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A STORAGE SYSTEM FOR USE WITH BINARY-DIGITAL COMPUTING MACH]NES
ByProfFCWILLlAMS OB.B DSc. D.Phil.,, Associate Member, and .T. KILBURN MA.
(mmmﬁr:tncaveduhuardl.mdlunledfamﬂthldy 1948, Itwandbd’makMMeeﬂndlkc
MBaAsUrIMENTS and RADIO SaCTIONS

, , SUMMARY' ‘

The requirement for digital comaputing machines of large storage
capacity has led to the development of a storage system in which the
digits are represeated by a charge pattern on the screen of a cathode-
ray tube. Initial tests have been confined to commercial tubes. Short-
mmdmmeZmupmdedbythemhum
properties of the screen material. Lomg-term memory is obtained by
regencrating the charge pattern at a frequency greater than S</s.
Thenmnﬁonmkamnumbﬂmuonddnpoumoﬁhe
charge pattern on the c.r. tube unnecessary.

’I’hapmpmmnqumdofcmmn and its operation as
part of a machine, are stated. If such a machine were operated in. the
series mode, an instruction would be sét up and obeyed in 600 usoc.

(1) INTRODUCTION
hopa-hforﬂnmmnofdmamdmuleomp\mng
machines have resulted in a demand for & new type of storage

" system, In order to establish a background against which the

particular storage system described in the present paper may be
sot, the introductory Section of the paper includes a description
of the system of numbers to be used in proposed computing
machines, the: eclectronic representation of this system, and a
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(1.1) The Minary Sysiom of Nemmbers

mmammmmmw
mmmmmmmmmofmm

_ clectronic devices having the same number of states as the

27, umber of possible values of a digit, 30 that a one-to-one corre- .

spondence may be established between each state of the device
. and each value of the digit. The number of values which a

dngit may take depends, of course, on the system of numbers

 used in the machine, and it follows that it is advantageous to
- choose a system which can be represented electrically with ease
~.and economy. For theee reasons the binary system of numbers

has become popular in receat plans for electronic digital com-

pmm;nud\mlﬁalthoughmthep.stmedecxmlsystemhas
been used. 3.4
Syswuuofnumbeumaybedetmdfrmnmccommonm
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which represents all integers with n si'gaiﬁeant'ﬁg'm. The -

decimal system, for example, is obtained if b = 10, and the a's
are allowed any one of the values between, and including, 0
and 9. In the binary system b = 2 and a is.cither 0 or 1. - The
decimnal number 19, say, isthen 1 X 24 +0'x 23 4 0 x 22 41
X 21 4+ 1 x 20 in the binary scale, which can be written 10011
with the least significant figure placed on the right.

The decimal, or binary, point is on the immediate right of the
term aph0. The scries can be continued to the right as follows:

G_b=1 4 a_sb=24 ...+ as b k
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Intheblmrysyshmonlytwovdmmposiblefora,n;:
that any two-state electronic device may be used to represent a -
binary digit. Exampluofmchdekumavmetyofmp-ﬂop
circuits, the difference in level of two d.c. or a.c. voltages, the -
presence or absence of a video or r.f. pulse, and the device
dumbedmﬂnpaper,muwlyﬂwpmceorabmdaz
stored charge on the inner surface of a c.r.t. screen. Asa N
is moved to different parts of the machine during computati
its representation will change, .othatatoneumeotanotlpr
dumgaoomputanonntmnhavoadopMMd&ap
possible forms.
If:pmeofmfom\ation(anumber uy)nsxve]:tesetmacll»g~~
digits, the clectronic quantities, corresponding to - the m'ﬁ
may exist either sequentially on one channe!, one of the k tipae,
mmmlmedtoudldwt.orm“mqeaus!yqqk%‘
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. equivalent of the pumber 19 bemg used as an example. In the

Figure video pulses are used for digital representation, and at
Fig..1(a) the least significant figure is placed on the left, so that .
time can be shown increasing from left to nght in thc convcntxonaL

manner

- Information may be represented “dynamocally" by pulm,:
which only exist transiently, or “statically” by d.c. couplgdA
flip-flop circuits, which retain the information unul thcy an‘f
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purposely reset to a standard condition. Dynamic information
may be converted into static information by, for example,
applying the pulses shown at (b) to five d.c. coupled flip-flop
circuits.  The set of flip-flop circuits is called a “staticisor.”

(1.3) Required Properties of a Storage System

1t should be stated at once that a computing machine cannot
*think.” It follows that the first step in setting up a problem
on a machine is to sub-divide it into a sequence of simple
arithmetic or logical operations externally (ie. outside the
machine), and construct a **table of instructions.” Each
instruction in the table will, in general, require that an elementary
operation be performed on, or by, a number, i.e. a number will
be moved from one *‘address” of the machine to another. To

‘every address a digit combination will be assigned, so that an

instruction consists of two digit combinations, ard is indis-
tinguishable from a number in appearance. Instructions and
numbers, which are collectively termed “words,” are therefore
similar, the only difference between them being their function
in the machine.

Since all the words applicable to a problem cannot be intro-
duced into the machine simultaneously, they must be “‘remem-
bered” during the loading period, and. until used, during the
solution. Further, temporary “memory” of some type must be
provided during each elementary computing operation. The
storage system provides this memory property of the machine.

The general opinion of mathematicians is that it will be
necessary to store approximately 3-2 x 105 binary digits, in the
form of 104 words, with 32 digits per word.

If the two-valve flip-flop circuit. were used, 6-4 x 105 ther-
mionic valves would be required, which is clearly impracticable
from the points of view of size, cost and probable reliability of the
equipment. Even in smaller machines the use of flip-flop circuits
would defeat, to some extent, the purpose of the change from
decimal to binary representation, since decimal representation
by ring counters in a machine of similar capacity would require
only three times more valves; and against this would have to be
set the expense of the conversion from the decimal to the binary
system, and vice versa when a binary machine is used.

Recently developed two-state devices, which are far less com-
plex than existing two- or ten-state devices, are the main justifica-
tion for the change from decimal to binary representation.
Further, they make digital computing machines with large
storage capacity a practical proposition.

Sufficient attention has been given to the memory property
to indicate that it is of primary importance, but in order to make
practical use of a store it must also be possible to insert, extract
or erase the remembered information. The insertion of informa-
tion into a store has been called “‘writing.” The extraction of
information from a store, “reading.” does not imply that the
information is erased from a store, since it may be required at a
later time. “Erasing,” of course, implics that information is
erased from a store, but in its preterable form it is really a super-
seding process in that a word may be written into an occupied
address, deleting the word alrcady there.  This property increases
the etlective capacity of a store. since new information, such as
partial answers, may be written over information which has been
used, without an intermediate erasure process.

To summarize, a store must have the following properties:

() Tt must be posstble to write a word goekly into any
address, such writing supersudmg any word already present at
that address.

(M The words at all addresses not being written in must be
remembered indefinitely, changes occurring only as the result of
a detinite writing process: errors ot 1 digit per million would be
fatal,

(¢} 1t must be possible to read the word in any address quickly
without erasing it, or.any other word.

(d) Tt must be possible to write into or read from any address
with absolute certainty. Reading from or writing into an
adjacent address in error, even if it occurred only once in a
million times, would be a serious disadvantage.

(e) The store must be capable of holding a very large number
of words (about 104) each comprising a number of digits, which
are either 0’s or 1's.

For (a) and (c) the significance of ‘‘quickly’ is related to the
time-scale upon which the machine as a whole is to work. The
longest operation of frequent occurrence is multiplication. If
this process occupies, say, 5 millisec writing and reading should
occupy less than, sav, 1 millisec, otherwnsc the computation will
be seriously retarded.

The paper describes an attempt to meet these requirements
using charge storage on a cathode-ray-tube (c.r.t.) screen as the
memory mechanism. .

re
(2) PHYSICAL BASIS OF THE STORAGE SYSTEM

Before describing the mechanism of digit storage, the arrange-
ment of digits on the storage surface will first be mentioned
The digits are représented by charge distributions which exist
ot small areas of a c.r.t. screen, the charge distributions being
arranged in the form of a two-dimensional array. This array 1s
produced by a television type of raster, in which the digits of
a line. and the Imes of the raster, are scanned sequentially, each
digit corresponding with a “'picture element.” Typical displays
are shown in Fig. 2, which illustrates the appearance of the ¢,r.t.

Bt
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Fig. 2.- -C. R T. disphars

Gy 1023 dignis
thy 2048 digens

face when storage is in progress.  In Fig. 2(a) there are 32l
cach of 32 digits.  Fach digit may have one of two torms
indicated by the pattern shown stored. A *“signal” or ““pick-u:
plate, consisting of' a sheet of metal foil, or gauze, external to ¢
¢.r. tube s closely attached 1o the tace of the tube (see Fig.
Fach area of the screen s therefore capacitance coupled mte
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Pick-up plate

Amphifier 0 Qutput

Fig. 3.—Detettion of signals.

common channel, as in the iconoscope. This method of detect-
ing changes of charge on an insulating surface has also been used
to determine the secondary emission ratio of insulators using
pulse technique.3

Having formed a general picture of the representation of digits
by a two-dimensional array of suitably charged areas, attention
will now be confined to the small area of the screen corresponding
with a single digit. The potential distributions existing on this
area with different types of electron bombardment, and the

resulting video signals that are obtained from the pick-ip-plate--

are described below. References to literatures 7 on the subject
of charge storage have been included.
(2.1) Equipment
The voltage level of the video signals is increased by connecting
the pick-up plate to the input of a suitable amplifier, as shown in

Fig. 3. The equivalent input circuit of the amplifier is shown in
Fxg 4(a) where i, represents the signal current due to electrons
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Fig. 4.—Amplifier input circuit.
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arriving at and leaving the screen surface; C,» the capacitance of

* the bombarded area of the screen to the pick-up plate; C, the

capdcitance of the bombarded area other than that to the pick-up

plate; C,, the remaining stray capacitances to earth; r, the input

resistance of the amplifier; and R, the ohmic resistance due to
the fact that the screen material is not a perfect insulator. The
leakage time constant (C, + C)R is known to be of the order of
0-2 sec, while very approxlmate values for (C, + C) and R are
0-002 uuF and 108 megohms respectively. The time constant
C,r is less than 0-1 usec and r is approximately 1000 ohms.
Since R > r, the signal voltage developed across r is substantially
unaffected by R, which is therefore neglected. The pxck -up plate
current appropriate to i, and flowing through C, is very nearly
(“,;,I(C + ), so that theanput circuit may be reduced to-that
shown in Fi )g 4(bh), the final signal voltage being C/i,I(C +-Cp)
The amphifier, which is fully described in Appendix 9.1 has a
bandwidth of 2 Mc/s, and may be regarded as a resistance of

100 MQ. The voltage output from the amplifier is, then, 1 volt
per hundredth of a microamp of current flowing to, or from, the
pick-up plate. There is no phase reversal in the amplifier, and
conventional current flowing' from the pick-up platc to the
amplifier gives a positive output voltage.

It should be noted that this equipment can only detect rates of
change of surface charge on the c.r.t. screen, so that the following
descriptions of potential distribution on the screen are qualitative.
The absolute value of these distributions is not of primary

- importance to the final storage system.

