13. The high-
frequency components of a pulse are partially shunted by
capacitor C, which represents the effective sum of all the capaci-
ties in parallel with the plate resistor. A properly chosen value

INPUT ") T COMPENSATED

" \_UN-COMPENSATED

Rp L
C=Cour +Csrray*Ciy
L= .42 R%C
B+ R°= DAMPING RESISTANCE TO
PREVENT OVERSHOOT

F1a. 14-138. Inductive compensation of plate capacitance.

of inductance L will compensate for some of this shunting by
holding the plate load impedance to a constant value for a greater
portion of the frequency range. More sophisticated forms
of phase and frequency compensation are discussed in the
literature.”™

Another source of frequency discrimination is in the interstage
coupling capacitors, which affect the low-frequency response of
the units. To overcome this difficulty, many of the circuits in
the ENIAC are direct-coupled. Direct coupling introduces
another difficulty, however. In the ENIAC, largely because of
the direct coupling between stages, there are 78 different d-c
voltages which must be held constant within a few per cent. In
some video amplifiers, d-c restoring circuits are employed to
avoid the selective characteristics of a-¢ coupling without the
necessary complications of d-¢ coupling. Undoubtedly these
circuits will find use in future high-speed computers.

In the ENTAC it was not necessary to terminate transmission
cables in their characteristic impedances in order to reduce
reflections, but as computers using shorter pulses are designed,
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it becomes necessary to satisfy this requirement. Moreover, at
the time of this writing, it has been found desirable to terminate
the lines in the ENIAC in impedance-matching load boxes for
the sake of greater reliability, although the machine will operate
without them.

14-3-2. Gates and Buffers. Gates and buffers have been
discussed in Chap. 4, and as such the multicontrol grid, the
parallel load, and the crystal gates were described.” 1In applica-
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Fia. 14-14. Multiple-gate circuit.

tions where it is necessary to use gating or buffer circuits having
a multiplicity of inputs, the accumulated shunt capacity at the
plate circuits of a number of triodes connected in parallel limits
the leading-edge rise time of pulses to be passed. A circuit
known as the christmas-tree circuit and illustrated in Fig. 14-14
is useful in reducing this output capacity. A block diagram of
the circuit resembles a tournament play-off diagram. For
example, circuit a consists of two-input gates for a minimum of
capacity loading. A larger number of elements can be used in
parallel at the expense of circuit response and/or gain. A
similar circuit such as Fig. 14-15 might also be devised using
multiple-grid tubes.

A miniature pentode tube which is suitable for use as a gate is
the 6AS6 manufactured by Western Electric. The control grid
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and the suppressor grid are used as the independent control
elements. Some combinations of electrode voltages yield a
suppressor-grid transconductance which is almost half that of
the control grid and nearly equal cutoff voltages for the two
grids. In most pentodes, the control-grid transconductance
is many times the suppressor-grid transconductance. It does
not seem feasible to increase the number of control grids beyond
two, because in order to make grids of nearly equal sensitivity,
it is necessary to decrease the sensitivity of all grids to that of
the one which is spaced farthest from the cathode. The result
is a tube of very low transconductance for each control grid.

ouT

B

Frg. 14-15. Multiple-gate circuit.

A study has been made at Harvard™ of multiple-grid tubes for
use as multiple-input gates. A fundamental difference in require-
ments has been established between gates which are to handle
large voltage pulses and those which receive small voltage
pulses. For the former case, the grid is driven from anode cutoff
to anode saturation by the pulses. Sharp cutoff with high
average transconductance is desired in order that output pulses
of steep wave front may be obtained. In multiple gates which
receive small input pulses, the ratio between on and off trans-
conductance should be large. When a large number of gate
tubes are used with a common plate load resistor, there is a
tendency for the spurious noise signals on grids biased to cutoff
to add up to an amount comparable to an output pulse. For
this reason a high ratio between on and off transconductance is
desired. A diode gate is shown in Fig. 14-16 which is a slight
variation of the one illustrated in Fig. 4-2b and described on
page 41. Resistor R; is much greater than R., with the result
that input pulses are effectively shorted through one diode or
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the other, dependin.g upon pulse polarity. Application to R,
of a gate voltage of the polarity indicated places a bias on the
two diodes so that input pulses are not shunted and appear at
the output. Actually a small voltage gets through this type of
gate whether it is opened or not, and the ratio of voltage in the
on and off- conditions is limited to the ratio of backward to
forward resistance through the crystal rectifiers.

High-speed Coincidence Devices. A variation of the Rossi
circuit described in Sec. 4-3-3 and illustrated in Fig. 4-1b on

Ry
A% —

IN ouT
Rz Ro

! o—nx
+ 0—f

GATE
PULSE

F1a. 14-16. Diode gate.

page 38 has been developed in connection with nuclear experi-
mentation.”” This reference is noteworthy in this text because
it describes by far the fastest use of a coincidence or and circuit
known to the authors. The resolving power reported is of the
order of 10~2 to 10~ seconds. In this device a tube equivalent
to the Type 6AC7, having high mutual conductance and low
capacity, is used.

A method of detecting coincidences of very short duration and
observing them on a cathode-ray screen also has been devised
and reported.”™
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CHAPTER 15
DATA-CONVERSION EQUIPMENT

15-1. Introduction

The essence of the computing problem may be said to be the
expedient handling of data from origin to final state. However,
the steps between the original sensing of values and their final
presentation after a calculation are sometimes complex and may
require considerable time. Moreover, it may be desirable to
accept original data in one form, say as decimal digits, perform
computations on these data expressed in another form, say as
binary digits, and produce results in still a different form, say
as graphs.

Let us consider all the steps in the conversion of data from
their primary state into an appropriate form for output from a
computer.

The sources of data which are suitable for automatic com-
puting and the channels through which the data may flow to the
computer are highly diverse. For example, machines used by
the Bureau of the Census handle data which were passed by word
of mouth to a census taker and jotted down by him in a note-
book. The data for a Fourier analysis of a complex wave form
may come from an electromechanical pickup mounted on an
aircraft engine. Number-theory problems often originate in a
mathematician’s mind.

Data may accumulate rather slowly from a number of different
sources, as in the census example, in which case the data must be
stored and transported to a central location. Data may emanate
from one source and accumulate rapidly, as in the engine-vibra-
tion example. Here the computations may be performed at the
time and place where the data are being sensed, and intermediate
storage of data may be avoided. The latter arrangement has
been termed on-line operation.

It may be desirable to convert the data from analog form to
digital form, or vice versa. For example, it may be necessary

385
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to use as one of the problem inputs the instantaneous value, at
1-second intervals, of an output voltage which varies with time.
The instantaneous values of this voltage, appearing as physical
voltages and not as numbers of volts, are analog data. Measuring
a physical quantity and expressing it as a number (of volts,
inches, degrees, etc.) constitute conversion from analog to
digital form. Analog computers operate directly on analog
data; digital computers operate on numbers, as was explained in
Sec. 11-1.

When data are introduced into a high-speed machine, it may
be desirable to enter them at a faster rate than operators can
handle. Therefore, speed-changing devices may be required to
introduce data rapidly. Likewise, computed results may be
produced more rapidly than the output medium can assimilate
them. In this case, the results must accumulate in some inter-
mediate form until they can be written in final form. Finally,
when data are written, they should be in a form which will be
convenient for the user.

15-2. Analog-to-digital Converters

An analog-to-digital converter is a device which accepts
instantaneous values of continuously variable quantities and
expresses them in discrete numerical form.

156-2-1. Elementary Types. An example of an analog-to-
digital converter is the crystal-controlled pulse generator and
associated ring counter of Sec. 3-6, which measures and expresses
time intervals in discrete numbers of electrical pulses.

Another example is a device for converting speed of rotation to
digital form A cam-operated electrical contactor, fastened to a
revolving shaft, opens and closes its contact N times for each
shaft rotation, N being the number of raised segments on the
cam. Incidentally, this converter has the disadvantage that
positive and negative directions of rotation are represented in
the same manner, and there is no zero reference. In other
words, it counts modulo N but not radiz N.

15-2-2. Meters and Counters. In the familiar watt-hour
meter? there is a set of gears with a ten-to-one reduction ratio, a
pointer, and a dial numbered from 0 to 9 for each decimal digit
to be registered. This device is a measuring instrument, as
distinguished from a counter. The dials rotate smoothly, at a
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rate proportional to the instantaneous power usage; the device
measures the time integral of power usage. At regular intervals
the meter reader looks at the dials and assigns a discrete value to
each dial setting. In assigning discrete values to these settings,
he is performing a conversion of data from analog to digital form.
In fact, the meter reader himself satisfies the definition stated in
See. 15-2.

Meters (which yield analog data) may be distinguished from
counters (which yield digital data) on this basis: a counter is
arbitrarily precise in its representation of a quantity in digital

2 TEETH

/ / 20 TEETH
, ®

STRIPPED \TJA_L=2=
GEAR
DRIVE DIAL

DETENT MECHANISM
Fra. 15-1. Stripped-gear counter.

form, and no particular skill is required to read it; on the other
hand, some skill is required to read a meter, because the meter
measures and expresses a quantity, or, at least, the last digit of
its measured value, in analog form. The higher the degree of
precision required in the expression of a particular meter reading,
the greater the observer’s skill must be and the less likely two
different observers are to read identical digital values from the
same dial or scale and pointer configurations.

An example of a typical rotation counter is shown in Fig. 15-1.
This counter has numbered dials which move in discrete steps
from one digit to the next. This counter employs a driving
pinion connected to an input shaft stripped of all but n/r of its
teeth, where = is the original number of teeth and r is the radix
of the number system being used. The stripped pinion drives a
gear having n teeth, possibly through an idler gear, and advances
it 1/r revolutions for each revolution of the stripped driver.
Thus on a radix 10 counter, in which the position of the full-
toothed gear is represented by the digits 0 to 9 around a dial, a
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new decimal digit appears at an aperture after each revolution of
the input shaft. A single decimal counter is illustrated in Fig.
15-1. A group of such dials, cascaded so that the output of one
rotates the stripped gear of the next, form a decimal counter on
which as many digits as desired may be represented. A detent
mechanism may be required to hold the full-toothed gears in
their discrete positions when they are not meshed by the teeth on
the partially stripped gears. The dials on these counters are
commonly placed on the outside of short cylinders, which are
located behind a window aperture and arranged so that only one
digit on each cylinder is in view at any time.

Mechanical counters are manufactured by the Veeder-Root
Company. Various models of this device count rotations,
reciprocating displacements, and electrical pulses. The output
of these counters is normally a set of numbers to be read visually.
However, several models are available with printing wheels as
an optional feature. The top speed recommended for any
Veeder-Root Counter is about 42 ccunts per second. Most of
them operate at about 15 counts per second maximum.

Mechanical counters have also been equipped with electrical
pick-offs at each discrete position in order to generate electrical
signals representing shaft position. An analog-to-digital con-
verter which consists of a group of rotary switches geared to a
rotating shaft is used in the MIT differential analyzer.! These
switches in conjunction with conversion circuits operate an
electric typewriter and type numbers which indicate the shaft
location. Another electrically read device is used in the Harvard
Mark I and is known as an electromechanical counter wheel.
Each counter wheel has 10 discrete positions and a set of electrical
contacts for each position. The wheels are driven to their
prescribed position by means of a common drive motor through a
magnetic clutch. The clutch actuation is controlled by a
number-input mechanism which causes each wheel to be driven
to the digit to be represented.

15-2-3. Film Converter. . Another rotational analog-to-digital
converter has been proposed which can be arranged to convert
shaft rotations to numbers of radix 2. This converter employs
a continuous strip of film on which transparent and opaque spots
are photographed. These spots are arranged in columns across
the width of the film to represent binary numbers, which increase
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by one unit for each successive column along the length of the
film. Thus, a 15-digit binary number is represented by a column
of 15 code areas across the film and provides an opportunity to
employ up to 28 different numbers for the shaft rotation involved.
The film drive is of the intermittent type used in motion-picture
projectors and thus fulfills the definition of a continuous-to-
discrete-value converter. Common types of intermittent drives
are the Geneva movement and the Powers pin-cross and the
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TFic. 15-2. A scheme for converting analog to digital data. The micro-
film drive moves smoothly while coded areas on the film are sensed photo-
electrically.

star-wheel drives.®? A given amount of input shaft rotation
causes the film to move forward one discrete frame or, in this
case, one column of code areas. If a photocell is used in con-
junction with each of the 15 rows of spots in a column and if a
light source is arranged to shine through the film and on the
respective photocells, as described in Sec. 14-2-3, a radix 2
digital representation of the input shaft position is imposed upon
the photocells.

