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PREFACE

In the late 1840’s John von Neumann began to develop a theory
of automata. He envisaged n systematic theory which would be
mauthematical and logleal in form and which would contribute in an
essentisl way to our undersianding of natural gystems (natural suto-
mata) as well as to our understanding of both analog and digital
computers (artificial automata).

To thiz end von Neumann produced five works, in tha following
order:

(1) “The General and Logical Theory of Automata.,” Read at the
Hixon Symposium in September, 1948; published in 1951, Col-
lected Works 5.288-328.2

(2) “Theory and Orgenization of Complicated Automata.” Five
lectures delivered at the University of Ilinois in December,
1949, This is Part I of the present. volume,

{3) Probabilistic Logics and the Synthesis of Reliable Organisms
from Unreliable Components.” Lectures given at the California
Institute of Technology in January, 1952, Collected Works 5325
a7s.

{4) “The Theory of Automata: Construction, Reproduction, Ho-
mogeneity.” Von Neumann started this manuscript in the fall
of 1952 and continued working on it for ahout a year. This is
Part IT of the prosent volume,

(5) The Computer and the Brain. Written during 1956 and 1956
published in 1958.

The second and fourth of these were left: at his death in & manuseript

form which required extensive editing, As edited they constitute the

two parts of the present volume, which thus concludes von Neu-
mann's work on the theory of automata.

As a background for this editorial work I made & study of all of
voit Neumann'’s contributions on computers, including the theory of
sutomata. I have summarized his contributions in the *'Introduction”
to the present vohune,

Von Neumann was especially interested in complicated automatn,
such as the human nervous systein and the tremendously large com-

! Complete references nre given in the bibliography. “Collected Workes 5.288-
328" refers to pp. 286328 of Vol. V' of von Neumann's Cellected Works.

Xy



xvi THEORY OF SELF-REPRODUCING AUTOMATA

puters he foresaw for the future. He wanted a theory of the logical
organization of complicated systems of computing elements and be-
lieved that such a theory was an essential prerequisite to constructing
very large computers, The two problems in automata theory that
von Neumann concentrated on are both intimately related to com-
plexity. These are the problems of reliability and self-reproduction.
The reliability of components limits the complexity of the automata
we can build, and self-reproduction requires an automaton of con-
siderable complexity.

Von Neumann diseussed relinbility st length in his “Probabilistic
Logies and the Synthesis of Reliable Organisms from Unreliable
Comporents,” His work on self-reproducing automata is found chiefly
in the present volume, Part II, which constitutes the bulk of the
present volunie, treats the logical design of a self-reproducing cellular
automaton. Though the shorter Part I is devoted to complicated
automata in general, its high point is the kinematic model of self-
reproduction (Fifth Lecture), It therefore secmed appropriate to use
the title “Theory of Self-Reprodueing Automata” for the whole
work,

It is unfortunate that, because of his premature death, von Neu-
mann was unable to put in final form any of the research he was
doing in automata theory. The manuscripts for both parts of the
present volume were unfinished; indeed, they were hoth, in a sense,
first drafts. There is one compensation in this: one can see von Neu-
mann's powerful mind at work. Early drafts by a thinker of von
Neumann's ability are not often available. For this reason, I have
tried hard to preserve the original flavor of von Neumann's manu-
seripts, while yet rendering them easily readable. So that the reader
will know what the raw manuseripts are like, I will deseribe them
and the editorial changes I have made in them,

Von Neumann agreed to write a book on automata theory in con-
nection with his five lectures at the University of Illinois in Decem-
ber, 1949. A tape recording of the lectures was made to aid him in
writing the book. Unfortunately, the recording and the typescript of
it turned out badly, with gaps in the text, unintelligible passages, and
missing words. Von Neumann himself never edited this typescript,
but instead planned to use the manuscript “The Theory of Auto-
mata: Construction, Reproduction, Homogenecity™ for the promised
book. The recording itself is not extant. Despitle these cireumstances;
the Illinois lectures deserve publication, and the recorded version,
highly edited of necessity, constitutes Part I of this volume,

Von Neumann prepared a detailed outline of the lectures in advance
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of delivery, and the content of the lectures corresponded roughly to
{liis outliné. The outline hore the title “Theory and Organization of
Complicated Automata,” and began with the following three lines:
The logical organization and limitations of high-speed digita
computers.
Comparison of these and other complicated automata, hoth
artifieial and natural,
Inference from the comparison of the nervous systems
found in nature.
There followed the title of each lecture and a list of topies to be cov-
ered in that lecture; these are reproduced verbatim at the beginning
of each lecture below, even though the lecture materials do not cor-
respond exactly to the list of topics.

Beeanuse of the atate of tha manuscript it has been necessary to do
much editing. The typescript of the recording is especially poor in the
more formal portions of the lectures, where von Neumann used the
blackhoard. For these portions, particularly, 1 have found two sats
of noles taken al the lectures to be helpful. I have preserved von
Newmann's phraseology where feasible, but I have frequently found
it. necessary to use my own words. 1 have sometimes felt it best to
summarize what von Neumann wns saying rather than to attempt
to reconstruct the text. Several of the poinis von Neumann made in
the Illinois lectures also appear in his published writings, or are well
known, and in these cases I have often summarized what von Neu-
mann said or given references to his published works.

Where the writing is strictly my own, it appears in brackets. The
reconstructed edition of von Neumann’s words is not bracketed, but
it should be kept in mind that much of this unbracketed text is heavily
edlited,

The manugeript *“The Theory of Automata: Construction, Repro-
duction, Homogeneity” was in a much better state. It scems to have
been a first draft, with the exception that there is an earlier outline
(with figures) of the procedure whereby the memory control MC
lengthens and shortens the connecting loop C, and the timing loap
C: under the direetion of the constructing unit CU (ef. Secs. 4.1 and
4.2). Despite its being & first draft, the nanuscript was publishable
as it stood except for deficiencies of the following three types.

(1) First, the manuscript lacked many of those simple mecha-
nisme which make for easy reading. There were no figure titles. For-
mulas, seetions, and figures were referred to by number only, without
explicit indieation as to whether the item referred to is a formula,
section, or figure. Section titles were listed on a separate sheet. Also
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on & separate sheet, von Neumann gave only brief indications for the
footnotes he planned. Organs were referred to by letter slone. For
example, von Neumann mercly used “A” and “B"” to refer to the
organs I have enlled the “‘zonstructing unit CU’* and the “memory
contral MC,” respectively. I have worked through the manuseript
several tinies and each time I have been amazed at how von Neumann
could keep track of what he was doing with so few mnemonic devices,

In editing the manuscript I have endeavored to supply these de-
vices. For example, where von Neumann wrote '“CO” I often put
“control organ CO.” I have added titles to the figures and completed
the footnote references. Von Neumann wrote some explanatory re-
marks on the figures; thiese have been moved to the text. Similar
and related changes have been made, all without any indication in
the text.

In nddition, I have inserted footnotes, commentaries, explanations,
and sunmaries at various places in the text, and have added a con-
including chapter (Ch. 5). All such additions are in brackets. Von
Newnann’s brackets have been changed to braces, except for his
usage “[0)” and “[1)” to refer to ordinary and special symhols. In
couneetion with my bracketed additions, I have adcded Tables I and
V and many figures, Iigures 1-8, 16, 18, 19, 22, 24, 28-36, 38, 39,
und 41 are von Neumann's; the remaining figures arc mine,

(2) Second, the manuseript “Theory of Automatn: Coustruction,
Reproduction, Homogeneity” contained many crrors. These range
from minor slips (which I have corrected without any specific indica-
tion), through errors of medium signifieance (which I have corrected
or commented on in bracketed passages), to major errors requiring
considerable redesign (which I have discussed in Seetions 5.1.1 and
5.1.2). All of these errors are correctable, but because organs designed
in the earljer parts of the manuseript are used in later parts, many of
these errors propagate and “amplify.” In this connection, it should
be kept in mind that the manusecript was an early draft, and that
von Neumann was working out the design as he proceeded, leaving
many design parameters for later specification.

(3) Third, the manuseript “Theory of Automata: Construction,
Reproduction, Homogeneity™ is incomplete.. The construetion stops
before the tape unit is quite finished, In Chapter 5 1 show how to
complete the desigu of von Neumunn’s self-reproducing automaton.

The technical development of the manuseript is extremely com-
plicated and involved. The deficiencies just mentioned add to its
difficulty. In some respeets it would lave been editorinlly easier not
to edit the manuseript after Chapter 2 and instead work out the
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design of von Neumann’s self-reprodicing automaton along the lines
he last envisaged. But this was not a real alternative because of the
historiea! importance of the manuseript, and the opportunity it gives
to obgerve a powerful mind at work, T have therefore endeavored to
make corrections and add comments so0 as to preserve the original
style of the manuseript while making it relatively easy to read.

I am indebted to a number of people for their assistance. The late
Mis. Klara von Neumann-Eckardt gave me information ahout her
husband’s manuseripts. Several people who worked with von Neu-
mann on computers gave me firsthand information: Abraham Taub,
Herman Goldstine, the late Adele Goldstine, and especially Julian
Bigelow and Stan Ulam; von Neumann often diseussed his work on
automata theory with Bigelow and with Ulam. John Kemeny, Pierce
Ketchum, E. F. Moore, and Claude Shannon heard lecturey by or
had diseussions with von Neumann on automata theory. Kurt Godel's
letter at the end of the Second Lecture of Part I is reproduced with
his kind permission. Thanks go to many of my graduate students
anl research asyociates for technieal assistance, partieularly Michael
Faiman, John Hanne, James Thatcher, Stephen Hedetnlemi, Frederick
Snppe, anel Richard Loing, Alice Finney, Karen Brandt, Ann Jacobs,
and Alice R. Burks have provided editorial assistance. M. Elizabeth
Braudt drew the figures. My editorial work was supported by the
National Science Foundation, None of these share any responsibility
for the editing,

Artur W, BURks
Ann Arbor, 1965



EDITOR’S INTRODUCTION

Von Neumann’s Work on Computers

John von Neumann was horn on December 28, 1903 in Budapest,
Hungary, and died in Washington, D.C., February 8, 1957.! He
earned & doctornte in mathematies from the University of Budspest
and an undergraduate chemistry degree from the Eidgendssische
Technische Hochschule in Zurich, Switzartand. He became a Privat-
docent at the University of Berlin in 1927 and a Privatdocent at the
University of Hamburg in 1929, In 1930 he eame to the United States
as a visiting lecturer at Princeton University, where he was made full
professor in 1931, In 1933 he joined the newly formed Institute for
Advanced Study as a professor and retained that post for the rest of
his life.?

In later life, while retaining his theoretical interests and produe-
tivity, von Neumann developed strong inferesis in the applieations
of mathematics. During the Second World War he became heavily
involved in scientific research on problems of defense, He played a
major role in the development of the atomic bomb, contributing
particulardy to the method of wnplosion, He was a consultant to
many government lahorafories and organizations and a member of
many important scientific advisory committees, After the war he
eantinued these consulting and advisory activities. Altogether he
wny fnvolved in sueh diverse fields as ordnance, submarine warfare,
hombing objectives, nuclear weapons (including the hydrogen hombj,
military strategy, wenther prediction, intercontinental ballistic mis-
siles, high-speed electronic digital computers, and computing methods.
In Qetober, 1954, the President of the United States appointed him
to the United States Atomio Energy Commission, a position he held
at the {ime of his death. He received many awards and honors during
his lifelime, including membership in the National Academy of Sci-
ences, two Presidential Awards, and the Enrico Fermni Award of the
Atomic Energy Commission. The latter was given especially for his

188e Ulam, *John von Neumann,” and Mis, von Neumann’s preface to The
Computer and the Brain.

1 See lis Collected Works, edited by A. Taub. An excetlent summary of von
Neumann's accomplishments is presented in the Bulletin of the American
Mathematical §ac:‘uty, Vol. 64, No, 3, Part 2, May, 1058,

1
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contributions to the development of electronic eomputers and their
uses.

Von Neumann the Mathematicign, During the last years of his life
John von Neumann devoted considerable effort to developing a
theory of automata. The present volume, edited from two unfinished
manuseripts, iz his lagt work on this subject. Because of his premature
death he wag unable to finish a volume which would present a com-
plete picture of what he wished to accomplish, It is therefore appro-
priate to summarize here the main features of his projected theory
of automata. Since his conception of automata theory arose out of
his work in mathematics and computers, we will begin by describing
that work,

Von Neumann was a very great mathematician, He made many
important contributions in & wide range of fields. Von Neumann
himself thought his most importent mathematical achievements
were in three areas: the mathematieal foundations of quantum theory,
the theory of operators, and ergodie theory. His contributions in other
areas bear more direetly on his eomputer work. In the late 1920% he
wrote on symbholic logie, set theory, nxiomaties, and proof theory.
In thie middle thirties he worked on lattice theory, coutinuous ge-
ometry, and Boolean algebra. In n famous paper of 1928 and in a
hook of 19442 ke founded the modern mathematieal theory of games,
Starting in the late thirties and continuing through and after the
war he did much research in fluid dynamies, dynamics, problems in
the mechanies of continua arising out of nuelear technology, and
meteorology. During the war he became mvolved in computing
and computers, and ufter the war this became his main interest.

Von Neumann and Computing. Von Neumann was led into com-
puting by his studies in fluid dynamics. Hydrodynamies) phenomena
ara treafed mathematically by means of non-linear partial differential
equations, Von Neumann become espeeially interested in hydro-
dynamieni turbulence and the intsraction of shock waves. He soon
found that existing snaiytical methods were inadequate for obtaining
even qualitative information about the solutions of non-linear partial
differentinl equations in fluid dynamics. Moreover, this was so of
non-linear partinl differential equations generally.

Von Neumann’s response to this situation was to do computing.t
During the war he found computing necessary to ohtain answers to

¥ ¢#Zur Theorie der Gesellechaftsspiel.” Theory of Games and Evonomic Be-
hawior, with Oskar Morgenstaern.

1 8ee Ulam, *John von Neumann,” pp. 7-8, 28 &., and Birkholf, Hydrody-
namics, pp. 5, a5,
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probléms in other fields, including nuclear technology. Hence, when
the new high-speed electronie digital general-purpose computers were
developed during and safter the war, he wus quick to recognize their
potentialities for hydrodynamies as well as other fields. In this con-
nection he developed.a general method for using computers which is
of very great importance because it is applieable to a wide variety
of problems in pure and applied mathematies,

The procedure which he pioneered and promoted is to empioy
computers to solve crucial cases numerically and to use the results
ns o heuristie guide to theorizing, Von Neumann believed experi-
mentation and computing to have shown that there are physieal
and mathematical regularities in the phenomena of fluid dynamies
and important statistical properties of families of solutions of the
non.linear partial differential equations.involved. These reguinrities
and general propertiss could constitute the basis of a new theory of
fluid dynamics end of the eorresponding non-linear equations, Von
Neumann believed that one could diseover these regularities and
generul properties by solving many specifie equations and gencraliz-
ing the results, From the special cases ore would gain a feeling for
such phenomena as turhulenee and shock waves, and with this quali-
iative orientation could pick out further eritical cases to solve nu-
merically, eventually developing s satisfactory theory. See the First
Lecture of Part I of this volume.

This particular method of using computers is so important and has
50 much in common with other, seemingly quite different, uses of
coraputers that it deserves extended discussion. 1t is of the essence
of this procedure that computer solutions are not sought for their
own sake, but as an aid fo discovering useful conespts, hroad prin-
ciples, and general theorics. It is thus appropriate to refer io this as
the liguristic use of computors.

The heuristic use of computers is similar to and may be combined
with the traditional hypothetical-deductive-experimental method of
seience. In that method one makes an hypothesis on the basis of the
availoble information, derives consequences from it by means of
mathematics, tests the consequences experimentally, and forms a
new hypothesis on the basis of the findings; this sequence is iterated
indefinitely. In using a computer heuristically one proceeds in the
same way, with computation replacing or augmenting experimenta-
tion. One makes an hypothesis about the equations under investign-

¥ Hee also Ulam, 4 Collection of Mathematical Problems, Ch. 8, “Computing
Machines na o Heuristie Aid.”
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tion, attempts 1o pick out some crucinl apecial oases, uses & computer
io solve these eases, ehecks the hypothesis against the results, forms
u new hypothesis, and iterates the eyole.

The computations may also be compared with experimental data.
When this is done the heuristic use of computers becomes gimulation,
Computation in itself can only provide answers to purely mathe-
matical questions, 50 when no comparison is made with empirical
fact the heuristic use of computers contributes to pure mathematics,
Von Neumann thought that the main difficulties in fluid dynamies
stemmed from inadequste mathematical knowledge of non-linear
partial differential equations, and that the heuristic use of computers
would help mathematicians fo construet an adequate and useful
theory for this subject. He pointed out that while much progress
had been made by means of wind tunnels, since the equations govern-
ing the phenomena were known, these wind tunnels were being used
as analog computers rather than as experimental npparatus,

- .. many branches of both pure and applied mathematics are in great need
of computing instrumeniz to break the present stalemate created by lhe
failure of the purely analytical approach to non-linear problems, ... really
efficiont hich-speed computing deviees may, in the field of non-linear partial
differential equations as well as in many ofher fields, which are now diffieult
or entirely denied access, provide us with those heuristie hints which are
needed in alt parts of mathematics for genuine progress.!

Von Neumann’s suggestion that powerful computers mnay provide
the wathematician “with those heuristie hints which are needed in
ali parts of mathematics for genuine progress” is econneeted to his
strong convietion that pure mathematies depends heavily on empirieal
science for its ideas aad problems, . .. the best inspirations of mod-
ern mathematics , , . originated in the natural sciences.” 7 He recog-
nized that mathematics is not an empirical selence and held that the
mathematician’s eriterin of selection of problems and of success are
mainly aesthetical.

I think that it is & relatively good approximstion to truth—which is
much too eomplieated to allow anything but approximations—that mathe-
matical ideas originate in emplrics, although the genealogy is sometimes long
and obscure. But onee they are so conceived, the subject hegins 1o Live a
pecubiar life of its own and is hettor compared to a creative one, governed by
almost entively aesthetienl motivations, than to anything else and, in par-

& Von 1‘:Teumann and Goldstine, #On the Principlez of Large Scale Comput-
Ing Machiues,” Coflected Works 5.4

1.4The Mathematiclan,” Collected Works 1.2. The next quotation is from
the same artiele, 1.9,
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tieular, to an empirical seience. There is, however, a further point which, 1
helieve, needs stressing, . .. at a great distance from s empiriesl sauree, or
aftsr much “shslract” inbreeding, a mathematical subjeet is in danger of
degeneration. . . . whenever this stage is reached, the only remedy seems to
me 1o be the rejuvenating retum to the souree: the relnjection of more or
less direetly empirieal idens,

Tha role that empirical science plays in pure mathematics is a
heuristic one: empirical science supplies problems to investigate and
suggests concepts and principles for their solution. While ven Neu-
wmann never said go, I think it likely that he thought the computations
produced by the heuristic use of computers can play the same rele
in some areas of mathematics. In the First Lecture of Part I below
he said that powerful methods in pure mathematics depend for their
success on the mathematicians having an intuitive and heuristic
understanding of them, and suggesied that one can build this in-
tuitive familiarity with non-linear differentia! equations by using
computers heuristically.?

It should be noted that in the heuristic use of computers the hu-
man, not the maehine, is the main source of suggestions, hypotheses,
lieuristic hints, and new ideas. Von Neumann wished to make the
machine as intelligent as possible, but he recognized that human
powers of intujtion, spatial imngary, originality, ete., are far superior
to those of present or immadiately foreseenble maehines. He wished to
augimeut the ability of a skilled, informed, creative human by the
use of a digital computer as n tool. This procedure would involva
considerable internction belween man and the machine and would
be fucilitated by automatic programming and by input-output equip-
ment designed for direet human use.

Onee he became interested in computing, von Neumann made
important contributions to all aspects of the subject and its tech-
nology. The extant methods of computation had been developed for
hand computation and punched eard machines and hence were not
well suited to the new electronic computers, which were several orders
of inagnitude faster than the old, New methods were needed, and von
Neumann developed many of them. He contributed at all levels. He
devised algorithms and wrote programs for computations ranging
from the ealculation of elementary functions to the integration of
non-linear partial differential equations and the sclutions of games.

! In view of von Neumann’s emphasis on the role of intirtion in mathemati-
cal discovery it is of interest to note that von Neumaun’s own intuilion was
auditory and ahstraet rather than visual. S8ee Tlam, “John von Neumnann,
1903-1057,” pp. 12, 23, end 38-39,
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He worked on general techniques for numerical integration snd in-
verting matrices. He obtained results in the theory of numérical
stability and the accumulation of round.off errors. He lielped develop
the Monte Carlo method for solving integro.differential equatious,
inverting mnatriees, and solving linear systems of equations by ran-
dom sampling techniques.® In this method the problem to be solved
is reducad to a statistical problen: which is then solved by conrputing
the results for a sufficlently large sample of instanees.

Von Neumann also made important coutributions to the design
aud prograuning of computers, and (o the theory thereof, We will
survey his work iu tliese arens uext.

Logical Design of Contputers. With his strong interest in computing
and lis background in logic and physies it was natural for von Neu-
mann to become involved in the development of high-speed electronic
digital computers, The first such eomputer wis the ENIAC, designed
and built at the Moore School of Electrical Engineering of the Uni.
versity of Pennsylvania during the period 1043 to 1846. Von Neu.
mann had some contacts with this machine, and so a few words about
it are in order,

The iden of constructing a general purpoge high-speed computer of
electronic vomponents originated with Jolut Mauclly, who suggested
to I, H, Goldstine of the Ordnance Department that the United
States Army support the development and constraction of such a
maehine, to be used prinwarily for ballistics computations. This sup-
pout was given, the Ariny being impressed especially with the great
speed with which an electronie eomputer conld prepare firing tables.
The ENIAC was designed and construeted by a number of people,
including the writer, under the technical direction of Mauchly and
J. P, Eckert. Von Neumann eame to visit us while we were building
the ENIAC, and he immediately became inferested in it. By this tine
the design of the ENIAC was already fixed, but after the ENTAC was
sompleted von Neumann showed how to modify it so that it was much
simpler to program. In the meantime he developed the logical design
for a radically new computer, which we will deseribe later.

The ENIAC was, of course, radically different from nny earlier

Y Ulam, “John von Neumana,” pp. 33-34. Von Neumann Collected Works
gfﬁh—-?;im. The method is described in Metropolis and Ulam, “The Monte Carlo

ethod.”

10 3ep Burks, “Electronic Computing Ciredits of the ENIAC" nnd “Super
Eleetronio Computing Machine,” Goldstine and Goldstine, *The Electrouic
Numeriea! Integrator and Compuser (ENIAC),” and Brainerd and Sharpless,
"The ENIAC.”
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computer, but interestingly enough, it was also quite different from
its immediate successors. It differed from its immediate successors in
two fundamental respects: the use of several semiautonomous com-
puting units working simultaneously and semi-independently, and
the exelusive relinnee on vacuum tubes for high-speed storage. Both
of these design features resulted from the eleetronic technology. of the
time.

The basic pulse rate of the ENTAC circuits was 100,000 pulses per
gocond. To obtain a high computation speed all 10 (or 20) decimal
digits were processed in parallel, and, moreover, a large number of
computing units were constructsd, each with some loeal programming
equipment, 80 that many computations eould proceed simultaneously
under the overall direction of a master programming unit. There were
30 basie units in the ENIAC: 20 accumulators (each of which could
store and add a 10-digit number), 1 multiplier, 1 dlvider and square-
rcoter, 3 funetion table units, an input unit, an output unit, a master
programmer, and 2 other units concerned with control. All of these
hasic units could operate at the same time.

At that time the vacuum tube was the only reliable high-speed stor-
age device—acoustic deluy lines, electrostatic storage systems, mag.
netie cores, etc., all came later—and s0 of necessity vacuum tubes were
used for ligh-speed storage as well as for arithmetic and for logical
control. This entailed a severc limitation on the high.speed store, as
vacuum tubes are an expensive and bulky storage medium—the
ENTAC contained 18,000 vacuum tubes a8 it was, n sufficient number
for the skepties to predict that it would never operate properly. The
limited high speed storage of 20 10-dlgit decimal numbers was aug-
mentod by large quantities of low-speed storage of various types: elee-
tromagnetic relays for input and output, hand operated mechanical
switohes controlling resistor matrices in the function table units for
the storage of arbltrary numerical functions and of program informa.
tion, and hand-operated mechanieal switches and flexible plug-in
cables for programming,

A general purpose computer must be programmed for each partieu-
lar problem, This was done on the ENIAC by hand: by setting me-
chenical switohes of the program controls of each of the computing
units used in the problem, interconnecting these program controls with
cables, and setting the switohes of the function tables, This program-
ming procedure was long, Iaborious, and hard to cheok, and while it
was being done the machine stood idle. After the ENIAC was com-
Pleted, von Neumann showed how to convert it into a centrally
programmed computer in which all the programming could be done
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by setting switches on the funetion tables, Each of the three funetion
table units had a switeh storage capueity of 104 entries, each entry
consisting of 12 decima) digits and 2 sign digits. However, the pulses
uscd to represent numbers were the same size and shape as the pulses
used to stimulate program controls, so that the function table units
could also be used to store program information, On von Neumann’s
scheme the outputs of the function tables were econnected to the pro-
gram controls of the other units through some speefal equipment sl
the master programmer, and the switches ou the program controls
of these units were set, All of this was doue in such s way that it need
not be changed from problem to problemn, Programmning was thus
reduced to setting switches by hand on the function table units,

It the meantime we were al! concerned with the design of much
mwore powerful computers, Ay mentioned earlier, the greatest weakness
of the ENTAC was the smallness of its high-speed storage capacity,
resulting from the technologieal fact that at the time the design of
the ENTAC was fixed the vacuum tube wus the only known reliable
high-speed storage component, This limitation was overcome and the
technology of computers changed abruptly when J, P. Eckert con-
ceived of using an acoustic delay line as & high-speed storage device,
Acoustic delay lines made of mercury had been used to delay pulses
in war time radar equipinent. Fekert's idea was to feed the output of
w mercury delay line {through an amplifier and pulse reshaper) back
into its input, thereby storing a large mumber of pulses in & circulat-
ing memory. A cireulating memory of, suy, 1000 bits conld be built
with a mercury delay line and a few tubes, in contrast to the ENIAC
where a double triocde was required for cach hit,

In the ENTAC the few numbers being processed were stored in cir-
cuits that could be changed both automatically and rapidly; all other
pumbers and the program information were stored in electromagnetic
relays, switches, and cable interconnections, It now became possible o
store all this information in mercury delay lines, where it would be
quickly and automatically accessible, The ENTAC was a mixed syn-
chronous, asynehronous machine. The use of pulses in the mercury
delay lines made it natural to build a completely synchronous machine
timed by a central source of pulses called the *clock.” Eekert and
Aauchly designed circuits capable of operating at a pulse rate of 1
megacyele, 10 times the basic pulse rate of the ENIAC, and gave con-
siderable thought to the design of a mercury delay line machine,
Goldstine brought von Neumann in as a consultant, and we all par-
ticipated in discussions of the logical design of such a machine, It was
decided to use the binary system, Since the delay lines oparated
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serinlly, the simplest way to process the bits was seriatim, All of this
made it possible to build & machine much smaller than the ENIAC
and yet much more powerful than the ENTAC. The proposed machine
was to be called the EDVAC. It was estimated that it could be built
with about 3000 vacuum tubes,

Von Neumann then worked out in considerable deteil the logical
design of this computer. The result appeared in his First Draft of a
Report on the EDVACY whiclt was never published. Sinee this report
contained the first logieal design of an electronic computer in which
the program could be stored and modified electropically, I will sum-
marize 18 contents, Of partienlar interest 10 us here are the following
fentures of his design: the separation of logical from circuit design, the
comparison of the machine o the human nervous system, the general
organization of the machine, and the treatment of programming and
control.

Von Neumann based his construetion on idealized switch-delay ele-
ments derived from the idealized neural elements of MeCulloch and
Pitts.’* Each sueh element has one to three exeitatory inputs, possibly
one or two inhibitory inputs, a threshold number (1, 2, 3), and a unit
delay, It emits a stitnulus at time ¢ + 1 if and only if two conditions
are satisfied at time £: (1) no inhibitory input is stimulated, (2) the
number of excitatory inputs stimulated is at least as great as the
threshold nimber,1?

The use of idealized computing elements has two advanteges, First,
it enables the designer to separate the logical design from the eircuit
design of the computer. When designing the ENIAC, we developed
logieal desigu rules, but these were inextricably tied in with rules
governing circuit design. With idealized computing elements one can
distinguish the purely logical (memory and truth-functional) require-
ments for o computer from the requirements imposed by the state of
techinology and ultimately by the physical limitations of the materials
and components from which the computer is made, Logieal design is
the first step; cireuit design follows. The elements for logieal design

" The initials abbreviste “Eleetronie Discrete Variable Aulomstie Com-
puter”’ The machine of thim name actually conatrucied at the Moore School
of Elaetriesl Engineering waa built after the people mentloned above were
no longer counected with the Moore Sehool. The logien] design of the Cam-
bridge University EDSAC wnabased on this roport, Wilkes, “Progressin High-
Apeodt Calenlating Maehine Design' and Avtamatic Digital Compulers,

1A Togienl Calenlns of the Tdens lmmanent in Nervous Aetivity,”

" The threshold elements of “Probabilistio Logics and the Synthesis of Re-
ll_ah-le Organisma from Unreliable Components,' Collected Works 5332, are
stmilur, but differ with respect {n the operation of inhibitory inputs.
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should be chosen to correspond roughly with the resultant circuits;
that is, the ideéalization should not be 50 extreme as to be unrealistic,

Becond, the use of idealized computing elements is a step in the
direction of a theory of automata, Logical design in terms of these
elements can be done with the rigor of mathematieal Ingie, whereas
engineering design is necessarily an art and a technicque in part. More-
over, this approach facilitates & comparison and contrast between
dlﬁerent types of auiemata elements, in this case, between computer
elements on the one hand and neurons on the other. Von Neumann
made such comparisons in First Draft of a Report on the EDVAC, not-
ing the differences as well as the similarities. Thus he observed that
the circuita of the EDVAC were to be synchronous {timed by a pulse
¢loek) while the nervous system is presumably asynchronous {timed
autonomously by the successive reaction times of its own elements).
He also noted the analogy between the associative, sensory, and motor
neurons of the humsn nervous system on the one hand, and the
central part of the computer, its input, and its output, respectively.
This comparison of natural and artificinl automata was to become a
strong theme of his theory of automata.

The organization of the EDVAC was to be radically different from
that of the ENIAC. The ENTAC had a number of basic uuits, all
capable of operating simultaneously, so that many streams of com-
putation could proceed at the same time. In contrast, the proposed
EDVAC had only one basic unit of each kind, and it never performed
two arithmetieal or logical operations siinultaneously. These basic
units were a high-speed memory M, a central arithmetic unit CA, an
outside recording medium R, an input organ I, an output organ O,
and a central control CC.

The memory M was to be composed of possibly as many as 266
delay lines each capable of storing 32 words of 32 bits each, together
with the switching equipment for connecting a position of M to the
rest of the machiue. The memory was to store initial conditions and
bouridary conditions for pariial differentisl equations, arbitrary
numerical funetions, partial results obtained during a computation,
ete., as well as the program (sequence of orders) directing the com-
putation. The outside recording medium R could be eomposed of
punched cards, paper tape, magnetic wire or tape, or photographic
film, or combinations thereof. It was to be used for input snd cutput,
as well as for auxiliary low-speed storage. The input organ T trans-
ferred information fromm R to M; the output organ O transferred
information from M 1o R. The notation of M was binary; that of R
was decimal.

The central arithmetic unit CA was to contain some auxiliary regis-
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ters (one-word delay lines) for holding numbers, Under the direction
of the central control CC it was to add, subtrack, multiply, divide,
compute square-roots, perform binary-decimal and decimal-binary
conversions, transfer numbers among its registers and between its
registors and M, and choase one of two numbers according to the sign
of a third number. The last operation was {0 be used for transfer of
control (jumping conditionally) from one order in the program to
another. Numbers were processed in CA serially, the least significant
bits heing trcated first, and only one operation was performed at s
time.

The first bit of each word was zero for & number, one for an order,
Eight bits of an order were allotted to the specification of the operation
to be performed and, if a reference to M was required, thirteen bits to
an address, A typical sequence would go like this. Suppose an addition
order with memory address £ was loeated in position y of M, the
addend in the next position -4~ 1, and the next order to be executed
in the next position y 4~ 2. The order at y would go into CC, the ad-
dend at ¥ 4+ 1 into CA, and the augend would be found in CA; the
sum would be placed in position x of M. The order at position 5 + 2
would be executed next.

Normally orders were taken from the delay lines in sequence, but
one order with addrers z provided for CC Lo take its next order from
weinory position z When a number was transferred from CA to
address w of M, account was taken of the contents of 1; if w contained
an order (i.e., a word whose first bit was one), then the 13 most sig-
nificant bits of the result in CA were substituted for the 13 address
hits located in w. The addresses of orders could be modified auto-
matically by the machine in this wuy. This provision, together with
tlie ovder for shift of control to an arbitrary memory position w and
the power of CA to choose oue of two numbers according to the sign
of a third, made the machine a fully automatic stored program
coinputer,

Al the smmne time that he worked oul the logical design of the
EDVAC von Neumann suggested the development of a high-speed
memory incorporating-the principle of the iconoseope.* Information
is placed on the iconoscope by means of light and sensed by an electron
beam, Yon Neumann suggested that information could also be placed
on the inside surface of such & tube by means of au clectron beam,
The net: result would be storage in the form of electrostatic charges on
a dielectric plate inside a cathode-ray tube, He predicted that such o

" Pirst Draft of a Report on the EDVACQ, Scetion 12.8.



12 THEORY OF BELF-REFRODUGING AUTOMATA

memory would prove superior to the delay line memory, It soon be-
came apparent that this was s0, and von Neumann turned his attsn-
tion to an even more powerful computer based on such a memory.

The new computer was to be much faster than any other machine
under consideration, mainly for two reasons. First, in an electrostatic
storage system each position is immediately accessible, whereas a bit
or word stored in n delay line is not accessible until it travelsto the end
of the line, Second, it was decided to process all (40} bita of a word in
parallel, thereby reducing the computation time, The logical design is
given in Preliminary Discussion of the Logical Design of an Electronic
Compuling Instrument.” The proposed computer was built at the
Institute for Advanced Study by a number of engineers under the di-
rection of Julian Bigelow, and was popularly known as the JONTAC,*
While the machine was still under construction, its logical and cir-
cuit design was influentinl on many computers constructed in the
United States, including computers at the University of Illinois, Los
Alamos National Laboratory, Argonne National Laboratory, Ouk
Ridge National Laboratory, and the Rand Corporation, as well as
some machines produced commereially, The JONIAC played an im-
portant role in the development of the hydrogen bomb.!

Programming and Flow Diagrams. Von Neumann immediately
recognized thuat these new computers could solve large problems so
fast that new programming procedures would be needed to enable
mathematicians and programmers to make full use of the powers of
these machines, With the order code of the proposed Instituie for Ad-
vanced Study computer in mind he proceeded to develop new pro-
gramming methods. The results were presented in the influential
series of reports Planning and Coding of Problems for an Electronte
Computing Insirument.1®

One generally begins with a mathematical formulation of n problem
nnd then decides what explicit computational methods he will em-
ploy. These methods are almost ahkvays highly inductive, involving
recursions within recursions many times over, What one has at this

16 This was written in collaharation with H. H. Goldstine and the present
writer. It was typioal of von Neymnann that he wanted the patentable materlal
n this teport to belong to the public domain, and st his suggestion we all signed
a notarized statement $o0 this effect.

1 1t is denoribed by Eslrin, “The Electronic Computer at the Institute for
Advanced Study " The original plan was to use the momory dssoribed hy
Rajohman in “The Belectron—a Tube for Selective Blectroatatic Storage,” but
the actnal mewory consisted of cathode-ray tuhes operated in the manner de-
scribed hy Williams in A Cathode-Ray Digit Store.”