(2.2) Potestial Distribution with Steady Single Spot

In a c.r. tube which has its deflector plates, internal con-
ductive coating, and first and third anodes ajl connected to earth
potenual and its grid, cathode and focus electrodes connected
in a normal manner with respect to a negative potential (say
— 2000 volts), the inner surface of the screen will also be at
earth potential, because it is in contact by leakage resistance with™
the internal conductive coating. This g. that no beam
current has been present for some time.- ‘in the types of
commercial c.r. tube investigated (CV1097 and CV1131), the
relation between secondary emission ratio of the screen material
and primary electron velocity is of the form shown in Fig. 5.8
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Primary etectron velocity

Fig. 5.—Secondary emission ranlo as a function of primary electron
velocity.

At pomu of operation such as A, the secondary emission ratwo
8, is greater than unity. This is true for all primary velocities
in the range 1 000 volts to 3 000 volts at least. It follows that if,

operating under such conditions, the clectron beam is switched
on and falls steadily on a single spot on the c.r.t. screen, the
number of secondary electrons ieaving the spot and moving
towards the electrode assembly, will exceed the number of primary
electrons arriving at the spot. The resulting net loss of negative
charge causes the potential of the bombarded spot to become
positive, and its potential 1s then higher than that of any electrode
in the tube. Later secondary electrons will therefore be ejected
into a retarding electric field, and those which have emission
velocities below that corresponding with the potential of the spot
will be returned to the screen. The electrons with low emission
velocities will, in fact, return to the spot; those with higher
velocities, repellied by other electrons, will have time to acquire
an additional component of velocity parallel to the screen surface
and will return to the immediate vicinity of the spot. Experi-
ments indicate that, for times of bombardment less than 400 usec,
the screen is substantially unaffected at distances greater than a
spot diameter from the centre of the spot. If the effective
secondary current is defined as that caused by secondary electrons
which leave the spot, and are not returned to it by the retarding
field, the effect of the retarding field will be to reduce the effective
secondary emission ratio 8. The potential of the spot will, in
fact, rise to a value E,, thought to be about three volts,6 such
that the retarding field causes the effective secondary emission
ratio to be unity. E, can be interpreted in terms of the velocity
distribution of the secondary electrons,® typically.indicated in
Fig. 6 as that point to the right of which the number of secondary
electrons per unit time equals the primary current /,. The
potential of the spot will now remain constant at £,. but the
longer the spot is bombarded the larger is the affected arca around
it. The potential distribution on the screen is summarized 1n
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Fig. 6.—Velocity distribution of secondary electrons.

Fig. 7 in which increasing positive potential is plotted in the
direction of the arrow, so that, usmgthe analogy of gravitational -
field, electrons may be said to *“‘fall’” towards regions of positive

L---F
Fig. 7.—Potential distribution with a single spot—a “well.”
potcnual The depression in the distribution has been termed

a “well,
The time taken to establish the potential E, dcpends on the

* capacitance per unit area of the screen, the current density of the

beam, the secondary emission ratio and the velocity distritution
of the secondary electrons. * It follows that, with a given c.r. tube,
the time taken is inversely proportional to the current density.
Defocusing at constant beam-current, to double the spot dia-
meter, will increase the time scale by four, whilst doubling the
beam current, with constant spot size will halve the time scale.
The spot capacitance appears to be charged exponentially towards
F, as shown in Fig. 8(a), and the electron beam may be regarded

Fig. 8.—Charging of a bombgrded spot to ethbnum potcnual

as an ohmic resistance to the first order of approxunatxon, the
time constant formed by the spot capacitance and beam resistance
being of the order of 1 uscc or less. The net current i flowing
to the spot is therefore of the form shown in Fig. 8(b), rising to
an initial value 7,(8, — 1) corresponding with the secondary
emission ratio J,, and falling approximately in an exponential
manner to zero as the effective secondary emission ratio, 9,
approaches unity. The area under the curve is the charge

. required to raise the spot capacitance through E; voits, and

is therefore praportional to spot area. Since the capacitance of
the spot is almost entirely that to the pick-up plate, this current i
will also flow from the pick-up plate to supply the required bound
negative charge. The pick-up plate measures the rate of change
of charge over the whole screen surface, and this means that the
electrons which return to the screen around the spot will cause a
slight reduction in the plate current. A. further reduction, due
to another effect, will now be described.

A

.

(IS)MmﬁmmmeBeumuaShcleSpu
With the spot held stationary as before, let the beam current
be switched on and off by applying a square waveform of fre-

. quency 1 kc/s to the-control grid of the c.r. tube. When the

beam is switched on for the first time, the potential distribution
shown in Fig. 7 will be established on the screen surface; but, sub-
sequently at instants of switching on the beam, substantially no
change will have occurred in this distribution, because the
leakage time-constant of the screen (C, + C)R is large compared
with a cycle of the grid modulating waveform It follows that
only a small change in surface charge is required at these instants
to maintain the potential distribution, and consequently the
output voltage of the amplifier in Fig. 3 due to this change, is
negligible.” However, when the beam is switched on, a cloud of

electrons in the secondary current, and in the beam itself, is -

suddenly introduced in the vicinity of the pick-up plate. This is
equivalent to bringing a negative charge near to the pick-up
plate, and a transient current flows to the plate to supply the
required induced positive charge. The electron cloud is intro-
duced extremely rapidly if the grid modulating square wave 1
sharp, and the shape and time scale of the resulting amplifier
output pulse, which is negative going, will be defined entirely by
the transient response of the amplifier. When the beam is
switched off by the 'square wave, the electron cloud is suddenly
removed and an equal and opposite positive pulse appears at the

oL

Fig. 9.—Electron cloud pulses,
(a) Grid modulating waveform.
(lz) Amplifier output.
amplifier output, as shown in Fig. 9. The amplitude of these
pulses increases with the beam current. The pulse waveforms
are completely independent of spot size.

(2.4) Interrupted Double Spot
Two spots, as shown at 1 and 2 in Fig. 10(g), may be obtained
on the tube screen by applying to a deflector plate-a square

0

Fig. 10.—Interrupted double-spot potential distributions.

waveform having half the frequency of the grid modulating
waveform, and phased relative to it as shown in Figs. 11{a) and
11().

If the spot is initially at 1, the potential distribution will be as
previously described and is shown by the full line in Fig. 10(b).
The beam is now switched off, and then switched on again in
position 2, causing this spot to move rapidly positive and
generating the well shown dotted.

If the separation between the spot centres is greater than a
critical value (about 1-33 spot diameters), no other eftect will
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Fig. 11.—Interrupted double-spot waveforms,

$a) Grid modulating waveform.

b) Shift waveform.

(f} Output pulse due to /.

(d) Output pulse due to i,.

(e) Output puise due to ..

) Amplifier output voltage.

occur, and at subsequent instants when the beam is switched on
in the positions 1, 2, 1 and so on, this double well distribution will
be maintained by insignificant changes in surface charge, making
good the small leakage, as was the single well distribution
described in the previous Section. Consequently the amplifier
output waveform will again be as shown in Fig. 9%(b). :

If, however, the separation is less than the critical value, as
shown in Fig: 10(c), some of the secondary electrons emitted
during the excavation of well 2 will be attracted to well 1 and
begin to *“‘refill” it as at Fig. 10(d). The extent to which well 1
is refilled depends on the separation between the spots, and the
time for which well 2 is bombarded, but it is probably never
completely refilled with the times of bombardment used in
practice, since the fuller it gets the less likely are secondaries
from well 2 to reach it. The partial refilling of well 1 causes a
potential distribution in position 1 corresponding to an effective
secondary emission ratio which is greater than unity, since for
unity ratio a well must be excavated to the depth E,. Therefore
when the beam is switched off, moved back to position 1, and
switched on again, well 1 is rapidly re-excavated to full depth,
whilst well 2 is partially refilled, producing the distribution shown
at Fig. 10(e). This process of excavating one well and partially
filling the other can be repeated indefinitely, and. if the system is
symmetrical, the charge ejected from one well will equal in

magnitude that deposited in the other, since the charge ejected:

was deposited during the previous half-cycle of operation. In
fact, if the precise electrons emitted in excavating one well went
immediately to the refilling of the other, no signal due to changes
in surface charge would be obtained. However, the excavation
process is much more rapid than the refilling process, as would be
expected from the fact that whereas all emitted secondaries
emerge with velocities away from the well being excavated, less
than half of them have a component of velocity in the direction
of the well being refilled, and many of these have velocities too
great to be attracted to the well, or to any part of the screen.
The amplifier output pulse, at the instant of switching on the
beam, under these conditions will therefore be the sum of three
pulses, namely that due to excavating a partially filled well to
full depth, that due to partially filling the adjacent well, and the
negative pulse induced by the introduction of the electron cloud.
These effects will be considered separately.

The excavation of a partially filled well to full depth establishes
an additional positive charge on the screen surface, which binds
an equal and,opposite negative charge on the pick-up plate.

" This negative charge is produced by a current i, flowing from

the pick-up plate into the amplifier input circuit, and a positive
pulse is obtained at the amplifier output. The current i, is simflar
to the current i of Section 2.2, but its initial value corresponds’

the waveform being as indicated in Fig. 13(b).

to an effective secondary emission ratio less than 8y, since the
excavated well was only partially filled. This current is also

_slightly modified by electrons returning to the screen around the

well. With a perfect amplifier the output pulse, which is
indicated at Fig. 11(c), would be a replica of i,.

The partial refilling of the adjacent well reduces the positive
-surface charge in that position, and releases an equal and opposite
bound charge from the pick-up plate. Hence a current i, flows
to the pick-up plate and a negative pulse is obtained at the output
of the amplifier. The areas under the i, and i, waveforms are
equal, because the charges involved are equal, but i, has a longer
time scale and a smaller amplitude. The /, waveform is shown
in Fig. 11(d), and its shape changes with beam current and spot
size in the same manner as i or i, (see Section 2.2).

The induced current i. which flows because of the presence of
the electron cloud has been described previously, and produces
the output waveform shown again at Fig. 11(e).

The net output voltage of the amplifier is the sum of the three
waveforms (c), (d) and (e), Fig. 11, and is typically as shown at (f),
though many variations are possible by adjusting brilliance and
focus. The net pulse at the instant of switching on the beam

" can, in fact, be. made negative if the brilliance is sufficiently

increased, but it is not proposed to run the c.r. tube in this

condition.

(2.5) Separation of Double-Spot
It follows from the previous section, that both the amplitude
and sign of the pulse obtained when the beam is switched on,
with fixed beam current and focus, depend upon the separation
of the spots. This pulse is that marked X in Fig. 11(f), and its
amplitude change as a function of the separation between spot
centres is summarized in Fig. 12. The pulse shown in Fig. Ll(e)

switch-on , volts
Exons

At -

0%d 009, d Fd IR
Separation,n spet diameters

Fig. 12.—Output pulse at beam switch-on as a function of double-spot
separation.

Pulse amplitude at beam

occurs about 0-2 usec before those shown at (¢) and (d), because
the current pulse in the pick-up plate, which produces the

."output waveform (¢), is much larger and narrower than the

current pulses which produce waveforms (¢) and (d), and the
output of the amplifier therefore responds to it with less delay
time. Hence, the pulse X is never quite zero at any value of
spot separation, but may be a small negative pulse followed by
a small positive pulse. For this reason the positive and negative
amplitudes are plotted separately. In plotting Fig. 11 ohly the
amplitude of the pulses immediately following the instant of
beam switch-on is considered. The negative overshoot of the
pulseé X due to partially refilling the adjacent well is ignored, as
is the positive pulse contributed by waveform (e) when the beam

" is switched off.