A mechanical film drive requires more than a millisecond to
step the film from one code column to the next. In order to
increase the maximum film speed and to eliminate ambiguity
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during the advance time, an electronic synchronizing scheme
could be used instead of the intermittent film drive. A row of
synchronizing dots on the film might control gates which allow
the photocells to be sensed when the code pattern is centered in
the optical system, but at no other time. Thus, each number
is held until it.is possible to sense the next one correctly. A con-
verter of the type described has been proposed by ERA and is
illustrated in Fig. 15-2. It is thought that 50 binary digits can
be stored across the width of a 35-millimeter film.

15-2-4. Pulse Code Modulation. A wide-band communica-
tion system which has desirable signal-to-noise characteristics
has been devised using a binary representation of analog sig-
nals.*"1!  This system is called pulse code modulation, or p.c.m.,
and is of interest because of the converters which are used and
because of the possibility of transmitting analog data to a com-
puter in digital form over a telemeter link.

Three general types of analog-to-digital converters have been
devised for p.c.m. In all three schemes, the instantaneous
amplitude of the analog signal is measured or sampled periodi-
cally. The sampling rate is made slightly more than twice the
highest frequency component which is desired to be sent. Higher
frequency components are filtered out of the signal previous to
. the sampling procedure.

In the first type of p.c.m. converter, the number of voltage
units in an amplitude sample are counted successively a unit
at a time until a residue of less than one unit remains.*#? In the
second type of p.c.m. converter, the amplitude of the sample is
compared with a standard voltage which corresponds in mag-
nitude to the highest order digit, and the standard voltage is
subtracted if it is smaller than the sample. The remainder of
the sample is then compared with a voltage corresponding to the
next highest order digit, and another subtraction is made if the
sample is larger. This process is continued until the lowest
order, or unit, digit is compared with the remainder and is deter-
mined to be either larger or smaller.® In the third type of p.c.m.
converter, the sample amplitude is measured, and the correspond-
ing digit pulses are produced without intermediate counting or
subtracting.’1%11 The speeds of these three systems increase
in the order of listing given above.

Examples of the first and third converters are given in order
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to illustrate their operation and circuitry. The first is perhaps
the most simple of the p.c.m. conversion schemes and will serve
as a basis for comparison in describing the third type, which is
the fastest.
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F1g. 15-3. Pulse code converter. The instantaneous amplitude of a signal
produced by the input generator is periodically sampled and converted into
a proportionate number of clock pulses by the modulator and gate and into
digital representation by the counter. This number of pulses must be
between 0 and 15 in the equipment illustrated. Here two samples of the
signal are being taken; the amplitudes at the points where the signal is
being sampled, expressed in numbers of pulses, are shown as 10 and 5 (with
respect to some bias voltage).

The first scheme was patented by A. H. Reeves and has been
investigated by Bell Telephone Laboratories and by the Federal
Radio and Telephone Corp.*” A sample of the voltage represent-
ing the data to be converted is first introduced into a sampling
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pulse-width modulator which measures the amplitudz: of the
incoming voltage with respect to a reference bias voltage and
gates out a pulse having a width proportional to the measured
amplitude. The variable-width pulses control a gate in such a
way that a number of clock pulses nearly proportional to the
width of the pulse is passed through. If the analog data are
to be represented by four binary pulses, they are represented to
within 1 part in 2% or 16. Therefore the clock-pulse rate is
set so that pulses of maximum width consume the same amount
of time as 16 clock intervals, and each amplitude sample is
replaced with from 0 to 15 clock pulses which represent the
amplitude of the sample. The series of clock pulses is counted
in a four-stage binary counter of the type described in Sec. 13-5
on ring counters. A block diagram of this system is illustrated
in Fig. 15-3.

The third type of p.c.m. conversion has been accomplished
at the Bell Telephone Laboratories®1%!1 using a perforated-mask
type of converter. The mask intercepts an electron stream in a
tube similar to a conventional cathode-ray tube. The beam
passes between two perpendicular pairs of electrostatic deflecting
plates which serve to locate the beam on the mask. A positive-
potential pulse plate is mounted at the large end of the tube -
perpendicular to the longitudinal axis, and the mask is placed
in front of it. Thus, the electron stream may or may not reach
the collector plate, depending upon whether it is deflected to
pass through a hole in the conducting mask or not. The collector
plate might be replaced with a photoelectric cell which detects
the presence of a light spot anywhere on a conventional c.r.o.
screen.

The analog voltage is sampled periodically, and a voltage
which is proportional in amplitude to the sample is applied to
one set of deflection plates. Simultaneously, a sweep voltage is
applied to the other pair of deflection plates so that the electron
beam scans across some portion of the mask. The mask has
holes cut in it similar to the pattern illustrated in Fig. 15-4 so
that if the sample amplitude controls the vertical location of the
beam, the electrons reaching the collector will be modulated by
the mask in a manner dependent upon the code pattern. The
code pattern illustrated represents the binary numbers from 0
to 15, and consequently the electrical pulses on the collector
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plate produce a serial binary number which is roughly propor-
tional to the analog sample. Auxiliary equipment is used to
assure that the electron beam
moves along the center of a row o
of code areas and not along the
edge.

This device has been used to
sample 12 channels of voice fre-
quencies up to 3,400 cycles per
second simultaneously utilizing
a mask which is seven binary
digits wide. Electrical pulses
1.5 microseconds wide are trans-
mitted at a rate of 672 kilocycles /
per second.

© O N O 0 p»p NP

15-3. Digital-to-analog Con-
verters 12

After the required computa- 13
tions have been performed in a 14
digital computer, it is sometimes 5
desired to transform the digital
results into analog form for ease
of viewing and assimilation.
Three types of digital-to-analog conversion are discussed here:
conversion of pulses to voltage amplitudes, conversion to rotary
motion, and conversion directly to a graphical representation.

15-3-1. Pulse Converters. A series of electrical pulses may be
transformed into a d-c¢ voltage by allowing them to gate.stand-
ardized pulses into a capacitor having very low leakage. The
voltage across the terminals of the capacitor at any instant is
proportional to the number of pulses gated into the capacitor
since the last time it was fully discharged. This transformation
method was the basis of some of the early measuring circuits
associated with Geiger-Miller counters and is also used in
frequency dividers.

"A digital-to-analog converter employed in the Bell Telephone
Laboratories p.c.m. system makes use of the exponential decay
characteristics of an RC circuit. The digits of a binary number
are represented by standardized electrical pulses, separated

F1a. 15-4. An analog-to-binary-
convertér screen.
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evenly in time and arranged so that the lowest order digits
appear first. They are applied to a capacitor circuit with the
RC constant so adjusted that half the charge leaks off between
pulse times. The total charge after all the digits in a number
have been inserted is proportional to that number.

For example, consider a converter in which four-digit binary
numbers are introduced in pulse times 1 to 4 and are removed
at pulse time 5. If the binary numbers 1,010 and 1,111 are
converted in this fashion and inserted pulses are 80 volts in
amplitude, the voltage on the capacitor as a function of pulse
times is shown in Table 15-1.

TasLE 15-1
Binary number = 1,010 Binary number = 1,111
Decimal number = 10 Decimal number = 15
Pulse
time Binary Capacitor Binary Capacitor
digit volts digit volts
1 0 0+0 =0 1 0 + 80 =80
2 1 0 4+ 80 = 80 1 40 4 80 = 120
3 0 40 4+ 0 =40 1 60 + 80 = 140
4 1 20 + 80 = 100 1 70 + 80 = 150
5 50 .75

It can be seen from the above example that the decimal
conversion factor is 5 volts per unit at the pulse time. The
converter described was proposed by Shannon at Bell Telephone
Laboratories. An important modification has been developed
by Rack® which makes timing less critical.

15-3-2. Rotation Converters. By a slightly different arrange-
ment the rotational analog-to-digital converters previously dis-
cussed can be operated in an inverse manner to produce a rota-
tional output for a digital input. A servomechanism!?~% may
be coupled to the film converter or electromechanical wheel
counter in such a way that the motor drives the shaft until a
desired number is located.

As an example, consider the film converter of Fig. 15-2.
Numbers from 0 to 2¢ — 1 are represented successively in binary
form as transparent and opaque dots on a four-row field as in
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Fig. 15-4. The fourth-order or left-hand row of digits is half
0’s and half 1’s (eight of each). The photocell output for that
row is compared with a signal representing the desired digit,
and the servo drives the film in the correct direction so that the
fourth-order digits are caused to match. After the servo has
driven the film to the nearest point where fourth-order digits
match, a comparison of third-order digits is made. Within the
limits in which fourth-order digits are matched, half the third-
order digits are 1’s and half are 0’s (four of each). Again, the
desired third-order digit is compared with the third-order digit
on which the film is set, and the film is either left where it is or
driven to the first point where third-order digits coincide. This
process is continued until the film is driven to a point where its
digits coincide with those of the number desired.

Another example utilizing the principles involved in the film
converter can be found in the MIT differential analyzer.! This
is a tape-operated device which sets the displacement of the
integrator disk to within 1 part in 150,000 of the maximum
displacement after a punched tape is prepared by an operator.
The conversion from the digital value on the tape to shaft rota-
tion is accomplished with the aid of 44 relays and a set of rotary
selector switches on the output shaft. The shaft is driven by a
servomotor which, in turn, is controlled by the switches. First
the relays are set by electrical contactors actuated by the holes
in the punched tape; then the servomotor is caused to rotate in
the direction to close corresponding switches on the integrator
shaft. The motor continues to drive the integrator shaft until
a switch corresponding to each digit is closed, whereupon it is
caused to stop.

15-3-3. Use of the Selectron as a Digital-to-analog Converter.
As originally conceived (see pages 370-371) the Selectron had a
64-by-64 grid, on a cylindrical surface. By deforming such a
grid into a plane, it would be possible to produce a device for
converting digital data directly into graphic form. The electron
beam would be directed upon a spot on the screen opposite a par-
ticular window in the grid for each digital value; the composite
of the spots would form a graph.

For example, if some digital F(x) is to be plotted as a function
of digital quantities, represented by the letter x, the x quantities
are caused to operate the gates associated with the vertical bars,
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and the F(z) quantities are simultaneously applied to the hori-
zontal bars. Thus, in a Selectron system having 2% vertical bars,
values of x ranging from 0 to 25 — 1 might be plotted. Then,
all values of x between 0 and 1 would cause the left-hand set of
bars to be made positive; all values between 1 and 2 would cause
the next pair to the right to become positive, ete., so that values
between 30 and 31 would cause the right-hand pair of bars to
become positive. A similar scheme would be used to introduce
F(z) values on the horizontal bars, and quantities would be
plotted to within an accuracy of about 3 per cent. If z and
F(z) values are directed to the vertical and horizontal bars
simultaneously, a Selectron window is opened at a point on the
grid which represents the value of these two quantities. Num-
bers to be plotted can be brought into the range of the plotting
device by a previous multiplication or division by a scale factor
as required. A photosensitive screen placed behind the Selec-
tron grid, in place of the dielectric storage plate, would cause a
visual spot to be obtained for each x versus F(x) entered.

15-4. Conversion of Data from Written to Automatic Machine
Form

Data for automatic computation often are presented in a
written form not easily assimilated by a computer. They must
be converted therefore into some new form for introduction
into an automatic machine.

The most common written form for recording data is the famil-
iar numerical tabular form used in accountants’ records, engineer-
ing data sheets, and tables of mathematical functions. Data
may be recorded also as a set of plotted points, which represent
in analog form a function of one parameter in terms of discrete
values of another parameter. As a variation of this form, a set
of lines may be drawn from the plotted points perpendicular to
one coordinate axis. These two presentations of plotted data
will be referred to as sampled analog data.

The numerical tabular form of written data may be introduced
into a computing machine by a human operator who reads the
data and manipulates dials or a keyboard in a manner which
corresponds with his mental evaluations of the data. Sampled
analog data may be transferred by an operator in one of two
different ways. First, the various points of a plotted set may
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be measured from a reference with a scale or ruler. Numerical
measure thus is afforded which may be introduced into a machine
in a manner similar to numerical tabular data. A second method
of transferring plotted data is to superimpose a sighting device
upon the points, thereby producing shaft displacements which
may be used in the machine as measures of the function values.
This method permits the transfer of data without requiring the
operator actually to sense the values mentally. ,

Data in the form of continuous curves may be evaluated in
a manner similar to the methods used for sampled data. Auto-
matic curve-tracing devices have been made which utilize photo-
electric-cell sensing to control a motor drive for the curve follower.