U New York Times, Feb. 9, 1957, p. 19,

W Written In collaboration with H. H. Goldstine.
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stage is o general deseription of the desired computation, expressed in
the ordinary Isngnage and mathematiea) symbolism of the mathe-
matician, The task is now to transform this deseription into a program
expressed in machine language. This is not & simple, straightforward
teposlation {ack, however; partly because of the genorality of the
description of the computation and partly because of the nature of
recursive procedures,

Recursive procedures, particularly when complicated, are better
understood dynamically {in terms of their step by stsp effecta) rather
than statically (in terms of the static sequence of symbols defining
them). The corresponding aspect of the machine langnage is that the
cffeet of an order is dependent on the very computation which it itself
is helping to direct: whether and how often an order is used and to what
memory position it refers. Al of these are a funetion of the whole
program and the numbers being processed, Thus a program, thougha
static sequence of symbols, is usually best understood in terms of its
dynamie effects, that i8, its control of the actual sequential computa-
tional process.

To help bridge this gap between the mathematician’s deseription of
the desired computation in his own language and the corresponding
program in the machine language, von Neumann invented the flow
diagram. A flow diagram is a labeled graph composed of enclosures
snd points connected by lines. The enclosures are of various kinds:
operation boxes (specifying non-recursive fragments of the computa-
tion as symbolized in the box), alternative boxes (corresponding to
conditional transfer of control orders and being labeled with the
condition for transfer), substitution and assertion boxes {indicating
the values of the indices of the recursions), storage boxes (giving the
contents of crucial parts of the memory at certain stages of the com-
putation), and labeled eircles representing the beginning and terminus
nnd interconnections, In executing the program corresponding o a
given flow diagram, the compnter in effecl travels through the flow
diagram, starting at the beginning cirele, executing sequences of or-
ders described in operation boxes, eycling back or branching off to a
new part of the dingram according to the eriteria stated in alternative
boxes, leaving an exit circle in one part of the graph to enter an en-
tranee eirele in another part of the graph, and fnally stopping at the
terminal circle. Direct lines are used to represent the direction of
passage through the graph, converging lines meeting at points of the
graph. An undirceted line is used to connect a storage box to that
point of the graph which corresponds to the stage of computation
partly described by the contents of the storage box.
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It is unnecessary for the programmer to prepare and ecde a com-
plete flow diagram for o complicated problem, A problem of any con-
siderable eomplexity is composed of many subproblems, and flow
diagrams and subroutines can be prepared for these in advance, Tt
wuis planned to eode subroutines corresponding to a large number of
basi¢ algorithms employed in solving problems on a digital computer:
decimal-to-binary and binary-to-decimal conversion, double precision
arithmetics, various integration and interpolation mathods, nieshing
and sorting algoritlins, ete. These subroutines would be available in &
library of tapes. To solve a particular problem, the progranmaer would
merely write a “combining routine’” which would direct the computer
to take the proper subroutines from the tape and modify them ap-
propriately to that particular problem,

The use of combining routines and a library of subrontines was a
first step in. the direction of using 0 computer to help prepare programs
for itself. Still, in this system, everything written by the programmer
must be in the clumsy “machine language.” A better procedure is to
construet a “‘programmer's language” in which the programmer will
write programs, and then to write a translation program in machine
language which direets the maehine to translate a program written in
the programmer's language into 8 program stated in machine lan-
guage. The programming langusage would be close to the natural and
mathematieal language normally used by mathematicians, scientists,
and engineers, and hence wonld be easy for the programmer to use.
This approach is eurrently being developed under the name of auto-
matic programming, Von Neumann discussed it under the names
“short code™ (programmer’s language) and *“complete code™ (machine
langunge)."

Von Neumann recoguized that the idea of autematic programming
is & practieal application of Turing’s proof that there exists a universal
computing machine. A Turing machine {5 a finite nutomaton with an
indefinitely expandable tape, Any general purpose computer, together
with an automatic factory which ean augment its tape stere without
limit, is a Turing machine. Turing’s universal computer I/ has this
property: for any Turing machine M there is a finite program P such
that machine I7, operating under the direction of P, will compute the
same results as M, That is, I7 with P simulates (imitates) M.

Automatie programming also involves simulation. Let U. be a com-
puter which operates with a machine language inconvenient for the

¥ The Computer and the Brain, pp. 70-73.



EDrToR'B INTRODUCTION 15

programmer to use. The programmer uses his more convenient pro-
grammer’s language: It is theoretically possible to build a machine
sehich will understand the programmer’s Ianguage directly; eall this
hypothetical computer M, . Let P, be the program (written in the
language of machine ¥7;) whioh translates from the programmer's
language to the machine language of I/, . Then U, operating under
the direction of P, will compute the same results as A, . That is,
U. with P, simulates M, which is a special case of Turing's uni-
verdal 7 with P simulating M.

Note that two languages arc employed inside U7.: a machine
language whicl is used direetiy and a programmer's language which
is used indirectly via the translation routine P.. Von Neumann re-
ferred to these as the “primary” and “secondary” langusge of the
machine, respectively, The primary language is the language used for
communication and control within the machine, while the secondary
language is the language we humans use to communicate with the
machine. Von Neumann suggested that by analogy there may be s
primary and secondary language in the human nervous system, and
that the primary language is very different from any language we
know,

Thus the nervous system appears to be using a radieslly different system
of notation from the ones we are familiar with in ordinary arithmetics and
mathematics. . ..

. . whatever language the central nervous system is using, it is charneterized
by less logieal and arithmetieal depth than what we are normally used to.

Thus logics and mathematics in the centmal] nervous system, when viewed as
languages, must be structurally essentially different from those languages to
which our cormmnmon experience refers,

.+ when we talk mathematies, we may be discusving o secondary language,
huilt on the primary language truly used by the central nervous system.®

He thought that the. primary language of the nervous system was
statistical in character. Hence his work on probabilistic logics was
relovant to this Tanguage. See his discussion of probabilistic logics
and reliability in the Third and Fourth Leetures of Part I below and
in “Probabilistie Logics and the Synthesis of Reliable Organisms
from Unreliable Components.”

Compuler Circuits. Fram the beginning von Neumann had an in.
terest in the cireuits and components of electronic digital computers.

9 The Compuler and the Brain, pp. 79-82.
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He analyzed the basic physieal and chemieal properties of matter
with the purpose of developing improved computer compouents. In
his lectures on sutomats theory he compared natural and artificial
components with respect to speed, size, reliability, and energy dis-
sipation, and he computed the thermodyuamic minimum of energy
required for a binary decision. See thie Fourth Lecture of Part 1 of the
present volume. His search for physicai phenomeus and effects that
could be used for computing led to his invention of & new component.

This is a subharmonic gencrator whieh is driven by an excitation
{power) eource at frequency nf (n = 2, 8, 4, - - -} and which oseillates
at the subharmonic frequency f.2? The subherinomic generntor cir-
cuit incorporates an inductance and eapacitanee eireuit tuned to the
frequency f. Either the capacitance or induetanes is non-linear, and
its value varies periodically under the influence of the exeiting signal
(of frequoncy nf). The oscillation at frequency f ean oceur in any of n
distinet phases. Each oscillation phase is highly stable when estab-
lished, but, when the oscillation begins, the choice of phase can easily
be controlled by & small input signai of frequency f and of the desired
phase. Modulating (turning off and on) the exeiting source (of fre-
queney nf) with a square wave (clock signal) of much lower frequency
produces aiternats passive and aetive periods, and an input of fre-
quency f ean sclect one of the n phases of oscillation as the exciting
signal appears.

To transfer the phase state of one subharmonic generator (a trans
mitter) to snother (a receiver), the transmitter and receiver are
coupled through & transformer, The square-wave modulations into
transimitier and receiver are of the same frequency but of different
phase, so that the trunsmitter is still on while the receiver is just

2 Most of his idens in (his area wore only diseussed with others and never
published. A brief reference oconrs in Preliminary Discussion of the Logical
Design of an Electronie Computing Instrument, Collected Works 5.39. Bootly,
“The Future of Aulomalie Digital Computars,” p. 341, mentions a supercon-
dueting storage eloment disoussed with von Noumann in 1947. Von Neumatn
algso did rome early work on the MASER. See Colloctod Works 5.420, Scientific
Ameriean (February, 1903} p. 12, and Scientific Américan (April, 1863) pp.
14-15.

® “Non-Linear Capacitanee of Inductance Switching, Amplifying and
Memary Devices.”” Von Neumann’s ideas are alzo deseribod by Wigington, “A
New Concept It Computing.”

The parametron, invenled independently by E. Goto, embodies ersentially
the same idea, but. is far dilferant in the suggested speed of implementation. Beo
Goto, *The Parametron, a Digital Computing Element whieh Utilizes Para-
matrie Oseillalion,” The highest frequenciss Goto reports ape an exciting fra-
queney (2f) of § X 10° eyeles per second and a clock frequeney of 10% eycles.
According to Wigington, op. ¢il., von Neumann eglimated that an exciting fre-
guency (2f) of § X 10" and & clook rate of 10? wara feasible.
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eoming on. As a result the receiver hegins oscillnting at frequency f in
phase with the fransmitter, The receiver can later transmit its state
to another subharmonic generator, and so on down the line. One may
use three clock signals, all of the same frequency but of three different
phases, and, by exciting interconnectsd generators with the proper
dock signals, transfer information around a system of genemfors,
Each such generutor then has an input and an output operating at
frequency f, beside the exciting input of frequency nf; the phasing of
the two different clock signals to two interconnected generators de-
termines which generator is the receiver and which iz the transmitter.
The output signal (at f) has mueh more power than is required for the
input signal (at f) to control the phase of the oscillation, and so the
subharmonic generator is an amplifier at frequency f, the power for
amplifieation coming from the exciting signal of frequency =f.

Since the oscillation of the subhurmonic generator is stable and con-
tinues after the subharmonic input from another generator terminates,
the device clearly has memory capacity, Switching can also be done
with subbarmonic generators, in the following way. Let n = 2; i,
Iet there be two distinet phases of subhnrmonie oscillation at frequency
J, so that the systewn iz binary, Connect the oufputs of three trans-
mitling generators to the primary of a transmitter so that the voltages
of these outputs add; conneet a receiver generator to the secondary
of this transformer. The voltage of the transformer sccondary will then
have the phase of the majority of the transmitting generators, so that
the receiving generntor will oscillate in this phase. This arraugement
realizes a majority element, that is, a threednput switch with deluy
whose oufput state is “1" if and only if two or more inputs are i
state “1'".2 A negation elemeut may be realized by connecting the
outpui of one generator to the input of another and reversing the
direction of the transformer winding. The constants “0" and ““1" are
realized by sources of the two different phases of the signal of fre-
quency f. The majority element, negation element, and the constant
sources “0" and “1” are sufficient to do all computing, so that the
central part of a computer can be completely construeted from sub-
harmonie generators,

Yon Neumann’s Theory of Automata

Inireduction. On reviewing the preceding sketeh of von Noeumann’s
research accomplishiments, one is immedintely struck by the tremen-

# “Probabilistic Logies and the Synthesis of Reliable Orgauisms from Un-
reliable Components,” Collsetad Works 5,330,
¥ Many compulers are so construeted. Sea Goto, op. cit.
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dous combinntion of breadth and depth revealed in those accomplish-
ments, Particularly notable is the extent to which von Newmnann’s
achiovements range from the purely theoretical to the extremely
practical. Tt should be added in the latter conneetion that he was
among the first to recognize and promote the tremendous potentiali-
ties in computers for technologieal revolution and the prediction and
contro] of man's environment, such as the weather.

Von Neumann was able to make substantial contributions to so
many different flelds beeause he possessed a rare combination of differ-
ent abilities along with wide interests. His quick understanding and
powerful memory ennbled him to absorb, organize, retain, and use
large quantities of information. His wide interests led him fo work in
and keep contact with many areas. He was a virtuoso at solving diffi-
cult problems of all kinds and at anslyzing his way to the essence of
any situation.

This wide range of interests and abilities was one of von Neumanz’s
great strengths as a mathematician and made him an applied mathe-
matician par excellence. He was familiar with the actual problems of
the natural and engineering sciences, on the one hand, and the ab-
stract methods of pure matheniatics on the other. He was rare among
mathematicians in his ability to communicate with scientists and
engineers. This combination of theory and practice was deliberately
cultivated by von Neumann, He was a careful student of the history
and nature of seientific methed and its relation to pure mathenatics?®
angd believed that mathematics must get its inspiration from the
cmpirieal sciences.

Given his background and type of mind, it was natural for von
Neumann to begin to construct a géneral theory of computers, Being
aware of the inportant similarities between computers and natural
organisms, and of the heuristic advantages in comparing sueh different
but related systems, he sought a theory that would cover them both,
He called his proposed systematic theory the “theory of automata.”
This theory of automata was to be a coherent body of concepts and
principles concerning the structure and organization of both natural
and artificial systems, the role of language and information in such
systems, and the programming and control of such systems. Von
Neumann discussed the general nature of automata theory at several
places in Part I and in Chapter 1 of Part II of the present volume.

Von Neumann's early work on computér design and programming

» Bag Chaptar 1 of Theory of Games and Economic Behavior; **The Mathe-
matisian,” Collscted Works 1.1-9; and ‘Method in the Physical Sciences,”
Collected Works 8.491-488.
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led him to recognize thal mathematical logic would play a strong role
in the new theory of automata. But for reasons to be mentioned later,
he thought that mathematical logic in its present form, though useful
in treating automata, is not adequate to serve as “the” logic of auto-
mata. Instead, he believed that a new logic of aulomata will arise
which will strongly resemble and interconneet with probability theory,
thermodynamics, and information theory. 1t is obvious from all this
that von Neumann's theory of automata will, in the beginning at
teast, bo lighly Interdisciplinary,

Unfortunately, because of his premmture death, von Neumann was
untable to put in final form any of the research he was doing in auto-
mata theory, In hislast work oil this subjeet he said that “it would be
very satisfactory if one could talk about a ‘theory’ of such autommia,
Regretiably, what at this moment exists ., , can as yef. be deseribed
ouly as an imperfectly artieulated and hardly formalized ‘body of
experienee’.”” 78 Von Neumann’s accomnplishments In this area were
nevertheless substantial, e outlined the general nature of automata
theory: its structure, its muterials, some of its problems, some of its
applications, and the form of its mathematics, He began u compara.
tive study of artificial and naturz] automata. Finally, he formulated
atd partially answered two basie questions of automata theory: How
ein reliable systems be constructed from unrelinble components?
What kind of logienl organization is sufficient for an putomaten to be
able to reproduce itself? The (irst of 1hese questions is diseussed in his
“robabilistic Logies anud the Synthesis of Relinble Organising from
Unrelinble Components.” The second question is discussed in the
Fifth Lecture of Part I and in Part IT of the present volume,

I do not know how von Neumaun was led to these two problems,
but on the basis of his interests aud what he has written it is plausible
that they nrose out of his actual work with computers in the following
way, The new eleetronie computers were revolutionary beeause in con-
trost to earlier computing systems (hwnans, mechanical and electro-
mechanical machines, and combinations thereef) they could do large
quantities of computation automatieally and rapidly. The advances
through the ENIAC, the proposed EDVAC, and the Institute for
Advanced Study computer, were all big steps in the direction of more
powerful computers. His Interest in solving non-linear partial differ-
ential equations in general, and in the equations for predicting the
weather in particular, would naturally lead him to desire ever more
powerful machines and to look for and try to remove the basic limita-
tions blocking the construction of such maehines. As a eonsultant for

3 The Computer and the Brain, p. 2.
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government and industry he was very-influential in promoting the
design and construction of larger computers,

Von Neumann compared the best computers that could be built at
the time with the most inteiligent natural organisms and concluded
that there were three fundamental factors limiting the engineer’s abil-
ity to build really powerful computers: the size of the availazble comn-
ponents, the veliability of these components, and a lack of a theory of
the logical organization of complicated systems of ecomputing ele-
ments, Von Neumnann's work on compouentry was directed toward
the first limitation, and his results ou reliability and self-reproduetion
each contribute toward removing both the second and the third limita-
tions. In his “Probabilistic Logics and the Synthesls of Relinble Or-
gnnisms from Unrelable Components,” he gave two metbods of
overcoming the unreliability of the components, not by making them
more reliable, but by organizing them so that the reliabikity of the
whole computer is greater than the reliability of its parts. He regarded
his work on probabilistic logies as & step in the direction of the new
logie of automata. His work on self-reproduction also belongs to the
theory of complicated automata. He felt that there are qualitatively
new principles involved in sygtems of great complexity and searched
for these principles in the phenomenon of self-reproduction, which
clearly depends on complexity. It is also to be expected that because
of the close relation of self-reproduction to self-repair, results on self-
reproduction would help solve the reliability problem.

Thus von Neumann was especially interested in complex automaia;
lie wanted a theory of the logicul organization of complicated systems
of computing elements. His questions about reliability and self-repro-
duction are particularly germane to comnplex automata.

Two further points are relevant. First, von Neumann believed that
in starting a new science one should begin with problems that can be
deseribed clearly, even though they concern everyday phenomena and
lead to well known results, for the rigorous theory developed to explain
these phenomena can provide a base for further advances.# His prob-
lems of reliability and self-reproduction are of this kind. Second, von
Neumann believed that the lack of an adequate theory of complicated
nutomnats is-an important practieal barrier to building more powerful
machines. He explicitly atated that until an adequate theory of auto-
mata exists there is a limit in the complexity and capacity of the
automata we can fabricate.®

¥ Theory of Games and Economie Behavior, Secs. 1.3 and 14,

m“ “The Generil and Logical Theory of Autemata,’” Colleeted Works 5.302-
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Natural and Artificial Automata. The scope of the theory of auto.
matn and its interdisciplinary charaster are revealed by a considera-
tion of the two main types of automats: the artificial and the natural,
Analog and digital computers are the most important kinds of artificial
automata, but other man-made systems for the communieation and
processing of information are also included, for example, telephone
and radio systems. Natural automata inelude nervous systems, self-
reproductive and seli-repairing systems, and the evolutionsry and
adaptive aspects of organisms.

Automaia theory clearly overlaps communieations and eontrol
engineering on the one hand, and biology on the other. In fact, arti-
ficia] and natural automata are so broadly defined that one can legiti-
malely wonder what keeps automata theory from embracing both
these subjeats. Von Neumann never discussed this question, but there
are limits to automata theory implicit in what be said. Autopata
tlieory differs from hoth subjecis in the central role played by mathe-
wiatical logic and digital computiers. Though it has important engi-
neceriug applications, it itself is a theoretical disciplive rather than a
practical one. Finally, automatn theory differs from Lhe biological
seiencees i i« coneentralion on probloms of organvzation, structure,
language, information, and coutrol,

Antonngs theory seeks geueral principles of organization, structure,
lnnguuge, information, and control. Many of these principles are
applicable to hotl natural and artificial systems, and so a comparative
study of these two types of automata is a good starting point. Their
similorities and differences ghould be described and explained, Mathe-
malical prineiples applicable to both types of sutomata should be
developed. Thus truth-funciional logic and delay logic apply to both
coltputer components and neurons, as does von Neumann's proba-
bilistic logic. See the Second and Third Lectures of Part I of the
present volume. Similarly, von Neumann’s logical design of a self-
reproducing cellular automaton provides s connecting link betwoen
natural organisms and digital computers. There is a striking analogy
with the theory of games at this point. Economic systems are natural;
games are artificial, The theory of games contains the mathematics
common to both economic systems and games,? just as automats
theory contains the mathematics common to hoth natural and artifi-
cial antomata,

Von Neumann himself devoted considerable attention to the com-

1 Theory of Games and Economic Beharior, Secs. 1,1,2 and 4,1.3,
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parison of natural and artifieial automata.® Scientific knowledge of
the automata aspects of natural organisms has advaneed very rapidly
in recent years, and =o there is now & much more detalled basis for the
comparison than at the time von Neumann wrote, but his general ap-
proach and conclusions are nevertheless of intereat, We will outline
his reflections under the following headings: (1) The analog-digital
distinetion, (2) the physical and biological materinls used for com-
ponents, (3} complexity, (4) logical organization, and (5) relinbility.

(1) Von Neumann discussed the analog-digital distinetion at length
and found it to be an illuminating gnide in his examination of natural
aulomata. See the First and Fourth Lectures of Part I. His most
general conelusion was that natural organisms are mixed systems, in-
volving both analog and digita] processes. There are many examples,
of which two will suffice here. Truth-functional logic is applicable to
neurons as a first approximation, but such neural phenomens as re-
fraction and spatial summation are continuous rather than discrete,
In complicated organisms digital operations often allernate with
analog processes. For exaniple, the genes are digital, while the enzymes
they control function analogically, Influenced by his knowledgo of
natural automata von Neumann proposed a combined analog-digital
coniputing scheine® This is a good example of tho effect of the study
of natural systems on the design of artificial ones.

(2) Von Neumann compared the components in exXisting natural
and artificial automata with respeet to size, speed, energy require-
ments, and reliability, and he related these differences to such factors
as the stability of materials and the organization of automata. Com-
puter components are much larger and require greater cnergy than
neurons, though this is compensated for in part by their much greater
speed. These differences influence the organization of the system:
natural sutomata are more parallel iy operation, digital computers
more serial. Part of the difference in size between a vacuum tube and a
neuron ean be accounted for in terms of the mechanieal stability of
the mnaterials used, It is relatively easy to injure a vacuum tube and
difficult to repair it. In contrast, the nouront membrane when injured
isable to restore itself. Von Neuinann caleulated the thermodynamieal
mihimum of energy that must be dissipated by a computing element
and concluded that in theory computing clements could be of the

3 Norbort Wiener also made valuable comparizons of naturel and artificial
systems in his Cpybernetica, though Iu & somewhst different way. The two men
weore aware of each other’s work—sgee Cybernetics (particularly the *Intro-
duction”} and von Neumann’s review of it.

M Bec. 12 of “Probabilistic Logios and the Synthesis of Reliable Organisms
from Unreliable Components,” Collected Works 5.372-377.
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order of 10" times more efficiont in the use of energy than neurons.
See the Fourth Lecture of Part 1. His comparison of natural and
artificial comnponents no doubt influenced his work on computer com-
ponents,

(3) Man is, inter alia; & natural automaton whicb is obviously very
mueh more complex than any artifieial automaton he has go far con-
structed, Because of this complexity he understands the details of his
own logical design’ much leas than that of the largest computer he has
built. Von Neumann thougbt that the chief problems of automata
theory center around the concept of complexity. This very concept
necds rigorous definition. Automata theory sbould relate the logieal
organization of complex automata to their behnvior. A tbeory whbich
did tbis would enable us to develop the logical design of artifieial
automnata capable of carrying out somne of the most difficult and ad-
vanced functions performed by bumans as well as many other complex
funetions that humans cannot perforin, such as solving large systems
of non-linear partinl differential equations. The problen: of reliability
ts especially crueial in complex systemis. Von Neumann speculated
that extremoly complex gystens involve new prineiples, He thought,
for example, that below o certain level, complexity is degenerative,
and self-reproduction is impossible. He suggested that, geuerally
speaking, i the case of simple automata a symbolic deseription of the
Lehavior of an automnalon is simpler than tho automaton itself, but
that in the ease of exceedingly coinplex automata the automaton is
simpler than a symbolie description of its behavior. See the Second
Lecture of Part 1.

(4} In discussing the relative speeds of natural and artificial com-
poneuts we noted that natural automata tend to be more parallel in
operation and ariificial automata tend to be more serial in operation.
When planning rn automaton or a computation, one can choose some-
what the extent to whicb it is parallel or serial, but there are definite
limits to this—e.g., in a serial computation a later operation may
depend on an earlier one and hence cannot proceed simultaneously
with it. Moreover, this choice affects other aspects of the machine,
particularly the memory requirements, for a datum that is 1o be
operated on later must be stored until it is needed, The memory of an
artificial automaton is generally organized in o hierarchy, different
levels of the hierarchy operating at different speeds. In a typical com-
puter there are high-speed clectronic registers, slower speed magnetic
cores, and much slower magnetie tape units, In addition there is the
wiring of the machine itself, which provides the unalterable organiza-
tion of the system. Yon Neumann discussed macbine memory hier-
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archies, and said that we should look for similar hierarehies in natural
automnta. Pulses circulating in neuron cycles, the change of neural
thresholds with use, the organization of the nervous system, and the
coding of the genes together constitute such a hierarchy.

The organization of an automaton is to be distinguisbed from the
organization of a particular computation in that automaton. When
both are taken into account, the difference between natural and
artificial autoinata with respeet to serial vs. parallel operation seams
to be nccentuated, Von Neumann apoke in this connection of the
“logical depth” of a computation.® A computation consists of a large
number of basie logical steps (switching and delay), the result of each
step depending on certain prior steps. We will eall any sequence of
steps, each of which depends eritically on its predecessor, a “caleula-
tion chain.” The logicul depth of n computation is the numnber of
logica! steps in its longest caleulation chain, Beeause of their great
speed, digital computers are used to perform computations of cxceed-
ingly great logical depth. JFor the final answer to be useful its crror
must be kept small, and this results in a very strong reliability recquire-
ment on each logical step, This hrings us to von Neumann's fifth and
last main poiut of comparison between natural and artificin! automata,

(5) The first electronic digital comiputers had little equipment for
the nutomatic deteotion of fuilure. They were degigned and wired with
extreme care aind were constructed of components especially selected
for great reliability. Programs were written with care and laboriousty
thecked, Dingnostic programs were used to detect machine ervors, and
various procedures (e.g., differencing) were employed (o check the
computed results. Thus these machines were designed, built, and used
in such a way that, hopefully, a single malfunction would be noted
before a second occurred. The machine would then be stopped and the
fault isolated by an analytie procedure. As von Neumann pointed out
in the Fourth Lecture of Part I, this methoed of bandling errors would
obviougly not be satisfactory for extremely complicated automata,
The very design and construction of such large automata would
result in many mistakes, Morcover, the large nuinber of components
would result in a very shorl mean free path between errors and make
localigation of failures too difficult. Natural automata ave clearly
superior to artifieial ones in this regard, for they have stroug powers of
self-diagnosis and gelf-repair. For example, the buman brain can suffer
great damage from mechanieal injury or disease and still continue to

*# The Compuler and the Brain, pp. 27, 79. He also spoke of the logical depth
of a languags. See ibid., pp. 81-62 and the discussion of the primary language
of the nervous ayetem ot p. 15 shove.



- EDITOR'S INTRODUCTION 25

function renmarkably well, Natura) and artificial automata are thus
organized in very different ways for protection against errors. Von
Neumann's work on reliability serves to link these two types of auton-
ata in this respect.

Mathematice of Aulomota Theory. Von Neumann intended the
theory of automata to be highiy mathematical and logical. The study
of actual automata, both natural and artificial, and of their operation
and interaction, provides the empirieal source of this formal conipo-
nent of automata theory. This is in keeping with von Neumann’s
belief that mathematies derives inspiration and ideas from empirical
subject matter,

The close counection between mathematical logic and automata
was well known to von Neunann when he wrote on automata theory,
IKurt Gadel had reduced mathematical logic to computation theory
lyy showing that. the fundamenta) notions of logic (such as well-formed
fornwula, axiom, rule of inference, proof) are ewentinlly recursive
(effective).® Recursive functions aro those functions which can be
coanputed on Turing machines, and s0 miathemnatical logic may be
ireated from the point of view of autorata.® Conversely, mathe-
nratieal logic may be applied to the analysis and synthesis of autom-
nta. The logical organization of an automaton eanr be represented
by a structure of idealized switch-delay elements and then translated
into logical syinbolisni, S8ee the Second Lecture of Part I

Because of the iutimate connection between automats and logie,
logic will be at the heurt of the mathematics of automats theory.
Tudeed, von Neumann often spoke of a “logical theory of automata”
rathier than merely a “theory of automata.” Nevertheless, he felt that
iltle mathematics of automata theory would also have some formal
characteristics very different froin those of logic, Roughly speaking,
mathematics ean be divided into the discrete and the continuous,
Logic is a brancl: of diserete mathenatics and is highly combinatorial,
Von Neumann thought that automata mathematies should be closer
to the continuous and should dmw heavily on analysis, He thought
that the specific problenis of automata theory require this, and he felt
that there is a general advantage in an analytical as opposed to a
combinatorial approach in mmehenatics,

There is an important topie in the theory of automats that requires

8 #Ubar formal upentacheidbare Sitze der Principin Muthematies und
varwandier Systemo I,”* The notion of theorembood is not in genera] recur-
sive, but the theorems of i formal langusge are slways racursively enumerable.

# Turing, *“On Computable Numbers, with un Applicatlon to the Entachei-
dungsproblem™ and “Computebillty and A-Definsbility."”
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& moro analytical treatment than is usual in logie, Automats theory
must encompnss the probability of failure of & component, Mathe-
matical logie treats only the perfect or determninistic operation of
idealized switch-delay elements; it provides no theoretical treatment
of error. Hence in using inathemnatical logic for actual design one must,
supplement it by considerations that lic outside the subject itself,
Von Neumann wanted a probabilistic logic which would handie com-
ponent malfunction as an essentin] and integral part of automata
operation. While probability theory is strongly combinatorial, it also
makes important contacts with analysis,

Including the probability of failure in the logic of automats forces
one to consider the size of a computation. The usual approach in
mathematical logic is to consider whether or not something can be
accomplished by an automaton in & finite number of steps, regardless
of how large the number is, But on any realistic assumption about
component failure, the larger the caleulation the more likely the
machine will err during it, and the less likely the result will be correct,
This concern for the size of a computation also arises from our practi-
ea] interests in automata, Computers are built in order to produce
certain results in the available time. Since many of the functions we
desire computers to perform are now performed by humans, it should
be kept in mind in this connection that man is a finite automaton, not
a Turing machine, Von Neumann did not suggest how to construct a
theory of the sizes of computations, Presumably this theory would
be based on a guantitalive notion of “nmount of computation” which
would take into account both tbe length of a caleulation (the “logieal
depth” of p. 24 above) and its width (the amount of parallelism in it}.

Thus a theory of the quantity of computation and the likelihcod of
its being wrong must include continuous as well as discrete mathe-
matics,

All of this will lead to theories which are much less rigidly of an all-or-none
nature than past and present formal logic. They will be of a much less com-
binstorial, and much more analytical, character, In fact, thers are numerous
indications to make us believe that this new system of formal logic will move
closer te another diselphine which Las been little linked in the past with logie.
This iz thermedynamics, primarily in the form it was received from Boliz-
mann, and is that part of theoretical physics which comes nearest in some of
its aspects to manipulating and measuring information, Its techniques are
indeed jnuch more analytical than eombinsterial, which again Hlustrates the
point that I have heen trying to msake ahove3

3 "T'he Genersi and Logical Theory of Automata,” Collected Works 5.304.
The next quotation is from the same arliele, 5.303.
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Von Neumann also held that there is a methodological advantage
in eniploying analysis in the matheniaties of automata.

Everybody who has worked i forinal Jogi¢ will confirm that it is oné of (he
{echnically most refractory parts of mathematies. The reason for this is that
it deals with rigid, all-or-none concepts, and has very little contact with the
continuous conespt of the real or of the complex number, that is, with mathe-
matical analysis, Yet anglysis is the technically most successful and best-
elaborated part of mathematics, Thus formal logic is, by the nature of its
approscl, cut off from the best cullivated portions of mathematics, and
foreed ondo the most difficult part of the mathematical térrain, into combina-
{orics.

This comment is particularly significant since von Neumann made
important contributions to diserete mathematics. In L'heory of Games
and Economic Behavior he stated that the mathematies to be developed
for social theory should emphasize combinatorics and set theory
rather than differential equations.®®

In his own work it automata theory von Neumann moved from the
diserete toward the continuous, His probabilistic logic is an example.
After presenting {his logie, he proposed a mixed analog-digital eom-
puting systemn closely related to it.¥ His first models of self-reproduc-
tion were diserete, but he hoped later to develop a continuous model
of self-reproduetion. See Section 1.1.2.3 of Part IT of the present
volume.

We noted before that von Neumann ofton referred to his theory of
auntonmata as a “logical theory of aulomata,” He also called it “‘theory
of automata and information’” and sometitnes just “theory of infor-
mation,” indicating the strong role ihat he expected information
theory to play in the subject. He divided the theory of controel and
information into two parts: a strict part and a probabilistic part. The
tigorous or striet part includes mathematical logic as extended to
cover finite automata and Turing machines. The statistieal or proba-
bilistie part includes the work of Shannon on information theory® and
von Neumann's probabilistie logic. Von Neumann regarded his
probabilistic logic as un extension of rigorous logic.

There is & close conneetion between information theory and thermo-
dynamics, both subjects employing the concept of probability in very
much the same way. See the Third Lecture of Part I, especially the
quotation from voh Neumann's review of Wiener's Cybernetics,

* Zer, 4.8.3. Cf. Sec. 1.2.5.

% Hee. 12 of “Prohabilistic Logics and the SBynthesis of Relinkla Organisms
from Unreliable Components,” Collected Works 5.372-377.

B <A Mathemalioal Theory of Communication."
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Von Neumann mentioned two further connections' between ther-
modynamies and automata theory. First, he found an analog of ther-
modynamie degeneration in the theory of self-reproducing automata;
below a certain minimum level, complexity and degree of organiza-
tion are degenerative, but ahove that level they are not degenerative
snd may even increase. Second, he discuszed the thermodynamio
aspect of the coneept of balance in computing machine design, The
efficiency of n computer depends on the proper balance of its different
parts with respect to speed and size. For example, in the memory
hierarchy the different kinds of memory (e.g., transistor, core, tape)
should be matched to one another in size and speed, A computer in
which the srithmetic unit is {00 fast for the memory, or the memory is
too small, is like a heat engine which is inefficient hecause large tem-
perature differences exist batween two parts of it. The efficiency of o
computer must be defined relative to its environment (l.e., the prob-
lems it is to solve), just us the efficiency of a heat engine depends on
its environment. These problems of balanee and mnatching are handled
empirically by engineers, Von Neumann wanted a quantitative theory
of balanee akin to thenmodynamics.

To conelude, vorr Neumann thought that the mathematics of suto-
mata theory should start with mathematical logic and move toward
analysis, probability theory, and thermedynamics. When it is devel-
oped, the theory of automata will ensble us to understand automats
of great complexity, in particular, the human nervous system, Mathe-
matical reasoning is performed by the human nervous system, and the
‘“primary” language in which mathematieal reasoning takes place is
analogous o the primary language of a computing machine (p.
15 above). It is thus quite possible that automata theory will
affect logic and our fundamental concepts of mathematics,

1 suspect that a deeper mathematieal study of the nervous system ... wlll
affect our understanding of the aspects of mathematics itself that are in-
volved. In fact, it may alter the way m which we look on mathematics and

logics proper.?®
Now logic lies at the foundation of mathematics; therefore, if von
Neumann's suggestion is true, automata theory will move full cirele:
starting at the foundation of mathematies and ending there.

ArTHUR 'W. Busks

¥ The Computer and the Brain, p. 2; of. pp. 70-82. Sgo ulzgo Ulam, “John
von Neumann, 1903-1057,” p. 12.
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First Leclure

COMPUTING MACHINES IN GENERAL

Coneeptual and numerical methods in mathematics, The role of the Intter
in applied mathematics and in matheratieal physics. Their role in pure
mathematies, The situatlon in analysis, Numerical procedures as heuristic
lools.

Verious formns of the numerieal approach: Analog and digital.

The analog procedure: The uge of the physical experiment as a substituts
for computing., Analog computing machines.

The digital procedure: Manual computing. Simple machines. Fully auto-
matic computing.

T'he present status of computing machines. P’resent rolez of analog and
digital maclines. Questions of speed, programming, and precisjon.

The concept of an elementary operation in o computing machiue. lts role
in anslog machines and in digits] machines, Observations ol analog com-
ponentry, Observations on digital componentry.

The relay organ. Main forms: The eleetro-meehaniesl relay. The vaeuum
tube. Other possible relay organs.

Measurement of the Jength or eomplexity of a numerical caleulation.
Logical and srithmetical operations. Linear and non-linear arithmetical
operations. The role of the nymber of multiplications. Stability of the statis.
tieal characteristios of various parts of mathematics. The special role of
analysia.

Various characteristic levels of length or complexity. Charagteristic
problem lengths for automatie digital machines.

Precizion requirements.

Memory requirements: Messurement of memory capacity. The decisive
characteristics of o memory: Access time and capscity. Reasons for a hier-
archic organigation of memory. Actual memory requirements of an automatic
digital machine. ‘

Input-output: Main available media,

The eoneapt of balance; Speed balauce of various components. Balance
Letween memory capacity in various stages of the hierarchy and speeds.
Balance between speed and precision. Balance between speed, memory
capacity, and programming capacity.