Referring to Fig. 12, if the separation is zero, the conditions
are identical with those for a single spot and the pulse is negative,
asshownin Fig. 13(a). Thc pulses in the latter figure are tracings
taken during the experiment from the face of a tube monitoring
the amplifier output. As the separation is graduallv increased,
the negative pulse decreases in amplitude and is almost zero with -
a separation between centres of 0- 694/, d being the diameter of the
spot. During this time, the positive pylse amplitude is increasing,
The positive
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Fig. 13.—Output pulse at beam switch-dn.

(a) Separation = zero or greater than 1-33d (critical).
(b§ Separation = 0-334.
(c) Separation = dto 1-16d.

, 'pulse continues to increase up to a separation d, i.c. no overlap

between the spots, and then passes through a flat maximum
between d and 1-16d. The pulse during this stage is shown in
Fig. 13(c).. The amplitude of the positive pulse falls off quite
sharply towards zero with increased separation beyond this
point, while the negative pulse amplitude increases rapidly from
zero until at 1-33d the output pulse is entirely negative again as
at Fig. 13(a). Separations greater than 1-33d, which has been
called critical, give no further change.

. Six curves, of which Fig. 12 is typical, were taken for various
fixed values of beam current and focus. The negative puise,
the amplitude of which gives a measure of beam current, was
varied in amplitude from 16 volts to 42 volts; and the spot

 diameter was varied from 1 mm to 24 mm. - For all the curves,

the critical separation was within the limits 1-284 to 1-384d, with
the mean value 1:33d. The diameter of the spot was deduced
from the amount of shift required to move the spots from
coincidence to just touching. The difficulty of setting up the
latter condition visually may involve errors up to about 4 57%.

The critical distance has, then, no absolute value. In the case
of two spots of equal area, it is equal to kd, where k = 1-33 for

"the particular screen material investigated. (The separation
“ experiment was performed with a CV1097 type of tube.) The

fact that the critical distance increases linearly with spot diameter,
indicates, as might be expected, that increasing linear dimensions
has no effect. For the increased separation is compensated by
the ‘increased attraction on secondary electrons by the adjacent
well, due to the increased spot area. _

The constant k is determined by the screen material, and will
depend on the velocity distribution of the secondary electrons,
for this determines the depth E, of a well, and therefore influences
the attractive force due to the adjacent well. The secondary
emission ratio, like the beam current, influences only the times

- taken to excavate onc well and fill the adjacent well."

(3) APPLICATION TO DIGIT STORAGE

From the phenomena described above, the following statements
may be made:

(a) Either of two states of charge may be left at will at a given
spot on the c.r.t. face. These states are

(i) a well of full depth, by bombarding the storage spot, ceasing
the bombardment and not bombarding any other spot in
the vicinity, or

(ii) a partially filled well, by bombarding first a storage spot,
and then another spot in the vicinity before ceasing
bombardment.

“

() Charge distributions will be maintained for a time—a few
tenths of a second—depending on surface leakage.
(¢) Renewed bombardment [within the few tenths of a second

.noted under (»)] of the storage spot will give, at the instant of

recommencing bombardment, a negative signal from the amplifier
in case (a) (i), or a positive signal in case (a) (ii).

(d) Bombardment of spots displaced by more than 1-33 spot
diameters from a given spot has no influence on the potential
dis}ribution at that spot.

Item (a) above indicates a mechanism of writing a digit on a
storage spot, and item (c) a mechanism of reading it. From (b) it
is clear that the inherent storage time is inadequate. This can be
overcome by arranging that each stored digit is read and re-
written well within the inherent storage time, thus giving a new

. start to the stored charge with all the leakage compensated. This

“regeneration” process completely eliminates the commonly
quoted objection to digit storage by charge distribution, that
leakage will lead to “spreading™ and mutual interference between
digits, it also has other advantages described later.

Item (d) is important in that it sets a limit to the closeness with
which individual storage spots can be packed on the storage
surface and hence influences the digit holding capacity of the
store; this factor is discussed next.

(3 1) Estimated Separation and AmngementofStmgeEle-m

Since each storage unit of the type outlined requires a c.r. tube,
amplifier and regenerating rhechanism, it is important eco-
nomically to store as many digits as possible in each unit. Ithas
been shown that bombardment of the screen at a distance of
more than 1-334 from a storage spot has no influence on that
spot. It follows that the single storage spot considered so far
can be surrounded by other storage spots, provided that the
separation between spot centres is greater than 1-334. For
present purposes a separation of 2d will be assumed (see Sex-
tion 5.3). Furthermore, each storage spot must also have
reserved an adjacent spot which can be bombarded to perform
the “filling” process. The form and magnitude of this additional
area depends on the detailed arrangement of the system, but in a
simple case it may be considered as a second spot spaced d from
the storage spot. The whole storage element is then contained
in a rectangle d x 2d. Associated with each such element is a
“separation area” to provide clearance from other elements
The boundary of this separation area must, for safety, be at
least 1d away from the boundary of the storage element proper.
The whole rectangle occupied by each digit is therefore 2d x 3d
and it follows that an estimated area of 642 is required per digit,
or0-06cm? if d = 1| mm.

The screen of a c.r. tube is circular and a circular array of digits
would give optimum use of the available area. This is difficult
to arrange and in any case assumes complete absence of plate
shadow. Accordingly a rectangular array has been chosen. A
6-in tube, which has an available area of 8 cm x 12 cm, should
therefore have accommodation for 1 600 digits with the estimated
allocation of 0-06 cm2 per digit. Greater numbers should be-
come possible by improvement of focus, or by increase of tube
screen area with given focus. ,

Bearing in mind that each digit is to be regenerated at frequent
intervals, necessitating continuous scan of the whole array, the
method of setting out the array is to set up the digits in a series of’
spaced horizontal lines “as,_in television rasters, as mentioned
earlier [see Fig. 2(a)]. With this arrangement the basic require-
ment is regenerative storage of a number of digits on a single

- horizontal lire, the array being developed from the line by shiftiny

the line perpendicular to its length through 2d after each
horizontal sweep.
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_ Many systems derived from the properties stated in Section 3,

may be used to regenerate the stored information. Five such
original systems have been tested, and although, for reasons given
later, it has been decided that one of these is outstanding at
present, a brief outline is given of the alternatives, because, with
further development, this decision will be reconsidered. The
first four of these systems operate on the pulse obtained from
the amplifier when the electron beam is switched on to a spot, and
all use the principle that the sign of this pulse is positive or
negative depending on whether an adjacent spot within the critical
distance has or has not been bombarded since the storage spot
was last bombarded. The fifth system operates on a slightly
different principle explained later.

(3.2) System 1—Dot-Dash Display

Fig. 14(h) is a segment of a horizontal time-base waveform in
which short periods of constant voltage alternate with longer
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Fig. 14.—Dot-dash waveforms.
(a) Dot display. (;) Strobe.
(d) Dot waveform. (/) Dot brilliance waveform.
(c) Dash display. (z) Dash brilliance waveform.
(d) Dash waveform. (k) Time-base waveform.

periods of constant rate of change. If a repetitive waveform of
this kind, containing, say, 32 such segments is used to deflect a
c.r.t. spot, which is intensified only during the periods of constant
voltage, by applying waveform of Fig. 14(f) to the control grid
of the tube, then a row of 32 dots will appear on the screen.
Two of these are shown at Fig. 14(a). If the separation of the
dots is in excess of 1-33d, each can be used independently as a
storage spot, the beam being used to operate on each one in
turn. The corresponding amplifier output waveform shown at
Fig. 14(b) goes negative at the instant of switching on the beam,
as stated in Section 3{a(i)], since there has been no bombardment
of spots in the vicinity between successive bombardments of the
storage spot. If the intensifying waveform is changed to
Fig. 14(g) the dots on the c.r. tube will change into short lines or
*“‘dashes™ [see Fig. 14(c)]. The initial dots are spaced by about

3d so that the dashes may be accommodated. The amplifier
output waveform is now as shown at Fig. 14(d). The precise
nature of this waveform will be explained later, and it is necessary

here to note only that the initial pulse when the beam is switched |

on is positive. This is in accordance with note (a)(ii) of Section 3,
because now there has been bombardment of spots in the vicinity
of the storage spot since the latter was last bombarded. This
bombardment took place during the previous sweep as the spot
moved away from position (i) towards position (ii) [Fig. 14(c)).
Dots and dashes thus correspond with states (a)Xi) and (a)ii) of
Section 3 respectively and give rise to characteristic signals as
defined under (¢) in that Section. Either dot or dash may be
written in at will by using either waveform (f) or (g) of Fig. 14
as an intensifying waveform. On a subsequent sweep dots will
be ““read™ as negative output pulses and dashes as positive output
pulses, irrelevant parts of the amplifier output waveform being
discarded by using the ‘‘gating” waveform or strobe shown at
Fig. 14(e).

In order to make the system regencrative it is necessary to
cause dots to be re-written wherever dots are read, and dashes to
be re-written wherever dashes are read. That this procedure is
possible may be seen from the fact that whether a dot or a dash

is to be written the intensifying waveform is the same in the time-

interval 1, to 1;, whereas the amplifier output waveform has
indicated which should be written well before f;, during the
strobing interval ¢, to r,. Hence if the intensifying signal to
the c.r.t. grid is fed through a gate circuit which is controlled
by the strobed amplifier output in such a way that the intensifica-
tion is turned off at 4, if the control signal is negative (or zero),
but is maintained until 1, if the control signal is positive, the
system will be regenerative in that it will immediately re-write
everything it reads. This arrangement is shown in outline in

Fig. 15. Details of a suitable gate circuit operated by the positive -

control signal appear in Appendix 9.2.
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Fig. 15.—A regenerative storage system. -

In practice it has been found possible to replace the special
time-base waveform, Fig. 14(4), by a simple linear time-base,
provided the duration ratio of waveforms (g) and (f) is not less
than about 2-4 to 1, and provided also that the sweep speed is
such that not more than 0- 7 of a spot diameter is traversed during
the short intensification period of 1-9 usec. The dots then
appear as very short lines instead of true dots. ‘

The waveform of Fig. 14(d) is of considerable interest and will
now be analysed in some detail.

Let a horizontal line on the c.r.t. screen be produced by
applying the waveform (a) of Fig. 16 and its paraphased form to
the X plates of the tube, the grid modulating waveform being
phased as at Fig. 16(4). Electron cloud pulses shown at Fig. 16(c)
will of course provide a part of the amplifier output. The
remainder of the output, shown at Fig. 16(d), is due to the
following causes. When the beam is switched on initially, the
positive well which is formed, is partially filled as the spot moves
away from the beginning of the line. This happens in all
positions previously occupied by the spot, as the spot leaves them
behind, and moving trail of positive charge is formed beneath
and behind the spot as indicated in Fig. 17(h). When the spot

reaches the end of the line, the beam is switched off, the trail of .

