



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































THE SELECTRON

V and H-bars. Adjacent to the collector plates there are two perforated mica sheets holding
between them 128 metallic eyelets. These eyelets, made on automatic screw machines, have
a conical head, a center hole, a holding collar and a shielding tail. They are nickel-plated
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“F1c. 2. Diametral view of Selectron.
steel. On the other side of the two mica plates is another perforated metal plate—the writing
plate. The two collector plates, the two eyelet mica plates, and the writing plate form a tight
assembly riveted together at the ends and in the center.
Beyond the writing plate is another metal plate—the reading plate—perforated with holes
in register with the holes of the other plates. Beyond it is a Faraday cage formed by two
perforated plates spaced some distance apart and closed on all four sides by a metallic wall.
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Fic. 3. Axial cross section of Selectron.
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A glass plate coated with a fluorescent material is placed against the outer plate of the cage.
In the central plane of the cage there are nine wires which are spaced so as to be between
the holes of the perforated plates. These reading wires are connected together and the

corresponding lead to the stem is shielded.

In the quiescent state of the tube storing informa-
tion previously written-in, all the selecting bars are
at the potential of the cathodes (0 v) and all other
electrodes at potentials indicated in Fig. 5. In this
condition electrons emitted from the cathodes are
focused into 256 beams by the combined action of
the ¥V and H bars at zero potential and the collector

_plate at some positive potential, such as 180 v.
These beams are focused through the centers of the
collector holes and are directed on the eyelets.
Since the eyelets are not connected anywhere—are
electrically floating—their potentials will adjust
themselves so that the net electron current to them
is exactly zero. It turns out that there are two
naturally stable potentials for which this is the case.
This can be understood by examining the current

to the eyelet as a function of its potential as shown"

in Fig. 6. When the eyelet is more negative than
the cathode, no current reaches it because it repels
any incurring electrons. As the eyelet is made more
positive, some electrons strike it, producing a nega-
tive current. At a still more positive . potential,
secondary emission from the surface of the eyelet
starts as a result of the primary bombardment and
tends to cancel the negative current, being a loss of
negative charge. Eventually, the two are equal at
the so-called first crossover. For still more positive
potentials, the secondary emission is greater than
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bars.

the primary emission and a positive current is obtained. Finally, when the eyelet reaches

the collector potential and becomes more positive, the secondary electrons are suppressed
owing to a retarding field at the surface of the eyelet. The current therefore passes
through zero again to become negative. It will be recognized that the cathode and
the collector potentials are stable, because a deviation' from the zero-current potentials

tends to produce a current in a direction tending to restore the equilibrium potential. The
first crossover point, on the other hand, is unstable. The restoring current at the two stable

potentials makes up for any possible detrimental ohmic or ionic currents. Therefore, any
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eyelet left in one or the other of the two potentials will keep it indefinitely (as long as power is
on the tube) without any deterioration of information whatsoever.

To 'write or read into or from the memory, the quiescent state of the selecting V and H
bars is momentarily disturbed so that the current reaches only the one selected eyelet into
which writing or from which reading is desired. This is accomplished by applying a negative
pulse to all the selecting ¥ and H bars except one in ‘each of the four groups V, V', H, and H'.
The bars are connected in such a way that one and only one gate in each of the V and H

TYPICAL ELECTRON PATHS FOR:

-EYELET EYELET EYELET
OVOLTS 200V. _ 200V.
“——READING READING

PLATE  PLATE

+150V _ ~100V, CATHODES — O VOLTS
D D D % D £ D-——VERTchL SELEGTING BARS
W QVOLTS OR -250 VOLTS

—~~HORIZONTAL SELECTING BARS
O VOLTS OR -250 VOLTS .

COLLECTOR PLATE +180VoLTS
VA\STORlNG EYELETS o ORfIBOVOLTS »
WRITING PLATE 400 VOLTS POSITIVE PULSE

""SREADING PLATE -100 VOLTS D.C.
" 150 VOLTS POSITIVE PULSE

FARADAY CAGE +400 VOLTS
@~——_READING OUTPUT WIRES +450 VOLTS

»
\\‘ ,’I\
R

MONITORIG SECONDARY ELEGTRONS
PRODUGING ELEGTRONIG
LIGHT SIGNAL OUTPUT SIGNAL

Fic. 5. Operating potentials of Selectron elements.

FLUORESCENT SCREEN

directions will have its two limiting bars at cathode potential, while all others will have one
or both limiting bars at the pulsed negative potential, as can be seen by examining Fig. 4.
When a V or H bar is sufficiently negative it cuts off almost entirely the current from the
adjacent cathode or cathode location and the small remaining part is deflected and does not
reach the hole of the collector. When both sides of a gate are negative, a potential barrier
is formed through which no electrons can pass. It follows, therefore, that only the particular
selected window with its four bars at zero potential will still have its original current, while
all others will be completely cut off.

This principle of selection operates on the basic idea that both sides of a gate have control
of the passage of electrons through it and that therefore combinatorial systems of connections
are possible by connecting each side of the gate to appropriate sides of other gates. In fact,
since this is done in both directions, a fourth-power relation exists, in general, between the
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number of necessary connection groups and the number of controlled windows. Since each
connection group is connected through the vacuum envelope of the tube and is controlled
by an external circuit, the economy in the number of connections is of particular interest when
tubes with larger capacity are contemplated. The fourth-power relation has of course a
spectacular effect in this case; for example, 128 leads can be made to control 1,049,576

windows.
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F1c. 6. Current to eyelet as a function of its potential.

Writing and reading are done one element at a time (or two if the tube is used as a two-
channel device) and require selection. _ :

To write into a particular element, current is interrupted everywhere except to that
element. Then a voltage pulse of the shape shown in Fig. 6 is applied to the writing plate.
- Because of the capacitive coupling between the eyelet and the writing plate, the rapid rise
of this pulse will cause the eyelet to jump up in potential by an amount adjusted to be a
substantial proportion of the collector potential or more. If the eyelet was initially at cathode -
potential, it will now have been brought near collector potential and will settle at that potential
during the plateau of the pulse. If it had initially the collector potential, it will acquire
momentarily twice the collector potential and will receive substantial negative current (see
Fig. 6) which will also bring it to the collector potential during the plateau time. Whatever
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the initial condition, at the end of the plateau time the eyelet will be at collector potential.
At this instant the choice is made between positive and negative writing. For positive writing,
no additional pulses are applied to the selecting bars, and the current remains on the eyelet
during the relatively slow decay of the writing pulse. The decay is slow enough to allow the
electronic locking current to keep the eyelet at the collector potential in spite of the displace- ‘
ment capacitive current tending to drag it to cathode potential. This “slow” decay is in fact
only one to several microseconds. For negative writing, an additional pulse is applied to one
or more of the four selecting bars in the groups V, V', H, and H’, which cuts off the current
to the selected eyelet during the decay time of the writing pulse. The capacitive down drag
is therefore not counteracted and the eyelet is brought to cathode potential.