Thermodynmmieal aspects of the concept of balance. "I'hennedynainical
aspects of the memory capacity. Need for a guantitative theory, contrasted
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with the present empirica] procedures. Preliminary rémarks on reliability aud,
CITOTS,

Ladies and gentlemen, 1 wish to thank you for your very friendly
welcome on my five oceasions to talk to you, and I hope that I will be
able to offer something for the variely of interests which are repre-
sented here, I will talk about automata—the bebavior of very com-
plicated automata and the very specific difficultics caused by high
complication. I shall discuss briefly the very plausible, very obvious
aualogies which come to mind between artificial automata and or-
gantams, which within a certain limit of their functiouing are natural
automata, We must congider the similarities, the dissimilarities, the
cxtent to which the dissimilarities are due to our skill or clumsiness
(the latter being the more normal phenontenon), and tho extent to
which these dizssimilarities are really inatters of prineiple,

Today I will talk chiefly about artificial antomata, and specifically
aboul one variety of artificial automata, namely, computing machines,
I will talk about their vole in the near past and present and about what
{0 expect from them in the future,

I am talking about computing machineg partly because my interests
in the subject of autowats are mathematical and, from the mathe-
matical point of view, computing machines are the most interesting
and most critical automata. But quite apart from this ex parte argu-
ment from the mathematicnl side, there is the important question of
autoniata of very, very high complexity. Of all automata of high com-
plexity, eomputing machines nre the ones which we have the best
chance of understanding., In the case of computing machines the
vomplications can be very high, and yel thay pertain to an object
whieh is primarily mathenatical and which we understand better
than we understand most natural objects, Therefore, by considering
computing muchines, we can discuss what we know and what we do
not know, what is right and what is wrong, and what the limitations
are, inuch more elearly than if we discussed other types of automats,
You will see that our discussion of complex automata is very far from
perfect and that one of our main conclusions is that we nced very
badly a theory which we do not at this moment possess,

Lot me first say something from: the properly misthematical side,
namely, the role whiech eomputing machinery has played or might play
in mathemuties and in adjacent subjects, Speaking of nwnerical com-
putivg in geveral, it is not necessary lo discuss what role it can play
in many applications of mathematical methods. It's perfectly clear
that numerieal computing plays & large role in engineering, If more

E]
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computing and faster computing could he done, one would have even
more uses for computing in engineering.

Let me coiue now to the less obvious thhugs. In physics, particularly
in theoretical physies, it is clear that mathematiesl methods play a
great role and that to a large extent they are of the same variety as
pure mathematics, that is, they are abstract and analytical. However,
effective eomputing plays a role in physics which is larger than the
role ane would expect it to have in mathematics proper. For instance,
there are large areas of modern quantum theory in which effective
iterative computing could play & large role. A eonsiderable segment of
chemistry could be moved from the lahoratory field into the purely
theoretical and mathematical field if one could integrate the applicable
equations of quantum theory. Quantum mechanies and chemistry
offer a coutinuous spectrum of problems of increasing difficulty and
increasing complexity, treating, for example, atoms with increasing
numbers of electrons and molecules with inereasing numbers of
valence electrons. Almost any improvement in our standards of com-
puting would open important new areas of application and would
make new aress of chemistry accessible to strictly theoretical methods.

However, I will not go into great detail on this subject either but
would like to give you a brief indication of what role this kind of com-
puting might play in mathematies proper, that is, in pure mathe.
niatics. In pure mathetnatics the really nowerful methods are only
¢ffective when one alrendy has some intuitive comection with the
subject, when one alicady has, before a proof has been carried out,
some intuitive insight, some cxpeetation which, in a majority of cases,
proves to be right. In this ease one is already ahead of the game and
suspeets the direction in which the result lies, A very great difficulty
in any new kind of mathematics is that there is a vieious circle: you
are at a tervible disadvantage in applying the proper purs mathe-
matical methods unless you already have & reasonably intuitive
heuristic relation to the subjeet and unless you have hud some sub-
stantive mathematical successes in it already. In the early stages of
any cliscipline this is an enormous difficulty; progress has an auto-
ratalytic feature. This difficulty may be overcome by some execep-
tionally lueky or exeeptionally ingenious performance, but there are
several outstanding instances where this has failed to happen for two,
three, or four generations.

One of these areag which has been conspicuous for some timne is the
area of non-lincar problems, The great successes of the nineteenth
century, as well a8 of modsrn analysis, were in linear problems, We
have much less experience with non-linear problems, and we can say
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practicslly nothing shout the majority of non-linear partial differ.
cntial equations. We have never been successful with these at all, and
therefore we hnve absolutely no idea what the difficulties are. ‘

In those few domains where some progress had been made:it was:
ususlly for different reasons, for instance, because some very usual’
physical phenomenon was tied up with the mathematieal problems’
and therefore one had a non-mathematical, physieal approach. In;
these domains scientists discovered the most swprising types of sin<
gularities, which have absolutely no analogs in the lincar domain we:
know so well, that is, absolutely no analogs in those parts of mathe-:
inatical analysis like complex number theory, and so on, These experi-.
ences make a fairly eonvineing case that completely new methods will
be needed for non-linear prohlems. The classical example for this is a°
non-lincar partial differential equation for compressible, non-viscous:
flow, which led to the discovery of the phenomenon of shocks. In a;
problem in which it seemed that only continuous sclutions should.
exist, discontinuous solutions suddenly play an enormous role, and
without proper regard for these one cannol prove the uniqueness or
the existence of solutions. Furthermore, these irregular solutions be-
have in & very peculiar mamter and violnte & number of the regulari-
ties which we had reason to helieve, froin other forms of analysis, were
well established,

Another good exauple is the phenomenon of turbulenee in the
viscous ease, where one suddenly discovers that the really important
solutions Lo a problem which has very high symmetry do not possess
that symmetry. Froin a heuristie point of view, the important thing
is not to find the simplest sohution of the problen, but rather 1o ana-
lyze statistionlly certain large families of solutions which have nothing
in common with each other except certain statistical traits. These
prevalent statistical traits are the real roots of the problem and eanse
very peenliar singularities in many individiual solutions. In all these
cases there is reazon to beligve that we will have great difficulty in
making analytical progress. The problem of turbulence has been
around for §i0 years, snd analytical progress in solving it has heen very
sinall!

Almost nH of the correct matheinaticsl surniises in this area have
come in a very hybrid manner from experimentation. If one could
calculate solutions in certain critieal situations like those we have
mentioned, one would probably get much better heuristic ideas. I

1 Bee further ven Neumann's Collecled Works 5,2-5 and Birkhofi*s Hydre-
dynamics.]
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will try to give some indieations of this later, but I wanted to point
out that there are large areas in pure mathematics where we are
blocked by a peculiar Inter-relation of rigor and intuitive inslght, each
of which is needed for ithe other, and where the unmathematical
process of experimentation with physical problems has produced
almost the only progress which has been made. Computing, which is
nol, 1oo mathematical either in the traditional sense but is still closer
to the central arca of mathematics than this sort of experimentation
is, might be a more flexible and more adequate tool in these areas than
expariinentation.

Let me come to the subject proper and first say a few things about
the general traits of computing processes and computing machines.
As you probably know, the main types of computing machines exist-
ing or being discussed or planned at this moment fall into two large
¢lasses; super-analog devices and digital devices. Let ma first de-
seribe the analog devices or the wider class, inasmuch as a proper
definition is uaually given for the digital class, and analogs are essen-
tially everything clse,

Ronghly speaking, an analog ealeulation is one in which you look
a{ some physieal process which happens Lo have the same nathemati-
cul eguations as the process you're interested in, and you investigate
this phy=ical proeess physieally. You do not take the physical proeess
which you are nrterested in, because that is your whole reason to enl-
culnte, Yon always look for something which is like it buf not exactly
the same thing.

The smallest modification you may make is o use a different scale,
which is possible in certain problems, A slightly larger modification
is 10 use a different seale and also change certain ¢hings witch are not
oxaetly seales, For instance, when you try an serodynamical experi-
ment In o wind tunnel you scale it, but you scale not only the linear
tlimenstons but also the veloeity of sound. The only way to scale the
veloeity of sound is to go 1o a lower temperature, and there you really
need insight. You must know that the phenomenon you're coneerned
with does not depend on temperature, You then discover that it is
casier to try it at a lower temperature and with mueh smaller dhnen-
sions than to onrry out the aetual process you are interested in. In this
way & wind funnel for aerodynamieal experimentation is in a sense an
analog computing deviee. This is not a completely fair comparison
because a wind tunnel does a good deal beside computing, but still in
u large range of applieation (which is certainly not much less than 50
per cent) it is just an analog computing devies,

You come very quickly then to cases in which you will not do
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exactly this becausé it is 10t possible or not conventent to find a physi-
enl process which has exactly the same equations as the problem you
are interested in. But you may still find, for example,. three different
processes whieh have the same equations as three parts of the problem
and which ean be aligned in sueh a manner that if you perform oné
after the other you get the complete answer. From this there is a con-
tinuous transition to situations where you actually break up the
problem mathematically into the elementary operations of arithmetié:
multiplication, addition, subtraction, and division.

[ Von Neumann next discussed physical anslog provesses for adding,
multiplying, subtracting, and dividing. He covered both electrical and
mechanical analog processes, and the way numbers.are represented in
each. He said, “What passes in any axiomatic treatment of mathe-
matics for the elementary operations of arithmetie, the four species
of arithmetical addition, subtraction, ete., need not be the elementary
operations of & computing machiue, specifically of an analog com-
puting machine,” He explained how a differential analyzer multiplies
two coustants by utegrating and sublracting. Sec The Computer and
the Brain 8-4, Collected Works 5.293.]

[ Von Neumann then took up digital machines. 1ie remarked (hat
in the last 10 years purely digital devices had becomne relatively much
more importaitt than analog devices, He discussec the components of
digital machines (toothed wheels, electromechanical relays, vaeuun
tubes, and nerve cells), the specds of these components (including both
vosponse Lime and recovery time), ind the need for power amplifica-
tion i these componen{s, He stressed the role of the basic logieal
operations (such as sensing a coineidence) in control meehanisms,
induding “the most. elaborate contirol mechanism known, namely, the
Iuman nervous sysiens,” See The Computer and the Brain 7-10, 30,
39-47. He next turned to the problem of measuring the complexity
of automata.]

It is not cownpletely obvious how to measure the complexity of an
automaton, FFor compuiing machiues, probably the reasonsble way is
{0 count how many vacuum tubes are involved, This is somewhni
ambiguous, because certain current (ypes of vacuwn tubes sre in
renlity two vacuum tubes inside one envelope, in which ease one is
never quite sure which one of the two he is talking about. Another
reason is that a great deal enters into computing machine eireuitry
aside from vacunm {ubes: electrieal equipment like resistors, capaci-
tances, and possibly inductances. Nevertheless, the ratio of these to
the vacuum tubes is tolerably constant, and therefore the number of
tubes is probably a reasonable measure of complexity.
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The largest ealculating machine ever used to date contains twenty
thousand vacuum fubes? Now the design of thiz machine is very
different from what any vacuum tube machine of the future is likely
io be like, and so this machine i& not quite typical. The computing
machines which most people are thinking about as the computing
machines of the immediate future are to be amaller than this, probably
having 2 to § thousand tubes. Bo, roughly speaking, the order of
magnitude of the complexity of these maehines is 10 thousand.

To give you a comparison with natural organisins, the number of
nerve cells in a natural organism ean be very differant from this. The
nwinber of nerve cells in the human central nervous system has been
astimated 10 be 10 billion. Thiz number is so large that of course one
has absolutely no experience with such orders of magnitude. It’s
terribly difficult to form any reasonable gneas as to whether things
which are as eomplex as the behuvior of a human being can or eannot
be admnistered by 10 billion switehing organs. No one knows exactly
what & human being is doing, and nobody has seen a switching organ
of 10 billion units; therefore one would be comparing two unknown
objecets.

Let me say a few things which relate more specifically 1o computing
machlnes, If you ean repeat an elementary act like switching with a
vacuum tube I million times per second, that does not mean of course
that you will perform anything that is mathematically relevant 1
million times per second. In estimating how fust a computing machine
can operate, there are all kinds of standards. There’s & reasouable
agreentent that one ought to count the number of muliiplications
performed in a second. By multiplications [ mean the multiplication
of two full sired 1rumbers with the precision with which the machine
is running. There is good reagon to believe that the precision with
which these things ought to run is of the order of 10, 12, or 14 decimsl
digits, A machine of reasonable design in which the elements have a
speed of about 1 million per second will probably multiply somewliere
in the neighborhood of 1 millisecond.

No matter how you organize a computing machine, you simply
eannot count on using it to get 100 per cent efficiency. By that I mean
that it's impossible, with our present information on the subject, to
organize the machine in sueh a manner that o multiplier which can
multiply in one thousandth of a second will really be fed the necessary

.1 This is the ENIAC, whioh is desoribed In Burks, “Electronic Computing
Clreuits of the ENTAC” and “Super Eleotronic Computlng Machine,”” Gald-
atine and Goldstine, *The Electronic Numerios] Integrator and Computer
(ENIA()," and Brainerd and Sharpjess, “The ENAC,M]
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data for multiplieation, There iy a good denl else to be done, namely,
making up your mind what numbers you want, gewting the nuinbers,
disposing of the result, deciding whethier you should do the same thing
once again or whether you should do something else, and 20 on. This
is remarkably similar to paper pushing and adding on paper directly;
except that what you're pushing is ot on paper, N

IFroin a logieal point of view the efficiency is probably of the order
of 1 in 10 or u litle better. By that I mean that in any reasomable,
logical deseription of what you are doing, in a code which eorresponds
to prevalent procedures in formal logics, soniewhere between a ffth
and a tenth of the orders will be orders (o multiply. Sinee multipliea-
tion is somewlat slower than the other operations, in what most
people think is a well integrated, well balanced machine, you will
probably speud something like one quarter to one half of the time
multiplying. So, if you have o multiplier which can effect & multiplica-
tion in 1 millisecond, you are doing fairly well to get 500 multiplica-
tions per secoud.

In human vomputing aided by a desk machine the same number will
be perhaps, 2 nmltiplications per minute. So the discrepancy, t(he
acceleration factor could probably be pushed to 00 thousaud or
something like that. But o get out of this rauge we'll probably have
to depart from present teclusiques quite radieally.

From the matheinagical point of view the question arises whether
suything could be done with this speed if oue hud . | would like to
point oul very emphatically that there ave very good rensons for
asking for anything the wraffic will bear, for this speed, 10 times more,
2 hundred times, a thousand tinies, or a million tintes. Problems there
are good reasons to solve would justify a great deal niove speed than
anyone can tbink of at this moment. [Von Neumann gave as examples
quantum mechanienl ealeulations on atomnie sl molecular wave
functions (where the combinustorial difficulties go up very fust ns
the number of electrons goes up), and the problem of turbulenee.]

Although it docsn’t belong strietly (o the subjeet, let me point out
that we will probably not want to produce vast amounts of numerical
material with computing machines, for exainple, enormous tables of
funetions, The reasen for using a fast computing machine is not that
You want to produce a lot of information. After all, the mere fact that
you want some information means that you somehow imagine that
you can absorb it, and, therefore, wherever there may be bottlenecks
in the automatic arrangement which produces and processes this
information, theré is a worse bottleneck at the human intellect into
which the information ultimately seeps.
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The really difficult problems are of such a nature that the number of
data which onter is quite small. All you may want to know is a few
numbers, which give a rough curve, or one munber. All you may want
in fact is a “yes” or a *‘no,”” the answer as to whether something is or
i not stable, or whether turbulence has or has not set in, The point is
hat you may not be able to get from an input of, say, 80 numbers. to
an outpul of 20 nwnbers without having, in the process, produced a
few billion numbers In which nobody is interested. But the protess is
sueh that the volume of numerical waterial handled first expands and
{hien contracts again, and, while it starts on a low level, say with 100
nwnhers, and ends on a low level, say with 10 numbers, its maximum
in between is large, say a few thousand, and the number of suceessive
gencrations is large, so that you have handied 10 bilion nunbers
before you are through. These fignres are quite realistic; it would be
casy to find problems which have about this numerical makeup.

You may have noticed that I have already introduced one distine-
tion, namely, the total numerical material produced in & process, The
other thing which matters is how much you need simultancously.
This is probably the most vexing problem in modern ecomputing
nizchine technology. It's also quite a problem from the point of view
ol the human organism, namely, the problem of :nemory. You see,
all these automata really consist of two Important parts: the general
switching part (an active part which affects the logieal operations
the nutormaton is supposed to perform), and the memory (whish
storez informiation, chiefly intermediate results which are needod for
a while and are then discarded and replaced by others).

I computing machines, the methods o do the active part, the
arithmetiea]l and control eircuits, have been well known for years,
The memory questions were much niore eritical and much 1nore open
throughout the last decade, and are even more eritical and iore open
uow, In the human organism, we know that the switching part is
tomposed of nerve cells, and we know a certain amount about their
functioning. As to the memory organs, we haven’t the fainiest idea
where or what they are. We know that the memory requirements of
the human organism are large, but on the basis of any exparience
that one has with the subject, it's not likely that the memory sits in
}ha nervous system, and it's really very obseure what sort of thing it
13 Hence in both the eomputer and the human nervous system, the
dynamie part (the switehing part) of the automalon is sinipler than
the memory.

| This point Is diseussed further in The Computer and the Brain 63-60.]
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[ Von Neumann next disoussed how to measure -memory capaciby,
He suggested using the logarithm (to the base two) of the configura-
tion number (i.e., the number of alternatives). See Collecied Works
5.341-842. He then estimated the memory capacity of an ordmzu'y
prmted page to be about 20 thousand units, and remarked that thls
is about the mewmory capacity of the digital computers under eons
sideration at that tiine:] :

"This shows where the real price of speed lies, A large modern com=
putiug machine is a very expensive objeet, an object which it takes
o loug time to build and whieh is a very tricky thing after you've got
it. Yet it is suppoeed to get aloug on a meémory which is equivalent to
n prinied page! When such a machine is properly run it will, in helf
an hour, do the work which a computing group of 20 people would do
in about 2 or 3 years. Yet it’s supposed 10 get along on a memory of
one printed page. Imagine that you take 20 people, lock them up in
a room for 3 years, provide them with 20 desk multipliers, and in-
stitute this rule: during the entire proceedings all of thoin together
mzy never have inore than one page written full, They ean erase any
cmount, put it back again, but they are entitled al any given time
only lo one page. It's elear where the hottlencek of this process lies.
The planning may he difficult, input and output may be cumbersome,
aad 8o on, but the main trouble is that it has a phenomenally low
memory for the computing to be clone. The whole technique of com-
puting will be completely distorted by this modus operandi.

This Is an extremely abnormal economy. By going (o high speed,
you cnf, yoursell off from the efficient methods of storing information
and push yourself into an inefficient one, A thousand-number com-
puter memory is o very lirge objeet, an object which it took ysars
to develop; all existing (ypes are very mueh s an experimental stage
at this moment, and none of them are small or cheap, Yet they are
{lre equivalent of one printed page. The reason why one is forced to
use these memories is this. [Bach multipteation requires certain num-
bers from the memory and the product often goes to the memory.
There are other arlthmetic operations, and these require access to
the memory. The orders to control these arithmetic operations coine
from the memory.] One probably needs anywhere between five and
cight accesses to the memory for each multiplieation, Thus it is un-
reasonable to get a millisecond multiplier unless you have a memory
1o which you can get access in something of the order of & tenth of
a millisecond, Now to get access {0 a printed book takes seconds, to
get necess to anything punched or written on paper takes a fraction
of n second. Sinee one needs an access time of something like one
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ten-thousandth of a second, one is foreed out of these efficient tech-
niques of storing informaiion, into a highly inefficient and expensive
technique.

In comparing artificinl with natural avtomata there is one very
iinportant thing we do not know: whether nature has ever been sub-
ject to this handienps, or whether natural orgaiisms involve sonie
much better memory device. That the secondary memory devices
which humans have developed, namely, libraries, ete., are so vastly
more efficiend thau this, is sone reason to suspeet thal natural meeha-
nisms for memory nsy also be quite as cluusy as the high speed
memories with which we think we have to opernte. But we know
practically nothing about this.

Let me, before I elose todry, mention one more thing, In any fast
machine the meinory yvou need is charaeterizod by two data: the
capacity and the aceess thne. [Von Nemnann said that at that mo-
wment there was ne technique for building a memory with both an
adequate capaeity and o sufficiently good secess time, What is done
it to constried a hierarchy of memories, The first memory has the
required speed and is as large as you can make it, but it is not large
enough. The second memory is much larger, but slower. Numbers
are transferred from the seccond memory (o the first memory when
necded. There may be a third memory which is larger but slower, and
s0 on. An clectrostatic memory tube, a magnetic tape, and a eard
fite would constitute such a hierarchy of memories, See The Computer
and the Brain 33-37]



Second Lecture

RIGOROUS THEORIES OF CONTROL
AND INFORMATION

Theory of information: The slrict part. The concept of informstion. The'
correzponding mathematical-logical coneept of sats and partitions,

(lose connection with formal logies. Altermative approach by way of
model-automata, Common traits in these two approaches: All-or-none char-
acter. The work which conneets these two approaches.

Methods of deseribing autemata: Syntheses from components or treatinent
as & whole,

Synthetle approach: Nature of the element-organs. Their stmilarity to
neurons, The program of McCulloch and Pitts: Formal neural networks, Their
man result,

Treatment as u whole: Turing's theory of aulomats. The relationshlp of
an aytematon and of the mathematical probloms that can be solved with its
help. The concept of & universal sutomaton. Turing’s main result.

Limitations of the McCulloeh-Pitts and Turing automata, Input and out-
put organs., Generalizations of these. Interpretalion as sensor and motor
organs,

[ Vou Neunrsun said that there are two parts (o information theory:
the rigorous and the probabilistic. The probabilistic part is probably
nwore iniportast for modern computing maehinery, but the rigorous
part is & necessary preliminary to it. The rigorous part of inforniation
theory is just a different way of dealing with formal logies.]

[ He then explained some of the basie ideas of formal logics. He dis-
cussed briefly truth-functional connestives such as ‘‘and,” “uot,”
“f ... then,” and *not both,”” and their interdefinability. He ex-
plained the idea of a variable and the quantifiers “all” and “some,”
He coneluded; “If you have this machinery you can express anything
that i dealt with in mathematics; or that is dealt with in any subject,
for that matter, as long as it’s dealt with sharply.”]

T am not going to go into this subject, beeauso in order to make s
theory of infornation, another machinery which is quite closely re-
Inted to thig but looks somewhat different, is more cogent. This is con-

42
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nected with the work of MeCulloch and Pitts, on the one hand, and
the logician Turing on the other? Both endeavors in the subject
replace formal logies as indicated here and as classically pursued, by
the discussion of certain fictitious mechanisms or axiomatic paper
aw{omaty, which are merely outlined, but which nobody is partioularly
concerned to build, Both of them show that their fictitious mecha-
ulsms are exactly co-extensional with formul logies; in other words,
that what their automata ean do ean be deseribed in logical torms
and, conversely, that anything which can ba deseribed rigorously in
logical terms can also be done by automata. [Von Newnann was as-
suming that o finite McCulloch-Pitls neuron net is supplied with an
infinite blenk tape. The result, to which he referred is the equivalence
of Turing computability, X-definability, and general rceursivencss.
See Turing’s “Coniputability and A-Definability,”]

I'm going to describe both the work of MeCulloch and Pitts and
the work of Turing, beecause they reflect two very important ways to
get at the subject: the synthetic way, and the integral way, McCulloch
and Pitts described structures which are built wp from very simple
elements, so that all you have to define axiomatically are the ele-
nients, and then their combination can be extremely complex, Turing
started by axiomatieally describing what the whole automaton is
supposed to be, without telling what its elements are, just by deserib-
ing how it’s supposed to function,

The work of McCulloch and Pitts was definitely meant as a simple
mnthematieal, logieal model to be used in discussions of the human
nervous system, That it wound up with something which is actually
an equivalent of formal logies is very remarkable and was part of the
point MeCulloch and Pitts wanted to drive home, but only part of
that poini. Their model also has a meaning which concerns me at this
momendt g little less, but about whieh I will tell, without imunediately
stating where it ties in (o formal logics. They wanied {o diseuss
ucurons, They took the position that they did not want (o get tied up
in the physiological and chemieal complexities of what a neuron really
iz. They used what is known in mathematies as the axiomatic method,
staling o few simple postulates and not being conecerned with how
nature manages to achieve such a gadget.

'] MeCulloch and Pitts, A Logical Caloulus of the Ideas Immsanent in
Norvous Activity.” See also Sees. 1-7 of von Neumann, “Probabilistic Logies
and the Syntlhesis of Retiable Qrganisms from Unreliable Components,” Burks
nil Wright, *“Theory of Logieal Nets,” and Kleeune, “Reprezentation of Events
it Norve Nets and Finite Automata.”] ]

*] Turing, ““On Computable Numbers, with an Applieation to the Entschei-
dungsproblem.”]
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They went: one step further. This has been emphasized very strongly
by those who criticize their work, although it seeme-to me that the
extent to which they went further can be justified, They said that they
did not want to axiomatize the neuron as it actually exists, buf they
wanted .to axionatize an idealized neuron, which is much simpler
than the real one. They believed that the extremely amputated,
simplified, idealized object which they axiomatized possessed the
esseutial traits of the neuron, and that all else are incidental compliea-
Lions, which i a first analysis are better forgotien, Now, I am quito
sure {lhiat it will be a long time before this point is generally agreed to
by everybody, if ever; namely, whether or not what one overlooks
in this simplification had really better be forgoiten or not. But it’s
certainly true thut one gets a quick understanding of a part of the
subject by making this idealization,

The definition of what we call a neuron is this, One should perhaps
call it a formal neuron, because it certainly is not thereal thing, though
it lias & number of the essential traits of the real thing. A neuron will
be symbolieally designated by a cirele, which symbolizes the body of
the neuron, and a line branching out from the eirele, which symbolizes
the axon of the neuron, An arrow is used (o indicate that the axon
of one neuron is incident on the body of another. A neuron has two
states: it’s exeited or not. As (0 what excitation is, one need not tell.
[ts main characteristic is its operational characteristic and that has a
sertain circularity about it: its main treit is that it can excite other
neurons, Somewhere at the end of an involved network of neurons
the excited neuron excitce something which is not a mneuron. For
ins{ance, il. excites a muscle, which then produces physical motion; or
it excites a gland which ean produce a secretion, in which case you get
» chemnica] change, So, the ultimate output of Lhe excited stato really
produces phenonienya which fall outside our present treatment, These
phenomena will, for the sake of the present discussion, bo cntirely
disregarded.

[ Von Neumann stated the axioms governing the interaction of
necurons. Following MeCulloch and Pitts he assumed 2 uniform delay
and for the time being disregarded “the important phenomenon of
fatigne, the fact that after & neuron has been excited it is not usable
for a while,” Fatigne plays an important role in the functioning of an
organism (see.p. 48 below), but in spite of fatigue one can get con-
tinuous action by using a chain of neurons; each feeding its suceessor.
Von Neumann defined the threshold of a neuron and introduced
inhibitory synapses, symbolized by u cirele (instead of an arrowhesd).]

[Von Neumann next presented what he called “the important



RIGOROUS THRORIES OF CONTROL AND INFORMATION 45

result of MeCullooh and Pitts.” Imagine & black boX with a number
of inputs and a single output. Select two times, & and ls. Specify
which patterns of inputs from time # to time {; are to produce an
output and which are not.] No matter how you formulate your condi-
tions, you can always put a neural network in the box which will
realize these conditions, which means that the generality of neurn)
systems {8 exactly the same a8 the generality of logies, The fact that
something has been done with the system 1neans not more and not
less than you know what you are talking about, that you can state it
in a finite number of words unambiguously and rigorously. I will not
attempt to give the proof, which like all proofs in formal logies is not
quite easy to render, [We will sketch the proof very briefly. It follows
from the construetion that von Neumann referred to that every switeh-
ing funetion (truth funetion, Boolean function) can be realized by a
neural network with some fixed delsy. A cyelic neural memory of
arbitrary finite capacity can be attached to this switching net. When
this composite network is augmented by an infinite tape, the result is
a Turing machine, Moreover, corresponding o each Turing machine
M, there is a network of this Xind which computes the same number
ag M)

[ Von Neumann showed how to construct a few sample networks,
The first is a network in which ¢ dominates b, b dominates ¢, but ¢
dominates a, shown in Figure 1. Each neuron is exeited (fires) if it is
stimulated on itg execitatory input (the input with an arrow) but is
uol stimulated on its inhibitory input (the input with a small cirele).
Hence if a and b are both stimulated, output a will be active but not
8; if b and e are both stimulated, output & will be active but ot v;
while if @ and ¢ are both stimulated, output ¥ will be active but not a.
¥on Neumann used this network to illustrate a certain point. People
have made statements about the uon-quantitative character of
laman behavior, which statements seem 10 imply that in any quanti-
tative mechanism, if a is stronger than b and b is stronger than ¢,
then a is stronger than ¢, But in the above neural network a is stronger
than b and b is stronger than ¢, while ¢ 18 stronger than a.)

[ Von Neumnnn then synthesized a number of other networks;
simple memories; counters, and an clementary learning cireuit. These
are approximately the cireuvits of Cellecled Works 5342-345. The
learning eireuit has two inputs, a and b, It counts the number of times-
& stimulus of a is followed by a stimulus of b, When this number
reaches 2656, the cireuit einits a pulse whenever b is stimulated, inde-
Pendently of whether a is stimulated or not.] You ses that you can
produes cireuits which look complicated, but which are actually quite
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gimple from the point of view of how they are synthesized and which
have about the same complexity that they should have, namely, the
coniplexity that grammar has, It is no more difficult to make this
drawing up than to make up a sentence which deseribes what you
wani, and the essence of the result of MeCulloch and Pitts is that
there really isn’t mueh difference between the two things. The rigorous
verbal description is co-extensive with the deseription in terms of
relay organg.

May I poing out what follows from this from a philosoplieal poing
of view, and what does not follow. It certainly follows (hat anything
that you can deseribe in words can also be done with the neuron
method. And it follows that the nerves need not be supernaturally
clever or complieated, In fact, they ncedn’s be quite as clever and
complicated as they aro in reality, because an objeet which is a eon.
giderably amputaied and emnasculated neuron, which has many fewer
attributes and responds i1 a mueh niore schemnatic manner than a
ncuron, already can do everything you ean think up,

What is not demonstrated by the MeCulloch and Pitts result is
equally intportant. I't does not prove that any eireuit you arc designing
in this nanner really occurs in nature, It does not follow that the other
funetions of the nerve eell which have been dropped from this deserip-
tion are not essential. T4 does not follow that there is not & considerable
prablem left just in saying what you (hink is to be deseribed. Let me
try to put this in another way. If you consider certnin activities of the
human nervous system, you find that some of them are such that all
partsof themn ean be deseribed, but one is fiabbergasted by the totality
of what, has to be deseribed.

Suppose you waut Lo deseribe the fact that when you look at o
triangle you realize that it’s a triangle, and you realize this whether
it’s small or large. It’s relatively simple to desoribe geometrieally
what is meaut: 4 trinngle is a group of three lines arranged in o ceriain
manner. Well, that’s five, excepl that you alse recognize as o triangle
something whose sides ave curved, and a situation where only the
vertices are indieated, and soinething where the interior is shaded and
the exicrior is not. You can recognize as & tmangle many different.
things, all of which have some indication of a triangle in them, but
the more details you try (0 put in a deseription of it the longer the
description hecomes.

Inaddition, the ability to recognize tripngles is just an infinitesimal
fraction of the snalogies you ean visually recognize in geometry,
which in turn is an infinitesimal fraction of all the visual analogies you
can recognize, each of which you can still deseribe. But with respect
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to the whole visual machinery of interpreting a picture, of putting
something into & picture, we get into domains which you certainly
eannot deseribe in those terms. Everybody will put an interpretation
into & Rorschach test, but what interpretation he puts into it iy a
funetion of his whole personality and his whole previous history, and
this is supposed to be a very good method of making inferences as {o
what kind of a person he is.

In fine, now, all of this may seem a little arbitrary and aceidental,
but the basic faet involved is this, that our brains are exccedingly
complicated. About one fifth of the brain is a visual brain, which, as
far as we know, does nothing except make decisions about visual
analogies. So, using the figures we have, which are not very good, but
which are probably all right for an orientation, we conclude that ap-
parently a network of about 2 billion relays does nothing but deter-
mine how to organize & visual picture, It is absolutely not clear o
priori that there s any simpler description of what constitutes a
visual analogy than a description of the visual brain,

Normally, a literary description of what an automaton is supposed
to do is simpler than the pomplete diagram of the automaton. It is
not. {rue n priori that this will always be so. There is 4 good deal in
lformal logics to indicate that the description of the funetions of an
automston is simpler than the automaton itself, 4s long as the anto-
maton is not very complicated, but that when you get 1o high comph-
cations, the actual object is simpler than the literary description.

I am twisting a logical theorem a little, but it's a perfectly good
logical theorem. It’s a theorem of Gédel that the next logical step, the
deseription of an objeet, is one class type higher than the object and
is therefore asymptotieally [?] infinitely longer to deseribe. I say that
it's absolutely necessary; it’s just a matter of oomplication when you
et to this point, I think that there is a good deal of reason to suspect
that this is so with things which have this disagrecably vague and
Huid impression (like “What is & visual analogy?"’}, where one feels
that one will never get 1o the end of the deseription. They may easily
be in thig condition already, where doing a thing is quieker than
describing it, where the cirouit is more quickly enumerated than a
total deseription of all its functions in all conceivable conditions.

The insight that a formal neuron network can do anything which
You ean deseribe in words is a very important insight and simplifies
maiters enormously at low oomplication levels. It i8 by no means
certain that it is a simplification on high complication levels. It is
perfectly possible that on high complication levels the value of the
theorem is in the reverse direction, that it simplifies matters because
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it guarantees the reverse, namely, that you esn express logies in
terms of these efforts and the converse may not be true. [Von Neu-
mann returned to this point on p. 51, after his discussion of Turing
machines,] .

[ Von Neumann next discussed two cases in which eireuits of ideal-
ised neurnns do not seem 1o provide an explanation of how the nervous
system actually performs a given function. The first case concerns the
transmission by a nerve of a continuous number which represents some
quantity such as blood pressure. The nerve does this by emitting
pulses at a frequency which is a nionotone function of the blood pres-
sure. This belinvior is explained in terms of neural faltigue: after &
neuron respounds, it is unable to respond for a eertain period, called
the refractory period, and the stronger the next stimuolus the sooner
it responds. He then raised the question “Why has the digital notation
never been used in nature, as far as we know, and why has this pulss
notation been uzed instead?” and said that this was the kind of ques-
tion he was interested in. He suggested an answer: that the frequencey
modulation scheme is more reliable than the digital scheme. See
Section 1.1.2.8 below, The Compuler ard the Brain T7-79, and Collected
Works 5.306-308 and 5.375-376.]

[ The second case in which cireuits of idealized neurons do not seem
to provide an explanation of how the nervous system actually per-
forms a given function concerns memory, Von Neumsann had earlier
synthesized memory circuits from idealized neurons and he remarked
that such memory circuits could be arbitrarily large. But he thought
it probable that this is not the major mechanism used for memory in
the nervous system.] This is not the way (0 make a memory for the
simple reason that to use a gwitching organ like a neuron, or six to &
dozen switching organs, as you actually would have to use beenuse of
fatigue, in order to do as small a thing as remember one binary digit,
is & terrible waste, because a switching organ can do vastly more than
store. In computing machiues the classieal example of & machine in
which the switching organs were used to remember numbers is the
ENIAQC, an enormous gadget which has about 20 thousand vacuum
tubes in it. The ENTAC is about five times larger than later machines
which will presumably be far more efficient; it is an excellent machine
in many ways, but it has one phenomenal shortcoming, namely, a
very small memory. It has only & memory of 20 deecimal numbers at
points where it matters; in gpite of thiz it. is enormous. The reason is
that vactum tubes, in other words, switehing ovgang, are used for
that memory. All inprovements on this maehine postulate that some
other components than standard vacuum tubes will be used for
memory.
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The tmemory requirements of the hinan neryous system are prob-
ubly very large. Estimates lrave been made and they are of the order
of 10" binary digits. I will not attempt to justify this estimate; a great
den) can be said for any count, I think there is a good deal of yedason to
believe that 10! switching organs, which is about what we have, i
probably not (ke right order of magnitude for storiug the kind of
memory {hat we use, and thas it’s probably best 1o ndmit thnt we
simply do 1ot know where the memory is. One can make all kinds of
statements about it. One can surmise (hnt the memory consists in a
cliange of e synapses of (e nerve cells, which ix not decided by
desigit. I don't lmow whether there is any good evidence for this, but
1 rather think there iz not. You may suspect (hiat (he nerve cells
coltiain a lot else than the switeling (rait, and that tle memory sits
vhere. It may be so, but [ think that we simply know nothing. It may
well be that the memory avgans nre of o completely different nature
i the neurons.