)
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Fig. 17. ——Potmtinl distributions with a line display.
Line display.
. g% lmudp;mﬂdmbuﬁm beam on.
(d) Subsequent potential dmbuhon beam on.
charge is left on the screen, and the potential distribution is
then as indicated at Fig. 17(c). Now, when the beam is switched
on again at the beginning of the line, a trail of charge has to be
recreated, and this causes the initial positive pulse of Fig. 16(d).
Once the trail of charge is created, there is no net change of
charge on the c.r.t. screen until the remanent charge at the end
of the line is approached. During this period the amplifier output
is zero, and the potential distribution is of the form shown in
Fig. 17(d). As the spot approaches within the critical distance
of the remanent charge, low-velocity secondary ‘electrons with
component velocities along the line begin to destroy the remanent
charge. Since, when the beam is switched off the potential

distribution must again be as in Fig. 17(c), a quantity of surface'

charge, equal in magnitude to the created trail of charge, is
destroyed during this period. Hence a negative puilse, equal in
area to the initial positive pulse, appears in the amplifier output
voltage, as shown in Fig. l6(d) This negative pulse, which
anticipates the cause to which it is due, namely, the switching off
of the beam, has been called the “anticipation” pulse. The-Ret .
output of the amplifier is the sum of the waveforms (¢) and (d)
of Fig. 16 and is shown at (¢). If the length of the line is
decreased, the waveform of Fig. 16(e) becomes the waveform of
Fig. 14(d). The theoretical minimum length of the line for

* defined as representing a *“0,”

A STORAGE SYSTEM FOR

maximum amplitude of the initial positive pulse is such that the
trail of charge is completely established before secondary
clectrons begin to destroy the remanent charge at the end of the
line. The currents flowing from and to the pick-up plate to
produce the positive and anticipation pulses, respectively, are
then entirely separated in time. In practice, it is found that little
loss in amplitude -of the pulse occurs if the length of a dash is
made such that the separation between centres of the initial and
final spots, which form the lateral boundaries of the dash, is
not less than 1-74. - With this value the positive and anticipation
pulses are beginning to.coalesce as shown in Fig. 18.

Fig. 18.—Strobing of .sigmls.

&{ Strobe.
(c) Sturobed output.

By way of example, the display, and amplifier and strobed
outputs appropriate to the decimal number 19, are shown in
Fig. 19 (b, c and d). In a two-state device cither state may be

@ !l lo

e

o N ;‘
. |
o JU\W i

Fig. lD.——Electronic binary representation of decimal number 19.

(a) B . («) Amplifier output.
()] C R T display. (d) Strobed output.

the other state tepresenting a "'l
In the present paper the digit will be said to be ““0” when the
potential distribution on the c.r.t. screen is the same as it woul.
be if the amplifier gave zero output and the gate circuit acted

appropriately.

(3.3) System 2: Dash-Dot Display

This systeth is identical with system 1, except that the negatitc
pulse at beam switch-on operates a suitable gate circuit insteiu
of the positive pulse. The positive pulse now correcsponds
the digit ‘0" and the display is a dash as shown in Fig. 20(
The negative pulse shortens the dash to a dot, and corresponds
to the digit “1.”

e
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(ag Bii (d) Defocus-focus.
(b) Dot. (e) Focus-defocus.
() Dash-dol (f) Aaticipation.

(3.4) System 3: Defocus-Focus Display

An alternative method of achieving the choice between a
positive or negative indication at beam switch-on is to apply the
waveform of Fig. 21() to the focus electrode A, of the c.r. tube.

Bright. up
""I_I“"l_r .
"’__J:—\__; Black out
: l"‘} 1——Drfws
: : focus
Fig. 21.—C.R.T. electrode waveforms for defocus-focus display.

(@) Grid modulating waveform.
(b) A.2 waveform.

If waveform of Fig. 21(b) is phased relative to the grid modulating
waveform as shown, the result will be a defocused spot which
suddenly becomes focused, as s,hown’ in Fig. 22(a).

Defacisd st
Facused spet

i
Fig. 22.—Potential distributions with focus-defocus display.
. (a) Display. (5) Well 1. (c) Well 2.

@

When the beam is switched on for the first time, well ! shown
at Fig. 22(b) will, of course, be excavated by the defocused spot.
However, when the spot is focused, the shaded area at Fig. 22(a)

will be partially filled by secondary electrons, producing the’

potential distribution well 2 shown at Fig. 22(c). At subsequent
instants of beam switch-on it will always be necessary to convert
well 2 into well 1, and a net positive pulse will be obtained at
the amplifier output. If the c.r.t. beam is switched off before
it is focused, the focused spot will never be present, and the
potential distribution is always well 1. Once this distribution is
established, the output from the amplifier at beam switch-on
will be the negative pulse due only to the introduction of the
electron cloud near to the pick-up plate. The sign of the output

pulse at beam switch-on is therefore positive or negative, depend--

ing on whether the spot is allowed to focus or not.

If the system is operated on the positive pulse, the gate circuit

of Section 3.2 is used. The only modification is to make the .

time-base pause from ¢ = f, to ¢ = 1, (Fig. 14). Horizontal
separation of the digits is achieved by allowing the time-base to

run down linearly from ¢ = ¢, to ¢ = 15, when the beam current .

is aiways off. The spot is defocused from ¢ = 14 to ¢ = ¢t; and
focused (or blacked out) from ¢ = tyto 1 = ¢,.
The display appropriate to the decimal number 19 is shown

in Fig. 20(d).

(3.5) System 4: Focus-Defocus Display
If the system in the previous section is operated by the negative
pulse at beam switch-on, in conjunction with the gate circuit
required in Section 3.3, the display will be as shown in

Fig. 20(e).
(3.6) System S: Anticipation

Whenever the beam current is switched-off, a remanent charge

is left on the screen, and with a moving spot, an anticipation puiswe
is obtained during the next time-base sweep. This gives a

. warning that at some *‘later” instant during the previous sweep,

the beam was switched off. If the possible instants of switching
off the beam are predetermined by a square wave applied to a
gate circuit, which allows the beam to be switched off once only
after an anticipation pulse has been received, then the system is
regenerative. For, once established, a remanent charge will
cause the beam to be switched off at the same instant of each
successive sweep, and the charge will be reinstated each time.
The display is indicated in Fig. 20(f).

(4) A COMPLETE STORAGE UNIT

Attention will now be confined to system 1, which is sum-
mmarized in Figs. 14-17 and 19. The remaining systems, which
operate satisfactorily on a single line of digits, have been rejected
systems 3, 4 and 5, because of the difficulty of maintaining similar
conditions of focus over the whole c.r.t. screen. when many lines
of digits are used ; and system 2 because operation on the negativc
amplifier output is not as satisfactory as operation oa -the
positive pulse.

Horizontal spacing between the digits on the tube screen is
achieved by using a linear X-time-base waveform, generated as

- described in Appendix 9.4. Vertical spacing is achieved by using

a specialized Y shift generator described in outline below, and
in more detail in Appendix 9.5. Each horizontal line contains
32 digits (i.e. one word), occupies a distance of 10 cm on the c.r.t
screen, and lasts for 272 usec. The blackout period is 34 jised
The raster has 32 lines, and at present occupies a vertical distance
of 8cm. A 10cm by 8 cm rectangle on the tube face therefore
contains 1 024 digits or 32 words, Fig. 2 (see Section 5.3).

The type of Y-shift generation used is intimately connected
with the writing, reading and timing properties of the storage.
For not only is it necessary to scan the raster lines sequentially
with the object of regenerating the stored information; but it is
also essential to arrange that any line may be written in or read ofl’
as soon as possible after the machine has given that instruction,
without waiting for that line to be scanned in the regeneration
sequence. A suitable circuit is now outlined.

(4.1) Y-Shift Generator
Fig. 23 is a schematic diagram of a Y-shift generator, which

* produces 32 cqual-step changes of potential tollowed by a rapid

fivback. Along the top of this figure is a five-stage scale-of-two
counter, each stage being triggered from the previous one: the
first stage is iriggered by the X time base blackout waveform.
The counter output waveforms are as shown in Fig. 24(b-f). If
these waveforms are added in the form 1 X () = 2 - (¢) + 4
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Fig. 23.—Simple Y-shift generator.
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Fig. 24.—Waveforms of simple Y-shift generator.
g Blackout waveform. (e) Counter 3.
b) Counter 0, . () Counter 4.
(c) Counter {. {g) Y-shift (paraphase).
(d) Counter 2.
X (d) + 8 x (¢) + 16 x (f), the desired waveform, Fig. 24(g)
results. With this waveform and its paraphased version applied
to the Y-plates of the c.r. tube the single line display of Section 3.1
becomes a 32-line raster. Addition in the appropriate ratios is
performed by the circuit shown in Fig. 23, the operation of which
is described in Appendix 9.5. It should be noted, however, that
the counter waveforms, Fig. 24, (b)(f), are used to switch
careful “weighted” component shifts in and out of circuit, so
that the amplitude of the counter waveforms is “relatively
unimportant.

A scan of this type is entirely adequate for the purpose of
regenerating stored information, provided that the vertical
separation of lines is adequate and the interval between scans
of a given line is sufficiently short compared with the inherent
memory time of the screen. It would, however, be possible to read

Ay

oﬂ'mwntemamvenhneonlywbeniutumminthem
cycle. This disability can be eliminated by allocating alternate -
sweeps«of the time base to “scan” and “action” phases of the
system. During scan phases, the raster lines are scanned
sequentially with the sole object of regenerating the stored
information. During action phases any line in the raster may
be chosen at will, and information read off or writtea in that
line. With this arrangement the lines of the raster are not
scanned sequentially but in the order 0°,n, 1, n, 2, n... 31, n,

=
=1

U

Fig. 25.—Waveforms of improved Y-shift generator.

(a) Blackout. (¢) Counter 2.

(b) Halver. (/) Counter 3.
(J Counter 0. (g) Counter 4.
(d) Counter 1. . (k)  Y-shift (paraphned)

a

0, n, 1 ... where n is any chosen line not usually constant b

varying as the computation proceeds. It is, however, showr

constant in the waveform of Fig. 25(k), which illustrates the new
® The first line of the raster is called line 0 for convenience.
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io.m of the Yeshift waveform. To produce this waveform,

the blackout waveform of Fig. 25(a) feeds a halver, which is a
scale-of-two counter yielding the waveform of Fig. 25(b). This
waveform then operates the counter chain of Fig. 23 which
delivers the waveforms of Fig. 25(c-g). The halver waveform
also performs electronic switching operations such that during
the scin phase of the halver, waveforms of Fig. 25(c-g) are
added, appropriately “weighted,” as before, but during the action

- phase they are superseded by five control voltages, which,

operating through the same “weighting’ circuits as the counter
waveforms, take over contrdl of the line scanned. = Technical
‘details of a suitable circuit will be found in Appendix 9.5. Here

. we néed only note the importance of using a commoa “‘weighting”

circuit so that line » during action phases exactly coincides with

- line n during scan phases.

Though it might appear at first sight that this actionfscan
sequence will halve the speed of calculation, in fact such is not
the case, because since it applies only to the store, computation
can proceed unhindered, and further, some time must be set
aside for changing the five potentials selecting the action line.
These potentials must not be changed whilst they are controlling
the shift, or diagonal traces will be generated, but they can
conveniently be changed during the scan phase.

In a machine the five control voltages would be derived from
a staticisor operated by a sequential five-puise code. In the
experimental store they are in fact derived from a staticisor, but
the operating pulses are coincident pulses on five separate lines
and may be made positive or negative on each line by setting five
switches appropriately. The pulses are obtained from the halver
waveform and occur at the end of each action phase, 30 that the
staticisor can only change its state during scan phases whcn it
is not controlling the Y-shift. -

An amplified discussion will be found in Appendix 9.5.

It should be noted at this point that although the Y-raster
generator, X-time-base generator, and the circuits generating
such waveforms as the strobe for the amplifier output, are
essential to the operation of a single storage unit, these circuits
are common to all further units. It is only necessary to repeat
the c.r. tube, amplifier and gate circuit, since all the c.r. tubes and

_gate circuits will be operated in parallel to a common time scale.

For this reason, a c.r. tube and its associated amplifier and gate
circuit will be called a “storage unit.”