In this section are included descriptions of equipment which
has been devised to perform data conversion from a written form
into a form suitable for introduction into an automatic computing
machine. In addition, a description is included of a proposed
device with which data may be entered into a computer from
vocal commands.

15-4-1. Conversion from Written to Automatic Digital Form.
The automatic digital forms into which data may be transcribed
are discussed in Sec. 14-2 under the topic of storage mediums.
The ways in which data have been transcribed from written form
to these automatic digital forms are numerous, but all employ
the idea of the keyboard or the dial. It is important that the
converting process allow the operator to keep his eyes on the
data being read.

Keyboards. There are several types of keyboards in common
use. The simplest of these is the single key used by the tele-
graph operator. The semiautomatic key for high-speed teleg-
raphy has a neutral position, a position for dots, and a position
for dashes so that it can be used to generate binary numbers
serially.

The Sundstrand keyboard is used on some desk calculators. It
employs only 10 keys representing the 10 decimal digits. These
keys are depressed successively, and a number is formed in a small
register window where it can be checked before the operation
begins or before the number is transferred to the storage medium.
This keyboard can be operated quite rapidly by the touch
system.

The Burroughs keyboard, in which 10n keys are required to
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set up an n-digit number, is common on desk computers. It may
be operated by the touch system, but not as rapidly as the
Sundstrand. The desirable feature of this keyboard is that after
all the numbers are set on the keyboard, they may be checked
visually, and any errors may be corrected easily before the
computation with the number begins.

A familiar keyboard is that of the ordinary typewriter, which
may be operated at speeds of about five letters per second. It
has the desirable feature that many operators are already pro-
ficient in its use. A keyboard based on the standard typewriter
keyboard is being used as the input device for the UNIVAC. If
a typewritten record is made in conjunction with the data-con-
version process, it may be checked for errors, which may then be
corrected before computations begin. .

Dvorak!® has suggested rearranging the positions of the keys
on the typewriter keyboard so that easier finger motions are
required in typing the frequently used letters and combinations
of letters. Machines have been equipped with Dvorak key-
boards and used successfully in speed tests and other demon-
strations. It is said to be difficult to retrain an experienced
operator to use this keyboard, but novices can probably learn
to use it at least as easily as a conventional keyboard. Type-
writers equipped with this keyboard are available.

The keyboard on the teletypewriter basically is similar to that
of the typewriter but has three rows of keys rather than four.
All letters are upper-case, and numbers are accessible by use of
the shift key. The machine has a top speed limit of about six
letters per second. Teletypewriter equipment is used in the
input equipment for the Mark II and Bell Telephone Laboratories
machines.

Another keyboard which has been devised for high-speed
typing is manufactured by the Stenotype Company. This
keyboard contains 22 keys which represent the common sounds
of the language used. The operator uses the fingers of both
hands and by depressing several keys simultaneously produces
the associated sounds in the desired order. Stenotype operators
can attain a speed of 250 words per minute. Part of this increase
in speed results from the reduced number of keys which must be
struck for each word written, and part of it results from the fact
that several keys may be depressed simultaneously. Although
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this machine is not particularly suitable for use in a computer,
the possibility of using the principle of making up numbers and
orders out of combinations of keys might well increase the speed
of transcription from written to automatic machine forms.

Keyboard Coupling Devices. Manually operated keyboards
are usually employed to record data on storage mediums for
future use in a computer. The actual coupling between the keys
and the recorder unit then depends to a large extent upon the
type of keyboard and the type of storage employed. There are
possible a large number of coupling devices, some of which are
suggested in this section. The teletypewriter is described as an
example which employs mechanical coupling, electric sw1tches,
and an encoding commutator.

When storage mediums such as punched tape and punched
cards are used, the coupling between keyboard and punches may
be entirely through mechanical linkages. These linkages are
arranged to set the proper punches, which are usually driven
through the paper by an auxiliary power source.

When an electrical output is desired from the keyboard, the
keys may operate switches directly or may operate small shutters
which control a supply of light to a group of tiny photocells. The
latter principle is applied in Teleregister Corporation equip-
ment.1® Photocells have the advantage over switches that they
do not have contacts which may become dirty and thus cause
intermittent operation. Other couplings, which might be
devised to overcome this rather fundamental difficulty with
small switches, are electrostatic and inductive devices which
can be coupled and uncoupled with a keyboard.

The teletype machine is a combination keyboard and printer.2°
The keyboard section contains five switches, and each key causes
one or more of these switches to be closed when it is depressed.
The coupling from key to switch is through levers, cams, and
five sets of push rods, which run the width of the keyboard.
When a teletypewriter is used in conjunction with a tape per-
forator, the five switches control five pin-setting devices. An
electromagnet in the punching machine causes the set pins to be
driven through the paper tape. Thus, a unique hole pattern is
produced in the tape for each key depressed.

‘When the output of the teletype machine is to be transmitted
by a single wire, the five switches are connected to the central
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five positions on a seven-place electromechanical commutator.
When a type key is depressed, corresponding switches are closed
and latched, and the commutator arm begins a single rotation.
In its first position a start pulse is placed on the single wire; in
the next five positions positive or negative pulses corresponding
to the particular key depressed are generated; and in the seventh
position a stop pulse is sent out. At the completion of the
cycle the switches are released, and the machine is ready for the
next key to be depressed. Thus, for each letter typed on the
keyboard, a string of seven positive and negative pulses are
emitted serially from the single-wire transmitter.

The receiver unit of a teletypewriter consists of a mechanical
amplifier which increases the mechanical power available from
the relatively weak incoming signals so that they can be separated
and used to swing a type bar corresponding to the key depressed.

When a teletypewriter is set to send or receive at one time, the
receiver unit may be electrically connected to the output of the
keyboard so that a copy of the material being sent out is typed at
the sending station. This arrangement aids the operator in
keeping track of lines and in locating errors. Since the keyboard
and the printer are located together, one unit suffices for sending
and receiving.

The IBM Corporation produces the Electromatic Typewriter,
which is available on a rental basis. Although this machine was
not originally intended for transmitting information, the Globe
Wireless Company has modified these machines so that they are
suitable for this purpose. In the IBM machine the keys operate
combinations of six switches simultaneously. The Globe
Wireless Company has added an electronic conversion unit which
transforms the information in six static switch settings into a
serial string of six pulses. When the key is struck, it also causes
a type bar to strike the paper in the manner of a conventional
mechanical typewriter, so that a record of the message sent is
also made at the transmitter.

A separate machine is required as a receiver in the Globe Wire-
less equipment. This machine has an electronic converter called
a permutation unit, which distributes the six serial pulses into six
channels. Each of these six channels controls an electromagnet,
which in turn operates code levers. These code levers operate
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the type bars which actually print the characters corresponding
to the serial pulses received. ‘

Another tape-punching typewriter designed for special uses
in offices is made by the Justowriter Company. It, also, is
available on a rental basis.

Dials. A second conceivable manner in which an operator
might transcribe data from numerical form to automatic digital
form is by setting the numbers on dials with discrete positions
on them. These positions might be determined by a detent
mechanism arranged to hold the dial on positions corresponding
to whole numbers. A variation of this idea is illustrated by the
telephone dial, with which discrete numbers are registered
by means of discrete holes in the finger ring.

Speech Converters. One of the most common forms of error
which operators make in keying or dialing numbers is to transpose
digits. Furthermore, a certain amount of skill is required in
order to operate a keyboard speedily and accurately. An
input device which allows the operator to concentrate on the data
which he is entering into the machine and which requires little
practice to use might be devised from a speech converter. The
operator merely reads the digits of a number into a microphone,
and the digit names are recognized by selective filters in an
amplifier. On the basis of this recognition, gates are opened
which convert the sound of the spoken digit into automatic
digital form. The reproduction of speech from elementary
sounds was studied at Bell Laboratories prior to 19387 and has
recently been reconsidered in England.!® '

15-4-2, Conversion from Written to Automatic Analog Form.
A simple way in which to convert numerical values into analog
form suitable for automatic machine operation is by means of a
dial mechanism or keyboard. Plotted data may be converted
for introduction to a computer either by measuring and entering
from numerical values or by sensing with a curve-following
device connected to a displacement mechanism.

Dials, Scales, and Keyboards. A dial may be used to establish
an angle of rotation on a shaft, to set a potentiometer, or to
rotate a synchro.?® A scale is customarily used for measuring
linear distances. The familiar slide rule, for example, has
linear scales along its edges, and numbers may be converted from
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digital to analog form and back again by the operator several
times in the course of an arithmetic operation.

Similarly, analog values could be set with a keyboard in a
number of different ways. For instance, each key might operate
a lever arm having a length proportional to the key number.
Also, each key might operate an electrical contactor and thereby
switch impedances or voltages in a manner designed to create
appropriate analog values. Another possibility is to have keys
set stops in some device which moves until it hits a stop, thus
converting key settings to linear or angular displacements.

A keyboard is used originally to punch tape with which the
integrator disks are set on the MIT differential analyzer as
described in Sec. 15-3.

Curve Followers. An operator can transfer discrete or con-
tinuous values plotted on paper into automatic form by means
of a curve follower. In essence, the operator controls a cross
hair or similar sighting device so that it moves from one to
another of a set of discrete plotted points or along the curve of a
continuous record. The position of the tracing element with
respect to a selected reference point corresponding to the origin
of the curve becomes the analog output of the machine, which
may be in the form of shaft rotations or linear displacements. If
a curve is plotted in rectangular coordinates designated by x
and y, the medium on which the curve is drawn may be moved
by a motor drive in the z direction. The operator then controls
the y position of his sight and possibly the speed and direction
of the x drive. Such a scheme is easier for the operator to use
than one in which he controls both axes completely and simul-
taneously. KEquipment requiring manually operated drives
similar to the one just described is common in gun-laying and
bombing computers.

The output of a curve follower usually consists of a pair of
shaft rotations which are proportional to two plotted quantities.
Sometimes one shaft will be driven by another part of the
machine, in which case only the operator-controlled shaft will
constitute an output. As a check upon the accuracy of the
operator, a pencil can be attached to a curve follower so that the
distance between the recorded curve and the curve traced out
by the operator can be determined.

Automatic curve followers have been considered for some time,
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and one was built by Hazen, Jaeger, and Brown at MIT and
reported in 1936.22 It is capable of following a single-valued
function of one variable within the range where its first derivative
remains finite. Their machine was successful and is the fore-
runner of a similar automatic curve follower which was developed
in Germany at the Technische Hochschule, Darmstadt.2? It
operates on the basis of a photocell which rides along one edge
of a black line on a light background. Animage of an illuminated
section of the line is focused on the photocell through a circular
aperture which passes a spot of light having a diameter equal to
about one-third the width of the line. The equilibrium position
of the photocell is established at the place where half the image
is black and half the image is white. With this arrangement an
increase in illumination, which results when the photocell is
moved away from the center of the line, energizes a servomecha-
nism, which drives the photocell back toward the center of the
line, and a decrease in illumination causgs the photocell to be
driven away from the center of the line. Since the servodrive
is along the ¥ axis, the sight is actually driven in the 4y direction
in one case, and in the —y direction in the other. Therefore,
it is essential that the sight remain on the side of the curve on
which it will always be led back toward the center of the line.

The accuracy of this curve follower is a function of the amount
of hunting which occurs in the servosystem. The amount of
hunting depends in a rather complicated manner upon the circuit
parameters and the input functions and is described in the
theory of servomechanisms.!>1415 In general, the inertia of
the system should be as low as possible to reduce hunting ampli-
tude. Increased damping decreases the hunting but also
inecreases servo lag and consequently error.

With a given servosystem and a limit set on the error which
can be tolerated, the velocity of the servo movement must be
restricted. This velocity is equal to the product of the z-direc-
tion velocity of the curve times the slope of the curve. In the
German machine a speed of 3 millimeters per second in the z
direction is a safe drive speed. The error caused by the aperture
hunting a distance d normal to the curve and with the curve
making an angle « from the y axis is

d
cos «a
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and on the German machine a value of d = 0.1 millimeter was
attained. ’

Other automatic curve followers have been considered in which
a second photocell is used to detect the slope of the curve. The
main servo-circuit parameters thereby may be controlled in such
a way that the curve may be followed efficiently over the wide
range of required servo velocities resulting from the wide range
of slopes on various parts of the curves to be followed. An
application of modern servomechanism circuit techniques to this
problem would probably be well rewarded.

The automatic curve follower just described, like the MIT
device, is limited to sections of curves in which the first derivative
or slope is finite, since the control circuit is unstable when its
orientation from the center of the curve is reversed. Manually
operated followers, however, are not limited in this respect.
When a curve follower is guided by a human operator, any of
several curves plotted on the same medium can be chosen and
even changed during the course of the problem if data are
changing slowly. Therefore, functions of more than one variable
can be followed manually. TUse of an additional parameter is
not feasible with an automatic curve follower, since it is unable
to distinguish one curve from another or to interpolate between
curves.