The main diffieulvy with the memory organ is that it appears Lo he
nowhere in partieular. It is never very simple 1o loente anything in
the braii, beeavse the brain has an enormous abibity to re-organize.
Even when yon have loealized a function in a particular part of 1, if
vou remove that part, you may discover that the brain hag reorganized
itself, veascigned its responsibilities, and the funetion is again being
performed. ‘The flexibilty of the brain is very great, aud (his makes
lncalization diffieult. I suspeet thal the memory function s loss
localized than anything else. [Cf. The Compuler and the Brain 63-68.]

I wanted to mention these two things [fatigue and memory] as very
obvious lacunae in the McCulloch and Pitis approach to the neryous
system. I want to talk next about the approach of Turing. In the
MeCulloch and Pitts theory the conglusion was that actual automata,
properly described and axiomatized, are equivalent to formal logies.
In Turing's theory the conclusion is the reverse. Turing was interested
in formal logics, not in automaga. He was concerned to prove certain
theorems about an important problem of formal logies, the zo-called
Entscheidungsproblem, the problem of decision. The problem is to
determine, for a elass of logieal expressions or propositions, whether
there is 8 mechanical method for desiding whether an expression of
this elass is true or false, Turing’s diseussion of automata was really
a formal, logical trick to deal with this problem in a somewhat more
transparent and more consistent way than it had been dealt with
before,

[ Von Neumann then outlined Turing’s definition of an automaton.
Whereas McCulloeh and Pitis started with eomponents or elenients,
Turing started with states. At any time the automaton is in one of a
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finite number of states. “The outside world” is a tape. The automaton
senses one square of the tape, snd it ean change the contents of the
square and move the tape one square to.the left or right. A dictionary
specifiss, for each state and each tape symbol, what the next state will
be and what will be done to the tape. The tape has a distinguished
square, A finite program may be placed on the tape initially, The
binary number computed by the automaton is recorded in alternate
squares, starting with the distinguished square.]

[ Von Neumann next deseribed Turing’s result concerning universal
automata, There is a universal automaton A with the following prop-
erties: For each automaton 4 thers is a sequence of instructions I,
such that for any sequence of instructions 7, 4 supplied with both
instruetions 74 and I computes the same number as is computed by 4
supplied with instructions 7.] A is able to imitate any automaton,
even a much more complicated one. Thus a lesser degree of complexity
in an automaton can be ecompensated for by an appropriate ingrease ot
complexity of the instructions, The importance of Turing’s research
is just this: that if you construet an automaton right, then any addi-
tional requirements about the automaton can be handled by suffi-
ciently elaborate instructions, This is only true if 4 is sufficiently
complicated, if it has reached a certain minimum level of complexity.
In other words, a simpler thing will never perform certain operations,
no matter what instructions you give it; but there is a very definite
finite point where an automaton of this complexity ean, when given
suitable instructions, do anythmg that can be done by automata at
ali,

[ Von Neumann then explained how the universal automaton A
simulatez an arbitrary automaton 4. The instructions J, contamn a
representation of the automaton 4 in the form of a dictionary, which
tells, for ench state of A and each tepe symbol, the next state of 4
and what is to be done to the tape. The universal automaton 4 has
the power to read any such dictionary and aet on it. A writes on its
tape, in sequence, the successive states of 4 and what is produced on
the tape of A.] I will not go further in giving the details of this, I
have gone into it to the point to which I did in order to point out that
here, for the first time, one deals with somcthing whieh has the at-
tribute of universality, which has the nbility to do anything that any-
body ean do. You also see that there is no vicious ¢irele in it, becsuse
of the manner in which the extra complexity is brought in (by giving
niore claborate instruetions), You also see that the operation which
ultimately leads to universality is connected with a rigorous theory of
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Liow one describes objects and a rigorous routine of liow to look up
statements in a dictionary and obey them.

The formal logical investigations of Turing went a good deal further
than this, Turing proved that there is something for which you eannot
construet an automaton; namnely, you ¢annot construct an automaton
which ean prediet in how many steps another automaton which can
solve & eortain problem will actually solve it. So, you can construct an
antomaton which ean do anythiug sny automaton can do, bul you
cannot construct an-sutomaton which will predict the behavior of any
arbitrary automaton. In other words, you can build an orgnu which
can do anything that ean be doue, but you cannot build an organ
which tells you whether it can be done,

This is connected with the structure of formal logies and is speeifi-
cally connected with a feature which I will not atiempt to discuss,
but which I would like to mention in the proper jargon for those of
vou who are familiar with modern formal logies. It is connected with
the theory of {ypes and with the results of Godel, The feature is just
this, that you can perform within the logical type that’s involved
everything that’s feasible, but the question of whether something iy
feasible in a type belongs Lo s higher logieal type. It's conuected with
the remark I made earlier (pp. 47—48) : that it is characteristie of objeets
of low complexity that it is ensier to talk about the object than produce
it and easier to predict its propertics than to build it. But in the com-
pHeated parts of formal logic it is always oue order of magnitude
Irarder o tell what an object ecan do than (o produce the object. Tie
domain of the validity of the question is of a higher type then the
quesiion itself.

['This iz the end of von Neumann's Second Lecture. T will add n
commentary on his last two paragraphs, beginning with some general
remurks on Turing maehines.

A Turing machine is basically a finite aulomaton with an indefi-
nitely extendible tape. But. there are many different ways of using a
Turing machine. Let the squares of the tape be numbered 0, 1, 2,
3, - -+, with even numbered squares reserved for working spaec and
odd numbered squares reserved for the program or problem statement
(if there is one) and for the answer. Let tlie answer symbols be zero
aud one, in addition to the blank; these could, of course, be eaded
sequences of two basic symbols, a blank and a mark. Assume finally
that the machine writes the answer digits (zero and one) in successive
angswer squares,

A “concrete Turing machine” i8 un Turing machine which has &
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finite “program* or problem statement on its tape initially. An
“abstraet Turing machine™ is the ¢lass of all eonerete Turing maghines
which contain a given finite automnaton. We can think of an abstract
Turing machine as & finite sutomaton with an indefinitely extendible
blank tape on which any program or prohiem may be placed imitially.

Conorete Turing machines may be divided into two classes: the
circular and the cirele-free. A “ciroular” machine prints a finite se-
quence of binary digits and “halts.” A “circle-free” machine continues
o print binary digits in alternate squares forever; we will speak of it
as computing an infinite sequence.

Vor Neumann discussed above a universal Turing machine which
consists of a finite sutomaton 4 and an indefinitely extendible tape,
A universal Turing mnchine is .an abstract Turing machine which
computes every sequence computed by Turing machines. More
precisely, for each conerete Turing machine with finite automaton A
and program 7, there is a program [, such that machine 4 with pro-
grams I, and J computes the ssquence computed by machine A with
program [. A universal Turing machine ¢can be characterized in
another way. Let T be the class of finite and infinite sequences com-
puted by concrete Turing machines. Then, every sequence of I i3
computed by the abstract Turing machine 4 - I, -+ I, where 7, and
I vary over all programs, Sinee the eoncatenation of two programs s
4 program, every sequence of I' is computed by the abstract Turing
machine 4 + 7, where J varies over all prograins.

A ‘‘decision machine” for o given class of questions is an abstract
Turing machine which, when given a question of that elass, prints
a one if the answer to the question is “yes” and a zero if the answer
to the question is “no.”

The *halting problem™ is the problem of deciding whether an
arbitrary concrete Turing msaching is circular (will halt sometime) or
circle-free. Turing showed that tho halting problem is undeeidable,
that is, that there is no decision machine for halting.3 The proof is
given below in Sec. 1.6,3.2 of Part IT, Turing proved as a corollary to
this that there is no decision machine for deeiding whether an arbi-
trary concrete Turing machine will ever print a given symbol (for
example, a 2ero). Sinee both halting and printing a given symbol are
aspects of the behavior of a Turing machine, it follows from Turing’s
results that asutomats behavior is not completely predietable by
sutomata. As von Neumann put it above, ‘'you cannot construet an

3] Turing, “On Computable Numbers, with an Application to the Entschel-
dungaproblem,* See, 8.)
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automaton which will prediet the behavior of any arbitrary autom.
aton.”

Concerete Turing machines. oan be enumerated and thereby placed
in one to one correspondence with the non-negative integers. Consider
all these machines and let the variable “¢” range over the integers
representing them. We define the number thecrotic function n{f) as
the number of steps which machine ¢ takes to print its first gero. If
machine ¢ never prints & zero, then n{f) is defined to be zero.

Note that a sequence of n ones followed by a zero can be inter-
preted as the integer n. This leads to the question: Is there an abstract
Turing machine which ean compute n{f) for any & It follows immedi-
ately from Turing's corollary that there is not, for if we could con:-
pute n{t) we could decide whether or not machine ¢ ever prints a zero.
T think that this is what von Neumann had in mind when he said
“uring proved that you cannot construct an automaion which can
prediet in how many steps another auiomaton which ean solve a
certain problem will actually solve 1t.”

In the last paragraph of his Second Lecture von Neumann referred
to u theorem of Gadel “that you can perform within the logical type
that's involved overything that's feasible, but the guestion of whether
somcthing is feasible in a type belongs to a higher logical type
Singe I knew of no such theorem by Gidel I found this reference
puzzling, as well as the earlier reference to Gaédel (p. 47) and a related
referenee in von Neumann’s Hizxon Symposium paper, “The General
and Logical Theory of Automata” (Collected Works 5.310-3811). I
wrote Professor Kurt Godel fo see whether he eould throw any light
on it. His answer gives, I think, the most plausible explanation of the
reference, and so I include the relevant parts of our correspondence,
with minor editing.

I wrote to Professor Gédel as follows: “I am engaged in editing two
of John von Neumann’s uncompleted manuseripts on the theory of
asutomata. In one of these, a series of lectures he delivered at the
University of Illinois in 1949, he makes a reference to your work which
I bave been unable to figure out. Since there is the possibility he may
have diseussed this point with you, I am taking the liberty of writing
you about it.

“The story begins with Johnny’s Hixon Symposium talk at Pasa-
dena in 1948. He discusses there the problem of giving a rigorous
deseription of a visua! anslogy. In recognizing visual patterns, the
buman eye and nervous system function as a finite automaton -with
B certain behavior. Von Neumann seems to suggest that possibly the
simplest way to deseribe the behavior of this finite automaton is to
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deseribe the structure of the automston itself. This iz certainly plausi-
ble. But he then expresses the point in a way T do not nnderstand:
Ti ie not at all certain that in this domain o real objeet might not
constitute the simplest deseription of fteelf. That is, any attempt to
describe i by the usual literary or formal-logical method may lead to
something less manageable and more involved, In fact, some resulls in
madern Iogic would tend to indicate that phenomena like this have to
be expected when we come to really romplicated entities,” The under-
lined passage scems 1o refer to your work, I enclose a copy of the full
contexe,

“In his Illinois lectures, given in 1949, Johnny scems to be making
the same point, namely, that the simplest way to deseribe accurately
what conatitutes 1 visual analogy is to specify the connections of the
visual part of the brain, He then proceeds 1o say that there is & good
deal in formal logic which indicates that wlen an automaton is not
very compliented the deseription of the functions of that automaton
15 simpler than a deseription of the automaton itself but that the
situation is reversed with respeet to complicated automata, Hig
reference Lo you then appents expliciily, He says, ‘T am a little twisting
4 logieal theorem, but it’s u perfectly good logieal theorem, T a
theorem of Ciédel that the next logieal step, the description of an
object, is one elnss type higher than the objeet and is therefore asym)-
totically [?] mnfinitely longer to describe.’

“He returns to this peint later after disenssing Turing machines
and mentioning Turing’s result abont the undecidability of the halting
probleny, He then says that all of this is conncetod with the theory of
types and with your results, The recording transeript is mangled at
this point and I will reconstruct it as best T ean, ‘Tt is connected with
the theory of types and with the results of Gadel. "The feature is just
thi¢, that you ean perform within the logical type that’s involved
everythiug that’s feasible but the question of whether something is
fensible in a type belongs to a higher logical type. It"s connected with
the remurk I made earlier; that it is characleristic of objeets of low
comploxity that. it. is easier to talk about. the object. than produce it
and easier (o prediet its properties than to build it. But in the eom-
plieated parts of formal logie it iy always one order of magnitude
harder to tell what an object can do than to produce the object, The
domain of the validity of the question is of a higher type thau the
question itself.’ I enclose copies of the relevant pnges of the Illinols
leetures.

“Tt i casy to regard the description of an objeet as of one type level
higher than the object itself, but beyond thig I do not sec what von
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Neumann has in mind. Two possibilities ocoured to'me but both give
s, result opposite to that which Johnny needs. One may regard a Gidel
number as a deseription of a formula. However, in some cases at least,
the Gédel number of a formula may be described in fewer symbols
than the formula, clse the self-referring undecidable formula could
not exist-* The other possibility coneerns a theorem in your 1936
paper, “Uber die Linge der Beweise.” Given a system S and a larger
gystem S;. The theorem says that for every recursive function F,
there exists a sentence which is provable in both systems and such
that the shortest proofs in these two systems eatisfy the inequality
that the Godel number of the proof in the smaller system is larger than
the recursive function F applied to the Godel number of the proof in
the larger system. This fits everything that von Neumann says except
that the result seems to go in the opposite direction: namely, the
higher the type the shorter the proof,

“I would appreciate very mueh any light that you could throw on
these puzeling passages of von Neumann,”

Professor Gédel raplied as follows, “I have scme conjeeture as to
what von Neumann may have had in mind in the passages you quote,
but since I never diseussed these matters with him it is only a guess.

“I think the theorem of mine which von Neumann refers {o is not
that on the existenee of undecidable propositions or that.on the lengths
of proofs hut rather the faet that a complete epistemologieal deserip-
tion of a language 4 eannot be given in the same langunge 4, because
the eoncept of truth of sentences of 4 eannot be defined in 4. It is this
theorem whieh is the true reason for the existenee of undecidable prop-
ositions in the formal systems containing arithmetie. I did not, how-
ever, formulate it explieitly in my paper of 1931 but only in my Prinee-
ton lectures of 1934.% The same theorem was proved by Tarski in his
paper on the coneept of truth published in 1933 in Act, Sec. Sef, L4,
Vars,, iranslated on pp, 152-278 of Legic, Semantics, and Melamathe-
maltics,t

“Now this theorem ¢ertainly shows that the description of what n
mechanism is doing in certain cases is more involved than the deserip-

' [ Sce Godel's “Ubeor forma) unantecheidbare Savze der Principia Mathema-
tes und verwandter Systeme 1." The undecidable forinuls has the Godel
iumber n and says ‘"The formula whose G&del number 1s # 18 not & theorem.”
Thus, via Gédel’s coding, the undecidable formule refers to itself. It is un-
decidnble in the senae that neither it nor its negation iz a theorem of the system
Gidel 1a studylng.]

X & [9ﬁdel, “Om Undecidable Propositions of Forinal Mathematieal Sys-
amay,”?}

¥[ The oxact reference to Terski’s paper was ndded later.]
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tion of the mechanism, in the sense that it requires new and more
abstract primitive terus, namely higher types. However, this implics
nothing as to the nnmber of symbols necessary, where the relationship
may very well be in the opposite direction, as you rightly remark.

“However, what vou Neumann perhaps had in mind appears more
clearly from the universal Turing machine. There it might be said
that the complete description of its behavior is infinite because, in
view of the non-existence of a decision procedure predicting its be-
havior, the comnplete deseription could be given only by an enumera~-
tion of all instanees. Of eourse this presupposes that only decidable
descriptions are considered to be complote deseriptions, but this is in
line with the finitistic way of thinking. The universal Turing machine,
where the ratio of the two eomplexities is infinity, might then be con-
siderced to be a limiting case of other finite mechanisms, ‘This immedi-
ately leads to von Neumann’s conjecture,”]



Third Lecture

STATISTICAL THEORIES OF
INFORMATION

Theory of informstion: Probabilistic part. Relationship of strict and of
probabilistie logics, 1eynes’ interpretation of probability theory, Exemplifi-
cation of the relationship of logics to strict classical mechanics on the one
hand, and te statistieal mechanics on the other, Corresponding situation in
quantum mechanics,

The mathenatical aspects of the lransition frum striet 1o probabilistic
logics. Analysis and eombinatories,

The thermotlynamical aspect: Information and entropy,

The theory of Szilard,

The theory of Shannon.

Additional remarks on the thermodynamical nature of the internal balance
of & ronputing muchine,

I conclude my remarks about striet and rigorous questions of infor-
nation wt this point and pass on to statistical considerations involving
information. That this is the important thing in dealing with automaia
and their functions is fuirly evident, for two reasons ai least. The first
of (hese Teasons may seemn somewhat extrancous and accidental, al-
though T think it is not, but the second reason is certainly nol.

The first reason is that in no practical way can weimagine an autom-
aton which is really reliable. If you axiomatize an automaton by
telling exactly what it will do in every completely defined situation
yOu are missing an important part of the problem. The axiomatization
of mitomata for the completely defined situation is  very nice exereise
for oue who faces the problem for the first time, but everybody who
has had experienee with it knows tlat it’s only & very prelhninary
stage of the problem.

The sccond reason for the importanee of statistieal considerstions
inn the theory of automata is this. If you look at automata which have
been built by men or whieh exist in uature you will very frequently
notice that their structure is eontrolled only partly by rigorous ve-
(juirements and is controlled to & muech larger extent by the manner
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in which they might fail and by the {more or less effective) precau-
tionary measures which have been taken against their fallure, And to
gay that they are preeautions against failure is to overstate the case,
10 use an optimistio terminology which is completely alien to the sub-
ject. Rather than precautions against failure, they are arrangements
by which it is attempted to achieve a state where at least a majority
of all failures will not be lethal, There ¢an be no question of eliminat-
ing failures or of completely paralyzing the effects of failures. All we
can try to do is to arrange an automaton so that in the vast majority
of fallures it ean continue to operate. These arrangements give pallia-
tives of failures, not cures. Most of the arrangements of artificial and
natural automata and the principles involved therein are of this sort.

To permit fanihire as an indspendent logieal entity. means that one
does not state the axioms in & rigerous manner. The axioms are not
of the form: if A and B happen, ¢ will follow. The axioms are always of
this variety: If A and B happen, ¢ will follow with a certain specified
probability, D will follow with another specified probability, and so
on. In other words, in every situation several alternatives are per-
mitted with various probabilities, Mathematically it is simplest to
say that anything can follow upon anyihing in aecordance with a
probubility matrix. You may put your question in this manner; If A
and B have happened, what i3 the probability that C will follow? This
probability pattern gives you a probabilistic system of logics. Both
artificial and natural automata should be disoussed in this system ns
soon as there is any degree of involvement.! I will come later to the
question as 1o why it is just complexity which pushes one into this
kind of axiomatization instead of a strict one.?

Now this inclines one 1o view probabillty as a branch of logics, or
rather, to view logies affected with probability as an extension of
ordinary rigorous logics, The view that probability is an extension of
logics ia not trivial, is not generslly accepted, and is not the major
interpretation of probability. It is, however, the classieal interpreta-
tion. The competing interpretation is the frequeney interpretation,
the attitude that logie iz completely rigorous, and with respeet to
phenomena about which you are not completely informed, you ean
only make statements of frequencies.

This distinetion was, I think, quite elear to Laplace, who pointed

[ Bee von Neumunn's **Probabilistic Logics and the Synthesis of Relinble
Organs from Unreliable Components” for a detailed treatment of automats
from this point of view.]

1| For s given probability of malfunotion of a component, the more complex
the automaton the more likely it is that o lethal fallure will ocour,]
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out that there are two possible attitudes toward probability: the fre-
quency and the logical.* In more recent times the distinction was em-
phasized strongly and made the basis.of a system by the economist
Keynes, who wrate his thesis on probability.* He analyzed this ques-
tion in considerable detail and showed that, aside from the more eon-
ventional frequency viewpoint sbout probability, the logical one also
exists. But he made 1o atiempt to separate striet logies and probabil-
ity and simply said that, If you view a sequence of events A and B,
they have the quantitative characteristic, “the probability with which
B follows-4."” The only tie to strict logics is that when the probability
is one you have an implication; and when the probubility is zero you
have an exclusion, and when the probability is close to one or elose (o
zero you can still make those inferences in a less rigorous domain,

Therc are undeniable weaknessez of the logical position, In some
ways of looking at probability it = opportune not to identify zero
probability with absurdity. Also, it is not quite elewr in what sense a
low probability means that one might expeet. that the thing will not
happen. However, Keynes produced o self-consistent axionwtic sys-
tem. There's n gread deal in other modern theories, for instunce, in
quanium mechanies, which inelines one very stiongly to {ake this
philasophieal position, ulthough the last word about this subjeet has
certainly not been said aud is not going {o be said for a long time.
Anyway, one is also templed in the ease of quantwn mechanies o
madify one’s outlook on logies and to view probability as intrinsically
tied to logies.t

[ Von Neumann discussed next two theories of probability and in-
formatfon “which are quite relevant in this context although they are
not conceived from the sirictly logical point of view.” The first, is the
theory of entropy and informalion in thermodynamics; the second
i3 Shannow’s information theory.

Tu conneotion with entropy and information von Neumann referved
10 Bol{zmann, Hariley, ammd Szilard, He explained at length the para-

3| A Philosophicul Essay on Probabilities.]

14 Treatise on Probability]

3] In his “Quantum Logies (Striet-and -Probability-Logies)?, von Neumann
comelndod: “Probability logics cannot be reduced to strict logics, but eonstitute an
cszentially wider system than the latter, and statements of the form Pla, b) = ¢
0 < @ < 1) are perfeclly neie and sui generis aspects of physical reality.

. ""Ho probability logies appesr 48 an essentinl extension of striet logics. Thix
view, the so-called ‘logical theory of probabillty? iv Lthe foundution of J. M.
Keynes's work on this subject.”

Compure voir Nemnann nnd Birkhofl, *“Tlhe Logic of Queutum Mechanies,
::11 von Nleumlmn and Morgenstern, Theory of Games and Economic Beharior,
Sec, 333,
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dox of Maxwall's demon and how Szilard resolved it by working out
the relation of cntropy to informstion.® Von Neumann said that
Shannon’s theory is a quantitative theory of measuring the capacity
of & communications channel, He explained and illustrated the con-
cept of redundaney. He pointed out that redundaney makes it possible
to correct errors, for example, to read proof, Redundancy “is the only
thing which makes it possible to write & text which is longer than, say,
ton pages, In other words, a langnage which has maximum compres-
sion would actually be completely unsuited 1o conveying information
beyond & certain degree of complexity, because you could never find
out whether a text is right or wrong, And this isa question of principle,
It. follows, therefore, that the complexity of the medium in which you
work has something to do with redundaney.”

In his review of Wiener's Cybernetice von Neumann made an ex-
tended statement about entropy and information which it is appro-
priate Lo quote here, “Entropy for the physicist is a concept belonging
to the discipline of thermodynamics where the transformations among
the various forms of energy arc studied, It is well known that the
total cuergy of a complete, closed system is always conserved: energy
is neither created nor lost but only transformed, This constitutes the
first fundamental theorem of thermodynamics, or the energy theorem,
There i¢, however, in addition, the second fundamental theorem of
thermodynamics, or entropy theorem, which states that o hierarchy
exists among the forms of energy: mechanienl (kinetie or potentinl)
energy, constituting the highest form, thermal cnergies constituting
under it a decreasing hierarehical sequence in the arder of decreasing
temperature, and all other forms of energy permitting a complete
classification relative to the gradations of this schema. It states, fur-
thermore, that energy is always degraded, that is, that it always moves
spontaneously from a higher form to a lower one, or if the opposite
should happen in a part of the system, a eompensatory degradation
will have to take place in some other part. The bookkeeping that is
required to account for this continuing overall degradation is effected
by a certain well defined physical quantity, the entropy, which meas-
ures Lthe hierarchic position held or the degree of degradation suffered
by any forin of energy.

“The thermodynamical methods of imeasuring entropy were known
in the mid-nineteenth century. Already in the early work on statistical
physies (L. Boltzmaun, 1880) it was observed that entropy was closely

¢| There is o good exposition of the work of 8zilard, as well as that of Shan-
non and Hamming, in Brillouin's Science and Information Theory.|
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connected with information: Boltzmamn found entropy to be propor-
tional o the logarithm of the number of alternatives which are possi-
ble for & physical system after all the information that one possesses
about that system macroscopically (that is, on the directly, humanly
observable seale) has been recorded.” In other words, it is proportional
{o the logarithni of the anount of missing information, This concept
was claborated further by various authors for various applications:
H. Nyquist and R. V. L. Hartley, for transmission of information in
the lechnical communication media (Bell Syslem Technical Journal,
vol. 3, 1924, and Vol. 7, 1928); .. Szilard, for information in physies
in gencral (Zschr. §, Phys., Yol..53, 1920); and the reviewer, for quan-
tum mechanies and elementary particle physies (Mathematical
Foundations of Quantum Mechanics, Berlin, 1932, Chapter V).

“The technically well-equipped reader is advised to consult at this
point some additionnl literature, primarily L. Szilard's work, referred
to above, which also contains n particularly instructive analysis of
the fumous thermodynamical parndox of “Maxwell’s demon,” and
C. E. Shannon’s very important and interesting recent work on the
“Theory of Inforimation,” “Artificinl Languages,” “Codes,” ete.
(Belf System Technical Journal, Vol. 27, 1948). There is reuson to
believe that the general degeneration laws, which hold when entropy
is used as n measure of the hierarchic position of encrgy, have valid
analogs when entropy is used ss n measure of information. On this
basis one may suspect the existence of connections between thermody-
namies and new extensions of logies.”

In the Illinois lectures von Neumann next discussed Hamming's
work on crror-detecting and error-correcting codes. He then showed
how the digital systemn with a base (binary, decimal, ete,) is an appliea-
tion of information theory. “*Digitalisation is just a very clever trick
to produce extreme precision out of poor precision, By writing down
30 binary digits with 30 instruments, each of whieh is only good
enough thatl you ean distinguish two states of it (with intrinsic errors
maybe on the 10 per cent level), you can represent n number to ap-
proximately one part in a billion. The main virtue of the digital sys-
tem is that wo know no other trick which ean achieve this. From the
information point of view it is clear that thiz can be done, because
the entropy in 30 binary instruments is 30 units, and somethiug which

1 Vorleaungen sber Gastheorie, Val. 1, See. 6. Boltanann’s result appesrad
originally in 1877 in “Uber die Bezlehung zwischen dem sweiten Hauptaiitze
ler mechunischen Warmethizorie und der Wahrachetulichkeitarechnung respek-
tive don Silzen Gber das Wirmleichgewicht,"” Wissenschafilichs Abhandlungen,
Vol. 11, pp. 164-223.]
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is known to one part in a billion has an entropy of the logarithm of &
billion (to the bage two}, or about 30 units,”

He then pointed out that while organisins use mixed analog-pulse
systems for transmitling information, they never (to the best of our
knowledge) use a coded digital system with o base. Rather, when
“the nervous system transmits a number, it (ransmits #t by what is
cssentially a frequeney modulation trick and not as a coded digital
nggrogate.” He suggested that the reason for this ia that the frequency
modulation method is more reliable than the digital system.]

I have been trying to justify the suspicion that a theory of informa-
tion is needed and that very little of wlhat is needed exists yet. Such
small traces of it which do exist, and such information as one has
about adjacent fields indicate that, if found, it is likely to be similar
10 two of our existing theories: forinal logies and thermodynnmies.
It is not surprising that this new theory of information should be like
formal logies, but it is surprising that it is likely to have & lot in com-
mon with thermedynamies.

Though this new theory of information will be similar to formal
logies in many respects, it will probably be eloser to ordinary mathe-
matics than formal logies is. The reason for this is that present day
formal logics has a very wu-mualytical, un-mathematical charae-
teristie: it deals with absoluccly all-or-none proeesses, where every-
thing that either does or does not happen is finitely fenslble or not
finitely feasible. These all-or-none processes are only wenlkly conneeted
to analysis, which is the best developed and hest known pari, of mathe-
maties, while they are clozely connected to combinaiorics, thal part
of mathematics of which we know ihe least. There is reason to believe
that the kind of formal logieal machinery we will have 10 use here
will be closer to ordinary mathematics than present day logics is.
Specifically, it will be closer (o analysis, beeause all axioms are likely
to be of n probabilistie and not of a rigorous character. Such a phe-
nomenon has taken place in the foundations of quantum mechanics.

Thermodynamical concepis will probably enter into this new theory
of information. There are strong indications thal information is similar
to entropy and that degenerative processes of entropy are paralleled
by degenerative processes in the processing of information. It is Likely
that you cannot define the function of an automaton, or its efficiency,
without. ¢haracterizing the milieu in whieh it works by means of sta-
tistieal traits like the ones used to characterize a milieu in thermo-
dynamics. The statistical variables of the automaton’s milicu will,
of course, be somewhat more involved than the standard thermody-
namical variable of temperature, but they will probably be similar
in character.
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Algo, it is quite clear from the practice of building computing ma-
chines that the decisive properties of computing machines involve
balance: balances between the speeds of various parts, balances be-
tween the speed of one part and the sises of other parts, even balances
between the speed ratio of two parts and the sizes of other parts. I
mentioned this in the ease of the hierarchie structure of memory
{p. 41]. All of these requirements look like the balance requirements
otte makes in thermodynamies for the sake of efficiency. An sutomaton
in which one part is too fast for another part, or where the memory is
1oo small, or where the speed ratio of two memory stages is oo large
for the sise of one, looks very much like a heat engine which doesn’t
run properly becnuse excessively high temperature differences exist
between its parts. I will not go into the details of this, but I would
like to emphasize that this thermodynamieal link is probably quite
a close one.
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THE ROLE OF HIGH AND OF
EXTREMELY HIGH
COMPLICATION

Comparisons between computing machines and the nervous systems,
Estimates of sice for computing machines, present and near future, '

Estimates for size for the human cenlral nervous system. Excursus about
the “mixed” character of living organisms. Analog nnd digital elements:
Observations about the “mixed” character of all companentry, artificial ng
well as natural, Interpretation of the posifion to be taken with respect 1o
these.

Evaluation of the discrepancy in size belween artificial and natural asto-
mata, Interprefation of tiis discrepancy in terms of physical faefors. Nature
of the materials used.

The probability of the presenee of other intellectual factors. The role of
complication and the theoretical penetration that it requires,

Questions of reliabilily and errors reconsidered. Probability of individual
errors and length of procedure. Typical lengths of procedure for computing
machines and for living orgenisme—that is, for artificial and for natural
automata. Upper limits on aceeptable probability of error in individual
operations. Compensation by checking and seli-correcting features,

Differences of prinelple in the way in which errors are dealt with in artifieial
and in natural automata, The “single error’” principle m artificisl automata,
Crudeness of our approach in this ease, due to the lack of adequate theory,
More sophisticated treatment of this problem in natural automata: The role
of the autonomy of parta. Connections between this autonomy and evolution.

After the broad general discussions of the last two lectures I would
like to return to the subject of the specifie nutomata which we know.
I would like 1o compare artificial automata, speeifically computing
machines, with natural automata, partieularly the human nervous
system. In order 1o do this, T must say a few things in both eases
about components and I must make certain comparisons of sizes,

As I mentioned before, in estimating the size of the human nervous
system one is litnited to a figure which ia not very well established,
but which is probably right in its order of magnitude. This is the

84
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statement that there are 10" neurons in the human brain. The
number of nerves present elsewhere in the human organism is proba-
bly much smaller than this. Also, n large number of these other
nerves originate in the brain snyway. The iargest aggregation of
nerves of the periphery is.on the reting, and the optic nerve going
from the retina to the brain is part of the brain,

Compared to this, the number of vacuum tubes involved in the
conputing machines we know of is very small, a million times smaller.
The lorgest existing computing machine, the ENIAC, has 2 X 10¢
yacuum tubes, Another large computing machine, the SSEC, which
belongs to the IBM Company, contains a mixture of vacuum tubes
and relays, about 10 thousand of each. The fastest computing ma-
chines now under construction are designed to have several thousand
vacuumn tubes, perhaps 3 thousand. The reason for this difference
in size between the ENIAC and the fast machines now under eon-
struction is a difference in the treatment of memory, which I will
discuss later,

So the human nervous system is roughly s million times more
complicated than these large computing machines. The increase in
zomplexity from {hese computing muochines to the central nervous
system is more than the increase in complexity from a single vacuum
tube (o these computing machines, Even measuring complexity on a
logarithinie seale, which is highly penerous, we have not yet come
half the way. I think that in any sensible definition of complexity,
. would be muecls less than half way.

There is, however, a factor in favor of these machines: they’re
faster than the human brain, The time in which a human nerve can
respond iz about } millisecond. However, that titne is not a fair
measure of the speed of the neuron, because what matters is not the
time in which the neuron responds, but the time in wlrich it recovers,
the time from one response to the next potential response. That
time is, at best, 5 milliscconds. In the case of & vacuum tube it’s
difficult 10 estimate the speed, but present designs call for repetition
rates which are not much in excess of a million per second.

Thus the nervous system has a million limes as many components
as Lthese machines bave, but each component of the machine is about
5 thousand times faster than & neuron. Counting what can be done,
hour by hour, the nervous system outperforins the machine by a
factor of roughly 200, This esumate, however, favors the automaton,
bﬁﬁnuse an n-fold increase in size brings much more than an n-fold
mcrease in what can be done. What can be done is a matter of the
interrelationships between the components, and the number of
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interrelationships increases with the square of the number of com-.
ponents. And apart from this, what can be done depends on certain:
minima. Below a certain minimum level of complexity you eannot
do a certain thing, but above this minimum level of complexity you
can do it,

[ Von Neumann next compared the human nervous system an,d;‘
computers with respect to volume. The decisive factor is the space in;
which the control and amplifying functions are performed. In the case:
of the vacuum tube this is easentially the space between the cathodef
and the eontrel grid, which iz of the order of magnitude of a millime-;
ter. In the case of the nerve cell it is the thickness of the nerve mem-
brane, which is of the order of | micron. The ratio in size is about 100&
to 1, and this is also the ratic in voltege, so that the intensity of the'
ﬁeld which is used for control and amplification is about the same in.
the vacuum tube and the nerve cell, This means that differences in:
total energy dissipation are nmuainly due (o differences in size. “A dis-:
crepancy of 10% in linear sizre means a diserepancy of 107 in volume,
and probably & nof very different disercpancy in cnergy.'” Sce also:
Collected Works 5209302 and The Compuler and the Brain 44-52.

He then caleulated the energy which is dissipated “per elementary
act of information, that is, per clementary decision of a two-way.
alternative and per elementary transmittal of 1 unit of information.”
He did this for three cases: the thermodynamical mmimum, the.
vacuun tube, and the neuron.

In the third lecture he said that thermodynemical information iz
messured by the logarithm, to the base two, of the number of alterna-
{ives involved. The thermodynamical information in the case of two.
aliernatives is thus one, *except that this is not the unit in which you-
mcasure energy. Entropy is energy only i you specify the tempera-
ture. So, running at low temperature you can say what energy should
be dissipated.” He then computed the thermodynamical minimum
of energy per elementary act of information from the forinula &7
log.N ergs, where % is Boltsmann’s constant (1.4 X 10~ ergs per
degree), T is the temperature in absolute units, and N s the vumber
of alternatives. For & binary act N = 2, and taking the tempemture
to be about 300 degrees absolute, he obinined 3 X 10— ergs for the
thermodynamieal minimum.

Von Neumann then estimated that the brain dissipates 25 watts,
has 10P® neurons, and that on the average a neuren is activated about
10 timesg per second. Henee the energy dissipation per binary act in s
nerve cell ig roughly 3 X 102 ergs. He estimated that a vacuum tube
dissipates 6 watts, is activated about 100,000 times per second, and
thus dissipates 6 X 10? ergs per binary act.] '
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So our present machinery is abont, 200 thousand times less-efficient
(han the nervous system is. Computing machines will be improved in
the next few years, perhaps by replacing vacuum tubes with amplify-
ing crystals; but even then they will be of the order of 10 thousand
times less cffiefent than the nervous system. The remarkable thing,
liowever, ig the enormous gap between the thermodynamical mini.
mum (3 X 10~ ergs) and the energy dissipation per binary act in the
peuron (3 X 10~* ergs). The factor here is 109, This shows that the
thermodynamical analysis i3 missing & large part of the story. Meas.
ured on a logarithmic seale, the gnp between our instrumeutation,
which is obviously amateurish, and the proeednres of nature, which
show a professional touch, is about half the gap between the best
devives we know about and the thermodynamical minimum, What
this gap is due to I don't know. I suspect that it’s due to something
like a desire for reliability of operation.