Immediately after the end of the writing pulse the selection pulses end, and current is
reéstablished to all eyelets. Only residual ohmic (on other second-order electron or ionic -
currents) affect the unselected eyelets during the short selection time, and therefore at the
end of the writing pulse they have almost their original potential. This potential is reached
almost immediately thereafter by virtue of the stabilizing currents.

The reading signal is derived from the current passing through the central hole in the
eyelets. Part of the current directed at the eyelet is directed at that tiny hole. When the eyelet
is positive, at collector potential, the electrons directed at the hole go through it by virtue of
their inertia. When the eyelet is negative, at cathode potential, it exercises “grid action” and
electrons are repelled and do not go through the hole. The electrons’ paths are shown in
Fig. 5 for the three cases, while the current characteristics are shown in Fig. 6. The presence
or absence of the current through the eyelet is therefore an indication of the state of the eyelet.

In the quiescent state of the tube the reading plate is biased off negatively and the reading
current going through all the positive eyelets (any number from 0 to 256) does not reach the
reading circuits. To read, an element is selected by applying negative pulses to all but four
“bars, as explained above. Immediately thereafter a positive pulse is applied to the reading
plate which allows the current through the selected element, if current there is, to proceed
to the output electrodes. The electrons penetrate into the Faraday cage, strike the fluorescent
screen, producing a light signal, and also cause the emission of secondary electrons. These
secondary electrons are collected by the reading wires which are connected in parallel and
constitute the reading output signal. The reading wires have a low electrostatic capacity
and are well shielded from capacity pick-up by the Faraday cage. A

For monitoring purposes it is convenient to bias positively the reading plate. A display
of the stored pattern appears then on the fluorescent screen. - ‘

The main characteristics of the Selectron SE256 may be summarized as follows. The tube
has a capacity of 256 on-off signals. The storage time is indefinite. The access time to any
element is approximately 10 psec and is independent of all previous accesses to other elements.
The address selection is by means of combinations of non-amplitude-critical pulses of about
200 v applied to circuits with pure capacitive loading of 10 to 20 uuf. The writing and reading
require also pulses whose amplitude and duration have considerable tolerances and are applied
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to pure capacitive loading, 200 uuf for writing and 50 uuf for reading. The output is a direct
clectronic current of 20 to 40 pamp per element. The tube is its own monitor. The supply
voltages have wide tolerances. The total power dissipation is 40 w.

About a score of tubes have been made to date. These tubes were tested ﬁrst by d.c. or
simple pulse tests. Uniform characteristics of selection and control have been observed in all
tubes, as these depend on geometric factors. that are easily reproducible. The cathode emissions
and secondary emissions of the eyelets were also found essentially uniform. The period of
quiescent-state storage has, of course, been found to be as long as desired or as there was
patience to observe it.

A program has been initiated to test the tubes in conditions as similar as possible to those
of an actual computer straining its memory severely. The system consists of taking two
Selectrons, setting an arbitrary pattern of stored information in one of them, interrogating
the elements of that tube one by one in succession, and registering the answers in the corre-
sponding windows of the other tube. The stored pattern will thus be transferred from tube
No. 1 to tube No. 2. The pattern is then transferred in a similar manner from tube No. 2
back into tube No. 1, but this time the polarity is reversed so that positive elements in one
tube correspond to negative ones in the other. The life test consists of letting this back-and- |

forth transfer proceed automatically at a reasonably high repetition rate and observmg whether
~ the initially set pattern remains unspoiled in the system.

To date, runs of 20 hr without any failures have been observed. The over-all characteristics
of the pair of tubes in the life-test circuit did not change measurably in 700 hr. We are engaged
at present in improving the testing circuits to be certain that they are not the cause of the
occasional failures that still occur in long runs. We are also attempting to gain greater safety
factors in the tubes themselves.

The research has reached the stage at which a Selectron of a capacity of 256 elements has
been designed. It is practical and reliable in its operation and reasonably easy to build. While
the life tests are still in progress and data from them are incomplete, there is every reason to
believe that tubes with fairly long life can be made. The fast access time, the digitalized
operation for address reading and information registering, the relatively intense output signals
and self-monitoring by luminous display make the tube particularly useful for electronic
computing machines and other information-handling machines.
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TrA1Ts CARACTERISTIQUES DE LA CALCULATRICE DE LA MACHINE
A CALcULER UNIVERSELLE DE L’INsTITUT BLAISE PAscaL

L. COUFFIGNAL

Institut Blaise Pascal*

I. CONSIDERATIONS GENERALES

La destination méme du laboratoire de calcul mécanique de I'Institut Blaise Pascal est de
poursuivre des recherches relatives 2 des matériels de calcul numérique, et spécialement 2
des machines arithmétiques, et aussi des recherches relatives au mode d’utilisation de ces
matériels, c’est-a-dire aux méthodes de calcul. :

C’est 'une des raisons pour lesquelles les caractéres constructifs de la machine a calculer
universelle de I'Institut Blaise Pascal n’ont pas été arrétés a priori et de fagon définitive.
Méme aprés sa mise en service, cette machine pourra subir des modifications, soit par rem-
placement de certains organes par des organes nouveaux, soit par adjoriction d’autres organes;
elle sera, par elle-méme, une sorte de laboratoire.

~ Cette souplesse, cette aisance de transformation, est peut-étre le plus caracterlsthue de ses
traits; c’en est du moins un trait fondamental.

Son réle d’instrument de recherche lui impose d’étre verltablemcnt universelle, c’est-a-dire
de pouvoir étre équipée de maniére a exécuter toute sorte de calculs. Une telle exigence serait
excessive pour la machine & calculer d’un laboratoire de recherche consacré & des travaux
déterminés, et dont les calculs sont d’un nombre limité de types bien définis; il suffit dans
ce cas d’'une machine permettant d’effectuer ces calculs dans les meilleures conditions de
rapidité, d’économie, et aussi dans les meilleures conditions de simplicité de manipulations;
puisque les opérateurs d’une telle machine ne sont pas en général des spécialistes du calcul
mécanique, et qu'une machine a calculer est pour eux I'un des nombreux appareils de leur
laboratoire dont ils ont a apprendre la manipulation. Il y a aussi grand avantage a ce qu’une
telle machine ne soit que d’un faible encombrement. Nous pensons que la machine-laboratoire
de I’IBP servira 4 déterminer les caractéristiques de machines plus réduites, destinées 4 des
laboratoires particuliers, adaptées le mieux possible aux besoins de ces laboratoires, et de
manipulation simple. Cette considération nous a conduit 2 étudier avec un soin particulier
la réalisation matérielle des éléments de la machine, en vue d’une fabrication de type industriel
et de ’échange standard des unités sujettes a usure ou accident, notamment celles qui com-
portent des tubes a vide; c’est la, pensons-nous, un second trait caractéristique de nos re-
cherches et des parties de la machine déja construites; on verra dans quelques instants les
résultats obtenus dans cette voie.