15-5. Transcription of Data from Automatic Machine to Written
Form

After a computation is completed, it may be desirable to study
the results, and therefore the output of the machine must be
produced in a written form. This is not particularly necessary
in a gun-director computer or similar tactical device, where the
results are used as they are computed, but it is important in
solving the problems of science. The written values may take
any of several forms, the most convenient depending upon the
nature of the data and their eventual use. If large amounts of
data are to be listed in tabular form, it is well to list tabular sum-
maries of the data also. In some cases it will be most convenient
to have the output data plotted in graphical form. In this
section is discussed the conversion of quantities from machines to
written numerical or to written analog forms. Equipment which
performs this function is referred to as output equipment.
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15-6-1. Transcription from Automatic Digital to Written
Numerical Form. The mechanical, electronic, and photographic
printers which have been devised for numerical transeription
are discussed in this section.

Electric Typewriters. There are several commercially available
electric typewriters which are of interest as output devices for
printing results in numerical form.

The teletype equipment,?® described in Sec. 15-4-1, is a com-
bination keyboard and printer. It can be used to type numbers
and letters from groups of synchronized pulses. Similarly, the
modified IBM Electromatic Typewriter and the Justowriter
equipment can be operated from punched tape or other sources
of electrical input signals. RCA Communications, Ine., also
produce a number of tape-operated typewriters.2®

In a conventional typewriter, when a key is depressed, an arm
with an individual type face on it is caused to fly up and hit the
paper, thereby printing a letter or a number. There is another
group of typewriters in which the font of characters is placed on a
small wheel located behind the paper. When a key is struck,
the wheel is caused to rotate until the corresponding type lies
behind the paper, which is then struck by a hammer from the
side opposite the font. This is the principle of the early Ham-
mond typewriter, a Dow Jones machine, a Western Union
machine, and the Vari-typer. The action is simple, and it is
rather easy to change type fonts. Typewriters are essentially
serial printers since only one letter is printed at a time.

Multibar Printers. A somewhat faster device is known as the
multibar, or gang, printer in which all the type is arranged along
a bar, and several like bars are mounted side by side. In one
version of the multibar printer, each bar is displaced longi-
tudinally so that the correct figures are aligned to form an anvil
behind the paper. Letters and numbers are printed by means of
a hammer which hits the paper and presses it against the bars.
As an example, a printer having three bars each containing the
digits 0 to 9 can print three-digit decimal numbers. If the
number 281 is to be printed, the left-hand bar rises three places
to the digit 2, the second rises to the digit 8, and the third rises
so that the digit 1 is under the hammer. Since these bars may
be raised simultaneously, the total time required for printing is
the time required to set a bar and to strike it with the hammer.
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A mechanism of this type is found in the ordinary desk adding
machine.

In a Remington Rand multibar printer, each letter is mounted
at the end of a rod which is free to slide longitudinally. A stack
of these rods is arranged in a carriage. which slides up and down
like the bar in the multibar printer. In this type, the hammer
hits the correct type rod and presses it against the paper.

Gang printers which are now available include the Remington
Rand and IBM printers, which attain a printing speed of over
100 characters per second. These machines print letters as well
as numbers. An IBM printer which handles numbers only will
print at a rate of about 200 digits per second. It has been
estimated that gang printers with bars actuated by pneumatic
or hydraulic instead of electromechanical means could be made
to operate at a rate of several thousand characters per second.

A gang printer in which the type is located on rotating drums
rather than bars has been suggested. By rotating the drums
at a constant velocity, the need to accelerate the type is elimi-
nated. Printing is accomplished by causing a hammer to strike
the paper against the wheel as the proper letter is passing by.
Since the hammer has to move only a short distance, it can be
brought in place very quickly so that the operating speed of such
a gang printer should prove to be quite high.

Flash Photographic Printers. If extremely high speeds are
required in an output printer, photographic techniques can be
exploited. They are limited in top speed by the maximum rate
at which reasonably intense light sources can be modulated. At
the present time this limit is around 1,000 flashes per second
with small Edgerton-type flash tubes employed in commercial
stroboscopes and mentioned on page 320. A compromise
between flashing rate and illumination is necessary to prevent
overheating when a flash tube is used repetitiously. Several
models of this tube are produced by Sylvania Ilectric Products,
Inc., and the General Electric Co. The latter is experimenting
with a flash tube which promises to be smaller and faster than
the coil-type lamps. .

The Nwumeroscope. A high-speed, photographic recording
device called the Numeroscope®>2® for use with a computer has
been developed at Harvard. Each digit in a number is formed
on the face of a cathode-ray tube, and a picture is taken of all
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the tubes in a row. In the system proposed, a l-inch cathode-
ray tube will be provided for each of 20 decimal digits. A
group of 10 generators produce the electrical wave forms required
to produce each Arabic numeral on a cathode-ray-tube screen,
and these signals are gated to the proper tubes by the output of
the computer. The 20 tubes are arranged side by side in a light-
proof box with a shutterless camera which is aimed and masked
to photograph a row of numbers across the cathode-ray tubes.
After a frame of numbers is photographed and has disappeared
from the screens, the film is advanced a short distance in readiness
for the next exposure.

Most of the work reported on the Numeroscope consisted in
the development of the electronic circuits required to form the
figures. It was decided after an analysis that it would be very
tedious to generate the figures with a combination of the required
sinusoidal components; hence nonlinear circuits were devised
with which to operate on sine waves of 2,000 and 5,500 cycles
per second. Each figure is broken down into straight lines and
sections of ellipses which are generated in turn and correctly
positioned on the face of the tube. For example, the figure 8
is a small ellipse which is alternately moved up and down so
that it appears as one ellipse on top of another. Half-wave-
rectified signals are used to produce the figure 7, one leg of which
is produced during one half of the cycle and the other leg during
the alternate half.

The smallest figure which can be photographed is a function
of the graininess of the film, and the exposure time is a function
of the emulsion speed. The speed of this device in number of
digits which can be photographed in a second can be determined
from a knowledge of these two factors. Recent information®
indicates that writing speeds of 270 inches per microsecond can
be photographed on a P-11 screen with high accelerating poten-
tials using an f/1.5 lens and E. K. Linagraph Pan (5244).

ERA Rapid Printer. At the time of this writing, ERA is
developing a high-speed printing device under contract with the
National Bureau of Standards. In this device, as in the Numero-
scope, characters are produced on a cathode-ray tube screen by
means of combinations of signals applied to the deflection plates.
A technique based on magnetic recording principles is used to
generate the signals.
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The Monoscope. A piece of equipment commonly used in
television transmitting stations is known as a monoscope.24?°
This device is a small Iconoscope television transmitting tube
with a picture or a diagram fixed on the inside of the envelope.
A plate with a fairly high secondary-emission ratio, such as
aluminum with its normal coat of oxide, is used in place of the
mosaic. A figure is painted on the plate with a material, such as
carbon ink, having a contrasting secondary-emission ratio. As
the plate is scanned with an electron beam, a secondary-emission-
current pattern of the diagram is produced. A device similar to
the Harvard Numeroscope has been contemplated using a bank
of 10 monoscopes each having a decimal digit built in. All
could be operated from common sweep generators as could the
Kinescope tubes on which the numbers are made visible. The
output register would serve to key the proper monoscope into
a row of Kinescope tubes arranged to be photographed as in the
Numeroscope.

Other Digital Recorders. The use of the Selectron as a digital-
to-analog converter was suggested on page 395. An image
plotted on a Selectron used as a converter could be photographed
in order to make a permanent record of computer results. In
order to keep the trace on the screen for a time long enough to
be photographed, it might be necessary to introduce the same
set of values cyclically for a short period of time.

Electrical pulse-operated counter wheels also may be photo-
graphed to provide a permanent digital record.

15-56-2. Transcription from Automatic Analog to Written
Form. It is often desirable to record the output of an analog
machine for future reference and study. The output of the most
common analog devices is a voltage or a shaft rotation. Various
ways of recording these outputs are discussed in this section.

Electrical Output Recorders. An important type of electrical
analog device is the d-¢ or a-¢c network analyzer. The output
of a network analyzer is the current, power, or voltage at a
number of points in the network, the number being dependent
upon the type and size of the network under analysis. As an
aid to reading and transcribing to paper a large number of volt-
ages, a recording voltmeter, such as the Brown Recorder, may be
employed. These devices contain servosystems which position
a pen on a linear track perpendicular to the direction in which a
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long sheet of paper can be moved in discrete steps.?® The zero-
voltage position of the pen and the scale factor may be adjusted
so that any voltage of sufficiently high level can be recorded.
If voltages are to be measured at 50 different places in the net-
work analyzed, a probe may be applied to each of these in turn
and the voltages recorded along 50 different axes on the paper.
If some parameter is changed, the paper can be rolled back and
the entire process repeated. Each set of dots, when connected
or otherwise identified, results in a plot of values along some
route through the network.

The output of the Westinghouse Transient Analyzer is a pair
of cyclical voltages, displayed on the screen of a cathode-ray
oscilloscope to represent the wave form of a transient quantity.
One of the cyclic outputs is usually a saw-tooth voltage to
represent a time base. Still photographs are taken of the output
curves for permanent records.

The output of an electronic differential analyzer is also one
or more voltages which vary in time. A display of an output
voltage along one axis of a cathode-ray screen can be photo-
graphed with a shutterless camera to produce a continuous curve
as a function of time. Similarly, output- voltages may be
recorded on an electromagnetic oscillograph.

Mechanical Curve Tracers. The output of a mechanical
differential analyzer usually. consists of the rotation angle of
two or more shafts. A plot of one output as a function of
another (usually machine time) can be obtained by arranging a
pair of drive systems so that one output drives a marking instru-
ment, such as a pencil, in one direction and the second output
drives either a paper or the pencil in a direction perpendicular to
the first. Thus, the pencil traces values on the paper in cartesian
coordinates. A convenient mechanical arrangement is to place
the paper over a cylindrical drum and have one drive cause the
drum to rotate around its axis. When polar plots are desired,
the pencil is moved in and out from the origin, and the paper is
caused to rotate about the origin.

Since the output mechanism of the integrators used in a dif-
ferential analyzer will slip if loaded heavily, a servosystem is
usually required to drive the curve-plotting device. The
requirements for the servosystem are low static and dynamic
error and good stability, or freedom from overshooting. The
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marking device may be a pencil, a pen, or an electric scribe, used
with paper which is marked when current is passed through it.
A paper of this type is called Teledeltos paper.

Counter-wheel Printers. It may be desirable to sample the
output of an analog quantity occasionally and write its numerical
value. The first step in this process is to convert the continuous
quantity to digital form and then to print the digital quantity
by one of the methods desecribed in Sec. 15-5-1. In the first
MIT differential analyzer, for example, the output was on a
mechanical counter with a printing wheel on the dials. At
discrete intervals, a paper was pressed against these continuously
rotating wheels, and a slightly blurred print of the representative
numbers was obtained. The top speed of the commercial con-
tinuous-input, Veeder-Root counters with printing wheels is
17 counts per second. In the later model of the MIT differential
analyzer, a bank of rotary counter switches is used to operate an
electric typewriter, and a record of shaft position is typed from
time to time.

15-6. Radix Converters

It may be recalled from descriptions of various arithmetic
elements that circuits are more simple for arithmetic operations in
the binary system than in the decimal system. Furthermore,
most of the digital computing elements which have been used to
date are employed in an on-off, or binary, fashion. Binary
numbers, however, have more than three times as many digits
as decimal numbers and are much less convenient for human
operators to deal with. Therefore, it is usually desirable to have
operators enter decimal numbers into a machine. Some thought
has been given to the use of octal numbers at the input of a
machine because of the ease of converting them to binary form.
In any case, unless the operator inserts binary numbers, a change
in radix takes place at some level in a digital computer.3!

In the Harvard Mark I and the ENTAC, decimal arithmetic is
performed, and the only radix conversion is at the switches and
flip-flops, which represent the decimal digits in a binary manner.
In the Harvard Mark II, the UNIVAC, and other computers,
each decimal digit is represented by a group of four binary digits.
Such a system is known as a coded-decimal system. A method of
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conversion of decimal numbers to a binary-coded system is
described on page 289.

This section includes a discussion of three types of radix
conversion used in present or contemplated computers. They
are the decimal-to-binary and binary-to-decimal conversion,
using binary equipment, and the coded-decimal conversion.