Thus, for an elementary act of information, nature does not use
what, from the point of view of physics, is an elementary system with
iwo stable states, stch ag a hydrogen atom. All the switching organs
used are much larger, If nature really operated with these elementary
systemns, swilching organs would have dimensions of the order of a
few angstroms, while the smuollest switching organs we know have di-
mensions of the order of thousands or tens of thousands of angstroms.
There is obvionsly something which forees one Lo use organs several
orders of magnitude larger than is required by the stviet thermo-
dynnmical argument. Thas, though the observalion that information
is entropy tells an important part of the story, it by no means tells the
whole story. There is a factor of 10" still to be ncconunted for.

[ Von Neumann then disecussed memory components, Vacuum
tubes, which are switehing organs, may be used for memory. But
since the stundard circuit for storing a binapy digit has two (ubes, nnd
additional tnbes are needed for fransmitting the information in and
out, it is not feasiblo 1o build a large memory out of vacunm tubes.
*“The netual deviees which are used are of such a nature that the
slore is effected, not in & maeroscopic object. like a vacuum tube, but
in something which is microscopie and has only a virtua) existence.”
Vou Newmann deseribes two devices of this sort: acoustie delay line
stornge and enthode ray tube storage.

An acoustic delay line is a tube which is filled with & medium such
as werenry and which has o piezo-electric crystal at each end. When
the transmitting crystal is stimulated electrically, it produces an
acoustie wave that travels through the mercury and causes the re-
ceiving erystal (o produce an eleetrical signal, This signal is amplified,
reshaped, and retimed and sent to the transmitting erystal again,
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This-acoustic-clectrieal cyele can be repeated indefinitoly, thereby
providing storage. A binary digit is represented by the presence or
absence of a pulze at a given position at a given time, and-since the
pulses cireulate around the system, the digit is not stored in any fixed
position, “The thing which rememnbers is nowhere in particular.”

Information may be stored in a cathode ray tube in the form of
electrie charges on the inside surface of the tube, A binary digit is
represented by the charge stored in a small area. These charges are
deposited and sensed by means of the electron beam of the eathode
ray tube. Sinee the area associated with a given binary digit must be
rechirged frequently, and since this area may be moved by changing
the position of the electron beam, this memory is also virtual. “The
site of the memory is really nowhere organically, and the mode of
control produces the memory organ in a virtual sense, because no
permancnt. physical changes ever oceur.™]

There’s therefore no reason 1o believe that the wmemory of the
central nervous system is in the switching organs ((le nenrons). The
size of the human memory must be very great, much greater than
10' binary units. If you count the impressions which a human gets in
his lifc or other things which appear to be critical, you obtain numbers
like 10'. One cannot place much faith in theso esthnates, but I think
it likely that the memory capacity of the hwman nervous systemn is
greater than 101, T don’t know how legitimate it is to transfer our
experience with eomputing machines (0 natursl systems, but if our
experience is worth anything it is highly unlikely that the natural
meniory should be in switching organs or should consist of anything
as unsophistieated and crude as the modification of a switehing organ.
It has been suggested that memory consists in a ehange of threshold
at a synapse. I don’t know if this is true, but the inemory of comput-
ing machines does not consist of bending a grid. A comparison be-
tween artificial automata and the central nervous systemt makes it
probable that the memory of the latter is more sophisticated and more
virtual than this, Therefore, I think that all guesses about what the
memory of the human organism is, and where it sits, are premature.

Another thing of which I would like to talk is this. I have been
talking as if & nerve cell wera renlly & pure ewitching organ. It has
been pointed out by many experts in neurology and adjncent fields
that the nerve cell is not a pure switching organ but a very delicate
continuous organ. In the lingo of computing inachinery one would
say it is an analog device that can do vastly more than transmit or
not tranamit a pulse. There is a possible answer 10 this, namely, that
vacuum tubes, clectromechanical relays, etc. are not switching devices
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cither, since they have.continuous properties. They are all charac-
terized by this, however, that there is at least one way 1o run them
where they have essentially an all-or-none response. What matters is
how the component runs when the organism is funetioning normally.
Now uerve ctlls do not ususlly run as all-or-none organs., For in-
stance, the method of translating a stimulus intensity into a fre-
quency of response depends on fatigue and the time of recovery, which
is a continuous or analog response. However, it is quite clear that
the all-or-uone character of a neuron is n very important part of the
story.

The human organimn is not a digital organ either, though one part
of it, the nervous system, is essentially digital. Almost all the nervous
stimuli end in organs which are not digital, such as & contraeting
muscle or an organ which causes secretions to produce a chemical.
To control the production of a ¢hemical and rely on the diffusion rate
of a chemieal is to employ a much more sophisticated analog pro-
cedure than we ever use in analog eomputing machines. The most
important loops in tho human system are of this nature. A system of
nervous stimuli goes through o complicated network of nerves and
then controls the operation of what is easentially a chemieal factory,
The clhemieals are distributed by n very complieated hydrodynamical
systen, which is completely analog. These ¢hemicals produce nerv-
ons stimnli which ¢ravel in a digital manner through the nervous
systens. There are loops where this change from digital into analog
ocenrs several times. So the human organism 18 essentiolly a mixed
system, But this does not decrease the necessity for undersianding
the digital part of it.

Computing machines aren’t purely digital either. The way we run
thoin now, their inputs and outputs are digital. But it’s quite clear
that we need certain non-digital inputs and outputs. It's frequently
desirable to display tho result, not in digits, but, say, as a curve on
an ostilloscope sereen. This is an analog output. Moreover, I think
that the important applications of these devices will come when you
can use them to control complicated machinery, for example, the
flight of a missile or of a plane. In this case the inputs will come from
an nnalog source and the outputs will control an analeg process.
"This wholo trans-contimious alternation between digital and analog
nmechanisms is probably characteristic of every field.

The digital aspect of automata should be emphasized at the present
time, for we now have some logical tools to deal with digital mech-
anisms, and our understunding of digital mechanisms is behind our
understanding of analog mechanisms. Also, it appears that digital
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mechanisms are necessary for complicated functions. Pure anulog
meechanisms are usually not suited for very complieated situations.
The only way to handle a complicated situation with analog mech-
anisms is fo break it up into paris and deal with the purts separately
and alternately, and this is o digital trick.

Let me now come (o the following question. Cur artifielal automata
are much simaller then naturnl automata in what they do and in the
nimnber of components they havo, and they’ye phenomenally more
expensive In {erns of space and encrgy. Why is this so? 1¢s mani-
festly hopeless to pvoduce & true answer ak the present time: We can
hardly explain why two objects nre different i we understund one a
little and the other not at ull. However, there are some obvious dis-
crepuncies i the tools with whiech we operate, which make it clear
that we would have difficulty in going much further with these tools,

The materials which wo are using are by their very ngture not well
anited for the small dimensions uature uses. OQur combinations of
melals, insulators, and vacuums are much more unstable (han the
materials used by nature; that they have higher (ensile sirengths is
completely incidental. If a membrane is dumaged it will recoustruct
itself, but if & vacuum wnbe develops a short berween its grid and
eathode it will not reconstruet itself. Thus the naturval materials
have some 501t of mechanical stability and are well balanced with
respeet Lo mechanical properties, electrical properties, and relinbility
requirements. Our artificiel sysiems are patehworks in which we
achieve desirable electricul traits at the price of mechanienlly vnsound
things. We use techuiques which are excellent for futing metsl to
metal but are not very good for fitting metal to vacuum. To obtain
millimeter spacings i an inaccessible vacuum spsee is & grest me.
chanical achievement, and we will not be able to decrease the size by
large factors here, And so the differences in size between artificial
and natural antomata are probably conneeted esseniinlly with quite
radical differences in materials,

[ Von Neumann proceeded to discuss what he thought. was a deeper
cause of the diserepaney in size between natural and artificial auto-
mata. This is that many of the compenents of tho natural system
serve (o mnake the system reliable. As he noted in the third lecture,
actus] computing elements funetion correctly with a certnin proba-
bility ouly, not with eertainty. In small systems the probability
that the whole system will behave ineorrectly is relatively small and
may often be nogleeted, but this is not the case with large systems,
Thus error considerations beeoine more important as the system he-
comes Inore complex.

Von Neumsnn made some very rough calculations te justify this
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conclusion. Assuming-that the system is designed in such a way that
the failure of n single element would result in failure of the whole
gystem, he calcutated the errar probability required for a given mean
free path between system errors. For the human nervous system he
used the following figures: 10" neurous; each neuron activated 10
tines per second on the average; a mean free path between fafal
errors of 60 years (the average life span), Since 80 years iz about
9 X 10° seconds, the produet of these numbers is 2 X 10*. Hence
an error probubility of 0.5 X 10-¥ for each activation of an element
is required under these assumptions. For a digital computer he used
the figures: 5 X 10* vacuum tubes, 10% activations per tube per sec-
ond, and a desired mean free path between system errors of 7 hours
(about 2 X 10* seconds), An error probability of 10~ per tube ac-
tivatien is required for this degree of reliability. Compare the ealcu-
lations at Collecled Works 5.366-367.

He pointed out that vacuum tubes, and artificial componenis
generally, do not have an error probability as low as 10, and that
neurons probably do not either. We try to design eomputing ma-
chines so that they will stop when they make an error and the opera-
tor ean then locate it and correet it. For example, a computer may
perforni a certain operation twice, compare the results, and stop if
the resulis differ.)

H’s very likely that on the basis of the philosophy that every error
bus 10 he caught, explained, and corrected, a system of the complexity
of {he living organism would not run for a millisecond. Such a system
is so well integrated that it can operate across errors. An error in it
does not in general indieate s degenemtive tendency. The system is
sufliciently flexibie and well organised that as soon as an error shows
up in any part of it, the system sutomatically senses whether this
error matters or not. If it doesn’t matter, the system continues to
operate without paying any attehtion to it. If the error seems to the
system to be important, the system blocks that region out, by-passes
it, and proceeds along other channels. The system then analyges the
region separately at leisure and corrects what goes on there, and if
correciion is hnpossible the system just blocks the region off and by-
passes it forever. The duration of operability of the automaton is
determined by the time it takes until so many incurable errors have
occurred, so0 many alterations and permanent by-passes have been
muode, that finally the operability is really impaired. This is a com-
pletety different philosophy from the philosophy which proclains
that the end of the world is at hand as-soon as the first error has
occurred.

To apply the philosophy underlying natural automata to artificial
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autonata we must understand complicated mechanisms better thauf
we do, we must have inore elnborate statistics aboul what goes wmng,,
and we must have much more perfect statistical informatiou about!
the milieu in which a mechanism lives than we now have. An automs:
aton can not be separated from the milien (o which it respomls.
By that I mican that it’s meaningless (0 say thai an automaton j
good or bad, fast or slow, refiable or unreliuble, without tefling n'q
what milicu it operates. Tlu. characteristies of a human for survwn,}
are well defined on the swfnee of the earth n its present state, lhough‘a
for most types of humans you must actually specialize the situation
a little further than this. Bug it is meaningless to argue how the hu:-'
man would survive on the bottom of the ocean or in a temperature ot
1000 degrees centigrade, Stmilarly, in distussing a eomputing machme;
it is meaningless to ask how fast or how slow it iz, wiless you hpecnfya
what type of problems will be given to it. i

It makes an enormous difference whether a computing maching!
is designed, say, for more or less lypical problenys of mathematicali
unalysis, or for number theory, or combinalorics, or for translating:
a text. We have an approximate idew of how to design 2 machine to,
handle the typieal general problems of mathematical analysis, T
doubt that we will produce a machine whieh is very good for number
theary except on the basis of our present knowledge of the statisticnl
propertics of number theory, 1 thivk we have very little idea ns (o
low to design good machines for contbinatorics and (ruustation.

What mautters is that the statistical properties of problems of
nmaihematival analysis are reasonably well know, aud as far ns we.
know, reasonably homogeneous. Consider some problems in mathe-
mutical analysis which leok fairly different from each other and which
by mathematieal standards are very different; finding (he roots of an
equation of the tenth order, inverting a matrix of the twentieth order,
solving a proper value problem, solving an integrnl equation, or:
solving an integral differentinl eguation. These problems are sur-
prisingly homogeneous with respect to the statistical properties which
matter for o computing maehine: the fraction of multiplications to
other operations, the number of memory references per multiphication,
and the optimal hierarchic strueture of the memory with respect to
aceess time. There's vastly less homogeneity in number theory, There
are viewpoints under which number theory is homogeneous, but we
don’t know them.

So, it is true for all these nutomata that you ean only assign them
a value in combination with the wmilien which they have to face.
Natural automata are mueh better suited to their milieu than any
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artifaets we know. It is therefore quite possible that we are not too
fur from the limits of complleation which can be achieved in artificial
sutomatn without really fundamentsl insights into a theory of in-
forniation, althougl: one should be very careful with such statements
because they can soumd awfully ridiculous 5 years Iater.

[ Von Neutnann then explained why computing machines are de-
sigined 1o stop when a single error oceurs. The fault must be loeated
and corrected by the engincer, and it is very difficult for him to lo-
calize a fault if there are several of them, If there s only one fault
he ean often divide tlie machine injo two parts and determine which
part made the crror. This process cau be repeated until he isolates
the fault. This general method becomes much more complicated if
there are two or three faults, and breaks down when there are many
faults.]

The fact that natuval organisms have such a radically different
ailitude about errors and behave so differently when an error oceurs
is probably connected with some other traits of natural organiems,
which are entirely absent from our automata, The ability of a natural
organismy Lo survive in spite of a high incidence of error (which our
artificial automata are incapable of) probably requires s very high
flexibility and ability of the automaton to watch itself and reorganize
itself. And this probably requives a very considernble autonomy of
parts. There is a high autonomy of parts in the human nervous sys-
tem. Thix autonoiny of parts of a system has an effeet whicl is ob-
servible in the humnan nervous system bul not in artificial rutomata.
Wlien pnrts are autonomous uird able Lo reorganize themselves, when
there are several organs cach ¢apable of taking control in an emer-
geney, an antagonistie relation ean develop belween the parts so that
they are no longer friendly and cooperative. It is quite likely that
all these pheunomena are connected,



Fifth Leclure

RE-EVALUATION OF THE PROBLEMS
OF COMPLICATED AUTOMATA—
PROBLEMS OF HIERARCHY
AND EVOLUTION

Analysis of componentry and analysis of integration. Although these parts
have to appear together in o complete theory, the present state of our informa-
tion does not justify this yet.

The first problem: Reazons for not going into it in detail here. Questions
of principle regarding the nature of relay organs,

The second problem: Coincides with a theory of information and of auto-
mata. Reconsideration of the broader program regarding a theoretical discus-
sion of sutomata as indicated at the end of the seeond lecture,

Synthesis of automata, Automats which can effect such syntheses,

The intuitive coneept of “complication.” Surnise of its degenerative
character: In connection with descriptions of processes by sutomata snd in
connection with syntheses of sutomata by sutomata.

Qualifieations and difficulties regarding this concept of degeneracy.

Rigorous discussion: Automata and their “clementary” parts. Definition
and listing of elementary parts. Synthesis of automsts by sutomata. The
problem of self-reproduction.

Main types of constructive automata which are relevant in this eonnection:
The concept of a general instiuetion. The geners! constructive automaton
which can follow an instruction. ‘The general copying automaton. The self-
reproducing combination.

Self-reproduction combined with synthesis of other automata: ‘he en-
symatic function. Compsrizon with the known major traits of genctie and
mutailon mechanisms. '

The questions on which I've talked so far all bear on automaia
whose operations are not directed at themselves, so that they produce
results which are of a completely different character than themselves.
This is obvious in eacl of the three cases I have referred to.

It is evident in the case of a Turing automaton, which is a box
with a finite number of states. Its outputs are modifications of another
entity, which, for the sake of convenience, I call a punched tape.

74
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This tape is not itself an object which has states between which it
can move of its own aceord. Furthermore, it is not finite, but is as-
gumed to be infinitc in both directions, Thus this tape is qualitatively
completely different from the automaton which does the punching,
and so the nutomaton is working into a qualitatively different me-
divn.

This is equally true for the automata discussed by MeCulloch and
Pitts, which are made of units, called neurons; that produce pulses,
Mhe inputs und outputs of these automata are uot, the neurons but.
the pulses. 1t is true that these pulses may go to peripheral organs,
{hereby produciug eutirely different reuctions. But even therc one
primarily thinks, say, of fecding the pulscs into motor or scerctory
organs, 5o it is still true that the inputs and outputs are completely
different from the sutomaton itself.

Tinally, it is entircly true for computing machines, which can be
thought of as machines which are fed, and emit, sonie nedium like
punched tape. Of cowrse, I do not consider it essentially different
wliether the medium is & punched card, a magnetic whe, a magnetized
metal tape with many channels on it, or a piece of film with points
photographed on if. In all these cases the medimm which is fed to
the auntomaton and which is produced by the asutomaton is completely
different from the automaton, In fact, the sutomaton doesn’t produce
any medium at all; it merely modifies a medium which is completely
different. from it. One can also hmagiue a computing machine with
an outpmt. of pulses which are fed to control completely different
entities. But again, the automaton is completely different from the
elecirical pulges it emits. So there's this qualitative difference.

A romplete discussion of automata can he obtained only hy taking
i broader view of these things and considering automata which can
have ontputs zomething like themselves. Now, one has (o he earcful
what one means by this. There iy no question of producing matter
oul. of uothing. Rather, one unagines automule which can modify
objests similar to themselves, or cffect syntheses by picking up parts
and putiing them together, or iake synthesized cntities apatt. In
order {o discuss these things, one has Lo imagine a formal set-up like
this, Draw up a list of unminbiguously defined elementary parts.
Twagine that there is a practieally unlimited supply of these parts
floniing around in » large container. One eun then imngine an autom-
aton funcitoning in the following mauner: It also is floating around
in this medimin; its essentinl activity is to pick up paris and put them
logether, or, If aggregates of parte are fouud, to take them apart.

This iz an axiomatically shortened and simplified deseription of
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what an organism does. It's true that this view has certain limitations,
but they are not fundamentally different from the inherent limitations
of the axiomatic method, Any result one might reach in this manner
will depend quite essentlally on how one has chosen to define the
elementary parta. It is o commonyplace of all axiowatic methods that
it is very difficult lo give rigorous rules as to how one should choose
the elementary parts, so that whether the choice of the elements wag
reasonable is a matter of commeon sense judgment. There is no rigorous
description of what choice is reasonable and what choice is not.

First of all, one mmay define parts in such numbers, and each of
them s0 large and invoived, that oue has defined the whele problem
away. If you ehose to define as elementary objects things which are
analogous to whole living organisms, then you obviously have killed
the problem, because you would have to attribute to thesa parts
just those functions of the living organism which you would like to
describe or to understand. So, by choosing the parts too lurge, by
attributing too many and too complex functions to them, you lose
the problem at the moment of defining it.

One also loses the problem by defining tbe parts too small, for
instance, by insisting that nothing larger than s single molecule,
single atom, or single elemantary particle will rate as a part. In this
case one would probably get completely bogged down in questions
which, while very bnportant and inferesting, are entirely nnterior
to our problem. We are interested here in organizational questions
about complicaied organisms, and not in questions about the struc-
ture of matter or the quantum mechanical background of valency
chemistry. So, it is clear that one has to use some common sense
criteria about choosing the parts neither 0o large nor too small.

Even if one chooses the parts in the right order of magnitude, there
are many ways of choosing them, none of which is intrinsically nruch
hetter than any other, There is in formal logics & very similar diffi-
culty, that the whole system requires an agreement on axioms, and
that there are no rigorous rules on how axioms should be chosen,
just the common sense rules that one would like 1o got the system
one is interested in and would not like to state in his axioms either
things which are really terminal theorems of his theory or things
which belong to vastly anterior fields. For example, in axiomatizing
geometry one should gssume theorems from set theory, because one
is not interested in how to get from sets to numbers, or from numbers
to geomelry, Agnin, one does not choose the more sophisticated
theorems of analytic number theory as axioms of geometry, because
one wants to eut in at an earlier point.
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Even if the axioms are chosen within the common sense ares, it is
wsually very difficult to achisve an agreement between two people
who have done this independently. For instance, in the literature of
formal logics there are about as iy notations as there are authors,
and anybody who has used a notstion for a few weeks feels that it's
more or less superior (o any other. S0, while the choice of notations,
of the clements, is enonuousy important and absolutely basic for
an application of the axiomatie method, this choice is neither rigor-
ousty justifinble nor humanly unambiguously justifiable. All one can
do is to try to subimit a systemy which will stand up under common
sense criteria, I will give an indication of how one system ean be
constructed, but I want to emphasize very strongly how relatively
I state this system,

I will introduce s elementary umits neurons, a “‘muscle,” entities
which make and cut fixed contaets, nnd entities which supply energy,
all defined with sabout that degree of superficiality with which the
formal theory of MeCulloch and Pitts describes an actual neuron.
If you deseribe nuuscles, connective tissues, “disconnecting tissues,”
and means of providing metabolic energy, all with this degree of
schematization, you wind up with a system of elements with which
you ean work in a reasonably uncomplicated manner, You probably
witd up with something like 10 or 12 or 15 elementary parts.

By sxiomatizing automata in this manner, one has thrown half
of the problem out: the window, and it niay be the more important,
half, One has resigned oneself not Lo explain how these parts are
made up of real things, specifically, how these parts are made up of
welual clomentary particles, or even of higher chemieal molecules,
{ne does nol ask the most, indriguing, exeiting, and important ques-
{ion of why the molecules or aggregates which in nature really occur
in these parts are the sort of things they arc, why thoey are essentially
very large molecules in some cases but large aggregations in other
tises, why they always lie in a range beginning at a few niicrous and
ending at a few decimeters. This is o very peculiar range for an ele.
meniary object, since it is, even ou u linear scale, at least five powers
of ten away from the sizes of really elementapry entities,

These things will not be explained; we will simply assume ihat
elementary parts with certain properties exist. The question that
one can then hope to answer, or at least investigate, is: What prin-
tiples are involved in organizing these elementary parts into fune-
tioning organisms, what are the traits of such organisms, and what
are the essential quantitative characteristics of such organismng? I
will discuss the matter entirely from this limited point of view,
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[ At this point von Neumann made the remarks on information,
logic, thermodynamies, and balance which now appear at the end of
the Third Lecture. Theéy are placed there because that is whers von
Neumann's detailed cutline located them. Those remarks are relevant
to the present discussion beeause the concept of complieation which
von Neumann introduced next belongs to information theory.)

There is a coneept which will be quite useful here, of which we have
a certain intuitive idea, but which is vague, unscientifie, and imper-
fect. This concept, clearly belongs to tlie subject of informnation, and
quast- thermodymumnical considerations are relevant Lo it. I know no
adequate name for it, but il is best described by ealling it “complien-
tion.” It is effectivity in complication, or the potentiality to do things:
I amt not thinking about how involved the objeet is, but how involved
its purposive operations are. In this senge, an object is of the highest
degree of complexity if it can do very difficult and involved things.

I mention (his beeause when you consider automata whose normal
function is to synthesize other automata from elementary parts
(living orgauisms and such familiar artificial autonmata as machine
tools), you find the following remarkable thing. There are Lwo states
of mind, in each of which one can put himself in a winute, aud in
each of which we fee] that & certain statement is obvious, Buf, each
of Lhese two statements is the opposite or negalion of the other!

Anybody who looks at living organisms knows perfectly wetl that
they can produee other organisims like themselves, This is their nor-
nia] function, they wouldn't exist if they didu’t do thiz, and it*s
plausible thai this iz the reason why they abound in the world. In
other words, living organisins are very complicated aggregations of
clementary parts, and by any ressonalile theory of probability or
thermodynamics highly improbable. 'That they should occur in the
world ad all is o miracle of the first maguitude; the only thing which
removes, or mitigates, (his mirncle is that they reproduce theniselves.
Therefore, if by any peeuliar accident there should ever Ie ona of
them, from there on the rnles of probability do not apply, md there
will be inany of them, at least if the miliey is reéasonable, But a reason-
able milieu is aleady a thermodynamicaily much less improbable
thing, So, the operations of probability semehow lesve a loophole-at
this point, and it is by the process of self-reproduction that they are
pierced,

Furthermore, it’s equally evident that what goes on is actuaily one
degree better than self-reproduction, for organising appenr 10 have
gotten more elaborate in the course of time. Today’s organisms are
phylogenetically descended from others which were vastly simpler
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than they are, so mueh simpler; in fact, that it's inconceivable how
any kind of description of the later, complex organism could have
cxisted in the earlier one. It's not easy to imagine in what sense a
gene, which is probably a low order affuir, ¢can contain a deseription
of the human being which will come from it, But in this ense you can
say that since the gene has its effect only within another human or-
ganlsm, it probably need not contain a complete description of what
is to happen, but only a few cucs for a few alternatives. However,
thiz is not so in phylogenetic evolution, That starts from shnple
emities, surrounded by an unlivitig amorjlous milien, and produces
something more compliented, Evidently, these orgauimns have the
ability to produee something more complieated than themselves.

The other line of argument, which leads to the opposite conclusion,
arises from looking at artificial automata, Everyone knows that a
machine tool is more eomplicated than the elements which can be
made with it, and that, generally speaking, an automaton 4, whieh
can make an auiomaton B, must confain a complete deseription of
B and also rules ot iow to behave while effecting the synthesis. So,
one gets a very strong impression that complieation, or productive
potentiality in an organization, is degenerative, that an organization
which synthesizes something is necessarily more complicated, of a
higlher order, than the organization it synthesizes. This conclusion,
arrived at by considering arfificial nutomata, is elearly opposite to
onr early conelusion, arrived at by considering living organisms,

| think that some relatively simple combinatorial discussions of
artiticial automata can contribute to mitigating this dilennna. Ap-
pealing to the organic, living world does not help us greatly, beeause
we do not. understand enough about how natural organisms funetion.
We will stick to automaia which we kuow completely becsuse we
made {hem, either aetunl artifieial automaia or paper suiomata
deseribed completely by soine finite set. of logieal nxioms, It is possible
in this domam to deseribe automata which can reproduce themselves,
So at least one ean show that on the site where one would expect
complication 10 be degenerative it is not necessarily dsgenerative at
all, aud, in faet, the produetion of a more complicated objeet from o
less eomplieated object is possible,

The eonelusion one should draw from this is that complication is
degenerative below a certain minimum level. This conelusion is quite
in harmony with other results in formal logies, to which I have re-
ferred o few times earlier durmg these lectures.! We do not now know

1] See the end of the Sseond Lecture.]
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what complieation is, or how to measure it, but I think that some-
thing like this conclusion is true even if one measures complication
by the crudest possible standard, the number of elementary parts:
There is 4 minimum number of parts below which complleation is
degenerative, in the sense that if one automaton makes another the
second is less complex than the first, but abave which it is possible
for an automaion to construct other automata of equal or higher
complexity, Where this number lics depends upon how you define
the parts, [ think that with reasonable definitions of paris, like those
I will partially indicate later, which give one or two dozen parts with
siinple- properties, this minitnum number is large, in the millions, I
don’t have a good cstimate of it, although I think that one will be
produced before terribly long, but to do so will be laborious.

There is thus this completely decisive property of complexity,
that. there exists a eritical size below whieh the process of synthesis
is degenerative, but above which the phenomenon of synthesis, if
properly arranged, ean become explosive, in other words, where
syntheses of automata can proceed in such a manner that each autom-
afon will produce other automata which are more complex and of
higher potentialities than itself.

Now, none of this can get out of the realm of vague statement
until one has defined the concept of complieation correctly, And one
caniot define the concept of complieation correctly until one has
seen in greater detail some eritical examples, that is, some of the
coustructs which exhibit the eritical and paradoxieal properties of
eomiplication. There is nothing new about this, It was exactly the
same with conservation and non-conservation properties in physics,
with the concepls of eunergy and entropy, and with other eritical
concepts. The simplest mechanical and thermodynamie systems had
to be discussed for a long time before the eorrect concepts of energy
art endropy could be nbstracted from them.

[ Von Neumann only briefly described the kinds of elements or
parts he planned to use. There are neurons like those of McCulloch
nnd Pitts, There are olements “that have absolutely no function
except that they are rigid and produce a geometrical tie between
their ends.”” Another kind of element is called n “motor organ® and
a “musele-like affair”; it contracts to zero length when stimulated.
There is an organ which, when pulsed, “can either make or break a
connection,’” He said that less than a dozen kinds of elements are
needed. An automaton composed of these parts esn cateh other paris
which aecidentally come in contaet with ity “it is possible to invent
a gysten by which it can sense™ what part it has eaught.
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1n June of 1948 von Neumwun gave three lectures on antomata
at the Institute for Advaueed Study to a small group of friends. He
probably did this in preparation for the Hixon S8ymposium which
took place In September of that year? These lectures contained the
most detailed deseripiion of the parts of lns self-reprodueing autom-
aton that I know of, For this reason, I have attempted 1o recon-
struet, from the notes aud memories of the audience, what he sald
aliout these parts and how they would function.

Voun Neumanun deseribed eight kinds of parts. All seem to have
heen symbolized with stright lines; imputs and outputs were in-
dicated ot the ends and/or the middle. The tempornl reference frame
was discrole, each element taking a unit of tine to respond. It is not
¢lear whether he intended this list to be complete; I suspeet that he
lhad not yet made up his mind on this point.

Four of the paris perform logical and information proeessing opera-
tions. A stimulus organ receives and transmits stimuli; it receiyes
thetn disjunetively, that is, it realizes the truth-funetion “p or 4."
A coinetdence organ realizes the iruth-funetion “p and 4. An in-
hibilory organ tealizes the truth-function “‘p and not-g.” A siimuls
producer serves us a source of stimuli,

Tha fifth purt is a rigid member, from whieh a rigid frame for an
attamnton ean be coustructed. A rigid member does not carry any
stimuli; that iz, U k5 an insulaied givder. A rigid member may be
conuected 10 other rigid memhbers as well us to parts which are not
rigid members. These counections arve made by a fusing organ whicly,
when stimulated, welds or solders two parts together. Presumably
the fusing organ is used in the following way. Suppose point a of one
gitder is to be joined to point b of ancther girder. The activo or out-
put end of the fusing organ is placed in eontact with points a and b.
A stimulus into the input cud of the fusing organ at tHime { eauses
points a und b to be welded together st time ¢ + 1. The fusing organ
cst be withdrawn later. Connections may be broken by a cutting
organ which, when stimulated; unsolders a connection.

The eighth part is a muscle, used to produce motion. A muscle is
normally rigid. It may be connected to other parts, If stimulated at
lime ¢ it will contract to length zero by time ¢ 4 1, keeping all its
connections, It will remain contiscted as long as it is stimulated,
Presumably muscles can be used to move parts and make connections
in the following way. Suppose that muscle 1 lies between point a of

*[ “The General and Logical Theory of Automata.” Collected Works 5,285~
'-i’vgf %l will be reeallad that the THinoia lectures wers delivered in Dacember of
9.
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one girder and point b of another girder, and musele 2 lies between
point a and the active end ¢ of a fusing organ, When both muscles
are stimulated, they will contraet, thereby bringing points a, 4, and
¢ together, When the fusing organ is stimulated, it will weld points
a and b together, Finally, when the stimuli to the muscles are stopped;
the museles will retumn to their original length, at least one end of
muscle 1 separating from the point ab, Von Neumann does not seeuy
to have discussed the question of how the connections between mus:
cles and other parts are made snd broken.

Von Neumann conceived of an automaton constructmg other
automata in the followmg manner, The constructing automaton
floats on a surface, surrounded by an unlimiied supply of parts. The
constructing automaton contains in ils memory a description of the
sutomaton to be constructed. Operating under the direction of this
deseription, it picks up the parts it needs and assembles them into
the desired automaton. To do this, it must contnin a deviee which
catehes and identifies the patts that come in contaet with it. The
June, 1948 leetures contain only a few remarks on how this device
might operate. Two stimulus units protrude from the eonstruecling
automnaton. When a part touches them 1ests eau be inade to see what
kind of part it is, For exnmple, & stimulus organ will (ransmit a sig-
val; a girder will not. A muscle might be identified by determining
that it contracts when stimulated.

Vou Neumann intender] to disregard the fuel and energy problem
in his flrst design attempt. He planned to consider it later, perbaps
by introducing a battery as an additional elementary part. Exeept
for this addition, von Neumauu’s carly wmodel of self-reproduction
deals with the geomretrical-kinematie problems of movement, contagt,
positioning, fusing, and cutting, and ignores the truly wechanical
and chemical questions of foree and energy, Henee T eall it his kine-
matic model of self-reproduction. This early model is 1o be contrasted
with his later cellular model of self-reproduction, which is presented
in Part IT of the present work.

In his June, 1948 lectures von Neumann raised the question of
whether kinematic self-reproduction requires three dimensions. He
suspected that either three dimensions or a Riemann surface (multi-
ply-connected plane) would be needed. We will see in Part IT that
only two dimensions are required for self-reproduction in von Neu-
mann’s cellular model, This is a strong indieation that two dinensions
are suffieient for kinematic self-reproduction.

We return now to the Illinois loctures, Von Neumann discussed
the general design of a gelf-reproducing automaton, He said that it
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iz in principle possible to set up a machine shop which ean make a
copy of any machiue, given enough time and raw matetials, This shop
would contain a machine tool B with the following powers. Given a
pattern or object X, it would search over X and list its parts and
their connections, thereby obtaining a deseription of X. Using this
deseription, the tool B would then make n copy of X. “This i quite
vlose to sclf-reproduction, because you can furnish B with itself.”]

But it is easier, and for the ultimiate purpose just as effeetive, not
to voustruct an automaton which can copy any patlern or spetimen
given o it, but to construct an automaton which can produce an
object starting from a logieal deseription. Inn any coneeivable method
cver juvented by man, an automaton which produees an object by
copying a pattern will go first from the pattern to a deseription and
then from the description to the object. It first abstracts what the
thing is like, and then carries it out. It's therefore simpler not to
cxtruet from a real object its definition, but (o start from the defini-
tion.

To proceed in this manner one must have axiomatie deseriptions
of nulomata, You see, I'm eoming quile close to Turing’s trick with
nniversul nutomata, which also started with & genersl formal deserip.
tion of autiomata. If you take those dozen elemments I referred to i s
tniher vague and general way and give exact: descriptions of them
{which could be done on two printed pages or less), you will have a
formal language for deseribing automata unambiguously. Now any
notation can be expressed as a binary notation, which can be recorded
on i punched tape with a single chaunel. Henee any nulomaton
descripyiou could be punched on a piece of tape. At flrst, 1t is better
nol to use a deseription of the picces and liow they fit together, but
rather o description of the cousecutive steps to be used in building
the automaton.

[ Vou Neunwanu then showed how to construat a biusry tape out of
rigitl elements, See Figure 2. A binary character is represented at
each intersection of the basle chaing “one” is represenied by an at-
tached rigid element, “zero” by the absence of a side element. Writing
and erasing are accomplished by adding and removing side elements.]