* Read at the Symposium by Léon Brillouin, Harvard University
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Considérant que I’élément essentiel d’une machine 4 calculer universelle est le mécanisme
calculateur, nous avons d’abord fait porter nos efforts sur cette partie de la machine. ‘

L’expérience acquise dans l'utilisation de machines mécaniques nous y incitait déja, et
nous a guidé utilement. Nos recherches en ce domaine en sont au point olt nous pensons
avoir obtenu des résultats & peu prés définitifs, du moins si Ton se borne a utiliser comme
matériel élémentaire celui que peuvent actuellement fournir les fabricants de matériel de radio.
C’est donc cette partie de la machine sur laquelle je me propose de donner quelques détails.

Nous l'appelons la calculatrice. J’espére que les renseignements relatifs a notre calculatrice
donneront une idée nette de l'orientation de nos recherches.

" 11 est clair, enfin, que la plupart des travaux mathématiques qu'une machine & calculer
peut étre appelée a faire ont pour origine des recherches concernant la technique ou les sciences
de la nature. Les travaux de mathématiques pures nécessitent rarement des calculs numériques
importants; Putilité de ces calculs ne semble pas aussi impérieuse. Cette remarque nous a
conduit a étudier de fagon approfondie le calcul mécanique de la racine carrée, opération qui
intervient fréquemment dans les calculs techniques. ’ A

L’étude, poursuivie sur ces bases, nous‘a confirmé dans la préférence d’une calculatrice
paralléle a Texclusion d’une calculatrice a séquence; une analyse rapide de Pexécution des
opérations fondamentales, chiffrage, addition, soustraction, multiplication, racine carrée, dans
" une calculatrice paralléle, donnera, avec I’explication logique de la structure de la calculatrice
de la machine de I’IBP, la justification de notre choix.

II. LES OPERATIONS FONDAMENTALES

Chiffrage. Le chiffrage, opération consistant a représenter matériellement un nombre, exige,
dans le systtme de numération binaire, un organe par ordre binaire capable de prendre deux
états distincts, et un second organe capable de maintenir le premier dans Pétat qu’on lui a
fait prendre; nous appelons le premier organe un inscripteur élémentaire, le second un verrou
et Pensemble des deux, un chiffreur élémentaire. Les chiffreurs élementaires des divers ordres
-binaires constituent un chiffreur binaire; leur nombre est la capacité du chiffreur, un chiffreur
de capacité £ peut représenter tous les entiers de 0 & 2k — 1. ' '

Addition. L’addition nécessite, pour étre. automatique, un reporteur, dispositif effectuant
le report des retenues de telle sorte qu’aprés inscription successive de deux nombres sur le
chiffreur, ce dernier représente la somme des deux nombres. Nous appelons totalisateur
I’ensemble d’un chiffreur et d’un reporteur. ‘

Exemple (Fig. 1): x = a + b, a = 11011, b = I00I, k£ = 6.

Dans cet exemple, on suppose conformément a la plupart des réalisations mécaniques,
électromécaniques, ou électroniques, que le reporteur est constitué par un chiffreur auxiliaire
qui enregistre les reports a faire pendant linscription du second terme de la somme et le
transmet ensuite au chiffreur. Le reporteur de la machine IBP qui va étre décrit n’est pas
de ce type. ‘ ' ’

Soustraction. La soustraction peut se ramener 4 addition par la méthode bien connue des
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compléments. Le complément de b pour la capacité £ est 2k — b, et l'on sait que, si ’on inscrit
sur un totalisateur de capacité k£ les nombres a et 2k — b, le totalisateur marque a — b, le
chiffre I dans I’ordre £ ne pouvant pas étre représenté par la machine.

La méthode que nous utilisons dérive de la méthode des compléments (Fig. 2). Le com-
plément du retrait est remplacé par le permuté, qui s'obtient en permutant les chiffres 0 et I

a+b 0=I10II b=1001 k=6
' 543210 '
Chiffreur

Report

. BERBR
a= [o[o[o]o[o]

'

Avant [1]o]o]1]
le report Jo]x[o]0]

o
+
o
1]
!

Report

Fic. 1. Exemple d’addition. '
dans la figuration de ce nombre, et le reporteur est complété par un élément enregistrant les
reports provenant du chiffreur élémentaire de Pordre le plus élevé pour les transmettre au
chiffreur élémentaire de I'ordre le plus faible; ce report, appelé report sans fin est application
au systéme binaire d’un procédé déja en usage dans certaines machines décimales mécaniques.

L’avantage de cette méthode est que le calcul mécanique du permuté est beaucoup plus
aisé¢ que celui du complément; ce dernier s’obtient en permutant les chiffres 0 et I, sauf le
dernier I a droite et les 0 qui le suivent; il exige donc

v une commande conditionnelle que n’exige pas le calcul du
k=6 permuté. : , :
Nous ne donnerons. pas la démonstration de 1’équivalence
Fic. 2. Schéma d’une . des deux méthodes, qui est trés facile, mais il est utile de noter
soustraction. deux particularités.

D’abord, 'opération @ — &, ol a et b sont positifs, n’est exacte que si @ > b, car rien ne
distingue, sur le totalisateur, la différence 0 — b, et la somme 0 -+ &', en designant par &’ le
permuté de b qui se présente comme nombre arithmétique; il faut donc que le permuté du
retrait, qui joue le réle d’un agjouté négatif, soit accompagné du signe —; on voit aisément qu’il
suffit pour cela d’ajouter un chiffreur élémentaire a la gauche du chiffreur et de lui attribuer
un reporteur, en convenant que, dans ce chiffreur de signe le signe -+ soit représenté comme le
chiffre 0 et le signe — comme le chiffre I. Un tel totalisateur peut étre appelé totalisateur
algébrique.
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Exemple (Fig. 3): x = a— b, a = 100100, b = 1001, ¥ = 6.

Notons au passage que le systéme binaire est le seul ou soit possible ’assimilation des signes
distinctifs des nombres positifs et des nombres négatifs a des chiffres de la numération; c'est
12 un avantage du systéme binaire qui a déja été utilisé, mais ne parait pas avoir été souligné
de fagon nette. '

La seconde particularité de cette méthode tient a la nature de la réalisation mécanique
de la soustraction. Si 'on applique la méthode précédente au calcul de @ — a, on trouve une
figuration formée de I dans tous les chiffreurs élémentaires, y compris le chiffreur de signe.

a=I00I00 = 1001 k=6
Chnffreur Report
de signe \m\lﬂans fin
Nombre @ [eJxToTolzTo[0]

Permuté de b:b [TIE[T[o[T[I]0]

Totalisant Q et b‘J [o]o[1]1]0[1]0]

7 Fic. 3. Exemple de soustraction.

" Exemple: a = 1001, k = 6. _
inscriptionde ¢ = 9|OOIOOI
figuration de — a = |I/TIOII0

I ITIIII

11 faut considérer cette figuration comme représentant 0. Comme le chiffreur de signe

somme

porte le signe —, nous I'appellerons le zéro négatif, et par opposition, nous appellerons zéro
positif; la figuration [0/000000 (k = 6). .