15-6-1. Decimal-to-binary Conversion Using Binary-arith-
metic Elements. In the conversion of decimal numbers to
binary numbers, the process varies somewhat depending upon
whether the numbers are whole numbers with no fractional part,
are fractional numbers with no whole part, or are a combination
of the two. However, the general idea of the process is illus-
trated by a single case.

To convert whole decimal numbers to binary form using binary
equipment, one might first find the binary equivalent of each
digit. This process can be performed in a matrix similar to the
one illustrated in Fig. 4-3b on page 43 and described as an octal-
to-binary converter. KEach digit might then be multiplied by
the binary notation for 10 a number of times corresponding to
the power of 10 with which it was associated in the original
decimal number, and all the products summed. For example,
to convert 132 to binary form, the digits are first converted to
0,001, 0,011, and 0,010, respectively. The first of these is next
multiplied twice by binary 10, or 1,010, the second once, and the
third not at all. The resulting numbers are 1,100,100, 11,110,
and 0,010, which are added to produce 10,000,100, which is the
binary expression for 132.

Since the only two arithmetic steps required to accomplish this
conversion are multiplication by 1,010 and addition, a complete
arithmetic unit is not actually required to perform this work.
Therefore, either the automatic conversion of input data can be
accomplished in the arithmetic unit of the machine at the expense
of some computing time or it can be accomplished in a pre-
liminary conversion unit at the expense of some extra equipment.
In a modern computer, the time lost in the first case usually will
be negligible.

If the conversion is accomplished in a separate unit previous
to the time when the problem is to be solved, there is a possi-
bility of checking input data after conversion, thereby checking
the conversion process as well as the operator.
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15-6-2. Binary-to-decimal Conversion Using Binary-arith-
metic Elements. To convert a whole binary number to the
decimal system, it is necessary only to divide successively by
1,010, the binary equivalent of 10, and to convert the remainders
to decimal digits in a matrix which is the inverse of the one
required to convert from decimal to binary form. As an illus-
tration, consider the transformation of the binary number
10,000,100 into the decimal system. The form of the division
required is as shown:

1101
1010[10000100
‘ 1010

1101
1010
1100

1010

0010 Remainder

1

1010{1101
1010

0011 Remainder
0 .
1010[1
0
0001 Remainder

The three remainders are arranged in inverse order and converted
to decimal notation with another matrix circuit similar to the
one illustrated in Fig. 4-3a¢ on page 42. Thus 0,001, 0,011,
0,010 becomes 132, which may be recognized as the original
decimal number.

Again, only a limited amount of arithmetic equipment is
required to perform the conversion, so there is a choice to make
between programming the conversion through the main arith-
metic unit or providing a converter in the output of the computer.
Since the problem is again one of equipment economy versus
economy of time, the method of solution chosen will depend on
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both the type of problem which the computer is expected to
solve and on the computer development budget.

15-6-3. Coded-decimal Converters. When a coded-decimal
system is used, the conversion process is shorter by one step than
a binary-decimal conversion. Since each decimal digit is

SV
A
AMAH
SAA
A
SAMAA
SAAA S

X 2] %

I O I B 1

2] 3] %] %] X
X
S O I O B

° Rl R
° Rl R
) ON OFF ON OFF ON OFF ON OFF
ORDER DIGIT a 3 2 |

Fia. 15-5. Diode matrix for converting from decimal to ewcess-3 coded
decimal notation.

represented by a four-digit binary number, the conversion may
be made on a simple matrix arranged to give the coded-decimal
equivalent of each digit in a decimal number. A converter of
this type is illustrated in Fig. 15-5.

- The switch at the left-hand side of Fig. 15-5 is set on the
decimal digit 5. According to the diode current-flow convention
adopted in this text, this position of the input switch causes the
positive voltage supply to be grounded through the resistor
labeled 1, of the left-hand pair at the top of the diagram. This
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signifies that the fourth-order binary digit of the number into
which 5 is to be converted is 1. Of the second pair of resistors at
the top of the diagram, representing the third-order binary digit,
the one labeled 0 is grounded. Hence, the third-order digit is 0.
Similarly, in both remaining pairs the O side is grounded. The
binary representation is therefore 1000. This is the binary
representation for 8 and is therefore the proper representation
for the decimal number 5 in an excess-3 code. A study of the
matrix shown in Fig. 15-5 will demonstrate to the reader that if
any of the other input switch positions is selected a different
binary number will be represented and each of these binary num-
bers will be the proper representation of the number on which the
10-position switch is set, plus 3.

It may be of interest to compare this matrix with those shown
in Figs. 4-3a and 4-3b on pages 42 and 43.

There are other systems for coding decimal numbers in binary
notation. The excess-3 code has been used as an example of one
of these methods. It is the method of number representation
used in the UNIVAC.

15-7. Speed-changing Devices

From a consideration of the numerous forms of data which are
suitable for computations, it is evident that data may be gen-
erated at vastly different speeds. Likewise, in a computer,
certain operations can be performed faster than others. The
most efficient machine design for the handling of a given problem
is one which allows a continuous flow of data from beginning to
end. This may require parallel operation of some of the slower
units so that data may be treated as rapidly as in a faster unit.
It may also require the use of intermediate storage mediums on
which to store the data until time for the next operation. Data
may be accumulated on some of these mediums at one rate of
speed and released at another.32—34

A situation in which speed changing is obviously needed is
the entry of manually prepared data into a high-speed machine.
If several operators can prepare storage mediums for relatively
high-speed automatic entry of data into the computer, a great
deal of machine utilization time can be saved. Likewise, if the
computation results are temporarily stored on an intermediate
rmedium which can be removed from the machine, the data may
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be transcribed manually or automatically at a suitable rate
without interfering with machine operation on a new problem.
Several transcribers can then operate on the mediums simul-
taneously, thus providing compensation for the difference in
speed between the output of data and printing. Also, use of
intermediate storage mediums allows problem preparation at
various locations; the problems may then be sent to a central
location for actual computation.

15-7-1. Punched Cards and Punched Tape. Cards and tape
may be punched by several operators simultaneously and then.
fed into an automatic device at top automatic speed. Their
top speed, however, is somewhat low in comparison with the
operating speed of an electronic computer. For example,
punched cards are fed into the ENIAC only at the rate of one
every half second, but arithmetic operations can be performed on
the data in a few milliseconds. In problems which require a
large number of arithmetic steps after each unit of data is
inserted, this mismatch in speed might not be a great handicap.
(As indicated in Sec. 10-3-1, the ENTAC, as currently used, is
not limited by its card-handling speed.)

In the Bell Telephone Laboratories machines which use tele-
type tape as the input medium, a seven-digit decimal number,
or command, may be entered into the machine in 0.2 second,
added in 0.3 second, and multiplied in 1.0 second. It has been
found from experience that numbers usually reach the machine
at about the proper rate, but the input of commands is somewhat
slow. This indicates roughly that input time should be about
one-fifth of a multiplication time.

15-7-2. Magnetic Mediums. Several characteristics of mag-
netic mediums make them desirable for use with speed changers.
Data may be recorded on them at low speeds and removed at
fairly high speeds, and they can be erased and used over and over
again. The original cost and volume per digit is relatively low,
and it is easy to correct errors made by operators in preparing
magnetic mediums. One disadvantage in their use is the extra
equipment required to read from magnetic mediums when they
are moved at low speeds.

It is estimated that a 10-digit decimal number could be entered
into a machine from magnetic mediums in 2 milliseconds and
that numbers could be recorded on the tape at the same rate.
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15-7-3. Photographic Film. Like magnetic mediums, photo-
graphic film is another medium which can be recorded on at
either a fairly high speed or a low speed and can be read over a
similar range of speeds. Also, it is commercially available in
several widths; driving equipment is well developed; and data
can be stored compactly. Since it can be used only once and
since it is fairly expensive to supply and process, its use seems to
be most suitable in places where it will be referred to repeatedly.
Thus, film might be used to provide rapid access to tables of
functions. Film is also interesting as an output medium because
decimal numbers written on it at high speeds can be printed on
photographic paper in the form of tables of output data. It is
also versatile in that continuous curves as well as numbers may
be recorded.
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CHAPTER 16

SPECIAL TECHNIQUES AND EQUIPMENT FOR POSSIBLE
USE IN COMPUTING SYSTEMS

16-1. Introduction

As problems of greater complexity are presented for solution
on high-speed computers, the question arises as to what speeds
and improvements in computing techniques can be expected in
the future. To a large extent the answer to this question depends
upon how well the components and techniques of other fields
of endeavor can be utilized in computing systems. Although
it is difficult to predict the exact trend of future development in
automatic computing, it seems clear that higher pulse rates are
desirable and that greater simplicity, reliability, and tube
economy will be sought. Attempts are also being made to find
dependable elementary potential digital computing components
and storage mediums which have more than two stable states
so that arithmetic operations with radices higher than 2 can be
performed in a straightforward manner. Success in these
attempts will increase the capacity of storage mediums and may
possibly increase the speed of computation.

16-2. New Techniques

Digits are stored in sonic delay lines as pulses of a high-
frequency carrier voltage. Likewise, if low-velocity waveguides
are used as a storage medium, an ultrahigh-frequency carrier
voltage is required. It may be convenient to transfer digits
through other sections of a computer as high-frequency pulses.
This practice is followed in television and in radar receivers,
where pulses are partially amplified in intermediate-frequency
amplifiers rather than totally in video amplifiers, since the inter-
stage coupling problem is less complicated for an amplifier of
30 + 5 megacycles than for an amplifier with half the band
pass yet requiring d-¢ amplification. The cost advantage of
high-frequency components in comparison with video circuit

419
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components may be increased when printed-circuit techniques
are developed further. Also, high-frequency circuits are more
convenient when band-pass characteristics are desired.

The field of wide-band-amplifier design has recently had some
special developments, of which the distributed amplifier is an
example. This type of amplifier has many operational features
in common with the traveling-wave tube, which is discussed
below. However, it is different in that it uses standard com-
ponents. 'When amplifier tubes are cascaded in the conventional
manner, the shunt capacities of parallel tubes increase in the
same ratio as the gain. Therefore, it is not possible to realize a
gain-bandwidth product which is any greater than that of a
single tube. In other words, as more tubes are added, gain is
increased at the expense of bandwidth. In distributed amplifiers,
the tubes are separated by inductances, and the resulting system
simulates a transmission line. As a result, the gains of the tubes
are increased and the distributed capacities are not. Therefore,
the bandwidth of the whole amplifier can approach the figure of
merit, or unit gain bandwidth, of a single tube. :

A development-type amplifier employing 14 tubes has a gain
of 18 decibels over the frequency band of 0 to 200 megacycles.
An extension of this technique may be applicable to computing
circuits.

The degree of compactness with which large numbers can be
represented is a function of the radix of the number system being
used. The largest number n which can be represented with a
digits of radix r is r* — 1. Since a given number can be repre-
sented by a smaller number of digits in a larger radix system,
there is a resulting saving in time when the higher radix number
is stored in serial storage, and a resulting saving in number of
channels when the number is stored in parallel channels. A
saving of 58 per cent can be gained in going from a binary to a
ternary system. A smaller percentage gain is realized in going
from a radix 3 to a radix 4 system.

One means of increasing the radix of computing components is
to represent individual digits by corresponding frequencies. For
engineering convenience, those frequencies might be chosen
which could be stored directly in the storage medium. This
system is also interesting because some of the elementary arith-
metic operations may be accomplished by beating frequencies
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together. It also has the advantage that components which
are essentially video amplifiers in on-off pulse techniques may
be replaced with elements which are similar to intermediate-
or high-frequency amplifiers. A certain amount of back-
ground development has already been done in frequency-shift
telegraphy..3:4

It is interesting to note that the increase in access time and
storage capacity of a medium by use of higher radix frequency-
shift methods is at the expense of greater bandwidth in the storage
medium and the computing circuits. Recent developments
indicate that it may be easier to develop circuits with greater
bandwidth than to increase the cycling rate of an EPDCC such
as a flip-flop circuit.

16-3. Special Electronic Tubes and Crystals

The electronic elements described in this section are of interest
as high-frequency amplifiers and as means for increasing the
simplicity, economy, and dependability of circuits.

16-3-1. The Traveling-wave Tube. An electronic tube has
recently been developed at the Bell Telephone Laboratories®:?
which provides amplification over a very wide band of fre-
quencies. The amplification results from the interaction
between an electron beam and a slowly moving electromagnetic
field. The field is produced by a helical transmission line; the
phase velocity of the field is reduced to about one-thirteenth
the velocity of light. The property of helical delay lines to
reduce phase velocity was discussed on page 351. The electron
beam in the tube is passed along the axis of the helix at a velocity
slightly higher than that of the field, and energy is transferred
from the electron stream to the traveling field. In an early
model® an input signal was amplified 23 decibels as it traversed
the length of the helix. The helical line replaces the resonant
circuits in conventional high-frequency amplifiers, and, as a
result, the bandwidth for a 3-decibel decrease in amplification is
800 megacycles at a mean frequency of 3,000 megacycles.