_ (4.2) Experimental Input Unit
Information will eventually be introduced into the store
via an input unit, which may take many forms. An ex-
perimental method of input, far too laborious to be used in
pracnce and designed with the sole object of testing the storage
unit, is as follows.
The beam is switched on 32 times during one X-time-base

. sweep, and with an empty store a negative pulse is obtained from

the amplifier each time, the display being 32 lines of 32 dots.
If a negative pulse of dash width is inserted into the gate circuit,
in such a manner as ‘to give the same effect as a positive pulse
output from the amplifier (see “write” input in Fig. 32) and
timed coincident with one of the instants at which the beam is
switched on, then a dash appears at the corresponding point of
the display and a *‘1” is inserted into the store, If, further, the
pulse is generated during action phases only then the dash-will
appear only on the action line. The circuit supplying the pulses
is arranged in such a manner that pressing one of 32 keys,
arranged in the form of a typewriter, causes a pulse st0 be
generated at the corresponding instant of switching on the beam.
A *“1” is inserted in position k of line 1, by operating the switches
controlling the Y-shift staticisor so that line 1 is the action line,
and then pressing key k of the typewriter. Once inserted the

[y

digit (k, 1) is regenerated, and remembered by the store
indefinitely.

A “1” may be erased from the store by interrupting the ¢

regenerative loop during the time that the *“1" would normally
be regenerated. This is conveniently done by switching the
action line into the appropriate position and applying a negative
pulse to the suppressor grid of V, in the gate circuit (sec Fig. 32).
Thus, although the control grid of this valve receives the positive
puise from the amplifier, appropriate to a dash, no anode curreat
will flow in the valve, and the display will be converted into a dot.

It follows that the typewriter unit may either write or erase a
“1,” and that a single pole, double-throw switch may be used to
select either of these alternatives.

If the input to the gate circuit from the amplifier is connected -

to earth potential for a period longer than a raster period, then
the store will be filled (dashes everywhere), for pulses will be
applied to the contro!l grid of V, during every strobe period.
If, on the other hand, thé output of the amplifier is disconnected
from the gate circuit for a period longer than the raster period,
the store will be emptwd

) mERlMENTAL RESULTS AND OPERATING DATA

It is now possible to fill or empty the store, and, by means of
three control systems, namely, the insert-erase switch, the type-
writer and the Y-shift staticisor, to change the state of dtgil
(k, 1). Specific patterns, such as the one shown in Fig. 2(a), My
therefore be written into the store, in order to test the membiry
of the storage unit. The pick-up plate prevents direct photo-
graphy, and a monitor c.r. tube wired in parallel with the
storage c.r. tube was photographed. During the initial tests
many memory periods of between one and two hours were

recorded.
By adding a sixth unit to the Y-shift generator a 64-line raster ™~

was produced, and the storage capacity doubled (2 048 digits).
The scan frequency was then about 25 cfs.
in Fig. 2(b) was written into the store, and was *‘remembered””
for four hours before the equipment was switched off. it is
interesting to note that in this time approximately 7-5 x 108
opportunities occurred for a change in the pattern to take place,
due to possible spurious pulses occurring during strobe periods.
The existence of this multitude of opportunities for change may
be regarded as a disadvantage of frequent regeneration. There
is, however, a very great corresponding advantage. In any
system where the position of a storage clement is defined in
terms of two multi-valued deflecting potentials (or currents),
subsequent recovery of the stored information depends on ac-
curate correspondence between geometrical position and deflect-
ing-potentials and also on accurate reproduction of the deflecting
potentials themselves. Both these requirements are much more
easily met when the interval between storage and recovery is very
short, since long-period drifts in supply voltages, or:. tube
sensitivity, result only in a drift of the pattern as a whole without
damage to it, provided the drift between regenerations is small
compared with the spot size.

The factors influencing the operating conditions used to obtain
these results will now be described. It will be seen that a com-
promise has been made between many conflicting factors.

(5.1) Primary Electron Velocity

From Section 2.2 it follows that the third-anode voltage of the .

c.r. tube should .be such that the primary electron velocity
corresponds with a screen secondary emissian ratio greater than
unity. With the screens used in commwereial ¢.r. tubes a further
limitation is impd&sed, and this is now discussed. '

The signal output from the amphﬁer normally produced by
scanning a line on the c.r.t. screen is shown in Fig. 16(¢). How-

/!

The pattern shown -
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output js as shown in Fig. 26. Disturbances of the type shown

[ at?(mamdbdeﬂnm. It is found that

corresponding with the point B. .. Thirdly, impurities in the
mmwidmthhmmnofaboutlwomumld
produce an effect similar to that ascribed to glass.

In all the above cases, small regions of the screen under
clectron bombardment will be at potentials which are very
negative with respect to the romainder of the screen if a high
accelerating voltage is used. Nowtheoyenuoooftbeawrase
system is based on the fact that the potential distribution formed
at a region P depends on whether an adjacent region within the
critical distance has, or has not, been bombarded, since R was
last bombarded. If such an adjacent region has been bombarded,
the potential distribution at P is changed by secondary electrons
arriving at P from the point. If, however, a screen
imperfection exists P and the adjacent region, some of
the secondary electrons will be prevented from reaching P by the

potential barrier produced by the imperfection. P will, in fact,

dmygmdmmuuapohtwhichhasnothndbombudo
ment in its vicinity. In the dot-dash system the effect is, thero-

mmcammmumumw
occupics an ares of the screen sufficiently large when compased
:gn:e;powu.muuwwm.“l"mu
a

m&m”fwmﬁu’w e -

by the positive pulse due
to re-establishing the trail of charge (sve Section 3.2). This will
bemdemopd:fntumhendmn as the spot pasess
through the imperfection, some of the secondary electrons, whech
would normally return to the part of the screen behind the apot
are prohibited from doing 30 by the created potential barres.
AmemMmmhfmth
ﬁonandthupyodmamgnﬁdmﬁmuhhmthﬁoﬂwuq
scan. mmdMnMWMﬁnmﬁm,
tion pulse is created, but it is reformed when the imperfection hes
M.Mwmmmmisdmmma
posnt!wpuhe. It is found that if the ratio of ths peak 0 pust
mglgmdgﬁmemmfm:hdwhvaMdn
p?nmmllobninedwhmhhnmbniwhedon(ne'a
Fm.w,uquammammmvm
applied to the primary electrons, then the result is as shown &
Fig. 28.19 _As might be expected from the previows dmusa

Acceh.uq"'b
mn—VMome“ﬂm
voltage

the imperfection signals due to glass or impuntes vessh ~en
the accelerating voitage is reduced to the valwe correspoodng
with the point B in Fig. 27, becauss at thes voltage theve s a
potential barrier. The amplitude of the signals due L0 ww e
decreases linearly as the accelerating voltage is decressse ead
tends to zero as the accelerating voltage approaches zero.  1hese
results wore obtained with a CV1131 type of c.1. tube, which %ed 2
soft glass envelope, and the particular imperfection signals ys-esed
were the largest which occurred at any pomt of the xrep  No
c.r. tube has yet been found with more than one cartem ‘v .o

. imperfection. The number of glass or impunty imperfe tiuns

with ratios greater than 0-1 (but less than 0-2) is about twenty
at 1 400 volts.
With these restlts in mind it was decided 10 Operats the w.«age

c.I. tube at the comparatively low acoelerating vivhage
1400 volts. The tube was not specially sclevicd, esurpt that
it had a hard glass® envelope, and there was a carbon imperfec-
tion in the screen. This c.r. tube, which stored the information
for Fig. 2, lnsbeenusedforapenodofthreenwmh: amd OOV
d:ﬁmlm have arisen due to screen unperfecnons

(5.2) Effect of Spot Slu (Focws)

The storage capacity of a single c.r. tube is determined primarily
by the accuracy of focus, and its uniformity over the used area of-
the tube screen, it being necessary to choose less than opumum
focus at the centre if bad defocusing at the corners 1s to be
avoided. For maximum capacity, the tube should be operated
at the highest possible accelerating voltage. With present
acreens, the imperfections limit this voltage to 1400, and it is
appan:ntthatanattcmptshouldbemadewproduaamon

® lnversion point app ty at 1 200 voits. -

2

/ -




.

USE WITH BINARY-DIGITAL COMPUTING MACHINES 93

Mmmmmmewmqmtmmmamty
This is being attempted. -

Although, for constant beam density, the amplitude of the
positive signals obtained when the beam is turned on will
decrease as the focus is improved, no difficulty is anticipated,
because, as shown in Fig. 18, excellent signal/noise ratio is
obtained with the present spot size (about 1 mm diameter).
Loss of signal current may therefore be compensated by increased
amplifier gain. .

As shown in Fig. 2(b), 2 048 digits have been stored, the alea
occupied on the storage tube being 154 cm2(11'cm x 14cm). In
Fig. 2(a), the area occupied by 1024 digits is 64 cm2 (10cm
X 6:4cm). The deterioration in the uniformity of focus over
the larger area can be seen by the fact that for satisfactory
operation—negligible interference between digit areas—the area
occupied by 2 048 digits is moreﬂnntwwethatoocupaed by
1 024 digits.

(5.3) Action Line Limitation of Storage Capacity

The conception of critical distance between two adjacent spots
cannot in fact be applied without reservation as it was in Sec-

‘tion 3.1, to determine the separation required between any two

charged areas of a raster for negligible mutual interference. For
the net electric field at a spot under electron bombardment is np
longer due to a single adjacent charged area, but to all the
remaining charged arcas of the raster. It follows that the
required separation is greater than the critical distance previously
defined, and this is particularly true for the areas comprising the
edges of the raster, where the net lateral electric fields are

greatest.
The method adopted to determine the required separation

.. experimentally is to adjust the focus, and separation between

areas, until the relevant positive signals obtained at any point

i of the raster, are not decreased by more than 57 by mutual

interference, when adjacent dots are converted to dashes. It is
found to be sufficient to examine areas in the corners and centre
f the raster only.

" Since a small amount of mutual interference between adjacent
charged areas is allowed to occur, the time of bombardment
of the areas becomes important, particularly when this time is
only of the order of 1 usec. (The time of bombardment of the
areas is determined by the velocity with which the spot travels

the c.r.t. screen. This velocity is discussed in the next
Sectign.) It may be seen, for instance, from Fig. 13 that, in the
double-spot experiment, bombardment times less than 2 usec
prod but little filling of the adjacent well. If, then, some
areas‘Ef the raster are scanned more frequently than others,
more mutual interference will occur in these regions. This will
happen when the store is part of a computing machine and it is
necessary to read or write into the store frequently during one
raster period, for under these circumstances certain lines of the
raster will be scanned more often than other lines. With a
32-line raster, and the method of raster generation described in
Section 4 and Appendix 9.5, it is never possible to scan a
particular line more than 33 times as often as the adjacent lines.
For in one raster-period this line would be scanned once during

" ascan period, and 32 times during action periods at most.
To determine the extra degree of separation between digit,

areas required to nullify this effect, the following procedure was
adopted. It was arranged for the c.r. tube to be normally
blacked out by halver waveform during action periods. A
circuit triggered by the waveform of the last counter in the
Y-shift generator, and re-triggered by. halver waveform pro-
hibited this black-out for one action period during each raster
period. The action line was therefore scanned only twice as
often as the remaiging lines. This arrangement was used to
VoL. 96, ParT 11},

\

t

write the information shown in Fig. 2 into the store, and provides
a close approximation to having no action line whatever. The
control of black-out by halver waveform was removed and the
action line scanned during every action period. The extra
vertical separation was then determined. It was found that when
this was done the area occupied by the raster had to be increased
by 209, (10cm x 8 cm) for a 32-line raster. This is a very
stringent test, because it is inconceivable that it will be necessary
in practice to read or write into onc particular line during
32 consecutive action periods. An increase of 20% in the area
of the 64-line raster (11 cm x 17 cm) allowed any particular line
to be scanned cight times only during one raster period, mainly
because rapid deterioration in uniformity of focus occurred with
this large raster area.