Multiplication. Pour la multiplication, dans notre premier modéele de calculatrice, nous nous
sommes arrétés a la méthode classique d’additions répétées. Le multiplicande m est inscrit dans
un chiffreur M, le multiplicateur x dans un chiffreur X. Le multiplicande est transféré a un
totalisateur P ou non selon que le premier chiffre de x est I ou 0; puis le multiplicande m
subit un déplacement d’un pas vers la droite dans le chiffreur M, tandis que le multiplicateur
x subit un déplacement d’un pas vers la gauche dans le chiffreur X; la méme suite d’opérations
se reproduit jusqu’a épuisement des chifires de x.

377



L. COUFFIGNAL

Notons en particulier, d’une part que, si la capacité de M est k et celle de X, £', la capacité
de P doit étre k£ + £’; et d’autre part que la multiplication comporte une commande condi-
tionnelle, dépendant de la nature 0 ou I du chiffre figuré dans un certam chiffreur elementalre
(le premier chiffreur élémentaire de X ). , ‘

Division et racine carrée. Les méthodes opératoires précédentes sont déja connues dans leur
ensemble. Au contraire, la méthode de la division ét celle de I’extraction d’une racine carrée,

‘que nous allons exposer, nous paraissent nouvelles. L’exposé précédent éclaire dans une .

certaine mesure la théorie de la division et de I’extraction d’une racine carrée; en outre, il
contribuera a mettre en rehef la condensation des mécanismes que permettent les méthodes
que nous décrivons. ‘
On peut développer pour la division et ’extraction.d’une racine carrée des théories
analogues, qui méme s’étendraient aisément 4 des racines d’ordre supérieur a 2.
Soit a diviser a par 4. Désignons par g, le nombre formé par les premlers chiffres du
quotient jusqu’au chiffre d’ordre n et par g,_, le chiffre suivant.
Par définition:
' b?n2n S a << b(an + ‘1)2”3
b(2§n + qn—1)2n.—1 S a< b<2§n + Gn—1 + 1)271—1. : (l)
Posons: '
. Tny + = @ — bg,2", '
) Ty — — @ — b(an + I)Qn. : . (2)
Des relations (1) et (2) on tire: ‘ A
B O e R T
(gna— D21 <7, 402071 < g b2t 3

Pour chacune des inégalités doubles (3), si le terme médian est positif, g, _, est égal a 1
d’apres la seconde inégalité, et si le terme médian est négatif, ¢, _, est égal a 0 d’aprés la
premiére inégalité. Les réciproques se démontrent de méme. - En outre, le terme médian est
égalar, ; ,ouar,_; _selon quil est positif ou négatif. D’ot : '

'Régle de division: Selon qu'un reste partiel est positif ou négatif, on inscrit le chiffre I ou le chiffre O
au quotient d la droite des chiffres précédents, et on retranche de ce reste, ou on lui ajoute le diviseur déplacé
d’un rang vers la droite pour obtenir le reste partzel suivant.

-Soit maintenant & extraire la racine carrée de a. Désignons encore par ¢, le nombre formé
par les chiffres de la racine jusqu’a l'ordre 2 et par ¢,_, le chiffre suivant. Par définition:

7,227 < a < (3, + 1)22%,
(23, + 0-1)?220=D < a < (2, + Gu_y + 12220V (4)

- Posons: » ,
T, T A 9,22%",

ay - = a— (3, + 1)227. | | (5).
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Des relations (4) et (5) on tire:
(gn-1— D[g:2°" + (gu-r + 1)22=1] <1y
— (@2 4 2200) < ,,[2,22" + (guy + 2)2%°1],
(¢n-1— D[g2%" + (gn-y + 12"V} <7, _ | v '
(@2 4 3 20m) < g, (7,20 + (gamy + 22011 (6)

Pour chacune des inégalités doubles (6), si le terme médian est positif, ¢,_, est égal a 1,
d’aprés la seconde inégalité; sile terme médian est négatif, g,_, est égala O d’aprés la premiére
inégalité.

Les réciproques se démontrent de méme. En outre, le terme médian est égal a r(, ), +'
s’il est positif et a 7, _y), _ §'l est négatif. D’ou:

Riégle d’extraction de racine carrée: Selon qu’un reste partiel est positif ou négatif, on inscrit le chiffre I
ou le chiffre O @ la droite des chiffres de la racine déja obtenus, et on retranche de ce reste, ou on lui ajoute,
la racine ainsi obtenue déplacée d’un rang vers la droite et suivie des chiffres O ou 11, pour obtenir le reste
partiel suivant. \

Les régles d’opérations qui viennent détre formulées raménent la division et Pextraction
d’une racine carrée a des suites de transferts et d’additions ou de soustractions, dont le nombre
est sensiblement le méme que pour une multiplication; cette remarque met en évidence
I’énorme gain de temps (90 %, au moins) qu’elles procurent par rapport aux méthodes d’itéra-
tion en usage jusqu’a présent, par exemple la formule #,.; = 3[x; 4+ (a/x;)] pour 'extraction
de la racine carrée du nombre a. '

Ces opérations de transfert, addition et soustraction, peuvent étre effectuées au moyen
des chiffreurs M et X et du totalisateur P qui ont servi a la multiplication pourvu qu’on leur
adjoigne des moyens de réalisation de la permutation et du déplacement. Nous allons voir
avec quelle simplicité de moyens matériels ces fonctions peuvent étre réalisées.

III. L’ETAGE BINAIRE ET LA CALCULATRICE IBP

Le schéma, (Fig. 4) représente un élément de totalisateur binaire, réalisant ces fonctions,
que nous appelons couramment un étage binaire. 1l se préte egalement a leffagage, opération

¢videmment nécessaire a tout dispositif de calcul.

Chiffrage. La triode F, de la paire F marque I quand elle débite et 0 quand elle ne deblte
pas; la triode F, montée en flip-flop avec elle en constitue le verrou.

Inscrzptzon. Elle s’effectue en attaquant simultanément les deux cathodes du flip-flop F
en ‘15; cette attaque s’effectue a travers une triode de régularisation L,; il faut comprendre :
que la borne de sortie 6 est reliée a la borne d’entrée 15 de 1’élément suivant.

L’attaque est donc commandée de Pextérieur par la borne 7 d’entrée de la triode L,.

Le totalisateur étant paralléle, tous les chiffres sont inscrits a la fois.

Un tube a néon branché sur la triode F, est éclairé lorsque le chiffre marqué par
F,est 1.
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Report. Lorsque la triode de chiffrage F, passe de I 4 0, par Pinscription successive de
deux chiffres I, elle est parcourue par une impulsion positive que 1’on transmet a la borne
d’entrée 15 de la triode de chiffrage de I’étage suivant a travers la triode de régularisation
L,, aprés ’avoir retardée, dans la ligne de retard ES, le temps nécessaire pour 'aché¢vement
de 1’1nscr1pt19n directe dans cet étage. Ce dispositif supprime inscription du report sur un
chiffreur auxiliaire.

La durée d’une addition dans un totalisateur de capacxte k est ainsi de (£ + 1)0, 0 désignant
la durée de basculement d’un flip-flop.
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Fic. 4. Elément de totalisateur binaire.