16-3-2. Klystrons. Another high-frequency tube, the kly-
stron, has been used extensively as a local oscillator in microwave
radio and radar receivers.®%'112 1In the klystron an electro-
magnetic field is produced in a resonant cavity; the velocity of
an electron beam traversing the cavity is modulated by bunching
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electrodes so that the beam of electrons is bunched to form
current pulses. The dimensions are of the order of a wavelength
at the frequencies handled, so that conventional klystrons
become inconveniently large at frequencies much below 1,000
megacycles. Klystrons may be used as voltage amplifiers,
power amplifiers, and oscillators with relatively high efficiency
and power-handling capacity. Some recent work on klystrons
used as generators of very short pulses has resulted in pulses of
adjustable duration as low as 0.2 millimicrosecond.!® The
experiments were performed at a repetition rate of 210 megacycles
with a klystron in which the resonant cavity had been replaced
with a nonresonant line. With present-day circuits and produc-
tion methods it is difficult to utilize pulses of duration shorter
than 0.1 microsecond in computers, but the full capabilities of
the klystron pulse generator may become useful in computers
as pulse-handling techniques are improved.

16-3-3. Miniaturized Tubes. Counterparts for most of the
common radio receiving tubes are now manufactured in miniature
form.* These miniature tubes occupy about three-tenths the
" volume of conventional tubes of similar type and make possible
a considerable reduction in size and weight of electronic equip-
ment. Miniature tubes seem to be dependable and as well
suited to computer systems as the larger tubes.

Another group of tubes called subminiatures has been devel-
oped. The diameter of these tubes is approximately that of
an ordinary lead pencil, and flexible leads are used rather than
base pins. The tubes are available in both the filament and the
cathode types. A typical application is found in the modern
hearing aid.

Manufacturers’ catalogs of miniature tubes are available,!®
and a complete list of subminiature tubes has been compiled
by the Signal Corps.!® Miniature tubes are manufactured by
RCA, Raytheon, and Sylvania; subminiature tubes are manu-
factured by Raytheon, Sylvania, and Sonotone.

16-3-4. Transistor. A new type of amplifier called the tran-
sistor was recently announced by the Bell Telephone Labora-
tories.’6"1% Tt seems likely that this device will simplify com-
puter circuits considerably. The transistor is similar to the
crystal rectifier which was described in Chap. 3 and consists of a
block of germanium crystal with which two cat whiskers of
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2-mil tungsten wire are in contact. These two wires are spaced
2 mils apart and form one side of the input and the output
circuits, respectively. The germanium crystal is at the common
connection between input and output. A gain of 20 decibels
at 25 per cent efficiency was measured on the model announced.
The transistor has an input impedance which is only 1 per cent of
its output impedance, so that interstage coupling must necessarily
differ from that used in vacuum-tube circuits. Transit time
establishes a top frequency limit of about 10 megacycles for the
transistor.

The advantages of this element are its small size, low power
drain, sturdy construction, long life, and cool operation. It will
probably be competitive with the electron tube in total cost per
stage.

16-4. Amplitude- and Frequency-discrimination Circuits

The action of the gates, flip-flops, and relays which have
been discussed previously depends upon the ability of these units
to discriminate between low-level spurious voltages and high-
level signals.?2 The units heretofore described discriminate on
the basis of voltage amplitude. KEquipment is also available
which discriminates on the basis of frequency.

The possibility of representing digits by discrete frequencies .
is introduced in the second section of this chapter. In such a
system, it may be desirable to convert the carrier frequencies
into corresponding d-c voltage levels for arithmetic operations
such as those described in Sec. 13-4-4 on amplitude adders.
Conversion from frequency to voltage amplitude is accomplished
by means of a frequency discriminator.

Frequency discriminators were first used in conjunction with
automatic frequency controls and later in radio receivers using
frequency modulation. There are many competing methods of
frequency discrimination.'®—2426 The better known of these
are the Seeley-Foster and the Armstrong methods. Recent
variations of the Seeley-Foster circuit are the ratio detectors,?327
and a variable bandwidth discriminator developed at MIT.28

A discriminator which is used at microwave frequencies is
described by Pound.?4#2® This discriminator makes use of two
waveguide arrangements known as magic T’s and a cavity which
is resonant at the mid-frequency of the frequency-modulation
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signal. The cavity is not loaded, so that it may have a high Q.
The output of this discriminator is the difference in rectified
voltage at two points in the waveguide. The relative phase of
voltage received at these two points is such that the voltage
difference is a function of the applied frequency. )

16-5. Freguency-stabilizing Systems

Computers using cyclic storage mediums require pulse-repeti-
tion-rate stabilization in order to preserve synchronization.
Accurately held high frequencies may be used to time lower
‘frequency pulse generators. Several circuits have been developed
which perform the function of maintaining microwave oscillators
at nearly constant frequency. One circuit, developed by Pound
at the MIT Radiation Laboratory,?"32 uses the microwave dis-
criminator described in the previous section as a frequency-
sensing device. The output of this discriminator is amplified
and applied to an electrode of the oscillator through a negative-
feedback loop, and the oscillator frequency is held near the
frequency of the resonant cavity in the diseriminator.

Another such device, developed at RCA,30 employs the
spectral line of a gas as the frequency reference with which the
oscillator frequency is compared. The voltage output of a
. comparison circuit is used in a negative-feedback, or servo,
loop to control the frequency of the oscillator. Multivibrator
step-down circuits can be used to obtain lower frequencies from
these high-frequency standards.?®

16-6. Unconventional Circuit Fabrication

Interest in subminiature electronic equipment stems from its
extensive and successful use in certain war weapons. One of
these weapons, the VT fuse, was made in mass production using
techniques specially developed for rapid fabrication. Magss-
production methods known commonly now as printed-cir-
cutt techniques were used in making fuses for trench-mortar
shells.3 Interest in these methods has been displayed by the
electronic manufacturing industry, and subsequently exten-
sive development work to expand and improve these techniques
was undertaken.

16-6-1. Methods of Printing Circuits. Brunetti and Curtis?*
have listed six general methods for the mass production of printed-
circuits:
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1. Painting. A special conducting paint is applied to a
prepared ceramic surface placed under a stencil. It is
possible to wire the circuit components as well as to create
the components with conducting paint. For example, a
certain deposited thickness, width, and length of a special
resistor paint may be made to represent a given value of
resistance, while a change of any of the dimensions or of
the paint itself may be made to represent a value different
from the first. It is possible to print inductances and some
capacitors by an extension of this method.

2. Spraying. This method is similar to the painting technique
discussed above with the exception that the coatings are
sprayed on the ceramic plate placed under the circuit
stencil.

3. Chemical deposition. It is possible to construct an elec-
tronic circuit by electrolysis. The wiring is in the form
of a metallic deposit on the special ceramic plate.

4. Vacuum process. Less used but interesting techniques for
printing circuits are those of cathode sputtering and
‘metallic evaporation.

5. Die-stamping. This method allows the interconnecting
wires of the circuit and some high-frequency inductances
to be die-punched out of a solid sheet.

6. Dusting. The metallic conductors may be dusted with a
small brush onto a ceramic plate under a stencil and then
fused on the surface. :

16-6-2. Examples of Commercially Available Units. A typical
example of the commercial application of the printed circuit is to
be found in a subminiature audio amplifier called the Ampec.
This unit is available in production quantities from the Centralab
Division of the Globe Union Co., Inc., Milwaukee; Wisconsin.
The Ampec is a three-tube amplifier consisting of two voltage
amplifiers followed by a power amplifier. The unit does not
include the volume control, output transformer, or battery
power unit; it is fabricated with printed-circuit techniques entirely
and measures 2.250 inches long, 1.15 inches wide, and weighs 0.63
ounce. This unit has a voltage gain of 4,000 when used with a
30-volt plate battery and a 1.5-volt filament cell. The plate-
battery drain is approximately 1 milliampere and the filament
drain is 40 milliamperes. Although the unit is somewhat micro-
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phonic, it is used extensively as the basic unit for several
commercial hearing aids.

The manufacturers of the Ampec have also made available
printed-circuit-component combinations, such as interstage
coupling units, that save space in the more conventional radio
applications.

Another printed-circuit technique which has been greatly
emphasized is the die-stamping process. The Franklin Corpora-
tion manufactures an inductance loop stamped out of sheet
copper which serves as a high-Q tuned element of the table-
model radio receivers.

16-6-3. Features of Printed Circuits. The major features of
printed-circuit techniques are (1) size reduction, (2) uniformity,
and (3) economy for large numbers of units.

Size reduction has been made possible by printed circuits
to the extent that the volume occupied by the wiring and sup-
porting plate is only a small percentage of the total volume of
the unit. The development of truly subminiature units is
dependent not upon further size reduction in ecircuitry but
rather upon the development of smaller inductors, transducers,
and power supplies.

The application of the printed-circuit technique to the fabrica-
tion of electronic equipment has placed the manufacture of
this equipment in the true mass-production class, where machine
operations can be accurately controlled and the human errors
generally encountered in wiring work can be minimized.

A great advantage in the use of printed circuits is the con-
siderable reduction in man-hours required to fabricate the units.
A further saving is made in the man-hours of inspection time
required to check the work. Obviously, the printed-circuit
technique requires specialized and complicated manufacturing
equipment to fabricate printed-circuit assemblies. The expense
involved for such equipment is not justified for small quantities;
large production schedules are necessary before the techniques
can be profitably applied.

16-6-4. Plug-in and Potted Circuits. The fabrication of
printed-circuit subassemblies suggests the use of plug-in units
for these assemblies. Tests made at the Bureau of Standards
showed that it was possible to pot printed circuits in a special
casting resin in such fashion as to permit the plugging in of the
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complete subassemblies. By the use of special resins, the fre-
quency of operation of the printed circuit may be extended into
the ultrahigh-frequency region without a noticeable decrease in
efficiency owing to the enclosure in the casting resin. The use
of casting resins, however, requires critically controlled condi-
tions, and consequently mass production of potted plug-in units
depends upon the development of complex process controls.
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CHAPTER 17
FACTORS AFFECTING CHOICE OF EQUIPMENT

17-1. Introduction

This chapter is concerned with the means by which computing
equipment may be made accurate and reliable; there is also
presented here a summary of the capacity and cost of storage
mediums and an approximation of the storage, reading, and writ-
ing times to be expected. Although there are other factors
affecting the choice of equipment, these cannot be summarized
readily and are implicit in the foregoing discussion of equipment
characteristics. Furthermore, the high-speed computing art
is not in a mature enough state to allow an extensive comparison
of equipment which has been thoroughly tested. However,
the following material should indicate the orders of magnitude
involved, and the degree of complexity required to meet given
equipment specifications.

17-2. Reljability of Components

The operating time of a large-scale computer is very valuable;
occasional failures, therefore, are expensive as well as annoying.
There are at least two approaches to the problem of reducing
equipment failure during operation. One method is to make
each component so reliable that it will last longer than the period
decided upon as the useful life of the equipment. Although it
is difficult to guarantee absolute reliability, if the statistical life
expectancy of the component is projected far enough into the
future, the actual rate of failure should prove fairly low during
the early years of machine operation. As a second approach,
means may be taken to extend as far as possible the operating
period of equipment considered to have a limited life expectancy
and to detect incipient failures before they occur.

It is not enough to life-test one or two models of a component
under normal operating conditions to determine whether or not
it is suitable for use in a computer. It is necessary as well to

430
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ascertain that when manufactured parts are used together, any
part having a value within the manufacturing tolerance range
will work reliably with any combination of other components
which are also within the prescribed range. Since it is imprac-
tical to test all possible combinations of values during design,
circuits should operate with large factors of safety for voltages,
pulse shapes, and repetition rates so that reasonable variations
in components will not affect operation adversely. Furthermore,
circuits should be designed so that failure of one unit does not
overload other units and also cause their eventual failure. This
condition may be difficult to carry out completely, but, at least,
interdependent parts should be assembled in units so that all
the parts which may be overloaded by the failure of one part are
located together and can be replaced by exchanging units. Inter-
changeable chassis are also desirable so that repairing and
periodic testing of units can be accomplished simultaneously
with normal operation.