(5.4) Lateral Velocity of the Electron Beam

The time period assigned to each digit. which at present is
85 usec, determines the final speed at which the computing
machine will operate. This time period, which should therefore
be made as small as possible, depends upon the maximum rate
at which the electron beam can be allowed to move across the
c.r.t. screen. It is apparent that the faster the electron beam
moves, the less will be the amplitude of the positive puise
obtained when the beam is switched on at the beginning of a dash.
For the amplitude of this pulse is determined by the amount of
refilling of the well which occurred during the previous sweep,
and the depth to which the well is excavated during the present
sweep. Since, as was explained in Section 2.4, . refilling requires
more time than excavation, the speed of opération is limited
primarily by the refilling process. Less refifling will occur as
the speed is increased, because the electron beam bombards
adjacent spots for less time, and the amplitude of the positive
pulse therefore decreases.

An estimate of the speed at which some decrease in ampirtude
may be expected. can be derived from the double-spot expariment.
From Fig. 12. the limits of separation between which maximum
refilling of the adjacent well occurs, are seen to be d and |- l6d.
From Fig. 13(¢), refilling of the adjacent well is seen to be almost
complete in 4 usec at the operative value of beam curremt If
therefore, the'diameter of the spot is 1 mm and the spot travels
at speeds greater than 0-04 mmlp.sec some loss of positive pulse
amplitude is expected.

As the speed is mcreascd the pulse obtained when the
beam is switched on‘at the beginning of a dash changes
from a positive pulse to a negative pulse via stages simular
to those shown in Fig. 13 (¢, b, and a). Fig. 2510 in which
both positive and ncgative amplitudes are plotted, indicates
the change in thc amplitude of the pulse as a fuaction
of the reciprocal of the speed with which the electron
beam moves across the c.r.t. screen. The point A correspoads
with the speed estimated above. If the speed is increased by a
factor of ten, approaimately, the point B is obtained. This is
the operating point used at present and it corresponds with
85 usec and 3' 1-mm digit separation. If the speed is increased
by a further factor of ten (4 mm/usec), the positive pulse ceases
to exist, and the output pulse is the negative pulse due to the
electron cloud effect. It is, of course, impossible to operate the
storage system at this last speed because the pulse obtained when
the beam is switched on will always be negative indzpzndant of
whether a dot or a dash is being read. However, it may prove
possible to operate the system at some point between B and
C, the speed corresponding with C being twice the present
speed.

It should be noted that Fig. 29 holds for particular values of
brilliance and focus only, the values chosen b:mg the ones
normally used in operation.

7
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g, 29.—Variation with sweep welocity of pulse produced when the
h-miuwimdonutbtby.hﬁm' a dash.

consistent with the maintenance of this distinction.

‘In the dot-dash system the choice is between a positive or a
negative signal when the c.r.t. beam is switched on, and the
amplitude of these signals depends upon factors discussed above
and in Section 2,

The line of immediate future development is clear. Improve-
ment of focus can be attacked from the normal standpoints.
Final results will depend on the production of a more perfect
screen, and the resultant increase in accelerating voltage. If
this proves difficult, screens of the present quality, but free from
carbon, deposited on some insulator (such as mica) with a higher
inversion point than glass, may be successful. Higher storage
capacity per ¢.r. tube will then be possible. When the maximum
storage per tube has been obtained the required storage capacity
can be built up by using the appropriate number of tubes. All
tubes would be scanned synchronously, but the action line

, wotuld be intensified only on the appropriate tube so that the
co-ordinates of an individual stored digit becomes k, /, ¢, where
t is the tube number.

(6) ALTERNATIVE SCANNING SYSTEMS

The scanning system so far described is most suitable for series
machines in which one complete word is stored on each line.
Machines designed for the parallel mode of operation require
all the digits of a word to be simultaneously available on different
wires. Working on a basis of 32 digits per word, 32 c.r. tubes
might be used, one digit of each word occupying one space on
each tube. With this arrangement, the digits occupying the
32nd space in each line would not be available for 272 usec.
This time can be reduced by splitting the scan into 8 columns of

D

3
1669

32

o

Fig. 30.—Alternative scanning arrangement.

wummmunmuczsmmm

Almﬁyeb.tbetimemmyhabolidndmduphad
tyad;ﬂecngnsimﬂmwrﬂidnimn’dwmh
spot ‘discontinuously from space to space on the c.r.t face by
means of appropriate X and Y voltages. Provided the deflection
generator could be switched to any desired co-ordinates rapidly

- any digit could be recovered at amy time. The approprisse

co-ordinates could probably be gemerated with the required
accuracy in about 20 usec.

(1) CONCLUSION AND ACKNOWLEDGMENTS

It has been demonstrated that large numbers of digits can
be stored on the screen of an ordinary commercial c.r. tube and
thattpedevelopmtof:pecialmbaforhmoseilwonh

’pumx::andd\ouldludtomil!aundmcapldtyw
c.r. tube. .
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) .?PPENDICES
(9.1) The Amplifier

Each stage of the amplifier is separately screened, and -»
heater and h.t. supplies are fed to each stage through sutares
filtered leads to prevent h.f. oscillations. These arrungemes s
are omitted from the circuit shown in Fig. 31.

The first three stages, which are identical, are fed back b
resistor of 500 k) connected between the anode of V;, and 1+
grid of V,. The feedback reduces the effect of microphor
voltages in V, to negligible proportions, and defines the «tpu
voltage of V, as 0-5i, volts, if i, is the signal current in n.xro-
amperes provided by the pick-up plate. The fourth stage i» von-
trolled by its screen-grid voltage to give manual gain-control.
The anode load of the fifth stage is very much greater than the
.input impedance of the sixth stage. Consequently, almost all
the pulse current, delivered by VS, flows in the 33-k{2 feedbaus

short lines, each containing 4 digits, as shown in Fig. 30, arrange-  resistor of stage 6. . Stage 6 is d.c. fedback, as shown, 10 provide

This would reduce the time to obtain.any digit to 34 usec.

. “

ments being made to read any digit in any line at any time. outputs with approximate d.c. levels of either + 5 volts or

— 15 volts.

/4
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Fig. 31.—The amplifier circuit.
Vi-Vg = CV1091. Ve = CV173.
The voltage output of the amplifier is 100/, when the manual
gain is set 30 that the voltage gain of the last three stages is 200.
The double-cpot experiments were performed with this setting.
' . (9.2) Gate Clreuit
References will be made to Fig. 32.
Ihcetfectofthuamtutoprovxdethemdofoncr tube § “’1[1
wuh narrow positive pulses, td give a standard display of dots (")_‘I_J—‘Lﬁ
; Dot period * ~ N
@) l:,n.: ;..
Dash period: '

) ' , -

Fig. 33.—‘-—Wave_fonns appropriate to gate circuit. .
(a) Amplifier output. (d) ' Dot waveform d
(0) Strobe. 21 Dash wevetiam.

(¢) V; anode

) Owpw t@ ¢.r.1.grid,
their source during the black-out period  This is also true of the
dash and strobe pulses.
The, valves V, and V,, and their associated diodes. are the
true gate circuit. The amplifier output, tig. YNy, biased o

Strobe Erase Dash Read Dot Write

input input input input input input r 1 ) ‘

S -I0V) (OV) (QV) ¢4V) (4V) (4V) — 15 volts, is fed to the grid of V, only during the strobe period.
At all other times this is preveated by conduction of D,  The -
strobe waveform is shown at Fig. 33(b), the strobe period being

' Fig. 32.—The gaw circuit.

Vi=Vq = CV1091. a short period immediatcly after the beam is switched on.  There

is normally no anode current in V,, and the anode voltage s

corresponding to the digit ‘‘0”; these pulses are made wider, defined as + 50 volts by the diode D,. The anode waveform o

producing a dash corresponding to the digit ““1”" if, and only
if, the circuit receives a positive pulse from the amplifier at
specified instants, the instants at which the beam is switched on.

The standard display is provided by narrow negative dot pulses
[Fig. 33(d)] applied to the cathode of the diode D6, the cathode
being biased positive with respect to its anode. Thesg pulses
cut off the control grid of V;, and the anode of V;, which was

bottomed, rises quickly. in voltage until caught by the diode D7

at about + 50 volts. The resultant anode waveform shown
dotted at Fig. 33(f) is cathode followed by V,, and applied to the
c.r.t. grid via a d.c. restoring circuit, which defines the highest
voltage reached by that grid, as the voltage set up on the brilliance
control of the c.r. tube. Black-out of the X-time-base recovery
sweeps is provided by the fact that the dot pulses are izhibited at

Fig. 33(c) has a negative pulse for every positive pulse delivered
by the amplifier during a strobe period. The negative pulses are
cathode followed by V, via the diode D, and applicd to the
control grid of V;. The upper voltage limit of the control grd
of V, is defined as 0 volts by conduction of D, and D5, and its
lower limit is defined as - 15 volts, by conduction of Ds. ~The
cathode of V, will therefore swing in voltage between the approxi-
mate limits -+ 3 volts and - 12 volts, which are sufticient to cause
full anode current, or no anode current, respectively, in V3. The
condenser taken from the control grid of V, to earth prevents
the grid changing its voltage unless it is driven. The grid will
therefore remain at — |5 voits for a period, the dash period,
determined by the waveform of Fig. 33(e) applied to the anode
of Dy. It will then be driven to 0 volts and will remain there
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Fig. 18 shows the practical equivalents of the idealized wave-
forms of Fig. 33 (a, band ¢).

The action of the circuit is summarized as follows. If the
disphyltamspotonmec.r.mbemprevi?udyado;,u
nmﬁvepuhewﬂlbeddimadbyﬂ»ampliﬁerdmmdnm@o
period, when the spot is bombarded again. Since the control grid
of V, is normally cut-off, the negative pulse has no effect, and the

* gate circuit is inoperative. A dot is therefore produced again

by the dot waveform, Dgand V;. The corresponding waveforms

are shown by the dotted lines in Fig. 33. If the display was

previously a dash, a positive pulse from the amplifier gives rise

to anod® current in V,. Themﬂtin:neutivepuheatt.ho
inode of V,, takes the grid of V, to — 15 volts where it remains
until driven back to 0 volts by the dash waveform acting through
D;. The grid of V, is thérefore cut off initially by the dot wave-
form and held off for a dash period by the cathode of V,,

- reproducing the dash display.

Aconvmiem“md”outputforthemmitis_derived
from the cathode of V,, and it takes the form of a negative pulse
of dash width for each stored “1.” External infoxmauoq,
represented in this manner, can be written into the storage unit
by applying it to the cathode of Dy.  Each negative pulse extends
a dot into a dash. When writing new information over old
information, it is also necessary to convert a dash into a dot.
Miaaehievedbyapplyinganentivcwavefomtoﬁ:em
sor grid of V,, which cuts off the anode current in V, during the
writing period, breaks the regenerative loop, and allows com-
pletely new information to be inserted via Dy.