Permutation. La permutation est obtenue par Pattaque de tous les étages du totalisateur
par la borne 11, qui est reliée 2 un générateur d’impulsion unique, et par le blocage simultané
des reporteurs par la borne 8, qui est reliée 4 un autre générateur d’impulsions.

Transfert. Le transfert s’effectue d’un étage & tous les étages du méme ordre binaire des

totalisateurs auxquels peut étre transféré le nombre marqué par le totalisateur auquel appartient
" Pétage considéré; la borne de sortie 9 est reliée & cet effet & toutes les bornes d’entrée 7 des
étages du méme ordre binaire de ces totalisateurs, mais ceux qui ne doivent pas recevoir de
nombre sont bloqués en 8, comme pour la permutation. Le transfert est réalisé par une
impulsion positive envoyée en 14, sur tous les étages simultanément; cette impulsion n’est
pas suffisante pour que la triode L, atteigne le cut-off, mais la grille de cette triode peut recevoir
une polarisation positive statique de la plaque de la triode F,, qui est en tension haute lorsque
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la triode de chiffrage F, débite, et ainsi marque le chiffre I; I'impulsion 14 peut alors mettre
en débit la triode L,, qui envoie une impulsion négative d’inscription dans le circuit 9.

Déplacement. Une impulsion négative, envoyée en 10 dans tous les étages simultanément,
raméne a 0 les triodes F, qui marquent I et n’agit pas sur celles qui marquent 0; cette com-
mande produit donc le méme effet que la commande de I'addition du nombre a lui-méme.
Par P’action du reporteur, I’addition devient effective, or, ’addition du nombre a lui-méme
est identique & la multiplication de ce nombre par 2, c’est-a-dire a son déplacement d’un
pas vers les positions hautes. Pour le déplacer vers les positions basses il suffit de monter le
reporteur en sens contraire.

Fic. 5. Ligne de retard (organes intérieurs).

Effagage. L’impulsion de déplacement en 10 ramenant tous les chiffreurs a 0, il suffit de
bloquer en méme temps les reporteurs par une impulsion en 8 pour obtenir I'effagage.

On voit que toutes les opérations élémentaires ont une durée de moins de 20, sauf le report
dont la durée peut atteindre £6.

Réalisation matérielle d’un étage binaire IBP. Le schéma montre qu’il nous suffit pour con-
stituer un étage binaire de deux doubles triodes et d’une ligne de retard. Matériellement la
ligne de retard est constituée par quelques bobines plates enroulées sur un tube de carton
fort, et les autres piéces:sont montées en un ensemble compact porté par un socle a 14 broches
(Fig. 5). Cet ensemble est coiffé par le tube support de la ligne de retard qui lui sert de carter
(Fig. 6). L’étage binaire ainsi constitué a 5 pouces de haut et 1} pouces de diamétre. Dans
un souci de standardisation, on a pris pour L, et L, les triodes d’'une double triode identique
a celle qui sert au chiffrage, bien que L, et L, aient des fonctions indépendantes et ne soient
pas montées en flip-flop. En outre, pour faciliter le remplacement des tubes usés, le montage
s’ouvre transversalement vers le milieu de sa hauteur.

Réalisation matérielle d’une calculatrice. Puisqu’un totalisateur porte en lui-méme des moyens
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de permutation et de déplacement il suffit de remplacer par des totalisateurs les chiffreurs
"M et X considérés dans la théorie des opérations algébriques, pour constituer les organes cal-
- culateurs d’une calculatrice paralléle.

. Les étages binaires qui constituent ces totalisateurs sont engagés dans des douilles placées
cote a cote sur une plaque de fondation commune. Les connexions entre étages sont réalisées
de fagon fixe sous cette plaque, qui constitue elle-méme le couvercle d’une boite dans laquelle -
souffle un vent suffisant pour refroidir les ‘tubes 4 vide, en circulant 4 Pintérieur de chacun
des tubes carter de chacun des étages binaires.

Fic. 6. Ligne de retard (vue d’ensemble).

La hauteur totale de cet ensemble est de 8 pouces environ; sa surface, celle de 6 carrés
de 1% pouce de coté, k désignant la capacité du multiplicande et du multiplicateur; par
exemple, pour la machine IBP, qui travaille sur 15 chiffres décimaux, k = 50 et la surface
des totalisateurs de la calculatrice est de moins de 700 pouces carrés.

Les dispositifs de commande et les générateurs d’impulsions demandent une cinquantaine
de tubes, quelle que soit la capacité des totalisateurs. Ces tubes sont du méme type que ceux
des totalisateurs a I’exception de quelques pentodes et thyratrons. ‘

Nous croyons pouvoir insister sur la réduction d’encombrement, le caractére industriel
et le haut degré de standardisation atteint dans la réalisation de cette partie de notre machine.

La suite des opérations élémentaires est indiquée par les schemas suivants pour la division,
elle est analogue pour I’extraction de racine carrée.

Exemple (Fig. 7): a : b, a = 1000001, b = I0I, k = 6, k' = 5.

Nous noterons, d’une part, que le zéro négatif doit commander le transfert de III a X tout
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comme le zéro du chiffreur de signe de P; et d’autre part, que la permutation de M dépend
de la comparaison des signes successifs de P; on voit apparaitre deux nouvelles commandes
conditionnelles spéciales, tenant a la fois a la structure de la calculatrice et a la méthode de
calcul utilisée.

IV. UN PRINCIPE DE RECHERCHE. LA QUESTION DE LA MEMOIRE

Nous voudrions, a cette occasion, rappeler un principe que nous formulions dés 1933, et
dont les confirmations se sont multipliées. L’observation de I’évolution des machines existant
a cette date nous conduisait & avancer que le progrés, en calcul mécanique, résultait d’une
adaptation mutuelle des machines a calculer et des méthodes de calcul. Un exemple particu-
lierement typique d’adaptation des méthodes aux machines est, dans les analyseurs différen-
-tiels, la détermination des fonctions élémentaires, sin x, L x, etc., par des analyseurs différentiels
auxiliaires, c’est-a-dire, mathématiquement, la substitution a une fonction d’une équation
différentielle dont elle est solution. L’exposé qui précéde offre de nombreux exemples de
détail, de réaction mutuelle des recherches mathématiques et des recherches techniques; en
particulier, la simplicité des méthodes de division et d’extraction de racine carrée est fort
accrue par la simplicité de la technique du déplacement et de la permutation.

Les confirmations renouvelées de ce principe nous conduisent a considérer comme in-
efficace, dans I’état actuel de la technique, une discussion logique a prlon de la réalisation
matérielle d’'une machine a calculer universelle.

Par exemple, le débit trés élevé d’une calculatrice telle que celle dont nous venons de
donner une description schématique, met en question la méthode de calcul des fonctions
élémentaires, et nous conduira vraisemblablement 2 abandonner les tables mécaniques, que
nous cdnseillions, en 1938, pour une machine électromécanique, sous une forme voisine de
celle que 'on peut admirer dans la machine Mark I du professeur Aiken.