There are important factors in the philosophy of ecircuit
design which also affect reliability. For example, time allow-
ance between operations should be adequate to ensure correct
sequences even when individual circuits lose their original
adjustment. Allowances should be made for variations in signal
voltages and in power-supply voltage. Direct coupling is often
required between stages so that coupling capacitors will not
become charged by large pulses and hold subsequent stages
conducting longer than desired. Some means of detecting an
instantaneous failure of the primary power source is required,
since such a failure might otherwise cause an undetected error,
The use of latch-type relays is desirable in a relay computer so
that values will be held during the period between a failure and
its repair. Finally, it should be recognized that many manu-
facturers do not supply life-expectancy data on mechanical
apparatus and that expensive tests may be required to get this
information.

In order to extend the life of individual components, thereby
increasing operational reliability, it is necessary to follow recog-
nized design practices in each particular field. Mechanical
devices must be designed for good wearing qualities and with
adequate factors of safety in strength. FElectrical apparatus,
likewise, must be used at voltages and currents well under rated
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values. Cooling equipment must be provided wherever required
in order to maintain safe temperatures in critical parts, and air .
conditioning is advisable for relay computers in order to minimize
trouble from dust accumulations.

In order to present a comprehensive view of the types of

component failure which limit the reliability of large-scale
computer operation, a number of specific examples of com-
ponent failure are presented. Some of them have been taken
from the operational history of the ENTAC.
- 17-2-1. Vacuum Tubes and Crystals. It has been reported
that in the ENIAC the most common source of trouble is in the
18,000 vacuum tubes. Every tube in the machine undergoes a
routine operational check of some sort each week. The practice,
for example, is to test each of the several hundred three-tube
amplifiers each week as a unit and to replace all three tubes if
one of these amplifiers is not operating satisfactorily. During
the first eleven months of 1949 about 2,000 tubes were replaced
each month. About half of these were actually bad at the time
they were replaced.

An attempt was made to increase the tube life in the ENTIAC
by operating 6.3-volt filaments at 5.95 volts. Later tests indi-
cated that it may be better to use a value between 6 volts and
6.3 volts. The filaments are left turned on for as long a period of
time as possible, since several tube failures usually result from
turning the equipment on. A large number of failures have
resulted from open heaters, damaged cathodes, and near shorts
in the tube framework.? It was found from examination of all
the tubes which failed that the failure rate was considerably
higher in tubes with folded filaments than in tubes with twisted
filaments. Experience also indicates that low-voltage filaments
last longer than high-voltage filaments of the same power rating.
For this reason manufacturers provide series filaments in twin
triodes of the industrial variety which are rated for a life of
10,000 hours.*

High plate-load resistances are used in the ENIAC in order
to minimize the effect of changes in tube plate resistance. The
average tube has lost emission noticeably after approximately
9,000 hours of operation, but actual failure by this cause can be
minimized by replacing tubes periodically. It has been suggested
that provision be made in a computer to vary the voltage of the
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power supplies over a fairly wide range periodically. In this
manner a large percentage of the incipient failures in tubes
and other components could be made to occur.

In the ENIAC the operating frequency is varied, but not the
voltages.

The practice of replacing a large number of tubes at once has
the disadvantage that it may complicate subsequent trouble
shooting inasmuch as most of the tube failures occur either within
the first 250 hours of operation or after the 5,000th. The present
ENIAC operating staff is not in sympathy with a policy of
replacing a large number of tubes at once.

Characteristics other than those affecting the life expectancy
of electron tubes are equally important in considering the
reliability of these components. For example, in applications
where low-level voltages are to be amplified, as in the amplifiers
for the output of magnetic recording pickups, the microphonic
characteristics of tubes must be considered by the designer.

Crystal diodes have been tested by the Eckert-Mauchly Com-
puter Corporation under conditions typical of usage in electronic
computers. The results of these tests have shown that the
manufacturers’ tests under other conditions are not necessarily
valid for computer use.

17-2-2. Capacitors. The capacitor is an electronic component
which is subject to deterioration and eventual failure.! The
length of its life depends upon the applied voltage, the tempera~
ture, and the degree to which it is suited to its application. A
statistical rule has been determined which shows that the mini-
mum life to be expected of a group of capacitors before a large
number fails is proportional to some power of the ratio of the
applied voltage and the rated voltage. This exponent varies
between 4 and 6 for conventional capacitors. The minimum
life expectancy of capacitors is also a function of ambient tem-
perature which should be carefully estimated before voltage
ratings are established. )

17-2-3. Resistors. The life expectancy of a resistor with a
given power rating depends upon the actual power dissipated
and the ambient temperature. The small resistors used in the
ENIAC are operated at approximately one-half rated power
and at a temperature of 110°F, as compared to about 100°F,
on which the rating is based.? Wire-wound resistors are operated
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at about one-fifth rated value in order to decrease their operating
temperatures, and consequently the temperature to which nearby
equipment is subjected.

About 70,000 resistors are employed in the ENTAC, and not
more than five were known to have caused a machine failure in a
9,000-hour period of operation.

17-2-4. Fuses and Indicators. An individual fuse was used
for each power-supply voltage in the ENIAC. The fuses are
made by Western Electric and have a small switch which closes
when a fuse opens. These switches are used to turn off all high
voltages when one fuse goes out. In the IBM Automatic
Sequence Controlled Calculator, neon lights are used to indicate
shorted capacitors, open resistors, and low emission in tubes.

17-3. Possibilities for Checking

The ultimate goal in computer design is complete intrinsic
reliability. Checking, or the detection and location of errors,
should therefore be considered a means and not an end in itself.
Usable solutions to problems are obtained only when the equip-
ment is operating properly, and no amount of checking equipment
will procure a correct solution. Errors in computation may be
machine errors or operator errors, and checks are required for
each. The amount of checking equipment and the frequency
with which checks are programmed into the machine depend
primarily upon the reliability expected of the machine. When
errors are detected in the results, it is necessary to locate the
~ source of these errors and to eliminate their causes. The detec-
tion and location of errors are discussed in this section with
respect to both machine and human errors.

17-3-1. Machine Errors. A machine error may be caused by
either of two types of equipment failure: (1) an intermittent, or
(2) a persistent failure. The detection of components which
fail intermittently in conventional equipment may be very
difficult. In relay computers, for example, approximately 85 per
cent of the failures are intermittent. The majority of the failures
in the ENTAC also have been of the intermittent type.

Efficiency of operation of the ENIAC over any given time
interval is closely related to the number of intermitient fallures
occurring during that interval.



FACTORS AFFECTING CHOICE OF EQUIPMENT 435

It has been estimated that the ENIAC is actually in useful
operation on problems about 50 per cent of the time and that,
- allowing for a complete repetition of each problem, it therefore
turns out about one-fourth as many useful answers as could an
ideal, perfectly reliable, machine with the same basic mathe-
matical characteristics, which required no maintenance what-
ever. This is an excellent performance record. )

In the Bell Telephone Laboratories machines, continuous auto-
matic checking is done at the level of the individual relay. This
is called low-level checking. In the ENIAC, checks are made of
solutions and partial solutions to problems, and this is termed
high-level checking. When a failure occurs in a Bell Telephone
Laboratories machine, all digital results are held in their respec-
tive relays until the trouble is cleared, whereupon the computer
continues to operate with the results obtained previously.
Operation of the ENTAC is so fast, however, that it was not felt
worth while to provide similar holding equipment, and results
are recalculated after a failure.

Several types of high-level checks have been worked out for
computing equipments,” and they will be described briefly as
follows:

1. If a problem can be solved in two different ways in a com-
puter, agreement between two answers so obtained con-
stitutes a high-level check on the correctness of the solution.

2. A check on the equipment can be made by getting answers
to the problem in some way other than using the same
equipment. For example, part of a solution could be
worked out on a desk calculator, or perhaps solutions
to restricted cases might be found and checked against
the machine solution.

3. In physical problems, the results are usually continuous,
and the machine can be programmed to check high-order
differences and cause an alarm to signal the operator if
these vary too much.

4. Special problems with known results may be designed to
test certain sections of the machine. In this manner the
machine may be stopped at various stages of the solution
and the machine results compared with the known results.
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The machine operation at which the first error is made
can be located in this manner.

5. To check for intermittent errors, it may be sufficient to
repeat the same problem two or more times. The results
of the two runs may be checked in a comparator and the
presence of any discrepancy detected.

The ENTAC has indicator lights to represent the digits in each
register. There is also provision for supplying the computer with
one clock pulse at a time. Thus, an operator can run off the
problem at low speed and observe the effect of each pulse on the
quantities in the register, and the sources of error can be located
quite accurately. This step-by-step operation is not feasible
in a machine which uses dynamic storage mediums, since these
generally depend upon a constant high-frequency pulse rate in
order to maintain synchronism.

The advantages of a machine which handles data in a serial
fashion have been cited previously. Since there is less equip-
ment, errors due to a failure are likely to show up soon after the
failure occurs, and the number of steps required to locate the
source of the trouble thereafter is usually small. On the other
hand, if the serial machine has dynamic storage, it cannot be
slowed down readily for the step-by-step check just described.
In any case, a systematic program of periodic checks is desirable
so that errors which are not detected by low-level checks will be
found within a reasonable time after they occur.

Perhaps the best example of a low-level check is that incor-
porated in the Bell Telephone Laboratories machines, which
employ a biquinary representation of numbers.®? In this
representation, one group of five relays indicates the digits from O
through 4, and a second set of two relays represents the digits 0
and 5. Thus each decimal is represented by one relay in each
set, which allows a simple check to be made on the operation of
the relays. Each one has extra contacts which are connected
in an alarm circuit so that they indicate any situation in which
more or less than one relay in each pair of sets is actuated simul-
taneously. Thus, the failure of one relay to operate because of
dust between the contacts of another relay is detected. The
operation of a relay which is not supposed to operate is also
detected. These situations cause the equipment to stop operat-
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ing until the trouble is cleared. The biquinary check fails when
two compensating failures occur simultaneously, but this possi-
bility proves to be very remote.

Another possibility for low-level checking is to provide two
identical accumulators which operate on the same digits simul-
taneously. Anticoincidence ecircuits note any difference in
condition between the two accumulators and stop the computa-
tion if such differences occur. This duplication might be fairly
economical if the extra accumulator were used for shifting to the
right or to the left in the accumulator, so that the shift is accom-
plished by transferring the number from accumulator 1 to
accumulator 2 and readjusting accumulator 1 to agree with
accumulator 2.

Duplicate systems and anticoincidence circuits may also be
used at other critical units in order to detect incorrect operation.

In the computer proposed by the Raytheon Company,® self-
checking and diagnostic equipment is provided throughout.
It is estimated that the proposed checking system demands the
use of about 20 per cent additional equipment. The checking
covers all storage and transfer of words, all arithmetic opera-
tions, all selections made by the memory, and most other machine
processes.

For example, to check the storage and transfer of numbers,
R. M. Bloch has devised a system employing a check number
associated with each number. This check number is merely a
weighted sum of the binary digits in the number. When a new
number is constructed in the arithmetic unit, or is introduced
into the machine, it is provided with a check number, which is
then stored with it. When the original number is withdrawn
from storage, a new weighted sum is computed and compared
with the old one which was stored with it. Any discrepancy
between the new and old weighted sums indicates an error made
during storage or transfer. These check numbers can also be
used to check arithmetic operations.

17-3-2. Human Errors. Perhaps the ultimate computing
machine will take data from measuring devices, automatically
convert them to the desired form for the computer, perform the
required computations, and deliver the written results in the
optimum written form. Even though the operator is eliminated
as an intermediate handler of the data, instructions must still
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be prepared for the computer so that it will perform the proper
operations These instructions are first formed in terms of the
mathematical steps desired and finally are written on a per-
manent storage medium for automatic introduction into the
computer. The intermediate process of expressing the mathe-
matical steps in signals to the computing machine is known as
coding. Coding may become a rather long and tedious process
for some problems, and it may be advantageous to employ small
computers to do the detail work in coding problems for the larger
machines. In any case, it is possible to compare one coded
medium with another, but the original assignment of instruc-
tions must be checked either mentally or by experimenting on a
sample problem whose solution is known.

Two methods have been proposed for checking the work of the
operator in writing the data and instructions on the input
mediums.® As an example, consider the preparation of tapes
with a keyboard. It is possible for two operators to prepare
tapes at the same time. These two tapes are compared auto-
matically, and only those marks which are identical on the two
are admitted to the machine. Any difference in the two tapes
stops the machine and signals the two operators, who must
resolve the difference before entry of data into the machine can
continue.