I have sinplified unnecessarily, just beeause of a purely mathe-
inatical liabit of trylug to do things with a minimum of notation.
Since I'm using a binary notation, all I'm atiaching here is no side
chain, or a one-step side chain. Existing languages and praetical
notations use more symbols than the binary system. There is no
diffieulty in using more symbols here; you simply attach more com-
blex side ¢hains. In fact, the very lincarity of our logicul notation is
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completely unnecessary here, You could use more eomplicated looped;
chaing, which would be perfectly good carricrs for o code, but it woulclf
not be a linear code. There ir reagon to suspect that our predﬂe‘-.'ct.um=
for linear codes, which have a simple, almost temporal sequence, ig
chiefly a literary habit, corresponding to our not particularly high
level of combinatorial eleverness, and that a very efficient lnngu '
would probably depart from Imcanty’ g

There is no great difficulty in giving a complete axiomatic accoury
of how to describe any conecivable automatou in a binary eode: Ang
such deseription can then be represented by a chuin of rigid elemen;p
like that of Figure 2. Given any automaton X, let ¢(X) designaie tﬁ’
chain which represents X. Onoe you have done this, you can design’s
universal machine 100l A which, when furnished with such a chaifl
(X)), will take it and gradually eonsume it, at the same time building
up the automaton X from the parts floating nround frecly in the suna
rounding mrilieu. All this drﬁtgn is laborious, but it is not difficult ir
principle, for it’s a succession of steps in formal logics. It is not qualls
tatively different from the type of argumentation with which Turing
construeted his nniversal nutomaton,

Another thing which one nceds is this. I stated earlier that it inight
be quite complicated to coustruet a machine which will copy an
sutomaton that is given it, and that it is prefernhle to procecd, not
from original to copy, but from verbal description (o copy. I would
like o make one exception; I would like to be able to copy linear
chains of rigid elements. Now this is very easy. For the real reason it
is harder Lo copy un existing automaton tlhan its deseription is that
the existing automaton docs not, conform with our lnbit of linearity,
ity parts being connccted with each other in all possible directions;
and it’s quite difficult just to check off the pieces that hnve already
been deseribed? But it’s uwot difficult Lo copy a lincar chain of rigid
elements, So I will assume that there exists an automaton B whiely
hag this properiy; If you provide B with a deseription of anything,
it consumnes it and produces two copies of this description,

Please consider that after I have deseribed these two ¢lementary:
steps, oue may stili hold the illusion that I have not broken the prin-
ciple of the degeneracy of complieation, It is still not true that, start-
ing from something, I have made something more subtle and more.

3[ The programming language of Aow dingrams, invented by von Neumanu,
is o posaible example. See p. 13 of the Introductlon to the present velnme.]

‘[Compnm See, 1.6.3 of Part F, written ahout 8 yenrs Inter, Here von
Neumana givan a more fundamental reason for haviug the construeting anto-’
maton work from 2 description of &n sutomatou rather than from the automa-
ton itaelf.]
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involved, The general comstructive sutommion 4 produces only X
when 1 complete deseription of X is furnished it, and on any reason-
able view of what constitutes complexity, this description of X is as
complex as X itself. The general copying automaton B produces two
copies of ¢(X), but the juxtaposition of two copies of the same thing
js in no sense of higher order than the thing itself. Furthermore, the
extra umt B is required for this copying,

Now we can do the following thing, We can add a eertain amount
of control equipment C to the automaton 4 - B. The automaton C
Jdominates hoth 4 and B, aetuating them alternately according to
the following pattern. The control ' will first eause B to make two
copies of ¢(X). The control € will next eause A to construet X at the
price of destroying one copy of #(X). Finally, the control C' will tie
X and the remaining eopy of $(X) together and cut them loose from
the complex (4 4+ B 4 €}, At the end the entity X 4+ #(X) has been
produced.

Now choose the aggregate (4i + B + C) for X. Tho automaton
A+ B+ C) + ¢ld + B+ C) will produce (4 + B + ) +
oA + B 4+ (). Henee suio-reproduction has taken place,

[ ‘The details are as follows. We are given the universal constructor
{4 4+ B+ ), to which is atbached o deseviption of itself, ¢(4 + B +
0. Thus the process of sclf-reproduction starts with (4 + B 4 ) 4-
¢4 + B 4+ C). Control ¢ direets B to copy the description (wice;
theresult s (4 + B+ C) 4+ ¢(d + B+ C) + ¢(d 4+ B 4 C).
Then C direets A to preduce the automaton A 4 B 4 C from one
copy of the deseription; theresultis (A + B4+ Y+ (A + B+ C) 4
#(A + B + ). Finally, C ties the new automaton and its deseription
together and cuts them loose. The final result eonsists of the two
asutomnta (4 + B+ Cyand (4 +- B+ C) 4 ol + B + O). If
B were to eopy the deseription thrice, the process would start with
one copy of (1 4+ B + C) + ¢{d + B 4 C) and terminate with
two eopies of this automaton, In this way, the universal constructor
reproduces itself.]

This is not a vicious cirele, 1t is quite Lrue that I argued with o
varinbe X first, describing what € is supposed to do, and then put
something whieh involved € for X. But I defined 4 and B exactly,
hefore I ever mentioned this particular X, and I defined € in terms
which apply to any X, Therefore, in defining 4, B, and C, I did not
make use of what X is to be, end I am entitled later on to use an X
whiel refers explicitly to A, B, and €, The process is not cireular,

The general eonstructive nutomaton 4 has a cortain ereative ability,
the ability to go from a deseription of an objeet to the object. Like-
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wise, the general copying automnaton B has the creative ability to.go
from an objeet to two copies of it. Neither of these automata, however,
is self-reproduetive. Moreover, the control automnaton C is far from,
having any kind of creative or reproductive ability. All it can do is to.
stimulate two other organs so that they act in certain ways, tie cer~
tain things logether, and out these things loose from the original
system. Yet the combination of the three automata 4, B, and C ig
auto-reproductive. Thus you may bresk a self-reproductive system
into parts whose funetioning is necessary for the whole systemn to be
self-reproductive, but which are not themselves self-reproductive.

You tan do one more thing, Let X be A 4+ B + C + D, where B
is any autoniaton. Then (4 + B + C) + ¢(4 + B + C + D) pro;
duces (A 4+ B 4+ C 4+ D) 4 ¢(A + B + C 4 D). In other words;
our constructing automaton is now of such a nature that in its normal
operation it produces another object D as well as making s copy of
itself. This is the normal function of an auto-reproductive organism:
it creates byproduets in addition to reproducing itself,

The systemy (1 4+ B 4+ € + D) ean undergo processes similar to
the process of mutation, (ne of the difficultics in defiving what one
means by relf-reproduciion is (hat certain organizations, such as
growing crystals, are self-reproductive by any naive definition of
self-reproduction, yet nobody is willing to nward them the distine.
tion of being self-reproductive. A way around thiz difficulty is (o
say that self-reproduction mcludes the ability {o indergo inheritable
mutations as well as the ability to make another organism like the
original.

Consider the situntion with respect to the automaton (4 + B +
C+ D)+ ¢(d + B 4 C 4 D). By a niutation I will simply mean a
random change of one element anywhere, If an element is changed
at random in one of the automata A, B, or C, the system will usanlly
not. completely reproduce itself, For examiple, if an clement is changed
in C, C may fail to stimulate 4 and B at the proper tine, or it may
fail 1o make the connections and disconnections which are required.
Such a mutation is lethal.

If there is a change in the description ¢( 4 B 4 C + D), the
system will produce, not itself, but a modification of itself. Whether
the next generation can produce anything or not depends on where
the change is. If the change is in A, B, or C, the next generation will
be sterile. If the change oceurs in D, the system with the mutation
is exactly like the original system, exeept that D has been replaced
by D’, This system can reproduce itself, but its by-product will be
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D’ rather than D, This is the 1ormal pattern of an inheritable inuta-
tton.

So, while this system is exceetlingly primitive, it has the trait of an
inheritable inutation, even io the point that a mutation made at
random is most probably lethal, but may be non-lethal and inherita-

ble,
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EDITORIAL NOTE

[The editor’s insertions, commentaries, explanations, sum-
maries, and Chapter 5 are in brackets, The fignres are at the end of
the volume.

The reader who wizhes a genersl view of the contents of this
part should examine Seetions 1.1,2.3, 1,3.3.5, 2.8.2, 28,3, 4.1.1, 43.1,
and 5,3.]



Chapier 1

GENERAL CONSIDERATIONS

1.1 Introduction

1.1.1.1 The theory of auiomata. The formalistic study of aulomatla
is a subject lying in the intermedinte area between logies, communica-
tion theory, and physiology. It implies nhstractions that make it an
tmperfect entity when viewed exelusively from the pomnt of view of
any one of the three above disciplines—the imperfection being prob.
ably worst in the last mentioned instance. Nevertheless an assimila-
tion of certain viewpoints from ench one of these three disciplines
xeems to be necessary for a proper approach to that theory. Hence
it will have to be viewed synoptically, from the eombined point of
view of all three, and will probably, in the end, be hest regarded as a
sepurale diseipline 1o its owi right.!

1.1.1.8 The constructive method and {is tmitations. The present
paper deals witlt a particular and limited phase of the formalistic
theory of automnatn. The decisive limitation is that we will cstablish
eertain existence theorems, without, however, being able 1o prove
that the constructions on which they are based are in any seuse op-
timal, or that the postulates that they use are in any sense minimal.
These guestions of optimality and minimallty could presumably be
treated only if the methods for the formation of invariant quantitative
coucepts, and for their measurement, their evaluation, and the like,
had been mueh further evolved in this subjeet of automata, control,
acl organization, than they are at present. We belizve that such &
development is possible and to be expected, and that it will to an
important extent follow tlie patterns and the concept fornations of
thermodynamics.? The methods that will be used in this paper eon-

' {Von Neumann here referred to Wiener. Sec Wiener's C'ybernetics atd von
Nenmann's review of It.]

! Ven Neumann, “The Genberal and Logical Theery of Automata® and
“Frobubilatic Logics and the Synthesis of Reliable Organisms from Unreliable
Cr)lmponcn!.a." [Sec nlso the Third and Fourth Lectures of Purt | of {he present
volume.]

)1
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tribute, however, only very partially to the effort that is needed in
that direction, and, at any rate, we will limit ourgelves at this oceasion
te the establishing of certaln existenees (by suitable, ad hoe construe.
{ions) in the sense outlined above, .

1.1.81 The main guestions: (A)—(E). Within the above limitations;
however, we will deal with problems that are rather central—at least;
for the initial phases of the subject. We will investigate automats
under two important, and connected, aspects: those of Jogies and of
construction, We can organize our considerations under the licadings
of five main questions:

(A) Logical universality. When is a class of automata logically:
universal, ie., able to perfonn all those logical operatious that arg
at all performable with finite (but arbitrarily extensive) means?.
Also, with what additional—variable, but in the essential respects
standard-—attachments iz a single automaton logically universal?

(B) Constructibility. Can an automaton be constructed, i.e., as-
sembled and built from appropriately defined “mw materials,” by
another automaton? Or, starting from the other end and extending
the question, what class of automata can be constructed by one,
suitably given, automaton? The variable, but essentially standard,
attuchments to the latter, in the sense of the scecond question of (A),
may here be permitted.

(C) Construction-universality. Making the second question of (B)
more specific, can any one, suitably given, automaton be eonstruction-
univenrsal, i.e., be able to construet in the sense of question (B) {with
suitable, but essentially standsrd, attachments) every other auto-
maton? _

(D) Self-roproduction. Narrowing question (C), can any auto-
maton construct other automata that are exnctly like it? Can 1t be
made, in addition, to perform further tasks, c.g., also coustruet cer-
tain other, preseribed automata?

(E) Evolution. Combining questions (C) and (D), ean the con-
struction of automata by automata progress from simpler types to
increasingly complicated types? Also, assuming some suitable defini-
tion of “efficiency,’ ean this evolution go from less cfficient to more
efficient automata?

1.1.8.2 The nature of the ansuwers lo be oblained. The answer to
question (A) is known? We will establish affirmative anawers to

¥ Turing, “On Computsable Numbers, with an Applisstion to the Entschei-
dungsproblem.” [Sea the discussion of Turing machines and universnl Turing
machines at p. 49 fi. above. The indefinitely extendible {ape of a Turing ma-
chine Is the ‘*variable, but essentially standard, attachment” von Neumann
referred to in questions (A) and (B) above.}
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questions (B)-(D) as well* An important limitation to the relevance
of a similar answer to question (E) lics in the need for a more unam-
biguous formulation of the question, particularly of the meaning of
«officiency.” In addition, we will be able to treat questions (A)-(E)
in this sense with much more rigid determinations as to what consti-
tutes an automaton, namely with the imposition of what is best de-
scribed as a crysialline regularily, In fact, this further result would
seem 1o be at least as essential and instructive as the ability to answer
questions (A)-(D) {and, to some extent question (E); ef. above]
affirmatively.

In the balance of Chapter 1 we carry out a heuristic and preliminary
discussion of questions (A)—~(I£). In Chapter 2 we develop a speeific
model, within the termg of which we ¢an and will deal in full detail
and rigorously with guestions (A)—~(D)). Chapter 3 contains the analy-
sis of another more natural, but technically more refractory, model.
Chapter 4 is devoted to further heuristio considerations, which are
more conveniently made after (and 1o some extent presuppose) the
detailed construetions of Chapters 2 and 3.

[1.1.2.3 Ven Neumann's models of self-repreduction. The preceding
paragraph gives the plan von Neumann had in mind when he wrote
the present chapter. Unfortunately, vou Neumann was ouly uble to
carry out his inteution through part of the planned Chapter 2. To
understand the plun, and the several references he makes to it in the
balance of the present chapter, one must know somnething about the
varions models of self-reproduction he considered. We will deseribe
iliese models briefly in the present subsection. Of necessity, much of
what we gay here is based on personal communications from people
with whom von Neumann discussed his models of self-reproduction.

Altogether, von Neumann considered five models of self-reprodue-
tion. We will call these the kinematio model, the cellular model, the
excitation-threshold-fatigue model, the continuous model, and the
probabilistic model,

The kinematic model denls with the geometric-kinematic. problems
of movement, contact, positioning, fusing, and cutting, but jgnores
problems of foree and energy. The primitive elements of the kinematic
model are of the following kinds: logieal (awitch) and memory (delay)
elements, which store and process information; girders, which provide
struotural rigidity ; sensing elements, whieh sense objeets in the en-
vironment; kinematic (musele-like) clements, which move objects
around; and joining (welding) and eutting elements, which connect

! Yon Neumann, “The General and Logical Theory of Automata,’* Collasted
Works 5.316-318,
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and disconneet elements. The kinematie model of seli-reproduction
is deseribed in the Fifth Lecture of Part I of the present work. As
indicated there, von Neumann was thinking about it at least by 1948..

Von Newmnann’s second model of self-reproduetion is his cellular
model, It was stimulated by 8. M. Ulam, who suggested during a dis-
cussion of the kinematic model that a cellular framework would be
more amenable 1o logical and mathematical treatment than the frame-
work of the kinematie model.® In the cellular model, self-reproduction
{akes place in an indefivitely large space which is divided into cells,
each cell containing the same finite automaton. Von Neumann spoke
of this space as a “erystalline regularity,” a “erystalline medium,” 8
“‘granular gtructure,” and as s “cellular structure.” ¢ We will use the
term cellular struciure.

There are many possible forms of cellular structure which may be
used for self-reproduction. Von Neumsann chose, for detailed develop-
ment, an infinite array of square eells. Each ccll contains the same
20-stute finite automaton. Each eell communicates directly with its
four contignous neighbors with a delay of at least 1 unit of time. Von
Neumann developed this model in a manuseript entitled ““I'heory of
Automata: Construction, Reproduction, Homogencity,” which eoun-
stitules the present Part IT of the present volume. In & lelter to me,
Mrs, Klara von Neumann said of her husband’s manuseript: “I am
quite positive that it was started by him in late September 1952 and
that he continued working on it until sometime in mid late 1953."
Asfar as T ean tell, von Neumann did little or nolhiug with the manu-
seript after 1953.

‘The manusecript as left by von Neummnnn had two completed chap-
ters and a long but incomplete third chapter. Chapter 1 of the mauu.
seript is the preseni chapter. Chapter 2 of the manuscript states the
transition rule governing the 29-state cellular system; this iz Chapter
2 below. The ineomplete Chapter 3 of the manuseript carries out the
fundamental steps in the design of a cellular self-reproducing auto-
maton; it appears below aa Chaplers 3 and 4. Von Neumann never
completed the design of his cellular self-reproducing automaton; I
indicate how to do this in Chapter 5 below.

Von Neumann's eellular model of self-reproduction should he com-
pared with some work of Ulam on cellular automata. In his A Collec-

5 |Bee footnote 17 of See, 1.3.1.2 below. In his "Rundon Processes aud Trais-
formationg,” prespnted in 1950, Ulam deseribed a cellular framework briefly
and stated that it had been considered by von Neumann and him.}

' Moore, *Machine Models of Belf-Reproduction,’”” suggested tle name
“tessallation model.”’]
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tion of Mathematical Problems, Ulam formulated a matrix problem
ariging out of the cellular model. In his “On Some Mathematical
Problems Connected with Patterns of Growth of Figures” and *Elee-
tronic Computers and Scientific Research,” Ulam studied the growth
of figures in oellular automats with simple transition rules. He also
studied the evolution of successive generations of individuals with
simple properties, ench generation produeing its successor in aceord-
snea with a simple, but non-linear recursive transformation.

Under a covering letter dated October 28, 1952, von Neumann sent
a copy of the present Chapter 1 to H. H. Goldstine. This letter elabo-
rates the plan of Seetion 1.1.2.2 above.

This is the introduction—or *Chapler 1" —that I promised you. It s
tentative and incomplete in the following respects particularly:

(1) It is maly an introduction for “Chaptor 2 which will deal with o
made} where every cell has about 30 states. It refers only very fneompletely
to “Chapter 3" in which a model with exeitatfon-threshold-faligue mecha-
nisins alone will be discussed, and to “Chapler 4 where [ hope to sny some-
thing about o “continucus” rather than “crysisiline” model. There, as far
us | cun now see, & ayatem of non-linear partial differential equations, essen-
tinlly of the diffusion Lype, will be used.

(2} The write-up is still in a quite “unlitcrary” form, i.e., there are ng
footnotes (only their places are mdicated), references, explanations of the
motivation, origin of the ideas, ete,

it is clear that when von Neumann wrote the present Chapter 1 he
had the following plan in mind, Chapter 2 was to contain a complete
development of the cellular model of self-reproduction. Chapter 3
was to treal an eveitation-threshold-fatigne model of self-reproduc-
tion, Finally, Chapter 4 was to discuss & continuous model of self-
reproduction. Von Neumann finished the essential steps in the design
of the cellular model and then stopped. Unfortunately, he never found
time to finish the cellular model or write about the other two models,
Von Neumann delivered the Vanuxem Lectures at Princeton
University on March 2 through 5, 1953, There were four lectures,
entitled “Machines and Organisms.” The fourth was devoted to self-
reproduetion; the kinematic model, the cellular model, the excitation-
threshold-fatigue model, and the continuous model were all men-
tioned, Since he had already agreed to glve the manuscript “Theory
of Automata: Construction, Reproduction, Homogeneity"” to the
University of Illinois Press, von Neumann did not himself want to
write up these lectures separately. Inatead, it wus arranged that John
ICemeny should write an article based on these lectures and the first
two chapteis of the manuseript, This was published In 1955 under
the title “Mun Viewed as a Machine.” Much of the material of the
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first three Vanuxem Lectures appeared later in The Compuler aﬂd
the Brain,

The ezcilation-threshold-fatigue model of self-reproduction was to
be based on the eellular model. Each esll of the infinite strueture of the
cellular model containg a 29.state automaton. Von Neumann’s 1de§.
was to construet this 29-state automaton out of a neuron-like element
which had a fatigne mechanism as well a8 a threshold. Since fnttgu§
plays an important role in the operation of neurons, an exeitations %
threshold-fatigue model would be cloger to actual systems than t.he
cellular model. Von Neumann never discussed how an idealized neuror
with fatigne would work, but we can design one by combining wha,é
he said about idealized neurons without fatigue with his account oﬁ
the absolute and relative refractory periods of an actual neuron (fglEi

pp. 4418 above and Collected Works 5.375-378).

An idealized excitation-threshold-fatigue neuron has a demgnat»ed
threshold and a designated refractory period. The refractory period i 1&
divided into two parts, an absolute refractory period and a relative
refractory period. If a neuron is not fatigued, it becomes excited when
ever the number of active inputs equals or exceeds its threshold. When
the neuron becomes exeited two things happen: it. emits an output
signal aftor a specified delay, and the refractory peviod begins, The
neuron cannot be excited at all duriug tire absolute refraetory periods
it can be exeited during the relative refractory period, but only if the
number of active inputs equals or exceeds a threshiold whicl is Ligher
than the normal thresheld, '

When an excitation-threshold-fatigue neuron becomes excited, it
must remember this fact for the length of the refractory peried and
use this information 1o prevent input stimuli from having their normal
effect. on itself. Hence this kind of neuron combines switehing, delay.
of output, and an internal memory with feedback to control the effect
of ineoming signals. Such a deviee is, in fact, a small finite automaton,
that is, a device with inputs and outputs and a finite number of inter-
nal states In the fourth Vanuxem Lecture von Neumann suggested’
that a nenron with threshold 2 and fatigue period 6 might supply most;
of the states of the 20-state finite automaton needed in each eell of
hig cellular framework.

¥ |1t should be notad that the phenvinenon that von Neumann calls fnﬁgue
iz more often called refractorineas, In this more common usage, fatigue {5 &
phenomenon involving many re fraotory periods. The absolute refraclory peried:
of a natron deternilnes o maximum rate at whloh it osu be fired. Repeated firing:
of & neuren at, or elose to, this rate produces an increase in threshold, making it’
more diffienlt, 10 fire the neuron. This Inoreass in threshold iz the phonnmanun‘
oommonly oalled “fatigue.”]
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The fourth model of salf-reproduction whish von Neumann con-
sidered was o continuous model. He planned to-base this on a system
of non-linear partinl differentinl equatijons of the type which govern
diffusion processes in ‘8 fluid. Vorn Neumann had worked on non-
linear partial differential! equations, and wanted to use automats
heuristically to solve theoretical problems sbout such equations (of.
pp. 33-35 above). In the case of the continuous model of self-reproduc-
tion, he planned to proceed in the reverse direction, using non-linear
partial differential equations-fo solve a problem of automata theory:
the logical and mathematical nature of the process of salf-reproduc-
tjon. This was part of von Neumann’s geperal plan to employ the
tochniques and results of that branch of mathematics known as
analysis to solve problems in automats theory (of, pp. 25-28 above).

The physics, chemistry, biology, and logic of n self-reproducing
system are very complex, involving a large number of factors; for
exnmple, mass, entropy, kinetie energy, reaction rates, concentration
of enzymes and hormones, transport processes, coding, and control.
All the essentinl properties of the self-reproducing system must he
represented in the equations by functions or dependent variables.
Von Newmmann recogmized that a system of simultaneous non-linear
partial differential equations adequate to aceount for self-reproduction
would be much more eomplex than the systems usually studied.

Yon Neumann had been trained as a chemical engineer and was
tlicrefore familiar with complex chemijcal reactions. He had also
applied mathematics to complex physical systems of various kinds.
Ho probably thought of the differential equations of self-reproduction
in eonnection with his proposed excitation-threshold-fatigne model
of self-reproduction. Assume that the cellular model is reduced to the
exeitation-threshold-fatigue model. The task then becomes that of
formulating the differential equations governing the excitation,
threshold, and fatiguc properties of a neuron. The following processes
are involved in neural activity.® The neuron is stimulated by inputs
fron: other neurons. When the aggregate of these inputs reaches the
threshold of the neuron, it exeites the neuron by triggering a flow of
sodium ions from the outeide to the inside of the cell bedy. The flow
or diffusion of ions causes the cell body to become depolarised. This
diffusion and depolarization is then transmitted down the axon and
constitutes the firing of the neuron, The firing is followed by a diffu-
sion of potassinm jons from the inside of the neuron to the outside,

. ! [For a complate descripllon see Keeles, The Neurophysiological Basis of
Hind,)
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which repolarizes the neuron, The chemical balance of sodium and
potassium is restored still Iater. ‘

It is clear from the preceding deseription of the excitation, threshs
old, and fatigue processes of tbe neuron that chemical diffusion plays

a fundamental role in these processes. This explains why von Neng
mann chose partial differentia) equations of the diffusion type for hig
continuous model of self-reproduction. The reason for von Neumann’a
choiee of noninear, rather than linear, differential equations is alsg
clear, The kinematic, cellular, and excitation-threshold-fatigue model.g
all show that switching operations (e.g., threshold, negation) as well.
as contro} loops involving branching, feedback, and delay, are essens
tial to the logios), informational, and organizational aspects of self“i
repmduct.:on To model these dlscrete phenomena in a continuous
system it is necessary to use non-linear partial differential equations. -

The preceding plan for constructing the continuous model starts
with a discrete system and proceeds to a continuous system. The
cellulur model of self-reproduction is developed first, it is then reduced
to the excitation-threshold-fatigie model, and finally, this mnodel is
described by mon-lincar partial differential equations. The reverse
procedure is often followed in science, and von Neumann was, of
course, familiar with it. One takes a continuous system, such as a
fluid with shock waves in it, and-approximates this system by dividing
it up into diserete cells, treating everything in a cell as if it were in the
same state, In tlis way, the differential equations of the continuous
system are replaced by the difference equations of the discrete system,
One may then solve the difference equations on o digital eomputer,
and under appropriate canditions the solution will approximate the
solution of the differentinl equations.

But whatever the order of inquiry, a system of differential equa-
tions and the corresponding difference euations represents essentially
the same phenomena. The transition rule for the eellular model (Ch.
2 below) is the difference equation version of the system of partial
differentia) equations of the continuous model. The design of the pri-
mary automaton which reproduces itself corresponds to the boundary
conditions on these partial differential equations. Another way to view
the contrast between the continuous and cellular models is in terms
of the difference between an analog and a digital computer. An analog
computer ig a continuous system, and & digital computer is a discrete
system. Thus von Neumann’s continuous model of self-roproduction
stands in the same relation 1o analog computers az his cellular model
of self-reproduction stands to digital computers. In Section 12 of his
“Probabilistic Logies and the Synthesis of Reliable Organisms from
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Unrelinble Components,” he proposed & scheme for representing and
processing digital information in an analog device. His continuous
model of self-reproduction should be compared with this scheme.

Von Noumann’s continuous model of self-reproduction should also
be compared with some work of Turing. In “The Chemical Basis of
Morphogenesis,” Turing analyzed morphogenesis by solving' differ-
entin]l equations which describe the interaction, generation, and
diffusion of ehemieal substances. Turing eonfined himself almost
entirely to linear differential equations, but he touched on non-linear
differential equatijons,

Von Neumann hiad been interested in the applications of probability
theory throughout his career; his work on the foundations of quantum
mechanies and his theory of games are examples. When he became
interested in putomata, it was natural for him to apply probability
theory here also, The Third Lecture of Part T of the present work is
devoted to this subject. His “Probabilistic Logies and the Synthesis
of Reliable Grganisms from Unreliable Components’ is the first work
on prohabilistic automata, that is, automata in which the transitions
Letween states are probabilistic rather than deterministic, Whenever
e diseussed zelf-reproduction, he mentioned mutations, whieh are
rundom changes of elements (cf. p. 86 above and Sce. 1.7.4.2 below).
111 Seetion 1.1.2.1 ahove and Section 1.8 below he posed the problems
of modeling evolutionary processes in ihe framework of automats
theory, of quantizing natural sclection, and of explaining how highly
eflicient, complex, powerful automata cin evolve from inefficient,
simple, weak automata, A complete solntion to these problems would
give us a probabilistic model of self-repreduction and evolution.’]

1.2 The Role of Logies—Question (A)

1.2.1 The lagical operations—neurens. In evaluating question {A),
oite must obviously consider automata which possess organg that ean
cxpress the essentinl propositions of Jogics and which need not possess
any other organs. This ean ba done by using organs each of which
possesses two stable states, corresponding 1o the basic truth values
of true nnd false in logies. It is convenient to use a plausible physiologi-
cal analogy and to designate these organs (whatever they are or are
thought to be in reality) as neurons, and the two above states as
excited and quiescent, respeetively, It is also convenient to attach to
these states digital (arithmetical) symbols, namely 1 and 0, respee-

% {For some raleted work, see J. H. Holland, *“‘Outline for » Logical Theory of
Adaptive Bystamas,” and “Coneerning Efficient Adaptive Bystems.”]
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tively.”® The familiar structure of logics can then be conveyed to an
sutomaton built from sueh organs by connecting them with- hmr&
representing the logical implications, and by introducing a sepnmtes
specigs of basie organs, Le,, of neurons, for each basie logical opera-x
tion.!! In the usual propositional caleulus these are and, or, and nof?
to be designated by , +, and —, respectively ¥ The lines whmh?
control the neuron’s behawor, i.e., whzeh represent the logieal va.na.i
bles that enter into the basie Iogical operation or function to whmﬁ
the neuron corresponds, are its tnpuls; the lines through which thig
neuron expresses its resulting behavior, Le., which represent the valag;
of the logical function in question, are the oulputs, These are usuallyj
the Inputs of other neurons, Instead of attributing to a neuron seveml‘?
outputs, it is preferable o allow only one, and to spht it afterwards’é
into as many branches as necessary. The time-element in the func-e
tioning of & neuron is best expressed by stipulating that the state!

prescribed by the logical function corresponding to the nouron (i.e:;

the value of that function) is assumed n fixed delay time r after the:

neurons that control this behavior have assumed their relevant sistes..

That is, thc responze of a neuron (on its output line) occurs o fixed:

delay time  after the stéimudi {on its input lines). It 8 unnecessary to;

allow propagation delays along lines; i.e., an output may be instan-
taneougly active wherever it iz au input. It i3 simplest to assume that
all relevant events take place at times ¢ that are integer multiples
of r:t=mnr,n =0, £1, £2, --. . Next, r may be chosen as the unit
of time: r = 1, and so always ¢ = 0, 1, £2, -++,

The basie neurons referred to above are shown in Figure 3. Their
behavior is deseribed by the following rules:

1. a,bare the input lines; ¢ is the output line of this neuron.

2.1, The + neuron is excited at time ¢ if and only if either the neuron
with output line a or the neuron with output line b iz excited at
time § — 1.

2.2, The : neuron is excited at time ¢ if and only if hoth the neuron
with output line a aud the nevron with output line b are excited
ad fime £ — 1.

2.3, The — nenron [“minus neuron™] is excited at time ¢ if and only
if the neuron with output line a is not excited (i.e., is quiescent)
al time { — 1.

1¢ Boolenn algebry is then applicable.

H MeCulloch and Pitls, A Logical Caleulus of the Idsas Immanent in
Nervous Activity.”!

11 Yon Neumann, “Probabilistie Logics and the Synthesis of Reliable Or.
gunisms from Unrelisble Componciits,” See. 4.



GRENERAL CONBIDERATIONS 101

The time delay caused by the operation of each neuron guarantees
the effective and constructive character of the logical system arrived
at in this manner!® It is easily seen——in faot it is essentially inherent
in the correspondence between the species of neuronsintroduced and
the basic operations of logics (cf. above and Fig. 3)—that automata
built from these organs can express all propositional Junclfons in
logics.i Beyond this, the inclusion of induetive processes, and more
generally, of all processes that are permissible in finitistio logics, re-
quires o decper analysis.'® It briugs in one substantively new element.:
the need for an arbitrarily large (finite, but freely adjustable in size)
memory, This ties in with question (B) and will be considered sub-
sequently.

1.8.8 Neural vs. muscular functions, Question (A) involved merely
logical delerminations; therefore it required only (at least directly
only; ef., liowever, the Iast romark in Sec. 1.2.1) organs with two
states, true and false. These two states are adsquatcly covered by the
neura] states of exeitation and quiescence. Question (B), on the other
hand, calls for the construclion of automata by aulomata, and it
nececssitates therefore the introduction of organs with other than
logical functions, namely with the kinematical or meehsnieal attri-
hites that are necessary for the aequisition and combination of the
organs that are 1o make up the automata under construction. To use
a physiological simile, to the purely neural functions must be added
at least the muscular functions.

At this point several alternatives open up.

1.3 The Basie Problems of Construction—Question (B)

1.8.1.1 The tmmediale treatment, involving geomelry, kinematics, ele.
The inost immediate approach is this. The constituent organs are the
neurons and lines necessitated by (A), plus such additional organs as
(B) {i.e., the present diseussion} will require. These constituent organs
are to be conecived of as physical objects in actual space, Their acqui-
sition and combination (including the establishing of rigid connections
between them) must nccordingly take place in aeiual spaee, Te.,
3-dimensional, Euclidean space. (Further ‘variations on the dimen-
sionality and geometrical character of the space are possible, but we

13 MeCulloch and Pitts, op. cit. Von Neumann, op. ¢if,, Sees. 2.1 and 3.3:

¢ MaCulloch and Pitts, ep. eft. Vo Neumann, op. cit., Sec. 3.

"* McCulloch and Pitts, op. cit. Von Newmann, op. cif., Secs. 8.3 and 5.1,
1V¥un Newmnann also mentioned Kleene. He probubly intended to refer to the
Rand Corporation version of “Representatlon of Events In Nerve Nets und
Finite Automata.”]
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will not consider them at this point. Cf., however, the crystal-lattice
discussions Inter on.) The constituent organs that are nceded for the
automaton construction must thus be found and acquired in space;,
they must be moved and brought into contaet and fastened together:
in space, and all automata must be planned as true geometrical (and
kinematical and mechanifcal) entities. The functions that were dex
seribed above, rather symbolically, a3 muscular, will now be very:
nearly truly muscular, ete. Different degrees of abstractiotr are sti'ﬁg

possible; for example, one may or may not, pay attentiou to ihe truly:
mechaniesl sspects of the mtter (the forces involved, the encrgyf
ahsorbed or dissipated, ete.). But even the simplest approaelr, whieli!
disregards the above-mentioned properly mechanical aspecis entirely:
requires ¢uite complicated geometrical-kinematical considerations; '“i
Yet, oue cannot, help feeling that these should be svoided in a first:
attempt like the present one: in this situation onc ought to be able-
to concenirate all atiention on the intrinsie, logical-combinatorial’
aspects of the study of rutomata. The use of the adjective formaliatic
at the beginning of Section i.1.1.1 was intended to indicate such an
approach—with, as far as feasible, an avoidance of the truly geomet--
rical, kinematical, or mechanical complications. The propriety of this
desideratum becomes cven clearer if one econtinues the above Jist of
avoidaunces, which progressed from geoweiry, to kinematics, to me-
chanies. Indeed, it can be continued (it the same spirit) to physies,.
to chemisiry, and finally to the analysis of the specilic physiologieal,
physico-chemical struetures. All these ghould eomne in later, sucees-
sively, and about int the above order; but a first nvestigation might
best avoid them all, even geomnetry and kinematics. (A eertain amount
of primitive geometry and vestiginl kincmaties will appear even so,
as will be seen later.)

1.3.1.2 The non-geometrical trenimeni—structure of the vocuwm. A
more sophisticated approach, which goes far towards meeting the
desideratn expressed above, is this.”

The need te use geometry (and kinematics) merely expresses the
fact that even the vacuumn (the sites not now occupied, but poten-
tially occupiable, by the constituant organs of automata) has a strue-
ture, Now 3-dimensionual BEuclidean space ropresents (or, ropresents
with an approximation that is sufficient 1n the situation envisaged)
the actual “strueture of the vacuum.” Nevertheless, this structure
involves a number of traits which are unnecessarily complicating.

15 Vor Neumann, ““The General and Logical Theory of Automata,” Collected
Works 5.315-318, {Seo also the Fifth Lecture of Part 1 above.}
7 [Von Neumann was going to refor to 8. Ulam here. See Bec. 1.1.2.3 above.]
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While these will have te be considered at n later stage, it is desirable
to eliminate them in the first approach. We will accordingly try to
do this.

1.3.2 Stationarily—quicscent vs. active sfales. The main complication
that we wish te remove is the influence of kinematics, that ig, the
necessity of moving objeets around. It is preferable to have stationary
ohjeets only, normally in a guiescent state, and to postnlate a system
whiclt will, under suitably and precisely defined conditions, transfer
them from the quiescent state into an aclive state—or into a particular
one of several possible active states.

1.3.3.1 Discrele vs. continuous framework. Next, these stationary
and normally quieseent objeets could be thought of as discrete en-
tities, or as (infinitesimal) elements of a continuously extended
mediuni. In the first case we will have a granular or cellular structure,
while in the second case we are led back {o a continuous space,
more or less like that of Euclidean geometry,

1.5.3.2 Homopeneity: discrele (crysialline) and conlinuous (Bu-
tlidean). We now make the simplifying, but also very restrietive
assumption,” that this spatial or quasi-spatial substratum be homoge-
neous, That is, the graonular structure of the first ease must have
crystalline symmetry,” while the contimious space of the second case
must be Kuclidean,” In both cases this degree of homogeneity falls
short of absolute homogeneity. Indeed, we have only postulated the
homogeneity of tle spatial (or, more broadly, combinatorial) matrix
which earries the (quiescent or nctive) objerts referred to above—ihe
hasie orgatis—but net the homogeneity of (e population of these
objects. That iz, in the first (discreie) case, we have not postulated
that all the cells of the erysial belave aceording to the same rules;
sl in the second (continuous) case, we have not postulated that
the coutinnous, space-filling medium be subject everywhere to the
sue rules, Depending on whether this is, or i3 not, postulated, we
will say that the systemn possesses, or does nol possess, infringic, or
funetional, hemogenetty ®

1% Calling for atronger resulte. {That g, il is more difficult to construet & self-
reprizdllcing putomaton In s homogeneous medjtn than in an inhemogeneous
niadiym. ]

1[4 erystal is a solid body having s regular internal structure and bounded
Ly symmetrically arranged plane surfaces intersecting at definite and charae-
{erlstic nngles. The regular internal strueture consists of the rows and patiorns
of atoms of the erystal. The faces of the ervatal express this regular internal
strueture externslly.]