On comprendra aussi, pensons-nous, pourquoi nous avons déclaré, en plusieurs circon-
stances, .que nous ne savons pas encore quelle sera la nature de la mémoire de notre machine.

Fonctionellement, nous considérons comme nécessaires une mémoire interne et une
mémoire externe, et comme avantageuse la séparation de.la mémoire des nombres et de la
mémoire des commandes..

La structure de ces diverses mémoires doit dépendre, 4 notre avis, des calculs 4 faire et de
la méthode adoptée. Par exemple, la mémoire n’intervient pas dans les mémes conditions si
-Pon calcule des trajectoires ou si 'on résout un systéme de 50 équations linéaires & 50 in-
connues; dans le second cas, les phases sont de une ou deux opérations, dans le premier cas,
elles peuvent atteindre la centaine d’opérations.

C’est-a-dire que notre machine-laboratoire comportera plusieurs types de mémoire dont
le mode d’emploi aura a étre étudié systématiquement, en liaison avec les problémes traités.

Nous donnerons pour terminer le schéma d’une mémoire que les essais poursuivis jusqu’a
présent nous conduisent a considérer comme avantageuse dans la fonction de mémoire interne
d’une calculatrice parallele (Fig. 8).
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F1c. 8. Schéma d’une mémoire.
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Chaque chiffre est enregistré au moyen d’une diode a gaz NC. Les diodes constituant les
chiffreurs élémentaires d’'une méme chiffreur binaire sont figurés sur une méme ligne hori-
zontale; les diodes du méme ordre binaire dans les divers chiffreurs sont figurés sur une méme
ligne verticale; le 'schéma montre donc une mémoire de 4 nombres de 4 chiffres; il faut
comprendre en outre que les plots représentés par la méme lettre sont réunis entre eux.

Le fonctionnement du dispositif se fonde sur la remarque que le seuil de tension d’allumage
d’une diode est nettement plus élevé que son seuil de tension d’extinction.

L’inscription seffectue en envoyant une impulsion positive par les bornes 4, B, C, . . .
dans tous les ordres binaires ol doit étre représenté le chiffre I, et en bloquant les tubes des
chiffreurs ol I'inscription ne doit pas étre faite par une impulsion opposée.

La lecture s’effectue en envoyant, par les bornes E, F, G. . . . une impulsion negatlve
trop faible et trop bréve pour provoquer I’extinction des diodes. L’effagage s’obtient en
prolongeant 'impulsion de lecture. ‘

Iy 1mpu1s1on de lecture peut av01r pour durée 0, durée de basculement d’un flip-flop des
totalisateurs; c’est, croyons-nous, la plus faible durée atteinte pour I’extraction d’un nombre
d’une mémoire et son transfert & un chiffreur. C’est cette caractéristique de fonctionnement
de la mémoire a diodes qui en fait 'intérét; cette mémoire ne retarde en rien la calculatrice,
car linscription dans la mémoire et l’effagage pcuvent se poursulvre pendant que la calcula-
trice travaille isolément.

Malgré le nombre des diodes, qui peut paraitre élevé, ce dispositif reste simple et sfir,
parce que les diodes & gaz sont des tubes robustes, et que 1’on peut les utiliser dans des condi-
tions oti leur fonctionnement .ne produit guére d’usure. En outre, ces tubes sont peu cofiteux.
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LOUIS N. RIDENOUR

“ University of Illinois

The title of these remarks is somewhat misleading, in that one of the things Professor Aiken
has requested of me is to give a very brief critical summary of the proceedings of the present
Symposium; following this, I venture a few speculations regarding the principal directions
in which the research and development on computing machinery seem to be tending.

The central interests and concerns of the more than 700 people in attendance at the present
symposium are extremely diverse; the fields in which papers have been presented are various °
and wide. There have been papers on computing machinery, on methods of numerical
analysis, on the solution of problems involving numerical analysis in the fields of physics,
engineering, economics, and social science. No doubt, the fact that interest in this Symposium
“has been so splendidly sustained in spite of this diversity of subject matter can be e;;plained by
observing that, once a problem has been reduced to a mathematical form, then what proceeds
from that point onward is of common interest to those concerned with numerical analysis,
almost without regard to the way in which the original equations to be solved arose.

Thus a prominent effect of the development of computing machines is likely to be that
of producing important unifications and sharings of viewpoint among various scientific dis-
ciplines which present problems amenable to attack by numerical analysis. The reports
presented at this Symposium encourage the belief that the art of computing machines may be
entering a new phasefa phase of increased maturity. We are assembled here to celebrate
the completion of the Harvard Mark III machine, and many of the papers presented here in
the sessions on computing machines have described completed and operating machines, rather
than the plans for constructing machines not yet built. It is clear that powerful methods of
numerical analysis are being developed, and that thec new numerical problems posed by the
extreme speeds of modern machines are becoming evident and are beginning to be attacked.
Many of the numerical problems that have been described here—in physics, engineering, and

-social science—are not merely proposed for solution, but actually have been attacked and
solved in whole or in part. The kcynobtc of the present meeting thus seems to be achievement,
even if limited achievement, rather than promise. ' »

Let us now consider some of the papers presented here, in the order in which they appear
in the program. It will not be possible to mention each of the some forty papers presented,
but an effort will be made to deal with typical ones in each category.

No comment on the Harvard Mark III machine is offered beyond saying that we have all
had an opportunity to inspect this machine and to learn something of its design and its
properties. I should like to remark upon the very considerable debt that the entire high-speed
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computer art owes to the early, continued, and effective work of Professor Aiken and
his group. ‘

The Bell Telephone Laboratories computer that was described seemed remarkable prin-
cipally for its complete avoidance of the use of conventional vacuum tubes. There were used
as computing elements mainly electromechanical relays, together with fewer than one hundred
vacuum tubes. Possibly because of this unconventional design, this machine and its relatives
in the series of Bell machines have achieved a very remarkable record of continued reliability.

Very interesting progress reports on machines under construction were offered by the
Massachusetts Institute of Technology, the Raytheon Manufacturing Company, the General
Electric Company, the National Bureau of Standards, Mr. Elliott for the British, and the
Institut Blaise Pascal. Many of the machines described are scheduled for completion in the
year 1950; that year should be a very interesting one for those concerned with computing
machines. '

One aspect of the British developments seems worthy of special remark. This is the quite
evident difference in the approach to the problem of constructing a large computing machine
adopted respectively by British workers and by American workers. Before launching upon
the construction of large machines, the British prefer to make preliminary experiments, and
to gain experience, with small machines of admittedly limited scope which, however, possess
sufficient generality to be educational. American practice has been, on the other hand, to
embark from the beginning on the construction of quite ambitious machines, usually without
preliminary experience on small-scale models. To some degree, this may express the greater
availability of research funds from the American government, but I think that it goes deeper
than that; I think that it expresses a difference in the national character.