(9.3) The Clock Circuit

The clock circuit, which produces the g-s-;nec digit cycle,
comprises an LC oscillator, squarer, and cathode follower. The
strobe and dot and dash waveforms are produced from this square
wave and fed to the gate circuits from low impedance sources.

Two phantastron circuits in series, dividing four and nine
respectively, are triggered by the clock waveform. The outputs of
the phantastrons are used to produce a square waveform, which
is positive for 4 clock periods, and negative for 32 clock periods.
This is the X-time-base black-out waveform, and it is used to
contro] the X-time-base circuit and Y-shift generator.

The circuits used are well known, and require no detailed

" (9.4) X Time-Base Circuit

This circuit is a Miller time-base followed by an anode-
follower circuit to provide the paraphase. A lirear sweep is
produced starting at a potential defined by a diode.

The alternative sweep for dot-dash storage, shown in Fig. 14(k)

+300V
0-OluP .
C—i
4 Dot g
waveform Ea
1

Dot waveform

applied toR U v

" Pig. 34.—Generation of time base with pause during dot period.

peuses during the dot period. This is achieved by returning the
time-base grid leak to the dot waveform and d.c. restoring the
waveform with an inverted diode to a potential equal to the mean.
grid-potential during the sweep (Fig. 34). During the dot period
no current flows in R and the rate of sweep is therefore zero.
If E is the amplitude of the dot waveform the rate of sweep at all
other times is E/RC.

The sweep required for focus-defocus storage pauses during
the dash period, and is achieved as above by using the dash
waveform instead of the dot waveform. :

" (9.5) Y-Shift Generstor

References will be made to Fig. 23, which is a schematic
diagram of the simple Y-shift generator. Along the top of this
figure is the five-stage scale-of-two counter, each stage being
triggered from the previous one: the first stage is triggered by the
X time-base black-out waveform. Eachcountern(n =0,1,2,3
or 4) is associated with a triode Tn which Las a resistance R/2»
in its cathode lead, and the cathode of the triode is connected
via a diode Dn to the grid of a pentode called the Y-shift valve.
The output of the Y-shift valve and its paraphased version® are
applied to the Y-plates of the c.r. tube. The circuit is completéd
by triodes T, whose cathodes are also connected to the resistors
R/22. For the moment it will be assumed that the curreats in
these triodes are cut off by negative voltages E,. The outputs of
the counters O to 4 are as shown in Fig. 24 (5-f), and if these are
added together in the proportions 1, 2, 4, 8, 16 (i.e. 2#=1)
respectively, then the resultant output is the step waveform,
Fig. 24(g). This step waveform is therefore the output voltage
of the paraphase of the Y-shift valve, since each time a triode
T, is cut off by the negative going half-cycle of the waveform of
counter n, a current proportional to 2*/R flows into R through

 D,. The Y-shift valve opcrates as a fed-back adding circuit,t

adding contributions from R/2" whenever D, conducts. R’ is
chosen to give suitable Y-shift. A

It follows from the above discussion that if the grids of the
triodes T, have negative voltages applied to them, which are
sufficient to cut off the valve currents, then the line of the rastes
scanned by the time-base can be chogen at will by applying
suitable voltages E, to the triodes T,. For E, can be chosen so
that D, either does or does not conduct (25 possibilities), and +
D, conducts a contribution 2" is made to the line number. If
for example, with the convention that the first line in the raster
is called line O, it is desired to scan line 21, then E; and E; are
made positive and E,, E, and E, are made negative. Only the
diodes Dy, D, and D, conduct and a Y-shift of 21 (20 4- 22 4 243
units is produced. It will.be observed that the line chosen by
operating the triodes T, and the corresponding line of the raster
produced by the triodes T, are accurately the same, since thev -
both depend on the resistors R/22 and not on the triodes involved.
provided the triodes are actuated by sufficiently large potentials

The requirement for prompt execution of an instruction by
reading or writing leads to the division of the raster operation
into the two phases called “scan” and *‘action,” control being
exercised by waveforms applied to the grids of the triodes T,
and T,

The modifications necessary to make the circuit of Fig. 23
conform to this requirement are shown in Fig. 35. Here
black-out waveform triggers a halver circuit, which, in t
triggers the five-stage scale-of-two counter, the wavefor
volved being as shown in Fig. 25 (a-g). The halver ci
itself a scale-of-two counter. The halver wavéform is
cach of the counter waveforms, and the’ resulting w;
Fig. 36, (a—e), are applied to the 4. ids of the triodes T, After being.

. * Paraphase is b{ :qo-n;rzot anode-follower circuit.}

% Reference 11,
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Fig. 35.—Improved Y-shift generator.
The numbers in brackets thus [25(a)] refer to the waveforms shown in the correspondingly bered Fig

/ .
.c. restored to earth potential. In other words, the greatest between scans of adjacent lines. The Y-shift waveform will be
Itage achieved by any of the waveforms, Fig. 36, (a—¢), iszero  as shown at Fig. 25(A) except that here line 10 is being selected.
/volts. Further, the waveforms have sufficient amplitude to In order toselect line 10, say, appropriate positive (T, conducting)
; prevent current flowing in the triodes T, except during those half  and negative (T, non-conducting) voltages, ¢,. should be applisd
/ cycles of the halver waveform during which they are at zero volts. . '
/ Now, if it is assumed for the moment that the potentials e,
' applied to the triodes T, are sufficiently negative to prevent
. current flowing in T;, it will be seen that during the first scan

period (Fig. 36) current flows in all the triodes T, so that the
diodes D, do not conduct, the Y shift is zero and the electron
beam of the c.r. tube scans line 0. But during the first action
period no current flows in any T, so ail D, conduct, the Y shift
is at its maximum value and line 31 is selected. During the
second scan period only D, conducts, so that unit shift occurs
and line 1 is scanned. During the following action period all
the diodes D, conduct again, so that line 31 is again selected.
It will be clear from such considerations that the whole raster of
32 lines will be scanned sequentially, line 31 being the action line
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to the grids of T, durmgtheactxonpmodsonly, smcethue
voltages must not mterfete with the scan, i.c. with the voltages
applied to the grids of T,. To select line 10 requires a shift of
10 units during the action periods only, so that during those
periods ¢y, e, and e, must be positive and ¢, and e, negative.
Hence if the waveform (i) of Fig. 36(f) is used for ¢,, e, and ¢,
and waveform (ii) of Fig. 36(f) for e; and e,, line 10 will be
selected. Here the opposite phase of the halver to the one
previously considered is used, and is arranged alternately to
switch on and cut off current in T, at (i), or is biased well beyond
cut-off at (ii), Fig. 36(f). One cycle of the shift waveform under
these conditions is shown at Fig. 25(h).

In order to change the action line, the d.c. levels of the wave-
forms e, must be changed from 0 volts to beyond cut-off of T,
or vice versa. These voltages must not be changed during an
action period, because, if they are, a diagonal line will be traced
across the screen by the eclectron beam, and stored information
will be wiped out. They may, however, be changed at any time

DISCUSSION BEFORE THE MEASUREMENTS
Dr. A. M. Uttley: Prof. Williams started this work a few

" months before he left the T.R.E., and 1 should like to refer to

developments carried out at thc Establishment since his de-
parture. It is stated in the paper that there were five different
ways of using the principle of the dug and partially-filled well,
and I believe I am right in saying that before the work went from
T.R.E. to Manchester the anticipatory-pulse method ' of storage
was being used. The dot-and-dash method was later adopted
in Manchester. At the T.R.E., we built a store based on the
same principle as the author’s, but having certain differences.
In May, 1948, we completed .a serial store containing 1024
digits. The positive- and negative-going waveforms can be seen
quite clearly. 1 believe, however, that it is wrong to represent
0 by the absence of a pulse. We are hoping to do our computing
work with a positive puise for 1 and a negative pulse for 0.
Many relay computers use both a 0 relay and a 1 relay, rather
than an unoperated relay to mean 0. Checking of all digits
then becomes possible. To this end of a three-state computer,
we have modified the gating circuits, so that the positive-going
wave detected at the moment of switching on of the beams causes
one trigger circuit to go over, and a negative-going wave triggers
another circuit; the combined output of these two trigger circuits
gives a positive 4-microsec pulse for 1, and a negative-going
pulse for 0.

This has not converted storage into a compiete three-state
system. We have to switch on the beam to find whether there
is a 1 or a 0 there, and there are only the two states, the excavated
or the partially-excavated well. For three-state computing,
therefore, this is only a temporary measure.. We hope and
believe that truly three-state storage will one day be achieved.
Needless to say, our routing, adding and trigger circuits are all
three-state.

Another way in which our work is differing from that of the
authors, and deliberately so, is that we are hoping to complete
a parallel arithmetical machine rather than a sesial machine.
This results in an interesting change in the use of the cathode-
ray tube. If one cathode-ray tube is used to store the least
significant digit of 1024 different numbers, and the next tube
to store the next most significant digit of 1 024 different numbers,
and so on, then, in order to read one number, all the cathode-ray
tubes in parallel have to be switched to corrcspondmg points
of the same X-Y co-ordinates on all the tubes; it is then possible
to take out simultaneously all the digits of a number. In
between the actions of reading from, or writing into, the store,

during a scan period, since they only affect T, which plays no
part in the operation during a scan period. It is convenient to
arrange that a change in voltage can only occur at the beginning
of the scan period immediately following the throw of a swich.
To achieve this, either the positive or the negative pips shown
in Fig. 36(g), which occur only at the beginning of scan periods,
are applied to the input grids of five flip-flops by means of five
switches. This arrangement is shown at the bottom of Fig. 35.
‘When a switch is thrown, the corresponding flip-flop cannot
change its state until it receives a pip. This ensures that changs
of state can never occur during an action period. The positive
or negative voltages produced by the flip-fiops are added to the
halver waveform by anode followers to produce the waveforms
of Fig. 36(f). -

Stage a of the schematic diagram of the Y-shaft generator
shown in Fig. 35 is reproduced in schematic form on the left of
Fig. 37. Details are shown in corresponding positions on the
right of the figure,
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we interleave moments of regeneration. Digits are regenerated
sequentially as in a television scan, but between these mometts
the store can be used at any point. It is possible o loap fron
point to point in a quite random manner; our experiments sugges
that the time taken to move from one point to any other is liket-

to be about 10 microsec.

] am sure that it is generally realizod that the authors are the
first to have succeeded in making a practical storage systermn f~
electronic computers. Such variations as those ! have men
tioned only emphasize the fundamental achievement rcpmemu‘
by their work.

Dr. F. Anghtie: How did the authors discover the storag
property described in the paper; was the dimovery piits_ acc
dental, or was it based on any theoretical reasoming? . The
have produced what seems t0 be the furst s essfu! ehwn..
digital storage device.

The authors suggest that there are five methods of using th-
basic storage property, but it seems to nw s’ the Are. duek
and dash-dot methods are essentially the same, 1% ing oy
in which of the characters is used to represent 1. This de-
tinction is not a fundamental one, because. i 1 large machrw,
the respective representatiomr of | and 0 may tx Jrifeient 0
different parts of the machine. The same comment applie: to
the two focusing methods, so that it seems to me that oly
three different methods are described in the paper

Do the authors confirm that in Fig. 23 the mput anipedance
of the amplifier is low compared with any of the resistanues,
R/16, etc.? If this interpretation s coitect, thev have used
current and not the more common voltage summation.  What
was their reason for this choice?

Mr. W. P. Anderson: Devices depending for their opcrauon
on secondary emission have been used in the radio field for
many years, but they have always had rather 4 bad reputation,
maily owing to the large and unpredictable variations in their
characteristics which are liable to occur. It appears, however,
that the storage tube described by the authors should escape
these difficulties as, being an onfoff device, its operation should
be unaffected by large variations in the secondary emitting
properties of the screen material.