 [Apparently von Neumann was golng to explain In this footnote why he
was excluding the non-Euclldean spaces of Bolyal-Lobachevskl and Riemann.]

Y ||n the diserete (erystalline, granular, cellular} case, funetional homoge-
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Beyond this, an even more compleie llomogeneit.y would exisg if all;
(discrete or mhmtcsxmnl) elements were in tlic sanic state, for exams;
ple, in the quiescent state (cf, above), In this case we will speak. Qf“
total homogeneity or of total qrumscenoe respectively. This can obvxously'
not be postulated in general, since it wonld exelude any positive and‘
organized Nmctioning of the automaton, for exaniple, all moves )
the sense of guestions (B)-(E) of Section 1.1.2.1 above. It is, I:owa
ever, quite rensonable 1o sirive to nssume total quiescence us LI
initial state of an automaton., This vannot he absoluiely euforced'
gince with the usnal sysiems of rnles total quiescence i a self-pep
petuating state (ef. later), It will, however, be practical (o0 nssume o’
totally quiescent initial state and to proceed from there with the
injeetion of a minimum amount of external stimnlation (ef. later).

1.8.8.3 Questions of structure: (P)-(R). The point made at thg
beginning of Section 1.3.3.2, namely, that the homogenelty BSSUIps:
tions of Section 1.3.3.2 are senousl} restrictive, is worth elnbomt.mg“
somewhat further. Indeed, even the manner in which the basic organs,
of the diseussion of question (A) (the neurons of Section 1.2.1) arey
ordinarily strung together (ef. later), violates the first principle of’
homogeneity formulated in Seetion 1.3.3.2, that of the underlying:
granular structure, i.e,, its erystalline symmetry. This degree of’
homogeneity can, however, he attained by some rather obvious and’
simple (ricks, as will be seen later,

The systems that are thus obtained will, howewver, still violate:
tlie further, siricter, principle of homogeneity formulated in Section
1.3.3.2, that of fimetional homogeneity, This is clearly so, as long as:
several species of steurons are used (ef, Sec. 12,1, particularly Fig.
3) and these have to be distributed over the crystal attice in an
jrregular (ic., not crystalline-symmetric) manner. However, this:
use of several species of neurons and this distribution of them in ans
irregular mammer are natursl if one approaches the problem i the:
way which is the obvious one from the poit of view of the ordinary:
logiea! and combinatorial technigues (cf. later), We will see that this;
diffienlty, too, can be overcome and that functional homogeneity:
ean be achieved. This, however, is considerably less easy, and it:
vonstitutes, in fact, one of the main results of this paper. '

The homogeneity problem also raises some ancillary guestions,:
which will guccessively occupy us when their respective turns come,
They are the following: '

neity means that each cell is oocupied by the same finlta automaton and each
sitch automaton is eonnected to its neighbors in the same way. The particulnr
cellular strueture which ven Neumann adepts in Ch, 2 i3 funetionally homoge-
neous; see See. 1.3.3.5 helow.]
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(P) Which is the mintimum usable dimensionality? (This question
arises hoth in the first—discrete, erystaliine—and in the second
—eontinuous, Euclidean—cases of Sees. 1.3.3.1 and 1.3.3.2.)

(Q) In comnection with functional homogeneity, can we require
isotropy™ in addition to homogeneity? {In the crystalline case
this is meaningful for the regular crystal class only.® Cf. also
guestion ().}

(R) In the crystalline case, which crystal classes are usable? Or, to
intraduce our real aim explicitly, what is the highest degree of
regularity that can be used?™

With respect to question (P}, one would expect that the dimen-
sionality 3 i3 usable and probably minimal, In fact even 2 is usable,
while it scems uulikely that 1 should be, at least in combination
with any otherwise plausible postulates” These questions will be
considered in some detall later.

Question (Q) will be considered Inter; it will appear that isotropy
¢an be achieved, although non-isotropic models, 100, can be of con-
silernble interest,

As to question (R), we will use tho maxiinum regularity, which is
reasonably interpreted us the (body-centered) cubie class in 3 dimen-
sions, and the corresponding quadratic elass in 2 dimensions, the
cmphasis being, i1 view of what was said about question (P) above,
out (he latter. SBome other classes, however, are also of interest, as will
be suen lafer.

1.3.8.4 Nature of resulls, crystalltne vs. Fuclidean: slatements (X )-
{Z). To conclude this group of observations, we note this, We sur-
mise that the comparative study of the two cases of Section 1.3.3.1
iLe., of the erystalline {(discrete) and of the continuous (Euclidean)
vnse] will prove very rewarding. The available indieations point
strongly towards these conclusions:

1 [A substance or space i3 isctropio insefar us it has the same properties in
abl directions. In the crystalline (discrate} case, funectionsl isotropy means tliat
cuch eell is connected to each of its imumedinte neighbors in the samo way. The
purticular eelluler structure which vou Neumani ndopts in Ch. 2is functionsily
Isotropio; sce See. 1.3.3.5 helow.]

% (Cryatal elossea in Lwo and three dimensions, [Crystuia are divided into
8ix groups or systeme necording to the numher snd nature of tha axes of sym-
laetry, Crystals belonging to the eubic aystem (also called ‘‘the isometric ays-
tem® pod “the regular system) are the meat symmetrical of all orystals. In a
erystal of the eublo system the three erystallographic axes of referenee are at
tight angles Lo each olber and are equal in lengtll. Crystals liaving o cubie cell
u]ud clrystnls having an octahedral call ave the simplest of the forms of Lhis
¢lusg,

¥ [Von Neumanu was going to make a reference to Julian Bigelow aud H.
_l'l. (oldstine here. They auggested modeling self-reproduction in 2 rathar then
4 dimensions.}



IO_G THEORY OF SELF-REPRODUCING : AUTOMATA

(X) The general possibilities are ahout the same int the two vaszes,
(Y) The continuous case is mal-hemat.lcally much more difficnlt than
the crystalline case. 1

(Z) If and swhen the appropriate analytical methods to deal with thed
continuous case are developed, this case will be more satisfac.

tory and more broadly aund relevautly applicable t(han the
erystalline case.
These matters will be diseussed in somewhat more detail later. Wad
will make now ouly oue more observation, which relates to thie diffi-3
culties referred to iu concltislons (Y) and (Z). These difficulties a -.:';
due to the fact that, iv the case iu question, the mathematical pmblani
bevotnes one. of a system of non-linear, partial differential equationsg:
It may be of some significance that non-linear purtinl daﬂ'enentm!
equations, which in many directions define and limit our mathemati-3
cal horizon, should make their appearance in this context also. 1
The difficultics referred to in {Y) and (Z) will cause us to dircet
our atfention primatily to the crystalline ease. In faet, we will from;j
now oh always have this case in 1nind, except where the opposite is?

_i

cxpressly stated.

{1.3.8.5 Homegeneily, quicscence, end self-reproduction. In wnt.mg,a
the present Part 11 of this volume, von Neumann was going Lln'oughc:
a process of reasoning which was to terminate in his cellular modeh
of self-reproduction. At these early stages of the process le was?
exploring various possibilities, leaving specifie choices until later. Ass
the inquiry proceeded liis terminology necessarily changed somewhat.
Thus the “quiescence’” of Section 1.3.3.2 above divides into “‘uncxeita-
bility” and “quiescence of an excitable cell” in Sections 1.3.4.1 and?
1.3.4.2 helow, A brief proview of the final outcome may help lhe
reader to follow the development of von Neumann’s thought,

Yon Neumann's celhilar strueture is deseribed in detail in (,hapter;;
2 below, Iie chose an infinite 2.dintensionn) array of squore t-ells.'
Each cell is octupied by the sume 29-state fiuite mutomaton, and
each such automatou is eoiected to its four immedinte neighbors in
exactly the same way; that is, the transition rule of (‘ltupler 2 below:%
is the same for ench cell. Henee this cellular strueture is “functlolmlly,
homogeneous” in the sense of Section 1.3.3.2 ahove. Bince each 203
state automaton is connected (o each of its four neighbors in the sa.meJ
way, this structure is also isotropic in the sense of Section 1.3.3.39
above. Functional homogeneity and isotropy have only to do with.’{
structure, however, and not with content or state. Consequently, ifi
diffevent cells of a region of the cellular structure are in different:
states, one part of the region may act in one way and send informa-
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tion in one direction, while another part. of the region acts in a differ-
ent way and sends information in a differeut direction.

Thie 20 states each cell iz eapable of assuinivig fall into three cate-
gories: unexcitable (1), exeitable (20), and sensitized (8). These
are listed later in Figrue 9.

The unexciiable state U is utterly quiescént, This atate plays a
fundamental role with respect to the information content of the
celnlar structure, for (lds structwre is operated in such a way that at
cach moment of time only a finite number of cells of the strueture are
in some state other than the unexeitable state. In this respeet, the
unexcitable state of von Neumann’s system is analogous to a blank
aquarc on the tape of a Turing niachine, Indeed, von Neumann
represented zero in his linear array L by the unexeitable state U; see
Spction 1.4.2.5 below.

The 20 excitable states fall into three classcs. There are 4 confluewut
stmtes .o, where ¢ and o range over 0 and 1; the value “0” sym-
halizes quiescence, and the value “I” symbolizes excitation. There
are 8 ordinary transmission states To.. and 8 special transmission
flates Ty, where e = 0,1, 2,3 and € = 0, 1 as before. Eight trons-
niission statesare guiesceid: and 8 are excited. The sensilized states are
tranrient in nature, each lasting exactly 1 moment of time,

The set of 10 states consisting of the unexcitable state U and the
quicscent, states Cooy Towo (8 = 0,152 = 0,1, 2, 3) has this property:
if evory cell of the infinite cellular strocture is in 1 of these 10 states,
the system will never change (i, no cell will ever change state).
The difference between the unexcitable state U and the 9 quiescent
{Int excitable) states Ceo, Tueo 8 in the way they regpond to stimuli
{exeitations), Stimulf entering « cell which is in the unexeitable state
U convert that cell into 1 of the § quiescent states Cu, Toan. This
vonvarsion is the direct process of Seetion 2.6 below. The direct process
{nkes 4 or 5 units of time, the zensitized states serving as interme-
diaries in the provess.

A stimubus entering & cell i 1 of the 20 excitable states C...,
Tuar (¢, €, % =0, 1; @ = 0, 1,2, 3) does one of two things. It may
vhange the cell beek to the unexcitable state U; this is the reverse
process of Section 2.6 below, Alternatively, this stimulus may be
switched, combined with other stimuli, and delayed in the usual way.
I particular, a quicscent finite autonmton may be embedded in an
area @ of the cellular stzucture by putting each of the cells of @ in 1
of the 10 states U, Cowo, and Thao . 1f such a finite automaton is ap-
proprintely designed, it will compute in the usual way when it is
sthinulated (activated).
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The tompoml reference frame for the cellu]nr structure consistg!
of the timeg +-- —3, =2, —1,0,1,2, 3, . Von Neumann did nob‘
sy exectly how he planned w use thm tompoml referenee fmme, but !
the following is consistent with what he said. All cells are in the unexi
citable state for negative times. Au initial cell assignment is a ﬁmtq
list of cells together with an nssignment of a state to each cell of tha
list, At time zero an initial cell assigument is imposed on the cellulay]
structure from the “outside,” all cells not in the assignment Kst, beiiig
left in the unexcitable state. Thereafter the cellular system rung
aecording 1o the transition rule of Chapter 2. Each initial cell arran,
ment determines a.unique history of the infinite cellular structu
We will call the infinite cellular structure together with an initinH
cell nssignment. nu infinile cellular awlomaton.

An infinite cellular automaton which models sclf-reproductiony
operates as follows, The finite automaton E of Section 1.6.1.2 below]
constitutes an initial cell assignment. More specifically, the initiald
or starting state of this finite automaton E is an initial cell mlgnment._
We impose this initial eell assignment on the cellular structure aty
time zero, thereby embedding the finite sutowaton E in the cellular'
structure. Let @ he the area of cells afected, so that initially all cellsii
outside @ are unexcitable. The logical structure of E is such that aﬂf
some later time 7 another copy of E will appear in another nrea @'
of the cellular structure. That is, the state of each cell of @ ab timey
r is identical to the state of the correspondmg cell of & at time zcro.f*
Thus E reproduces itself in area @". In summary, this infinite cellulaz?
automaton has only one copy of E embedded in it at time zero, but’
two copies of E embedded in it at time r. This is solf-reproduction.

Let us look at the temporal development of an infinite cellulur;
automaton. At negative times it 18 totally homogeneous iu the sonsel
of Section 1.3.3.2 above, all cells being unexcitable. At time zero this
total honogeneity is modified by the introduction of ithomogeneity:
in o finite area. This inhomogeueity will, in general, propagate to]
surrounding arens, Tn the case of self-reproduction, the inhomogencity:
of aren @ spreads until area @' is organized in the sanie way as area @3

‘The above treatment of infinite cellular automata makes no essen-
tinl use of negative times. Since all cells are unexcitable at these tim
we could usc only the times 0, 1,2, 3, - + - without any loss of general-
ity, Von Neumann did not say why be introduced negative times. It
is possible that he planned to use them in connection with a probabi-
listic madel of self-reproduction and evolution (sec the end of Sees
1.1.2.3 above).]

1.8.4.1 Simplification of the problems of construction by the lreatmml
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according to Section 1.5.1.2. We can now return to the original tbought
of Sections 1.2.2-1.3.3.1, that is, 1o the necessity of having organs
that perform analogs of the mussular rather than of the neural func-
tion. In other words, we need organs which are concerned with the
acquiring, positioning, and connecting of the basic organs of the
automata under construction, rather than with purely logieal opera-
tions in the sense of Section 1.2.1. Bince the properly kinematic
aspects of “nequiring” and “positioniug™ have been removed by the
observations of Sections 1.3.1.2 and 1.3.2, the uature of the function,
referred to above. as an “analog of the muscular,” must now be re-
considered. &

The remark at the end of Scetion 1.3.2 wakes it clear that this
function now appears under the aspect of enusing an object—or, to
use a terminology suggested by Section 1.3.3.1, a cell—which isin a
quiescens state, to go over into a suitable active state. Now the logical
functions, as diseussed in Seetion 1.2.1, also do this, but there is a
difference here or, at least, a possibility of a difference, The nature of
this difference can be best illustrated by a physiological simile.

1.3.42 Quiescence vs, activity; excilabilily vs. unercilability; ordinary
and special stimuli. A neuron may be quiescent or active, but it is
at any rate potentially sctive; that is, it is an excitable cell. Connective
tissue, on the other hand, consists of unaveitable, truly passive cells,
So far the difference betwcen an excitable, but (momenterily) quies-
eent eell, and & (permanently) passive cell is obvious. Now let us for
a moment introduce the fiction that the growth of neurons (ie,, of
exvitable cells) ocvurs not by the formation of new cells, but by the
transformation of existing, unexcitable cells into excitable ones, It
should be noted that, while this is not so in reality, it is the arrange-
ment that fits best into the pieture of stationary cells introduced in
Section 1.3.2. To reconeile this with reality, one may have to inter-
el the absence of n cell as the presence of one in a special, particu-
larly unexcitable state. This eoncept is in reasonable harmouy with
the one relating to a “structure of the vacuum,” as used in Section
F3.1.2,

Suech a transformation must itself be induced by some special
stimuli, i.e., by some special active stetes of neighboring cells. The
ordinary stimuli (i.e,, the ordinary active states} which eontrol the
logical functious discussed in Seetion 1.2.1 cannot do this. These
stimuli control transitions between quiescent and ordinary active
ttates, but in- excitable eells only, and without ever changing the
apecies (in the sense of Sec. 1,2.1) of the cell (neuron) in guestion.
Indeed it was just with respect to these ordinary stimulations that
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unexeitability was defined above. In order to provide:an equivalents
of growth, the.special stimulations referred to above must be able. to?
cause transgitions from unexeitability to excitability, and also to de-1
termine the specifie species (in the sense of Sec. 1.2.1) of the emnt,able
cell (newon) thus created.

These coneepfs permit us to define the difference between quisg:)
cence (with excitability) and unexeitability; the former responds t.o
(i.e., is removed by) ordinary stimuli, the latter only to special onee,
Tlus hws, of course, only shifted the distinelion into one betweeu
ordinary and special stimuli, that i3, into a distinetion between ond:i’!
nary and special active sintes, Leaving the physiologieal simile, mid
returning to the mathematical problem at hand, the matter shll
presents somne dubious aspects,

1.3.4.8 Critique of the distinctions of Section 1.5.4.2. Indeed, ong!
must now consider critically the usefulness of the distinction between‘
ordinary and special atimuli. As outlined above, the underlying ldea
ig this. Ordinary stimuli are to be used for logieal operations, taking
the species of the neurons that are involved as fixed; that is, ordinary’
stimuli are to be used for the control and utilization of wlready satis-
factorily organized sub-sssemblies. Specinl stimuli are to be used
for growth operations, involving the introduction of cxcttablllty, to-
gether with a new detennination of the neuronic species, into pre-
viously unexcitable, or otherwise different aress. In other wonds,
special stimuli are used for the organization (according to some logi-
cally determined plan) of hitherto unorganized (or differently organ-.
ized) areas,

This distinction is certainly eonvenient for a first approach, sitee
it pernits ouc 1o keep conceptually fairly distinct functions quite
sharply distinet in their actual embodiment aad performance, We will
therefore adhiere to it strictly in our first construetions (ef, later),
However, it is'quite possible to relax it by varions logical and combina-.
torial devices to wvarying degrees, up to (and ineluding) complets:
obliteration, These turn ont snbsequently to he quite desirable for:
various inathemnatical and conceptual reasons, and we will therefore.
introduce them in our later construetions (¢f, later).

[ Logical functions and growth funetions are fairly distinet con-.
ceptually, In his preliminary discussion von Neumann made & sharp-
distinetion between their respeetive representations in his cellular
system, Logical funetions are performed by ordinary stimuli, and:
growth functions are performed by speeial stimuli, Later he reluxed .
the distivetion somewhat by using hoth types of stimuli for hoth-
types of funetions,
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The final distinction between ordinary and special stimuli is shown
in Figure 9. Both ordinary and special transmission stimuli bring
about “growth” from the unexcitable stete U to one of the nine
quiescent states Cyo, Tuw (u = 0, 1; & = 0,1, 2, 3); this is the direct
process of Section 2.6 and Figure 10 below, Special transmission
stimuli change an ordinary transmission state Toee (@ = 0, 1, 2, 3;
¢ = 0, 1) ora confluent state C.. (¢, € = 0, 1) into the unexeitable
state U, while ordinary transmission stimuli chauge a speeial trans-
mition state Tiae (.= 0,1, 2, 3; € = 0, 1) mto the unexcitable
state U; this is the reverse process of Section 2.5 below.

The logical funetions of disjunction, conjunciion, and delay will
normally be performed by arrays of ordinary transmission and con.
fluent states, The logical fuuction of negation is not directly repre-
sented in von Neumann’s system. Instead, negation will ba accom-
plished by breaking a communication path and later restoring it.
The breaking will be done by the reverse process and the restoring
by the direct process. An example is given in Figure 17 of Section 3.2
below.)

1.4 General Construction Sechemes—Question (B) Continued

1.4.1.1 Construction of cell aggregates—ihe butll-in plan. The discus-
sion up to this point (L.e., in Sees. 1.2,2-1,3.4.3) dealt only with the
first. part. of question (B}, the immediate problems of the construe.
tion of one automaton by another automaion. We can now pass to
the second part of question (B), i.e,, consider by what means a single
uuiomaton can be made to construct broad classes of other automata,
and how variable, but essentially standard, attachinents ean be used
to factlitate and extend ilhis process.

Our diseussion dealt so far only with the qnestion: By what means
can a single cell of specified characteristics be created? In this respect
we developed sowe orienting principles. There remaius the question
of how this operation is to be controlled in all its details, It is clear
that this will have to be done by the logicnl section of the primary
{parent) automaton, which was considered in Section 12,1, It is
also natural that this logical section of the primary automaton must
supervise and sequence the multiplicity of aets of single-cell creation,
which are necessary to produce the complete secondary (conatructed)
sutomaton.

This “sequencing” of the single cell creations has to be controlled
by a logical patlern which is already laid out in Lhe logical section of
the primary antomaton. Such a “logical pattern” is obviously ueither
tnore nor less than the complete “plan® of the secondary automaion



112 THEORY OF RELF-REPRODUCING AUTOMATA

—functionally laid out within the primary automaton in ‘‘terms’
that the primary automaton can “understand” snd act on. _

Thus the plan of the secoudary automaton must be “built into” the.
primary sutomaton, presumably in terms of logical conneetions in the:
sense of Section 1.2.1, g

1.4.1.8 The three schemes for building in multiple plans—the para-
metrie form. The conclusion of Section 1.4.1,1 is that a primary autom<
aton, constructed for this purpose, is prima facie (ie., assuming:
the s:mpleat type of design, which presents itsell most mmmdmtely)]
suited to vonstruct oue and only one sceondary automaton, Generali=
zations beyond this level e, however, immediate,

First, it is, of course, possible to have the plans of several (dlﬁ"erents)r
secondary automata built into the primary. Second, it is possible tof
incorporate the logieal facilities that will make the primary autom-:
aton construct a specific secondary several times, e.g., a certam,\
preassigned number of times, Third, the plan of the sccondary may’
eontain & number of numerical parameters; and this plan can bef
built inte the primary in this (variable) parsmetric form, together
with facilities that make it possible to substitute any desired numeri-
val values for these parameters,

The third scheme—or, rather, the combination of the second and
the third schemes—is the most general of these. In their inunediate
form, however, these still contain & limitation, that is, a mitation of
the numbers that can be used for the parameter vaiues (third scheme)
and for the number of repetitions (second scheme), Indeed, these
numbers must be present in some form in the inierior of the primary
antomaton, ray in a digital representation. Assume that p such num.
bers are involved, und that they are sll integers = 0, say, », -,
v . Let ench one of those cells, which are to be used for their repre-
sentation, have k states available for this purpose. It is best to in-
terpret these states as the base & digits 0, 1, -++ , & — 1. Lot n;
such cells be available for »;, where s = 1,..., p; this requires a
wial of # = ny + -+« 4- n, cells, », is thus expressed by n; digits In a
base & digital notation; lhenece it is limited to the " values 0,1, - -+ |
k-1,

1.4.2.1 The descriptive stalement L for numerical parameters. The
limitation just described can be circumvented by a simple trick: let
these cells lie “outside’ (i.e., not within the area of the primary
automaton, but next to it}, in the external, otherwise quiescent, re-
gion of the erystal. They might, for cxample, form a linear ariay L
extending in the right hand (i.e., positive x) direction away from the
aren of the primary automaton. The % states used for these “nota-
tional” purposes must, of course, also be of a quast-quicscent charac-
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ter, 1.c., such that they will normally not distweb (stiniulate or other-
wise transform) each other or the surrounding quiescent cells. This,
however, is a desideratum that is easy to meet (cf. later). The pri-
mary automaton must then be endowed with the ability to establish
contact with all parts of this linear array L, and to hinve its operations
controlled, in the desired sense, by the “notetional” (i.e., base
digital) states of the cells of L. One might, at first sight, expect
difficulties it trying to do this for all possible L (for all possible sizes
of i, ic., of ) with a fixed, limited primary automaton. All these
difficulties can, however, be overcome by fairly straightforward
methods, as will appear when this matter is considered in detail [Sce
See, 1.4.2.5 below]. We will mention here ouly one of then.

One might think that the “exploration* of L is not possible without
specifying—ie., expressing within the primary automaton—the size
of L, i.e., n. In fact, it would seem natural that p and all the », -+,
¥, , must be so specified. This would again limit p and ny, -+« , ny,
siuce the primary automaton is a fixed entity, and hence it would
lbnit L and through it the numbers that it represents.

This diffieulty can be removed as fallows. Let each cell in L have
b statss for nototional purposes ug before; i.e., the states corresponding
to the digits 0, 1, -+ , & — 1, and two additional states to be called
comma and perfod. (All of these states must be “quusi-quiescent’ in
the sense indicated above.} Withm L, the numbers pand », ...,
r, cousist ouly of cells in digital states, Now let L be lined up as
follows (procecding from left 1o right, l.e., in the positive s-direction),
The digits of p, a comma, the digits of v , a comma, «-- , the digits
of vy, a period. The primary autematon, in “exploring® L, can sense
the comma and the perlod and thereby ascertain the sizes of p and
of the », «+ | v, no matter what these are,

1.4.8.8 Applications of L. The linear atray L of Section 1.4.2.1
is the variable, but. essentially standard attachment mentioned in
quesiion (B). It i the simple addendum to the primary automaton,
which, although esseatially quiescent and possessed only of the most
rudimentary strueture, expands the active potentinlities of that
automaton substantially, as appeared in Section 1.4.2.1. The pogsi-
bilities that are inherent in this device will, however, become really
clear guly after this. The main application in this sense will be de-
scribed lnter [Secs, 1.5 and 1.6]. We will consider first a leaser applica-
tion,

1.4.2.8 Use of L as an unlimited memory for (4). The last men-
tioned application relates to the attachments to a purely logical
automaton, referred to in question (A),

The setup for purely logical functions (in the sense of (A), as dis-
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cussed in Seotlon 1.2.1) fails 10 be universal because of the absence of
one coustituent; an arbitrarily large memory which is finite but of}
adjustable size (cf. the end of Sec. 1.2.1). The linear array L, ss)
deseribed in Section 1.4.2.1, iz just thnb. Hence L, with its ancilla

logical automnaton, which bridges the gap to logieal muversallty, 8§
indicatsd in question (A). It should be noted that the nced for -t
facilities ancillary to L, refermd to abmc, means LImt componen Z; i

if logieal umversallt.y is an ain. Yor the det.mis of all this, cf. ln__ i
[Chapters 4 and 5]. 4

1.4.2.4 [se of base twe for L. One more remark ahout the celIs=¢_s;:_
L is in order: we can choose k& = 2, i.e,, let all representations of
numbers be base 2. Then eaceli cell in L must have £ + 2 = 4 states]
for the PUTDOSCS HowW under consideration (cf. the discussiou in Sec’ig
1.4.2,1). If it iz now desired to keep the number of states for notaé
tional purposes at 2, this ean still be achieved. It suffices to replaee |
cach cell of L by 2 cells, sinoe a pair of 2-valued states allows 2° = & !
combinations, .

The digitalization and punctuation scheme for L meets all the re::
quiraments of Section 1.4.2.1, 1t is, however, not the only possible one;:
The following is an obvious variant. Keep the punctuation state
(the eonma aud the period), as i Section 1.4.2,1. Instead of the twa.
base 2 digital states, designated 0 and 1, use only one, designated 1. 3
Destgnate a number » (au iuteger Z 0), not by a sequence of 0's uud
I’s, which express its base 2 digital pxpansuon but simply by a se-:
quence of » 1's. This representation is a good deal Ionger than that*
of Section 1.4.2.1 (» symhols instead of n, where n is the mnnllest.,
integer with 2" > », ie., with » > ‘log »), but it is more simply:
defined, and more simply exploitable (in the sense of the ancillary?
functions referred fo in See. 1.4.2.3). For a detailed consideration, ef.
later.

[1.48.5 The linear array L. It may be helpful at this point to:
anticipate von Neumann's design of the mechanism for reading and’
writing on an arbitrary cell of the unhmited linear array L.

Let us begin with a Turing machine, which is a finite automnwn‘
connectsd to an indefinitely extendible or infinite tape. The tape is:
divided into squares, ench of which contains any one of a finite num-;
ber of characters (i.c., s m any onc of a finite number of states).
Let the basic alphabet consist of two characters: zero and one, repro-,




OENERAL CONSIDERATIONS ilb

gented by & blank and a mark, respoctively, At any giveu time the
finite automaton senses one square of the tape. It can change the
colitents of this square (make o mark or erese a mark already there)
and move the tape one square to the left or right, so that at the next
moment of time It senses an adjacent aquare, Thus the finite auton-
aton can, in a finlte amount of time, gain access to, read, and modify
any square of the tape,

It ig clear that accessibility of an arbitrary tape square is the im-
portaut thing, and hiuving the tape move is only a ineans to this end,
Alternatively; we ean have the tape stand still and the fuite autom-
aton move back and forth along it. Or, we ean have both the finite
automaton and the tape stand still, and let the finite automaton
communieste 0 an arbitrary square z, by means of a contractable
and iudefinitely extendible “wire.” The finite automaton can seuse
and 1nedify the state of square z, through this wire. Then the finite
nutomaton can extend the wire to square z..:, or confract it fo
SOUATE Ty -

This last procedurc iz the one von Neumanu used in his cellular
system. The details are given in Chapter ¢ below, We will explain
the basie ides in conncetion with Tigure 37. The memory control
NC is n finite cellular nutomaton oceupying the aren indicated in
that figure. L is an infinite array of cclls extending to the right.
*Zero” is represented in cell z, by the unexcitable state U, and “Youe™
is represented by the quiescent but excitable state Ty, which is an
ordinary transmission state directed downward.

To rend eell x,, the memory confrol MC sends o sequence of
stimuli around the conneeting loop Cy iu the direction of the arrows.
This sequence passes through x, without affecting its neighbors
Tay and ra41 . 15 modified according to the state of ., and returns
{0 the memory control MC with & representation of the contents of
Zn . The memory control MC then writes on x, and either extends
the loop C; s0 that it passes through cell x4y , or contracts the loop
C; so that it passes through cell 2,1 . The timing loop C. is used
in this extenston-contraetion process and is extended (or contracted)
aloug with loop C; .

There are finitely many basie characters to be represented on L,
including the period and comma. These are represented by binary
sequences of some length k, and each ¢haracter is stored in % cells of
L. Initially, we will place a finite sequence of characters on L, of
whicl: the last one, and only the last one, is a period. Now, the memory
tontro] MC can sense the period and move it fo the right or left as
1t expands or contracts the information on L. Henee, though MC is
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of finjte, fixed capaecity, there is jto bound to the umournt of fnformi:
tion on L -with which it can interact.]

1.5 Universal Construction Schemes—Question (C) .

1.6.1 Use of L for non-numerical (universal) pargmetrization. Thi
schemes of Section 14.2.1 (together with-See. 1.4.1.2) introduced. an
important broadening of the clasy of secondary automata thnb‘a._ra
constructible by one, suitably given, (fixed) primary auto:nawll,:iiﬁ
the sense of the second question of (B). They do not, however
achieve immediately the construction universality that is the mm
of question (C). We will now get this, too, by introducing one furthe
variation into the methods of Section 1.4.2.1,

‘The elass of secondary automata which can be constructed accord-
ing 10 Section 1.4,2.1 by a single primary atutomston is limited in thiﬁ
sense. (We disregard for a moment the influence of See. 1.4. lﬂﬂ
These (secondary) automata may repreeent a broad class, but they
must nevertheless all be partieular specimens from a common spemes*
that is, their individunl (construction) plans all derive from a common
master plan in which certain available parameters are specifically
numerieally substituted, In other words, even though the specific
plan of the secondary automaton must no longer be built into theé
primary autematon, nevertheless the underlying, generic plan—thi
plan that controls all the subordinats plans—must be built in there.

168 The universal lype of plan. Congider an arbitrary (but
qpeclﬁt,ally giveu) becondmy automaton and the possible ways to
desceribe it. The following iz certainly an adequate one:

(n} Specify the (two) x and the (two) y coordinates of the four
sides of a rectanigular area in which the eutire secondary autowmatoii
it to be contained. Let these coordinates be ), #:, s, and ys . These
coordinates should be counted from an origin which is at 2 quttnbly:
designated point within the aren of the primary automaton

It is acturlly better to introduce the side lengths a = 13 — 23 + 1,
B=1wyp—+1 (assuming 2; § o, 11 £ %) of the rectangulm‘f
aren containing the secondary, and to use the numbers = , 1, «, 8.

(b) According to (a) above, each ccll within the rectangle covering:
the secondary can be characterized by two coordinatess (= 0,1, -« ,
¢—1),7 (=0,1,+--,8 — 1). (To be precise, with respect to thé:
system of coordinates used in (a) above, the ¢coordinates of the cell.
f, j are z; + 4, y + §.) This gives, as it should, af celle in the rec-
tangle covering the secondary. Let £ be the number of states that,
each one of these cells can assume, using accordingly an index A =
0,1,---, &£ — | to enumerate these states. Designate by )\;; the

e

i B
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state of cell (%, §) which is desired (on the basis of the plan of the
gecondary automaton in question) for the moment when the construc-
tion of this automaton is just completed, ’

It is clear from {g) and (b) that the secondary automaton is
completely charaeterized by the specification of the numbers z;,
#h,e fand Ay forall pairs = 0,1,---,a— 1;j=0,1,---,

- 1.

P Npte that these numbers have the following ranges:

31,y1=0,ﬂ:1,ﬂ:2'°'.
a, = 1,2,---.
R”_O,'l,‘.",-e—l for i=0,1,"',a“‘1;
F= 0,1, 8= 1.

To conclude, x1, y are batter represented by specifying their
ghsolute values |z, |#:| and two numbers ¢, »:

=0 for = 20| ={ for m=0]|
“1=1 for z <0, =1 for 3 < 0]

Thus the sequentce (of integers 20)

&M |Il I! lylll a, ﬁ:
{*) Ay, for £=0,l,"',ﬂ£—l; j=0:1|"'1ﬁ'—1
(the A;y are to be thought of as lexicographically ordered by +,7),

conlains n complete deseription of the desired secondary automaton,
in the coudition—i.e., with the cell-states—nctunlly desired for its
initial moment, immediately after completion.

"This sequence of numbers may now be treated with the method
descrlbed in Section 1.4.2.1 for the simpler sequence that occurred
there (the sequence p, », --- , »;). That is, we ean form a linear
array of cells L, extending in the right hand (i.e., positive z) direc-
tion, and made up as follows: the numbers enumerated in formula (+)
in the order in which thay appear there, each represented by its base
k digital expansion, any two consecutive ones separated by a comma,
and the Iast one followed Ly a period. The general description above
Plays now precisely the role of the general plan of a class of secondary
automaia, which contains parameters, as deseribed in connection
witli the third scheme in Seetion 1.4.1.2. In addition to this, the linear
array L intredueed above is the exact equivalent of the linear array
L introduced in Section 1.4.2.1: it specifies the numerical vulues that
have 1o be substituted for the parameters of the general description.
Thus the present description of an arbitrary secondary auiomaton has
been made to fit entirely into the parametrization pattern of the
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third scheme of Section 1.4.1.2, Since it is entirely unrestricted, this;
means that the universality referred o in question (C) ean bé?
achieved in this way. ®

1.6 Self-Reproduction—Question (D)

!

1.8.1.1 The apparent difficully of using L in the case of self- reprod “ﬁ
tion. Let us now consider question (I3}, that is, the problem of mlf.;i1
reproduction. -

The o priori argument against the possibility of seli-reproductio;
is that It is natural to expeet the constructmg automaton t0 be mg
complex than the construc ted ong—i.e., the primary will be m\.l’é
complex than the secondary.” This is confirmed by tbe results out-
lined in Sections 1.2.2-1.4.1.1, i.e., those dealing with the first ques-u
tion in (B); the primary must contain a complete pluu of the second-
ary (cf, 3ec. 1.4.1.1), and in this sense the primary is more complex;
than the secondary, This limitation is somewhal trausforined, but?
not removed, by the subsequent developments of Sections 1.4.1 1-
1.5.2; even the strongest one among the results that are dﬁcussed.:
l;hen! {the answer Lo question (C) i Sec. 1.5.2, seeuring universality):
iz subjeet (o one forn of it. Indeed, this result cafls for a complete.
deseription of the secondary, expressed by the liear array of eells L,
{0 be attached to the primary.