Durmg the recent war, I was frequently distressed by what seemed evidences of stupldlty
and ineptitude in our Air Force operations as they concerned my area of interest—airborne
radar. On one occasion I was complaining to a general officer about this, and pointing out
to him how much better the Royal Air Force managed its affairs. He said: “Well, you have
to expect that. There are two ways to fight a war: you can fight a smart war, or you can
fight an overwhelming war, but you can’t do both. . The British are fighting a smart war, but
we aren’t. We made our choice a long time ago; we decided to fight an overwhelming war,
and that’s what we’re doing. Don’t expect us to be smart.”” It seems that this approach has
been carried over to the computer field; we Americans have a tendency to overwhelm our
dlﬂicultles

Several papers were presented on the subject of components for computing machines.
It was clear from these that the outstanding component problem still is—as it has been for
some time—that of an adequate high-speed storage device, or inner memory, for a computing
machine. While special methods for reducing demands on an inner memory can usually be
devised for any particular problem, nevertheless the scope of a machine increases and its
. operation becomes simpler as the capacity of the inner memory rises. Quite a lot of work is
being done on this problem. The work of F. C. Williams, and that of the Eckert-Mauchly
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group, which appears to be derived from it, seems to be very promising; so is the success that
has recently been obtained in the use of mercury delay lines as high-speed storage elements.

Further, two papers given here reported on novel and interesting devices whose further
development seems very promising. These are the magnetic delay lines and memory elements,
on the one hand, and the highly suggestive work on electrochemical storage elements and
relays, on the other.

Mr. Engstrom called to our attention the importance of special-purpose machines. Natur-
ally enough, attention has mainly been focused on what are called “gcheral-purpose” machines;
but it is desirable to remember that for many purposes, notably those of industry and govern-
ment, special-purpose machines are quite adequate and can often be realized for fewer dollars
per function performed than could a general-purpose machine. An interesting example of
a special-purpose machine is the Northrop assemblage of IBM equipment to make a simple,
rapidly assembled, useful, and quite reliable machine.

In the session on numerical methods, Mr. Brown proposed a scheme for solving certain
types of problems by playing a game. He has consulted with workers here at the Computation
Laboratory of Harvard, and finds that their conservative judgment is that a 40 X 40 matrix
can be dealt with completely in a thousand steps, and with an error of one part in a thousand,
in a total time somewhat less than one hour. The complete program has not been prcpared
and this is only an estimate, but it seems a promising one.

All those concerned with machine design should be grateful for Mr. Lehmer’s elegant
scheme for the generation of pseudorandom numbers by machines. Such numbers, and their
production by a simple scheme, will take on increasing importance as lengthy analysis is
replaced by statistical experiments conducted on machines, in the fashion of the Monte Carlo
method described to us by Mr. Ulam.

Other papers in the session on numerical methods dealt with important problems in
numerical analysis. Mr. Milne catalogued the outstanding needs in iterative schemes for the
solution of the Laplace equation and other eclliptical partial differential equations. Further
work is needed, first, on the development of ways of programming for machine use such rapid
systems of error removal in iterative solutions as the relaxation methods of Southwell; second,
on ways for dealing with curved boundaries; third, on schemes for selecting good initial
values of the functions being dealt with; and fourth, on better methods for handling mixed
boundary conditions.

In the session on applications to physics, Mr Furry made the general observation that
the high-speed computing machine permits experimentation in theoretical physics with less
labor and better results than have ever beenaccessible before. Such “theoretical experimenta-
tion” (if this is a good term) includes the testing of theories, the decision among competing
hypotheses, the determination of ranges of validity of various approximations, and so on.

Examples of the actual use of machines in the solution of problems were offered. Problems
presented included the birefringence produced by viscous flow, the trajectories of cosmic-ray
particles, and the interaction of atomic electrons with electromagnetic radiation. In connection
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with the last, Mr. Rose remarked that he has assembled the first compendium of wave functions
for Dirac electrons in the screened nuclear field. It is indubitable that this catalogue of wave
functions will be important and useful in many other investigations. It is to be hoped that
Mr. Rose or others will carry on in the direction he has marked out, computing such wave
functions for higher values of angular momentum, and for electron states in the negative-energy -
continuum. ‘

In the sessions on aeronautics and applied mechanics, the papers presented made it clear
that the use of computers in these fields will be very extensive. I mention particularly Mr.
Welmer’s prediction that the complete solution of the now separate problems of flutter, aero-
dynamic stability, and servomechanism performance of an airframe may soon be found in
terms of the complete freql\lency-response spectrum for a particular airplane. Mr. Emmons
‘and Mr. Muskat outlined two other practical applications in which computers will be extremely
useful. : :

Mr. Mosteller set forth, in the session on economics and social science; the types of problems
likely to be dealt with. He asserted that these are mainly solutions of simultaneous linear
equations, both homogeneous and inhomogeneous, giving as specific examples problems in
multiple regression, the finding of discriminant functions, scaling theory, and factor analysis.
He further remarked that the present lack of adequate mathematical theory outside the field
of economics now gives machines little to do in social science, while at the same time it points
up very clearly the major present job of those interested in a quantitative social science.
Examples of specific problems suitable for attack by machines were given by Mr. Tucker and
Mr. Chernoff, and Mr. Waugh pointed out that many important economic problems do not
require the use of machines. He urged that those present at the Symposium would assist the
economist in preventing the establishment of a fad for using high-speed computing machines
for all purposes, whether justified or not. This having been said, Mr. Waugh remarked that
machines have a very important place in the solution of very important problems, notably
those of Government in these days of increased central control. 'He reminded us that formu-
lation of such problems is difficult and that economists often do not know what questions to
ask, what answers to seek, or how to secure the public acceptance of policies necessary to
implement the answers found. ' ' k

On the ground, no doubt, that physiology can be regarded as an elementary sort of social
science, Mr. Crozier found himself on the social-science program. He pointed out first of all .
that the multivariant character of organic. processes almost certainly means that, when a
proper mathematical description of such processes is formulated, it will be so complicated
that machine computation will bc demanded. He then addressed himself to the question of
the validity of using the physiology of high-speed computing machines as an analogy for the
physiology of the nervous systems of living organisms. He reminded us of the dangers of
misleading analogies and concluded, from the example concerning vision which he quoted
and from other evidence, that elementary neural decisions in a living organism are reached
statistically. Thus, according to Crozier, a true thinking machine would have to have a very
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large redundancy in individual clements whose individual performances fluctuate, in order
to imitate in any meaningful way the performance of the neural system of a living organism.