In a slight variation of this idea, one tape is made up in
advance, and an operator simulates the preparing of the tape a
second time. As he operates the keyboard the second time, a
typed record of his work is prepared for visual inspection. His
typing is also automatically compared with the data on the
original tape, and all identical data are inserted in the final tape.
A discrepancy in the two stops the machine and indicates the
error to the operator. Since he has the manusecript before him,
the operator can compare it with what he has just typed and
immediately resolve the difference.

17-3-3. Location of Source of Errors. The sources of errors
in computing equipment may be located with the aid of several
of the devices which have been discussed in the sections on
reliability and checking machine errors. For example, indicating
fuses, neon lamps in resistor and capacitor circuits, and neon
lamps to indicate the quantities in registers are all valuable aids
to a technician who is thoroughly acquainted with the functioning
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of the computer.
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After troubles have been traced to one unit,

it can be removed from the computer and subjected to diagnostic
circuit tests if required.

17-4. Size, Cost, and Speed

Table 17-1 shows the number of digits which can be retained
in various storage mediums for a unit cost and in a unit volume.

TaBLE 17-1

Maximum convenient
speed, digits per second

. Digits per | Digits per
Medium dollar cubic foot Remarks
Recording | Reading
Electromechanical
relays*......... 0.2-1 300 100 100
Electronic relays*. 0.2-1 300 107 107
Punched cards....[ 2.5 X 105| 9 X 108 | 2.5 X 103| 5 X 10% | 103 binary digits per
card, 0.4 cents per card
Teletype punched | 3 X 108 3 X 107 50 50 Mechanical sensing,
tape 0.05 cents per foot
Teletype punched | 3 X 108 3 X 107 50 7 X 10% | Optical sensing at 10
tape feet per second, 0.05
cents per foot
Thirty-five-milli-| 6 X 10¢ | 3 X 107 100 104 Mechanically punch-
meter film, ed, optically read at
punched 10 feet per second,
2 cents per foot
Wide punched tape. 108 2 X 107 6 X 10% 6 X 10* | Mechanically punch-
ed, optically read at
10 feet per second
Thirty-five-milli- 108 100 6 X 108 6 X 105 | Optical sensing of 0.01-
meter photo- by 0.02-inch spots,
graphic film 10 feet per second,
5 cents per foot
Magnetic wire. .. .. 2.5 X 108 1010 104 104 0.004-inch  diameter,
0.010-inch bauds, 10
feet per second, 0.05
cents per foot
Magnetic tape. .. .. 107 3 X 10° 108 105 14-inch tape, five par-
allel tracks, 0.020-
inch digit spaces, 10
feet per second, 0.1
cent per foot
Mercury delay line.| ........ 2 X 104 108 1 X 108
RG-64U cable.....| ........ 5 108 5 X 108
Selectron®........| ........ 103 104 5 X 103
Deflection cathode-
“ray tube*.. ... .| ...l 102 105 2.5 X 105

* Parallel storage; access time equal to reading time plus writing time.
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An approximation of practical reading and writing speeds is
also given. The figures shown in this table are by no means
precise, but may be of value in making order-of-magnitude

estimates.
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Northrop Aireraft, Inec., 203, 341
Number, defined, 302
Number representation systems, bi-
nary, 75-76 )
binary-coded dscimal, 205
biquinary, BTL, 76, 189
British monetary, 77
decimal, 74
octal, 76
table of, 86
tetraquinary, Mayan, 76
vigesimal, Mayan, 76-77
(See also descriptions of various
computers)
Number theorems, 78-79, 89
proofs of, 96-99
Numerical analysis, 100-130
Numeroscope, 406-407

o

Octal system, 76, 80-83
addition in, 80
division in, 83
multiplication in, 81-82
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Octonary (see Octal system)
Off-line operation, 7, 260-261
O’Neal, R. D., 319, 339
On-line operation, 7, 260-261
Optical recorder, 321

Or circuit, 44-45

Output equipment, 10-11, 229, 404~

410

differential analyzer, 229

printing, counter-wheel, 410
electric typewriter, 229, 405
gang, 405-406
photographie, 406-407
Veeder-Root, 410

punching, 229

recording, 408-410
(See also descriptions of various

computers)

P

Parallel-to-serial conversion,
268
Pennsylvania, University of, 194,
200
Periodic functions, interpolation of,
109
Photographic film, as storage me-
dium, 319-322
Point, radical, 89-91
Porter, A., 237
Potted circuits, 426-427
Pound, R. V., 423424
Precision, defined, 224
Printed circuits, 424-426
Printer, gang, 406
IBM, 155-156, 406
numeroscope, 406-407
photographic, 406-408
Remington Rand, 158-160, 406
Program, example of, for automatic

267-

sequence-controlled calcula-
tor, 69-71

for desk calculator operator,
58-62

relationship of, to computer de-
sign, 252-261
Pulse code modulation, 390-393
Pulse transfer, 374-379
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Punched card, Hollerith, 146
IBM, 148-150
Powers, 150
Remington Rand, 150
Punched-card computing systems,
146-181
IBM, 151-158, 406
manufacturers of, 147, 163
Remington Rand, 152, 158-160,
406
(See also IBM; Remington
Rand.)
Punched Hole
IBM, 151

Verifier, Electric,

Q

Quartz, sonic properties of, 346
R

Rack, A. J., 394
Radar, 305
Radical point, 89-91
RCA, electrical analog computer,
244
frequency-stabilization system,
424
miniature tubes, 422
storage tube, 354
Radix, choice of, 84-87, 420-421
conversion, binary-to-decimal, 75,
78-79, 412-413
fractional numbers, 90
binary-to-octal, 42-43, 76, 83—
84, 86
decimal-to-binary, 75, 79, 411
octal-to-binary, 43, 76, 83-84, 86
table, 75, 86
theorem, 78
proof of, 96-98
defined, 80
Rajchman, J. A., 363, 370
Raydist, 253-260
Raytheon Mfg. Co., adder, 297298
computer, general description,
206-208
number representation in, 267
miniature tubes, 422
storage tube, 354

INDEX

REAC, 239
Recording, magnetie, 322-339
digital, compared with sound,

325-326

design considerations, 334-
339

ERA, 336-338

number representation in,

' 328-332
number transfer in, 332-333
systems, 333-334, 336-339
transfer of digits in, 332-333
erasure of, 326-328
heads, 324-326
longitudinal, 325
mediums, 323-324
perpendicular, 325
process, 323-326
Reeves, A. H., 391
Reeves Instrument Corporation, 239
Register, defined, 295
BTL, 188-19C
shifting, 297-299
Relay, electromechanical,
235-236, 304, 311-314
wire brush, 312
electronic, 13-17, 25-26
(See also Flip-flop)
Relay computers, 182-193
Remington Rand, Ine., 135, 142,
147, 163
Remington Rand desk calculator,
142
Remington Rand punched card, 150
Remington Rand punched-card ma-
chines, 152, 158-160, 163
Punch, Alphabetical, 152
Interfiling Reproducing,
159
Printing Multiplier, 158, 160
Reproducing, 152
Summary, 152
Synchro-Matie, 152
Sorter, 158-159
Tabulator, 158-160
Resistors, reliability of, 433-434
Ritt, J. F., 89
Robinson, G., 100, 125, 126

35-37,

158-
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Roots of equations, by method of
Graeffe, 123-125
by numerical methods, 117-126
Rossi cireuit, 37-38, 379
high-speed, 379
Round-off error, 95-96
Runge-Kutta, method of, 128-129

S

Saturable-core reactor, 310
Scarborough, J. B., 100, 125, 126
Schrédinger equation, 241
Screw differential, 225
Secondary emission, 355-361
Secondary-emission ratio, 356
effective, 355-356
Seeley-Foster frequency discrimina~
tor, 423
Selective Sequence Electronic Calcu-
lator, IBM, 182, 198-200
Selectron, 308, 370-374, 395-396,
408
Sequence-controlled calculator, de-
fined, 63
Serial-to-parallel conversion, 267-
268, 303
Shannon, C. E., 230, 394
Shifting register, 297-299
Sign, algebraic, representation of,
15, 283-285
Simpson’s one-third rule, 112, 114
Simpson’s three-eighths rule, 112
Simultaneous equations, 125-126
Slide multiplier, 226
Slide rule, 4
Sonic delay lines (see Storage, delay
line, sonic)
Sonotone, 422
Sorter, IBM, 153-154, 160-161
Remington Rand, 158-159
Sound, transmission properties of,
306, 341-346
table of, 346
Special Devices Center (SDC) com-
puter, 206-208
Special-purpose computer, defined,
252
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Special-purpose computer, factors
affecting choice of, 260261
Speech converters, 401
Speed-changing devices, 414-416
Spinden, H. J., 76
Square, generation of, by electronic
circuit, 239-240
by integrator, 229-230
Square root, extraction of, by elec-
tronie circuit, 239-240
by numerical methods, 58, 120-
122
Stanford University, 350
Stibitz, George, 76
Storage, access time, 304
cyclic, defined, 304-308
mediums applicable to, 305-308
cycle, defined, 304
defined, 9, 302-303
delay line, 341-354
electromagnetic, 349-354
artificial transmission line,
353-354
waveguide, 350, 354
wire transmission line, 351—
352, 354
sonic, 304-308, 341-348
aqueous solution, 345
ethylene glycol, 342
magnesium, 342, 344
mediums, 341-342, 346
mercury, 306-308, 341-348
quartz, 344
structure of, 342, 347-348
transducers for, 342-346
dynamic, defined, 305
electrostatic, 354-374
Haeff tube, 365-366
Krawinkel tube, 369
Manchester tube, 366-369
MIT tube, 354, 364-365
NRL tube, 365-366
Selectron, 370-374
Williams tube, 366-369
Zworykin and Morton tube, 369
erasable, defined, 305
magnetie, 306, 322—-339
erasure techniques, 326



450
Storage, magnetic, digital signal
types, 328-332
system design considerations,
334-338
transfer schemes, 332-333
(See also Recording, magnetic)
mercury, 306-308
(See also Storage, delay line,
mercury)
noncyeclie, defined, 304
mediums applicable to, 308-310
nonvolatile, defined, 305
paper and pencil, 63
permanent, defined, 305
phosphor, 339-341
photographie, 318-322
punched tape, 314-319
relay, 311-314
static, defined, 304
ternary, 312, 420
volatile, defined, 305
(See also descriptions of various
computers)
Subtraction, by analog, electronic,
238
mechanical, 226
binary, 281-284
decimal, 47-51

on desk calculators, 51, 136-137 -

on punched-card equipment, 153,
158, 162
Subtractor, binary, 281-284
Sundstrand Keyboard, 397
Switching, in noncyeclic storage sys-
tems, 308-310
Sylvania Electric Products, Inc.,
406, 422
Synchro-Matic Punch, Remington
Rand, 152

T

Table consulting, on punched-card
equipment, 153-155, 158, 161
Tables, mathematical, on IBM cards,
164
Tabulator, Alphabetic, IBM, 159
IBM, 153, 155-156, 160, 162
Remington Rand, 158-160

INDEX

Tape-reading equipment, 151, 317-
318
Teledeltos paper, 410
Teleregister Corporation, 399
Teletype, operation of, 399-400
tape, as storage medium, 317-318
Ternary system, 84-87, 287-288,
312, 420
advantages of, 84-87, 420
Tetraquinary system, 76
Theorems, number, 78-79, 89
proofs of, 96-99
Transcendental equations, 117-120
Transducers, 342-348
ADP, 344, 346
quartz, 342-348
Transfer of control, conditional, 67
unconditional, 68
Transient analyzer, 241-242
Transistor, 422-423
Trigonometric interpolation formula,
109
Tube, traveling-wave, 421
Tubes, vacuum, reliability of, 432—
433
Tyler, A. W., 319, 339
Typewriter, Electromatic, 400

U

Underwood-Elliott Fisher Co., 102

UNIPRINTER, 205

UNITYPER, 205

UNIVAC, 203-206

University of California in Los
Angeles, 229, 236-237

v
Vigesimal system, 76
Von Kdrmén, T., 100
Von Neumann, John, 62, 65, 91, 96,
100, 201
W

Watson Scientific Computing Labo-
ratory, 191-193



Watson, T. J., 183

Weddle’s rule, 112, 115

Weierstrass, theorems of, 101

Wheeler, L. L., 245

Whirlwind I computer, 214
storage tube for, 354, 364-365

Whittaker, E. T., 100, 125, 126

Wilbur’s mechanism, 242-243

Wiener, Norbert, 5

Wilkes, M. V., 237

Williams, F. C., 366

INDEX

Williams tube, 202, 366-369
Word, 302
Wylie, J., 237

X
Xerography, 322
Z

Zimmerman, K. H., 352
Zworykin, V. K., 369
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