This equipment is a good example of the value of a realistic
engineering approach to a problem, undeterred by the com-
plexity involved, when this complexity is due only to the extensive
application of known techniques. In a comparatively short time

" it has been brought to the point where it can be used as a part

.
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of a larger project, while simpler and apparently much more
elegant solutions, such as the Haeff tube, are still in the early
stages of development.

There are many possible uses for electromc storage devices,
outside the computing ficld, which do not require the storage
of such a large number of elements. At what point would it
be worth while to change over from a bank of simple flip-flop
circuits to the storage tube?

1 should like to know whether the signal/noise ratio in the
amplifier which handles the signal from the pick-up plate sets
the limit to the accuracy of the system. It would be expected
that a signal/noise ratio of 12 db would result in an error rate of
about 1 in 1 000 000.

Mr. M. V. Needham: At Borehamwood we have carried out
some experiments that had been suggested by Prof. Williams's
earlier work; they have been confined to the anticipation-pulse

method referred to in the paper as system 5.. The authors -

indicate that, because of non-uniformity of focus over the whole
storage surface, they have rejected this method in favour of
system 1. We have used a CV960 cathode-ray tube and have
not found this non-uniformity of focus to be the limiting feature
in the use of system 5. The CV960 tube, however, does enable
a more uniformly focused raster to be obtained than does the
VCR97 tube. 1 should therefore like to know in what way
non-uniformity of focus is more serious with system S than with
system 1,

There seem to be several fundamental differences between the
various methods described in the paper. First, in system 1 the
beam is normally switched off, and indication of the digit values
0 and 1 is made by switching on the beam to make dots and
dashes respectively. This means that it is possible to write into
or read out of the store at any digit position without loss of
time. In system 5, however, the beam is normally switched on
to produce a continuous trace or raster. A transient signal-
plate output occurs at each end of a line which must die away
before the trace can be used for storage. This involves a waste
of time and space, which can, however, be reduced to a minimum
of one digit period per line if a suitable raster, such as the
Z-scan, can be used.

Secondly, if system 1 is used, what is in effect a digital scan
can be used, and digit positions can be defined by means of preset
voltage increments. In system 5, digit positions must be defined
in a more indirect way by means of the scanning rate and dxgxt
periods.

The third point of difference concerns speed of operation, and
in this connection some measurements we have made may be
of interest. A single trace was produced on the storage tube,
and a small element of this trace was blacked out to obtain an
anticipation pulse followed by an excavation pulse. This latter
pulse is identical with that produced by the dash of system 1.
It was found that the excavation-pulse amplitude falls with
increasing writing speed, whereas the anticipation pulse increases
to a maximum and is still of usable magnitude when the other
is quite small. These results suggest that the anticipation-pulse
method might be usable for shorter digit times than is pogsible
with system 1. A possible explanation of these curves may be
that the anticipation pulse is unaffected by the cloud-effect pulse
occurring at the commencement of the break, whereas the
excavation pulse is always offset by the negative-going cloud-
effect pulse produced at beam switch-on.

[The speaker showed a film illustrating the use of the
anticipation-pulse method for the storage of pulses on a circular
s¢an, which was found convenient in the initial work, and then
on a conventional television-type raster. The film showed
stored patterns made up of elements of 2-microsec duration with
2-microsec intervals between them. The writing speed was
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05 mm/microsec and 500 such elements were stored on 20 cm?
of the available 100 cm2 of the storage-screen area.]

Mr. R. Benjamin: I believe that the technique described in the
paper has applications of great value not only to ¢omputors, but
also to any other electronic devices which deal with the sorting
and handling of classifiable information. The apparatus
described has the particular merit of giving a storage capacity
comparable to that of many highly-specialized storage tubes,
although it uses only simple and readily available components.

The authors state that *“‘an electronic device cannot think.” "’
This appears to be a practical statement rather than a funda-
mental one. It should be possible to construct a device which
could extrapolate from past experience in dealing with present
problems, provided it had sufficient memory capacity; thus, the
authors’ work might turn out to be a step towards the provision

~of a limited amount of automatic theught.

It seems that the cloud effect sets a limit to the ‘speed of
operation of the apparatus described. It might be possible to
reduce this effect either by using less steep-fronted grid-modu-
lating pulses, or by feeding the differential of these pulses in a
suitable manner into the video circuits. It also appears that the

.vaniations of the electrostatic field towards the edges of the

raster are one of the limitations of the total storage capacity
of the tube. Might it be possible, by means of a guard ring
external to the tube envelope, to reduce these effects? If special
tubes are developed for this application, should attention be
given to keeping the thickness of the glass envelepe constant
over the raster area, and to minimizing variations of the angle of
incidence of the electron beam?

With reterence to the relative merits of the alternative systems,
at first sight it appears that the anticipation-pulse method would
offer a neat way of utilizing the storage phenomena. In par-
ticular, it soems to be independent of the cloud effect, and perhaps
also to permit some reduction of both the time and the space
occupied by one digit. 1 should be grateful if the authors oould
provide more information on this point.

Dr. R. A. Smith: It seems at first sight to be very renwkablc
that the first material chosen for making these experiments on
electronic storage has proved to be so very successful. The
commercial cathode-ray tube has the very great advantage that,
when something is written on it, it can be seen as a luminescent
trace; but it is by no means obvious that the screen. material of
a cathode-ray tube is the most suitable material for electronic
storage. A moment’s thought, on the other hand, convinces
one that it is at least not unreasonable to suppose that such
material would be suitable. It has a fairlv high secondary
electron emission, and it has a fairly high, but not too high,
resistance; so that, although fairly good short-time storage isg
obtained, one does not get the paralysing effect to be expected
from a very good insulator. From that point of view, therefore,
the materials normally used in cathode-ray tubes have the charac-
teristics likely to be required for such a staorage system.

It is obvious from the method of opcration which the authors
now use that it is no longer necessary to look at the tube; one
examines what has been written on a separate monitor tube, so
that there is no need to use a phosphor for the screen material.
It would thercfore be interesting to learn whether any other types
of material have been used for storage:

Mr. P. G. Redgment: I should like to enlarge on Mr. Ander-,
son’s reference to the signal/noise ratio. If a true random
distribution of noise voltages is accepted, it can be only a matter
of time before a false pulse is injected into the system, so that its
practical use in a computing machine dealing with lengthy
problems will depend on the time in which a given probability
of the occurrence of a mistake will be reached. In any circu-
latory storage system this time appears to depend on the

.
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signal/noise ratio. In the case of the mercury-delay line type

it seems that the output pulse may possess qualities—such as an

accurately controlled width—which enable it to be distinguished
ffom noise and therefore improve thé signal/noise discrimina-
tion. The cathode-ray tube storage systems described provide

a rather odd-shaped pulse, and it seems that not much circuit
discrimination from noise, other than that given by the time at .

which the pulse occurs, can be obtained. Whether the “antici-
patory pulse,” or the “well and well-filling’* type described by the
authors, is used, it seems that some importance must attach to
the signal/noise ratio, as it may determine the ultimate accuracy
which the computor can achieve with any given size of problem.

Mr. D. M. MacKsy: Is anything known of the influence of

' THE AUTHORS’ REPLY TO

Prof. F. C. Willlams and Mr. T. Kilburn (in reply): We
shall not attempt to answer speakers individually, but will
attempt rather to cover most of the points raised in the

Our knowledge of the history of this type of storage, apart
from our own development, is largely based on hearsay. As
far as we know the discovery that signals symptomatic of
previous scanning could be observed on an ordinary cathode-ray
tube was made accidentally at the Radiation Laboratories,
Boston, U.S.A., during some experiments with a special storage
tube. Thesg experiments did not expose the vital fact that
signals were available from the pick-up plate in plenty of time
to permit of regencration on a single tube. .

Asnprdsﬂnmsurfacemwltkofmm
convenient to use commercial tubes, but it was confidently
expected that a few experiments would reveal a preferable
surface. Expmmenuhvcbemnndemaoonunuoudy-
evacuated tube with- various kinds of glass, several fluorescent
and other powders, and with mica; nooe of the materials tested
wasuumfactoryastheordmarymorbhnmn,bmn
may well be that the technique of testing is not yet adequatcly
developed, extreme cleanliness being of great importance in
studying secondary-emission effects.

mnumberoftystunsasmbedmmepaperuﬁveorthm

depending on whether or not the gate circuit is regarded as part

of the system. It is agreed that only three charge configurations
are described. The choice between these was made at a fairly
carly stage in favour of the dot-dash arrangement, because the

timing of the indicating pulses was closely controlled, because

the shape of these pulses was less dependent on focus, and
because this system was felt to’be more flexibie in that it could

also be applied to paraliel stores.
We are very interested in, and now agree with, the statcment

~ that in series-type machines the anticipation pulse method is

essentially faster. It seems, however, that since the waveform
shown in Fig. 14(d) is relevant to either system, the space
per digit will be the same for both systems.” It seems

temperature on the shape and persistence of the potential well?
Although analogue computation is not strictly within the terms
of the paper, I should like to mention that we have been experi-

" menting ori a store for analogue information, using a modification

of the principle described. Briefly, a trail of charge is deposited
on a cathode-ray screen by a “writing™ spot. It is subsequeatly
scanned by a raster, and the pulses, detected in the manner the
authors have described, are used in the obvious way to reproduce
the written waveform via a flip-flop or a strobe circuit. With
this arrangement it is perhaps more important than with the
digital method to reach the limits of definition, and it would be
of interest to know what.relevant effect, if any, lsproducedby
changes in the temperature of the phosphor.

THE ABOVE DISCUSSION

likely that both time and space per digit can be improved
by the use of the focus-defocus method.-

The signal/noise ratio of the systems we have operated has been
so good that we have paid scant attention to calculating the
probability of error from this cause. The calculation is a diffi-
cult one since allowance must be made for strobing and for the
fact that a noise pulse must exceed the datum level for a certain
period before it becomes effective. Some rough calculations
have now been made and indicate that failure from this cause
should not occur more than ‘once in thirty centuries of -con-
tinuous running, so that the scant regard paid to this point
therefore appears to be justified.

It may well be that it is sounder engineering to repeesent zero -
by a signal rather than by the abstnce of a signal, since zero is
every bit as vital apiece of information as 1. Our attitude.
however—and this is relevant to the two previous items as well
—has been that we would proceed for the time being with the
simplest essentials of the machine, since we feel that some
experience of the actual operation of a machine is quite m'pm
at this stage of the development. ,

We should like to thank Dr. Aughtie for the corregtions, com-
municated to us privately, which have been incorporated in the
paper, and confirm that we have, in fact, used current summation,
the reason being that in general we regard this procedure as both

simpler and more clegant than voltage summation, which usually ' .

calls for subsequent amplification.

It is interesting to see from Mr. Mackay’s remarks that the
storage property has some application also to analogue com-
puters. We regret that we have no mformauon about the
effect of temperature on definition.

It is difficult to state at precisely what point it becomes €cono-
mical to use c.r.t. storage instead of storage on flip-flops. If a*
cathode-ray tube is counted as equivalent to 10 valves, then in
a series system. taking valve numbers alone as a criterion, the . .
c.r.t. system is preferable for any number of digits in excess of -
32, but it is recognized that the flip-flop system might be more

- reliable and might therefore be used for numbers not too greatly

in excess of 32 digits.
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