Let us turn now to the questions more diréctly suggested by the title: The Future of
Computing Machinery. The first such question, in this time of vigorous development, design,
and construction, is perhaps: “Who is likely to possess large high-speed computing machines
in the future?”’ Some workers in the computing-machine field, and some people interested
in the ficld, are quite pessimistic about the ultimate wide availability of large high-speed
computing machines, on the grounds that such machines are complicated and expensive to
build, expensive to maintain and bpcratc, and therefore cannot ever be afforded by institutions
such as the normal middle-sized university. This is a point of view with which I disagree
completely. I strongly believe that a competent high-spced computing machine will very
~ soon be recognized as an important and inevitable part of the resecarch equipment of any
university having even modest research pretentions. :

Thus I regard the computing machine as being not in the category of the large astronomical
telescope, which is a pleasant but optional luxury for a university, but rather in the category
of the electronuclear particle accelerator, which is a necessity for any university that desires
to cultivate modern nuclear physics. In the early and middle nineteen-thirties, when Lawrence
- was having his first successes with the cyclotron, I remember many discussions of whether
this or that institution should build a cyclotron. There were always those who argued that
the cyclotron was expensive to build and run, that it had a limited ficid of usefulness, that
thert were already plans to build all of them that the country needed or could support, and
therefore that the institution concerned in the discussion need not and should not build a
cyclotron. Now it is not quite true that the only universities that have made substantial
contributions to nuclear physics are the ones who ignored such skeptical notions and built
cyclotrons, but it is nearly enough true to be significant. And the successful institutions that

do not have cyclotrons do have, in all cases, some competing form of particle accelerator.
‘ By analogy, I suggest that high-speed computing machines will be part of the routine
and necessary research equipment of universities, industrial laboratories, government research
establishments, and indeed any institution where any substantial volume of scientific research,
in any field, is carried on. Possibly this trend will be readily discernible in a year or two, and
surely its full implementation is less than a decade off.

Of course, the wide availability of high-speed computing machines will be greatly forwarded
by improvements in reliability and reductions in cost, in consequence of continued develop-
ments of improved components and better logical design. :

Let us now ask: ‘“How large, how fast, and how complicated should a large, hlgh-speed
general-purpose computing machine be?”’ The ENIAC still holds the record for the total
number of vacuum tubes. More recent designs are considerably more ambitious in terms of
the speed of individual operations, the size of the inner memory, and the general competence
of the device; yet in spite of this they have fewer tubes, which they use harder, so to speak.
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1 should like to propose that the answer to the question of where to draw the line in designing
a general-purpose machine is set entirely by considerations of reliability. That is, a large
"general-purpose machine ought to be as big and fancy and competent as it can be made,
subject to the limitation that it must not commit errors oftener than once in, say, four hours.
There is no other significant limitation on the total complexity of the device; for the machines
that we have now, even those that have not yet been realized, but are in design, are still
inadequate to deal with many problems we should like to put to them.

Professor Aiken has quoted to me a remark of Hartree’s. Hartree said that the fastest
computing machine that has yet been designed is still some 10 times too slow to solve com-
pletely the problem of the wave equation for the copper atom. Mr. O’Neal, in his remarks
before this Symposium, said that the solution of the traffic-handling problem for aircraft on
the airlines of this country would tax the capacity of the biggest and fastest computing machines
now in existence. ‘ '

Warren McCulloch, a professor of psychiatry at my university, has interested himiself in
the sort of analogy between computing machines and neurophysiology that Mr. Crozier
regards as being so dangerous. He has remarked that the over-all complexity of the largest
and most complicated computing machine now in existence or proposed is just about equivalent
to the complexity of the nervous system of the flatworm. You may or may not regard this
as being a fair comparison. It is based upon drawing a parallel between a single flip-flop in
the machine and a single neuron in the nervous system of the flatworm, and I think that it is
safe and suitable for our present purpose.

There is little question that, so far as the carrying out of numerical computations is con-
cerned, the computing machine is more useful than the flatworm. There are two obvious
major reasons for this. First, the machine is specialized in its function, while the nervous
system of the worm is not. The machine can deal only with special classes of situations, while
the delimitation of the flatworm’s competence is far less narrow. Second, the machine works
about a thousand times faster than any organic nervous system. ‘ '

Without claiming in any way that a computing machine “thinks” in the sense of origination,
we must admit that it relieves human computers of a tremendous burden of routine mental
effort which is ordinarily classified as thinking. This thinking is special, in the sense that it
is governed by formal logical rules of manipulation, but in the past it has had to be managed
by human nervous systems. With the help of machines, it can be directed by human nervous
systems, but carried out without human intervention or assistance. '

Thus, we are not talking about machines possessed of the ability to “think’ in the sense
to which Mr. Crozier was objecting, but rather machines which can perform logical processes
in a rapid, uniform, and unerring way. The faster and more competent we can make such a
machine, the bigger will be the burden of routine thought that it can take away from men.
If we can make a machine large enough and competent enough, and if in the meanwhile -
we have learned more than we know now about the logical organization of the nervous systems
of living organisms, we may at last be able to make a machine capable of origination and
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problem-solving behavior. But this lies in the rather distant future; our present problem is
to make large and reliable the machines of unitary function which are designed simply for
the straightforward application of the logical rules built into their design.

We want, therefore, to make computing machines as large and as complicated as we can;

- for the fanciest machine that we can realize today is powerless in the face of problems that
we can readily pose, but not yet solve. The limitation on size and complexity is set by relia-
bility; for a machine will be useless to us if it is not sufficiently reliable to be depended upon
for hours at a time. :

This leads us to my final question: ‘“How can a computing machine be made more reliable,
so that its complexity can be increased without increasing the chance of failure?”’ Of course,
there is no simple or evident answer to this question, or such an answer already would have
been exploited in machine design. There are some promising indications on the horizon.
I suggest that the first thing that should be done is to look toward as complete as possible an
elimination from computing machines of vacuum tubes and electromechanical relays. These
two components are presently the major sources of failure in existing machines, partly because
they are so numerous, and partly because they wear out with continued use. What we need
is computing elements that can perform the same nonlinear functions as those we now achieve
with tubes or relays, but elements that are far less prone to depreciation in use.

Another drawback of the vacuum tube, of course, i$ the ridiculously large amount of energy
that must be expended to boil off free electrons from its cathode. At the time McCulloch made
his remark about the flatworm, he also observed that if a computer built on present principles
should be made to have the same number of individual elements—Ilet us call them “neurons”
——as there are in the human central nervous system, then all the power of Niagara Falls would
be required to light the tubes, and the complete water flow over the Falls would be required
to keep the device cool. The human nervous system, though slow in electronic terms, is
incomparably efficient in terms of energy expenditure per individual computing element.

What is needed is to replace the present basic nonlinear elements used for computers with
another type of element that does not require enormous quantities of stand-by power, and is
not depreciated by continued operation—an element that, once installed, can be relied on
indefinitely unless it is abused. There are some hints as to the possible nature of such a device;
some of these have been reported upon at this Symposium. The most promising ones visible
today are, first, semiconductor devices of the‘sort of the recently announced transistor; second,
magnetic devices like those reported here; and third, the electrochemical devices that may
be developed from the pioneer work of which Mr. Bowman has told us. A great deal of intensive
work on promising unconventional e¢lements for computer use will be repaid if the over-all
reliability of computers can thereby be increased. Reliability, as we have seen, brings in its
train larger, more complex, and more competent computing machines. Presumably it also
brings in its train a greater availability and a lower cost for the computers of present size and
scope; inevitably, it will bring wider general use and acceptance of computing machines of
all sorts.
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