If one tried to pass from here directly (o self-reproduction, it would-
be necessary to have an automaion which can contain ils own plan, for;
example, in the form L. If the second question of (D) is included,
it would nlso have lo contain the plan (ie., the L) of another, pre-
seribed automaton,

With the scheme of Section 1,5.2, even the first is impossible: the
(sceondary) automaton considered there has no more than of cells,
while L (according to formula (#) in See. 1,5.2) cousists of of + 6
digitalized numbers, af 4+ 5 commas, and a period (ie., 208 + 12
or more cells). Many varinuts on this theme are possible, but none:
hng yet appeared which, when directly used, overcomes this diffi-
culty. However, there is an indirect method that eircumvents it.

1.8.1.2 Circumvention of the difficully—the types E and Ep. This
method is as follows.”

Designate the universel (primary} antomaton of Seetion 1.5.2 by
A. A constructa any secondary whose description L is attached to A,
as described in Section 1.5.2,

2 [See algo pp- 79-8) ubove.j
¥ Vo Neumann, “The General and Logieal Theory of Automata.” (See
algo pp. 84-87 above.]
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It is possible to desigu and to position at a definite place adjacent
to A another antomaton B with the following function. B explores L
and produces an exact copy L' of it, placing L’ in exactly the same
position with respect to the secondary that L is in with respect to
the primary A, The informiation necessary for this positioning can
be obtained by the investigation of L, since the latter contains the
numbers z1, ¥, @, §, which describe the position of the secondary
in question with respect to the primary A.

Consider finally an automaion C which controls the two previously
mentioned automata A and B as follows: C first causes A, as primary,
to build the secondary S described by L. C then causes B to make a
copy L’ of L and to attach it to the secondary S as described above.
Now designate the total aggregate of all three automata A, B, C by D,

Designate the description L of this automaton D by Ly . Note that
Lp must eontain the numbers x;, 1 (indirectly, by way of ¢
laly l; of. formula (#) in Sce. 1.5.2), , 8, which deseribe Lhe posi-
tioning of the desived secondary with respect to the primary. There
need be no doubl about the values of «, 8 that are {o bo used here,
sinee one can ascertain how largo a rectangle is needed to cover D,
With respect lo ry, pi, however, there is a real choice; these two
roordinates define the relative position of the desired secondary with
respect to the primary. Let, us asswine frst that this choice will be
made in some definite manner; it need only guarsntee that the second-
ary and ils attachment L' will lie wholly outside the primary and
its attachment L. Later on we will have somnewhat more to say about
this,

Now consider the complex E which results from atiaching Ly, to
D. By going over tlie deseription given above, it is easily verified
that E will construet precisely D) with Ly, , displaced as above, Thus
E is zelf-reproducing.

"T'hir answers the first question of (D), The second question of (D)
van now also be answered along the same lines. Indeed, assume that
in addition to self-reproduction, the construction of & further autom-
atou F is also wauted. In this ense, form the L which describes D
followed by F: Ly,p. Now cousider the complex Eg which results
from attaching Lp,p 1o D, It is clear that this will construct D, at-
tach Lp,p Lo it, and also construct F. In other words, it self-reproduces
und constructs F in addition,

The following remarks serve to clarify somewhat further the nature
of the procedure outlined for (D),

1.62.1 First remark: shape of L. The construction of an automaton
was based on generating separately every correct state of every cell
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in a suitable covering aren {ef. Sec. 1.5.2 (b), where this modus;
proceédendi is indicated}. The covering area is conceived in & sims;
plified, and therefore presumably often overextended, form as:a;
rectangle {¢f. Sec. 1.5.2 (a)}. The external attachment L is a linear;
array (cf. the last part of See. 1.5.2), These two geometrical shapﬁ
will not always fit together perfectly: covering tbem simultaneously

by & rectangle may force an melegant overextension of the latter. I#

should be pointed out that there it nothing immutable about the
lincar shape of L, and that oae might well decide to change it (of
later). On the other hand, the Linear shape has the virtue of eam
overall accessibility (ef. later [Ch. 4]). 4

1.8.22 Second remark: avoidance of collizion in a single reprodtwhon.z
As pointed out toward the end of Bection 1.6.1.2, z;, 31 must be s6;
lurge that the secondsry (whose pesition relative to the pnmm'y 13§
defined by the coordinates xy, z) and its attachment L' will Hei
wholly outside the primary and its attachment L. Hence they are:
affected by the size of L. (L’ is congruent to L.) This creates tha‘
danger of a vielous eirele, since L contains |x|, |pl-

However, this danger is not serious, and any one of the l'ollowmg
procedures will obviate it.

L (both for the primnry L itself and for the secondary L') extends
in oue direction only (the positive z-direction; of. the end of Sec:
1.5.2), which unplies that if is quite thin in the y-directions (especially
if it is linear; ef. above and also later), Therefore, & fixed minimum
value for |i| can be assigned, which guarantees that neither D nor
L of the primary and of the secondary collide, by virtue of their-
separation in the y-direction.

Alternatively, a base & notation for |z, || (cf. Secs. 1.4.1.2 and
1.4.2.1) guarantees that the area used for their designation, and there:
fore L also, increases only as the ‘log of these numbers (cf. Sec.
1.4.24), whereas the separation that they provide is essentially that
of their own size. Clearly for sufficiontly large numbers these will
overtake their own ‘log to any desired degree.

Finally, if ench number is 1o be designated, as alternatively sug-
gested in Beclion 1 4.2.4, by 4 sequence of 28 many ones as it expresses,
we can still avoid any difficulty by, for example, agreeing that |z,
|th| are 1o be squares of integers and that the numbers to be desig-
nated by the means indicated above will be their square roots. Thus
the required size of L will go with the square root of the separation
provided, which is, like the “log, a slowly increasing function, sure
1o be ndequately overtaken when the numbers get sufficiontly large.

As mentioned above, any one of these three devices is workable,
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and they are not the only ones. The actual procedure will be devel-
oped Tater. .

1.8.2.8 Third remark: analysis of the method jor overcoming the
difficulty of Section 1.6.1.1—the role of L. It is worth reeapitulating
Low the s priori argument against the possibility of self-reproduction,
as stated in Section 1.6.1.1, was overcome in Section 1.8.1.2,

The essential step was that D contained a sub-assembly B which is
able to copy (and re.position) any linear array L. B is o fixed entity,
of fixed, finite size, and it is yet able to copy an L of any sige. It is
essentially this step of ‘“‘copying” which transcends the otherwise
seemingly valld rule of the primary's necessary superiority (in size,
alzo in organizatlon) over the secondary.

Now L = Lg is the deseription of the secondary G that is to be
consiructed, as discussed in Section 1.5.2. (In our actual applications
in 8ee, 1.61.2, D and D 4 F played the role of G.) One might ask
why the deseription Lg is preferable to the original G in controlling
the copying deviee B. In other words, why can B not copy directly
G itself, i.e., why must the intermediary Lg be introduced? This
ynestion s clearly of considerable semantic importance for the area
in which we are now working, i.e., for a theory of automata, Indeed,
it touches at the base of the entire question of notations and represen-
tations, i.e., of the signlficance and advantoges of introducing *de.
seriptions” in addition to the original objects,

Thie reason is this. In order to copy a group of cells accarding to
the ideas of Section 1.6.1.2 concerning B, it is necessary to “‘explore’’
thit group to ascertain the state of each one of its cells and to induce
the uame state in the corfesponding cell iu the srea where the copy
is to be placed. This exploration implies, of course, afecting each cell
of this group suecessively with suitable stimuli and observing the
reactions. This is elearly the way in which the copying automaton B
can be expected to operate, ie., to tuke the appropriate actions on
the baasis of what is found in each case. If the object under observa-
Lion cousists of “quasi-quiescent” cells (cf. the remarks made on this
subject in See, 1.4.2.1), then-these stimulations can be so arranged
us to produee the reactions that B needs for its diagnostic purposes,
but no reactions that will affect other parts of the area which has to
be oxplored. If an ascembly G, which may itself be an active
auloniaton, were to be investigated by such methods, one would have
Lo expect trouble. ‘The stimulations conveyed to it, as discussed sbove,
for “dingnostie” purposes, might actuglly stimulate various parts of
G in such a mamner that other regions could also get involved, ie.,
have the states of their cells altered. Thus G would be disturbed;
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it could change in ways Lhat are difficult to foresee, and, in any case;;
likely to be mcompa,t:ble with the purpese of observntmn- indeed;:
ohserving and copying presuppose an u.nchangmg original, The
virtue of Lg (a8 compsred to G) is that, since it consists of quasi--
quiescent cells, no such complications (i.¢., no spreading of the disg:-
nostic stimulations) need be expecied. (For the details of all f-hlB,
ef. later [Ch. 4].)

The above requires one more quslification. Our choice actually du:l
not lie between the copying of G and the copylng of Lg . It was rather:
the copying of G on the one hand, and the copying of Ly, combined!
with the canstruction of G from its description Lg, on the obhar;»é
hand. The last step in the second procedure, however, is feasible;;
gince this is precisely what the universul construeting automaton in:
the sense of question (C) will do, according to Section 1.5.2; Note:
also that the quasi-guiescent charaecter of L = Lg is important in-
this construetion step too; in fact, the ohservations of Scction 1.4.2,1
conceruing quasi-gquiescence in L were aimed direetly at this applica-
tionl,

1.6.3.1 Capying: use of descriphions vs, originals. 1L is worthwhile
10 observe at this point, toe, why a third step, namely the eonstrue-
iion of Lg , based on a direct exploration of the original G, cainol be
cerried out with these methods. Note that if this could be done, then a
suitable priniary automaton could copy o given sutomaton G with-
oul ever huving been furnished with its description Lg . Indeed, one
would begin with the siep mentioned sbove, the construction of Lg
from G, and then proceed with Lthe iwo steps meniijoned previously,
the copying of Lg and the construction of G from Lg . The difficulty
is that the two last mentioned steps require only the observation of
the guasi-quiescent Lg, while the first meniioned step would also
call for the observation of the unconirollably resctive G. If one
considers the existing studies coneeruing the relutionship of aufomata
and logics, it appears very likely thal any procedure for the direct
copying of a given automaton G, without the possession of a descrip-
tion Lg, will fail; otherwise one would probably get involved in
logical antinomies of the Richard type.”’

To sum up, the reason 1o operate with “descriptions” Ly instend of
the “originals” G is that the former are quasi-quiescent (i.e., un-
changing, not in an absolute sense, but for tlie purposes of the ex-
ploration that has 10 be undertaken}, while the latter are live and
reactive. 1n the situation in which we are finding ourselves here, the

7 |Von Neumann indicated that hie was going to make a footnote referonce
to Turing at this point. Ser See. 1.6.3.2 below.]
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importance of descriptions is that they repiace the yarying and renc-
tive originals by quiescent and (temporarily) unchanging semantic
equivelents and thus permit copying. Copying, as we have seen
above, is the decisive step which renders self-reproduction (or, more
generally, reproduetion without degeneration in size or level of
organization) possible.

[156.3.8 The Richard parador and Turing machines. As indicated
above, von Neumaun was going to make a footnote reference to
Turing in conection with the Riehard paradox. I do not know what
he had in mind, but I think it likely that he was going to mention
the parallellsm between Richard’s paradox™ and Turing’s proof of
the undecidabillty of the halting problem. In any ecase, this paral-
lelism is illuminating in the present context.

Ricliard’s paradox may be generated in a suitable langunge £ as
follows. Let ey, &, 22, -+ - be an enumeration of all the expressions of
£ which define two-valued number-theoretic functions of one varia-
hle, that is, functions from the natural numbers to the two values
zero and one, The expression “z is odd” s such an expression; it
defines a funciion which is true (has the value 1) for odd numbers
and is false (has the valne 0) for even numbers, Let f;(n) be the
mimber-thearetic function defined by ¢; , and define —f;(n} by

~filR) = 0if fi(n) = 1
—fin) = il fi(n) = 0.

Finally, let ¢ be the expression “the function —f, (n).”

We asswne that ¢’ is exprossible in £, and derive a contradiction.
(1) The enumeration €, ¢ , ez, *+ * contains all the expressions of £
which define two-valued number-theoretic funclions of one variable.
Expressiou ¢ clearly defines a two-valued number-theoretic function
of one varizble. Therefore expression ¢ is in the emuneration e,
€1, e, -+ . (2) Bul e is an explicit definition of the function —f, (»),
which differs from every function in the enumeration fo(r), fi (r),
fe{n), +++ . Therofore ¢’ does not define any of the functions fo(r),
,fE_ (n), fs(n), -~ . For cach ¢, f;(n) is defized by ¢,. Consequently,
¢ is not in the enwneration e, er, ez, +++ .

Thug we have shown both that the expression ¢’ is i ke enumera-
Lion e, ey , €z, » - and that it is not itz this enumeration. The appear-
ance of this contradiction is surprising, because it would seem that
expression ¢ is a legitimate expression i1 & consistent language,
namely, the Enughsh language enriched with some mathematical

* |Itichard, '*les principes des muthématiques et le probléme des ensem-
bles."" 8ec alao Kleens, Fntroduction to Melamathematics, pp. 88, 341.]
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3
symbols, Acf.ually the contradiction shows that.if a language &° :*i
consistent then e eannot be expressed in it. q

problem was explmned at the end of the Second Leeture of Pl?l'ﬁ,_“ 3
ebove. A Turing machine is & finits automaton with an indefinitely;

n flnite sequence of binary digits and halts, while it is said to ey
“cirele-free” if it continues to print binary digits in alternate squaref:
forever, Turing proved that there 35 no decision machine for hnltmgf

that i3, no abstraet Turing machine which can decide whether al) 3

or circle-free. 5
Turmgs proof that there is no decision machine for halting mays
be put in n form which closely parallels the precedmg proof concem_-
ing Richard’s paradox, Let fa, fy, f2, ++ , f;, - -+ be an enumeration§
of all the circle- free eoncrele Turing machmes Let 8:(0), ()3
8(2), -++, &(n), + be the sequence computed by machine f;%
Each s(n) is eit.her zero or one, 50 machine {; computes the two-
valued funetion s;(n) in the sense of enumerating its values in theinj
natural ovder. Now consider the funetion —s,(n). This fuuct.mn 13%
analogous to the function —f,(n) defined by expression ¢ in thﬁ%
Richard paradox.
To continue the pamllehsm we assume that there is & cirele- freaa
concrete Turing machine ' which computes the function —s, (ﬂ}.‘,‘
and derive a contradietion. (1) The enumeration &, £, f3, ~+- con'-*g
taing all circle-free concrete Turing machines. Machine ¢ is by hy-
pof.hcsm a circle-free concrete Turing mnchme Consequently, maching;
¢ i8 in the emumeration &, {, , &, -+ . {2) By definition, ( computeé}
the funetion —as,(n), which clearly diﬂ'e.rs from every function inj
the enumeration sy(n), s (n), safn), -+ . For each 4, the f unetiot:
8;(n) is computed by the machine {;. Consequently, machine ¢ i
not in the enumeration o, 4 , 42, ~-+ .
Thus we have shown both that machine ¢ is in the enumemt.;on
{y, i, ta- -+ and that it iz not. The appearance of this com.radlcmom
is not surpn-ng, however, for we liad no reason to believe tlmi;‘
machine ¢ exists. In other words, the contradiction shows that mas
chiue ¢’ does not exist, aud hence that the function —g,(n) is not;
computed by any circle-free conerete Turing machine, ]
We assume next that there is a decision machine ¢* for halting, and
derive a contradicilon, There is a concrete Turing machine whlch
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can enumerateall the conerete Turing machines; eall it £, The output
of £ can be fed into £ to produce a machine ¢ + ¢* which enumerates
all the circle-free concrete Turing machines, There is an abstract
Turing. machine * which can simulate each circlefree conerete
machine in turn, find s, (n) for each machine n, and print —s,(n).
Thus the machine & 4 £* + ¢* computes the funetion —s,(n), and
is the machine ¢, But we know from the preceding paragraph that
machine ¢ does not exist. Machines & and ¢ do exist. Therefore,
machine * does not exist. That is, there is no decision machine for
halting. It follows also that machine # + * does not exist, i.e., there
is no machine which enumerates all the circle-free concrete Turing
machines.

The first part of the preceding proof that there is no decision ma-
chine for halting establishes both that machine ¢' is in the enumeration
fo, &1, f2, --- and that it is not. This closely parallels the earher
proof, given in connection with Richard’s paradox, that the expres-
sion ¢ is in the cnumeration eo, ¢, €s, -- - and that it is not. Both
use Cantor's diagonal procedure to define a fuwction which is not
in & given enumeration. I suspect that it was because of this paral-
lelism that von Neumann was going to refer to Turing at this point.

It should be noted that the Richard paradox can be barred from a
language by imposing a “theory of types” on that language™ For
example, we can desipn the language so that every cxpression of the
lnsguage has a type number, and so that an expression of given type
cant refer only to expressions of lower type. SBuppose now that the
eXpressions €, €, ¢z, ++- are of type m. Since expression ¢’ refers
to all these expressions, it must be of higher type, and therefore
cunnot be in the list en, e, , €2, » - . This being so, our earkier deriva-
tion of Richard’s paradox falls. See in this connection the letier
froin Kurt Gadel quoted at the end of the Becond Lecture of Part I
above,

These considerations about seli-reference are relevant to the prob-
lewn of designing a self-reproducing automaton, ginee such an autom-
aon must be able to obtein a deseription of itself, In Section 1.6.3.1
{entitled "Copying: use of deseriptions vs. originals”) von Neumann
congiders two methods for accomplishing this, which I will call the
“passive” and “motive’’ methods. In the passive method the self-
reproducing automaton contains within itsclf a passive description
of itself and reads this description in such a way that the deseription

" |Ryssell, “Mathoematical Logic as Based on the Theory of Types.” See
also Kleene, Introduction to Metamathematies, pp, 44-46.]
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cannot interfere with the automaton’s operations. In the activa
method the self-reproducing automaton examines itself and thcrebyx
constructs & deseription of itself. Von Neumann suggests that thi
second method would probably lead to paradoxes of the Richa,rg]"g
type, and for this reason he adopts the first method. See ulso Sectiong .J
1.7.2.1,2.3.3,2.6.1, and 2.8.2 below. We will sec by the end of Chaptéy
5 below that a self-repmducmg machine ean mdocd be constructei
by means of the first method. This shows that it is possible for.
automaton to contain a description of itself.)” ?

1.7 Various Problems of External Construction Intermediaty
Between Questions (D) and (E) %

1.7.1 Posilioning of primary, secondary, lernary, efe. We pass nowgg
to an extension of question (D) which poiniz the way tow
question (E). This deals with the question of positioning the second
ary that the self-reproducing primary E or Ep consiructs, and t.h;
initiation, timing, and repetitions of the act of self—repmduc,uon i

Note Lhnt; the positioning of F for Ex nced not create any new prob.-
lems: Ey is I with Lpy attached (cf. the end of Bee. 1.6.1.2) nnd
Lpag is a description of D followed by » description of F. In ths
joint deseription of I with F the Istter must he unambiguously posl-
tioned with respect to the former, and this takes care of what ig
needed in this respeet.

Returning to the main question of positioniug the secondary by E
or Ep, we can argue as follows, Assume that this positioning is done.
by the first method of Section 1.6.2.2, i.e., by choosing a 7 such that
| #1| = @ guarantees the scparateness of the primary and the second-
ary E or Bz . (In the casc of Ep we think of both primary and second-
ary as provided with an F positioned uccording to Lp.y reln[.wely,
to D; ¢f. above, although at the beginning of the process only the
secondary need be accompanied by snch an F.) Let the or:gm of th&
r, y-coordinate system referred to in Section 1.52 lie in thq
extreme lower left corner of the rectangle covering the primarys;
i.e., nt the point that corresponds (o the one designated by =z, yi
in the secondary, Thus the secondary is translated by x,, y against)
the primary. r

Since the secondary is otherwise identical with the primary (except:
for the addition of F in the second case), it will again reproduce (and:
produce another F in Lhe second cnse), coustructing a ternary. This

¥ [Thera is an inferesting purzlel between Godel's undecidable formula
(sce p. 56 ahave), whieh rafers. to ltsolf, and von Neumann's ssli-reproducing
sutomaton, whioh containg a description of itself. See Burks, *‘Computstion,.
Behavior, and Strueture iu Fixed and Grrowing Automata,” pp, 19-2L.]
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will then produce a guaternary, followed by a quinary (each with
its concomitant F iu the second case; ef. above), elc. The shifts
involved will be 22y, 2 , then 8z, 3y, then 4z, , 4y, , ete,

Thus the shift between the p-ary and the g-ary i3 (¢ — p)ny,
(@ — Py . Since p, ¢ = 1,2, - -, therefore p ¢ ¢ implies

Iq"‘PI=l:2:"'v

and hence [(g — p)in| = |¢ — pl<| ;| Z . Henee, in view of our
nbove observation relating to Section 1.52, these two will not
intersect. That is, all the sueccessively construeted descendants of
{le primary will be distinet and non-interfering entities in space.
(To be more precise, these descendants will be distitet and non-
niterfering entities in the underlying erystal [crystalline strueture].)

Actually, this program of mutual avoidanee among the primary and
its descenrdants mwust be extended to the paths within the erystal
through which each one of these emtities, acting as a primary for
it own reproduction, conneets with the site and operates on the
construction of its immediate suceessor in the line of descent, i,
ity secondary.

This, llowever, presents uo difficultics, and will be gone into in
the course of the detailed diseussion,

1.7.2.1 Consirucled automaln: initinl slale and slarting stimulus,
The next point to be gone into is that of initintion and iiming.

Consicter the state of the secondary automaton wlich the con-
struction is desigued to achleve, i.c., its so-called indial state |cf.
Ser. 1.5.2 immediately after formula (+)}. In all siates that lead up
to this, and therefore convenientty in this state too, the automaton
must be quesi-quiescent. This is elearly necessary for an orderly
process of construction, since the already-constructed paris of the
not yet completed secondary must not be reactive and changing,
while the construction—in adjacent as well as in other areas—is
still in progress.

The problem that is encountered here is not unlike the one dis-
cuszed in Bection 1.62.3 relative to the quasi-quiescence of L. How.
ever, it is less severe here, The stimuli that have to be used in ex.
ploring L must be able to induce responses in the primary, if they
are to perform their function of inducing there appropriate actions
that depend ou the information acquired it inspecting L. (This is
quite essential to the proper functioning of the primary, as was seen
in the discussion of the operation of construeting under the control
of instructions in Sec. 1.4.2.1, aud again in the discussion of the
operation of copying in See. 1.6.2.3 and in Sec, 1.6.3.) On the other
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hand, the stimuli. that create the desired cell states during the con:
struction of the secondary veed not have such effects on the clas
of automata that is involved here, secondary or primary. This will:bi
verified in detail Inter. Thus it was necessary to keep the “desenp
tions™ L of automata aharply apart from the “originals” (cf. Beod

relevant here o thut they have quasi-quiescent initial states. For-‘ "
details and precme deﬁmtwns, ef. iater, i

automston is completed, and hence present in its quasi-quiesce '
initiai state, it can then be transferred by some appropriate proces
of stimulation into its normal (ie., intended) mode of aetivi ”_
This process of stimulation is most conveniently thought of mn
single stimulus, delivered to the appropriste point of the secondary
at the appropriate time after completion, by the primary. Thisg B
the secondary’s starfing slimulus. This is, then, the coneluding steﬁ
of the primary in its construction of the semndm'y For the deta
ef. Inter. j
In the case of sclf-reproduction, i.e., for the E or Ep discusss
in Sections 1.6.1.2 and 1.7.1, the secondary (orone of the serondm-ieé'
is u shifted eopy of the primary. The starting stimulus sctivates thi
secoudary and inakes it self-reproducing (as the primary Iind beem
originally). This, then, maintaing the iterative process of self- réd
produetiont with which Section 1.7.1 dealt. 'j
1.7.2.8 Smgla action vs. seguential self-reproduction. For the se £
reproducing primary (E or Eg; ¢f. above) the next question is t.lns',,
What does the primary do efter it has completed the scmnda,ry'
and given it the starting stimulus?
The simplest Arfahgement would be to let it return to a quasj
quiescewrt state which is identieal with its original state. Imphici
this is the assumption which fits discussions like the one of GOnt.mu_
reproduction i in Sechon 1 7 1 ‘

tions by the original primary, aud of course similarly by all it

descendants in the first, second, third, ete. degree. However, it il

not operable without one more ¢laboration, [
Indeed, as 1t stands it; would cause the primary to try to form "
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men. However, it is even more likely that the first secoudary, which
hy then is reactive, will interfere with the second (attcmpted)
construction, causing an unforeseeable class of malfunctions and
corrupling all reproduction. It is therefore uecessary to change
11, ¥ between the first and the secoid attempt to construet a second-
ary, and similarly between the second and the third one, the third
and the fourth one, ete., ete. This changing of »y , y must therefore
take place during (ie. as a part of) the activity of the terminal
organ referred to above. The arithmetical rules that control these
successive modifications of z,, # must be such that the whole se-
quence of secondaries of the original primary do not conflict with
each other, nor with the possible F which accompany them (ef.
the first part of See. 1.7.1), nor with the paths which are required
for their coustruction (ef. the end of Sec. 1.7.1). In addition, every
sccotidary of the original primary, sinee it is a shifted copy of the
Iatter, will behave in the same way. Thus a double sequence of
ternaries will he constructed from these, then by the same mechanisms
a (riple sequenee of quaternaries, then a quadruple sequence of
quinaries, ete., ete. The rules for the suecessive modifications of the
214 i st hence be such that no two in all the orders of this hier-
srehy ever interfere with each other, or with eicht other’s possible F,
pr with each other’s eonstruction paths,

This requiremnent sounds complicated, but it is not particularly
difficitlt to implement by suitable arithmetical rules concerning the
formation of the successive x, , 1 - This wiil be discussed Inter.

The above discussion thus distinguishes between two types of self-
reproduction: first, when each primary constructs only one second-
ary, and second, when each primary keeps constructing secondaries
sequentially without ever stopping. We will designate these as the
single-action and the sequential type of self.reproduction, respectiveiy.

1.7.3 Construction, pesition, conflici. Some. remarks about physio-
logical analogs of the above constructions are now in order.

Coniparing these provesses of construetion and reproduction of
antomata, and those of actual growth and reproduction in nature,
this difference is conspicuous; in our case the site plays a more criti-
cal role than it does in reality. The reason is that by passing from
continuous, Euclidean space to a disersie crystal, we hnve purpoasly
bypassed as much as possible of kinematics. Hence the moving
around of a structure which remains congruent to itself, but changes
itz position with respeet to the crystal lattice, is no longer the gimple
and elementary operation it is in nature. In our ease, it would be
sbout as complex as genuine reproduction. This means that all
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of our structures are rather rigidly tied to their original location,. and
all conflicta and collisions between them are primarily confliets ln
location,

It is true in the natural setting, too, that confliets and coll'isionﬁ
are due in the same way to location, but there the scheme has morg
elasticity beeause of the possibility of motion. The limitations of thi
pattern due to this circumstance are obviously the price one has #
pay for the simplicity obtained by our elimination of kinematies ( ;
the discussions of Secs. 1.3.1.1-1.3.3.1). ‘

An essential preliminary condition for the mechanisms of reprg
duction that we have considered is the quiescence of the nmaf
which they are to funetion (c¢f., e.g., the remarks in the first part:o
See. 1.7.2.1 and in the first part of See. 1.7.2.2). That is, the regiby%
of the erystal surrounding the primary must be free of all reactive
orgahisms, and this must be true as far as the process of reproduz,tmi
is expected to progress unhindered. It is quite clear that where tho
reproductive expansion of the area under the influence of the primary:
collides witlr other reactive organisms, the “unforesceable malfunes
Lions™ referred to in Section 1.7.2.2 can set ir. This is, of courss;
just another way to refer to the conflict sltuations involving severl
iudependent organisms thut hinve come into contact and internetion;

1.7.4.1 Bp and the pene-funclion. Another physiological analog
worth pointing out is the similarity of the behuvior of automata of
the Ep type with the typical gene function,” Indeed, Ep reproduces
itzelf and slso produces a preseribed F. The gene reproduces itself
and also produces—or stinulates the production of—certain specifie
enzymes,

1.7.4.2 Eg and the mulation—types of mulation. A further property
of Ep that may he commented on is this. Asswne tliat a cell of Ejp
is arbitrarily changed. If this cell lies in the D-regiou of Ep, it may
inhibit or completely misdirect the process of reproduction. If, on
the other hand, it lies iu the Ly ;¢ region of Eg , then Ey will construet
a secondary, but this may not be related to it (and to F) in the de-
sired manner. If, finally, the altercd cell lics in the Lp» region, amd‘
niore partu,ularly in the description of I within it, modifying F into,
say F', theu tho production of Ep- will take plm:e and in n»ddltlon
to it an F’ will be produced.

Such a change of & cell within Ey is rather reminiscent of a mutation
in nature. The first ease would seem to have the essential traits of a
lethal or sterilizing mutation. The second corresponds tc one without

# Von Neumsnn, ""The General sod Logieal Theory of Automata.’' Ool-
lected Works 5.317-318.
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these traits, hut producing au essentinlly modified, presumably
sterile, sticeessor. The third one produces a successor which 1s viable
and seli-reproducing like the original but has a different by-product
(F' instead of I'). This neans u change of the hereditary strain,

Thus the main classification of mutations turns out to be quite
close to the one occurring in nature.

1.8 Evolution—Question (E)

The observations of Section 1.7 tend towards the transition from
question (D) to question (E). On (E), itself, the question of evolu-
tion, we will only make a few remarks at this point.

There is no difficulty in incorporating logical devices into automata
of the types E or Eg which will modify the D, F areas it their Lp ,
Ln+r , respectively, depending on outside stimull which they may
have received previously. This would amount to & modification of the
mass of heredity that they represent by the occurrences (experiences)
of their active existence. It is clear that this is a step in the right di-
rection, but it is alro elear that it requires very considerable additional
annlyses and elaborations to become roally relevant. We will make a
few retnarks on this subjcet later.

In addition to this it must be remembered that conflicts between
incdlependent organisms lead to consequences which, according to the
theory of “uatural selection,” are believed to furnish an nnportant
mechanism of evolution. As was seen at the end of Seetion 1.7.3,
our models lead 10 such conflict situations. Hence this motive for
evolution might also be considered within the framework of these
models. The conditions under which it can be cffective here may be
quite complicated ones, but they deserve study.



A SYSTEM OF 29 STATES WITH A GENERAL
TRANSITION RULE

2.1 Introduction

and constructive universality and of self-reproduction (Lf questi
(A)-(E) in See. 1.1.2.1), as well as the other attributes evolved. i
the course of the discussion of these in Chapter 1. This model ig s
based on a crystalline medium (cf. Secs. 1.3.3.1-1.3.3.3); we will b\e‘
able 1o construct it in two dimensions and (o use there the quadmt.mﬂ
(regular) lattice {ef. the end of Sec, 1.3.3.3, in particular queations
() and (R)}. Hach lattice point of this crvstal will bo able to a&smne‘
a finite number of different states (suy N states) and its behav;oﬁ
will bo deseribed (or controlled) by an unmnbiguous transition rulc[
covering all transitions belween these states, as affected by the stntes
of the immediate neighbors,

We will, then, perform the major constructions called for by ques~
tions (A) (E) in Seetion 1.1.21 (and the relevant subsequenf
discussions of Ch. 1} for a specific model defined along these hn&?’

£.1.2 Formalization of the spatiol and the temporal relalions, At t.h!ﬂ'
point we introduce some rigorous concepts and notations,

The lattice pointa of the guadratic crystal (cf., See. 2.1.1) arg
desigmated by two iuteger-valued coordinates, ¢, 7. It is natural t'.l:b4
treat the crystal as unlimited in all directions, at least as long as thelg
does uot emerge some definite reason for pmceeding differently. Thig
determines the ranges of 4, j: i

i

(1) i, =0, &1, +2,

[It does not matter which lattice point is selected as the 01'1gmi
(0, 0).] The palr 1, § thus represents a point in the plane, but it is a.lam
convenient to view it as a vector, i.e., to treat it as an additive quan |

1 |The Iattice points of a quadratic erystal lie at the corners of squares.] ‘

132 ;
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tity. We write
(2) ¢ = (i, 5).

The nenrest neighbors of (7, j) are thefour points (£ & 1,7), (7 & 1).
The next neighbors are the four points (f &= 1,7 & 1). In Fignres 4a
and 4c the nearest neighbors of X are marked with small cireles
(O), and the next nearest neighbors are marked with heavy dots

(@)
Put,
v = (1,0), v = (0,1),
3 {v’ = —"=(-1,0), ¢¥=-v=(0,-1),
and
v = (1,1), o = (-1,1),
(4) {u‘ = —¢'= (=1, =1), o = —' = (1, =1).

See Figure 4b. The nearest neighbors of #are thed + " (e =0, «--,
3), and the next neighbors of ¢ are the @ + v° (o = 4,..-, 7).
One might hesitate as to whether the immediate neighbors of & ve-
forred to in Section 2.1.1 should be, among the & 4 5°, the four with
e =0,+++,3 or the cight with ¢ = 0, -+, 7. We will choose the
former, sinee it leads to a simpler set of tools.

ln Figures 4a and 4b the crystal lattice was shown in the usual
manner, the lattice poiuts being the interseetions of the lines. In
future figures we will use a differeut scheine: the lattice points will
be shown s squares, and mmediate neighbors (which in Figs. 4a and
1b were conneeted by single edges) will now be squares in contaet
(Le., with a common edge). Furthermore, we will always shiow only
those squares (i.c., only those lattice points) which are needed to
llustrate the point immediately at hand. Thus Figure 4a nssumes
thie appearance of Figure 4e.

As discussed in Seetion 1.2.1, the range of time ¢ is

(5) t=03:h11:h21"‘-

FEach Inttice point is a cell in the sense of Sections 1.3.3.1 and
14,11, It is able to assume N states (cf. Sec. 2.1.1); let these be
designated by an index

®) n=0/1.-,N—-1
The state of cell @ = (f,7) at time £ will therefore be written
@) na' .
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Alro, the N nuerals 0, 1, --+ , N — 1 used in expression (G). 1o,
designate % may be replaced by any other N symbola, sccording 1o,
eonvenienee. o

The system i3 to be intrinsically homogeneous in the sense off
Section 1.3.3.2; i.e., the same rule will govern its behavior at ea‘c‘hj
lattice point &, Thiz Tule is the transition rule referred to in Bectiow
2.1.1, which defines the state of the eell ¢ at time ¢ in torms of it
own state and of the states of its immediate neighbors at suitable
previous times. We will limit and simplify our system by restrieting;
these “suitable previous times” to precisely the immediate predgs
cessor of {, i.e., { — 1, Thus n,' will be a function of ne'™! and of t.llg
ﬂf?:ll‘ (@ =0,---,3). Thatis, i

(S) ﬂo' = F(n.,'“‘; ﬂ.;?,. [ Q= 0' e, 3).

Let m take the place of 75’ and let m™ take the place of n.y.. . Thel
funetion F then becomes F(m; m"|a = 0, 1, 2, 3). This N-valied
function ¥ of five N-valued variables represents, therefore, the transi-.
tion rule. It is the sole and complete rule that governs the behavior:
of this (intrinsically homogeneous) sysiem, _

Note that the range of F has N elaments, while the domain of F
(the set of all quintuplets) has N° elements, Hence there are

©) N

possible functions F, ie, this mauy possible transition rules, or
models of the elass under consideration,

2.1.8 Need for a pre-formalistie discussion of the stalez, Let us now:
discuss in a more heuristic way what the N states of a cell should be::
The nature of these states is, of course, described not by their enumer-
ation (6}, but by the trensition rule (8), The only relevant informas
tion contained in (6) is the number of states, ', In accord with this;
the rigorous summation of these coniderations will consist of a
gpecification of the transition rule (8), i.c., of the funetion F. In the
present, heuristic stage, however, it will be better to proceed with an
enumeration (6), attaching to each n of (6) 2 name and a verbal
deseription of the role that it'is intended to play. In this connection.
we will also make use of the possibility of notational changes, referred
to in the remark after (8) and (7) in Section 2.1.2,

2.2 Logical Functions—Ordinary Transmission States
2.2.1 Logical-neuronal functions. To begin with, states are nceded
to express the properly logical or neuronal fuuetions, as discussed in
Section 1.2.1. This ealls for the equivalents of the neurons of Figure
3 and of their connecting lines,
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2.£.8.! Transmission slales—connecling lines. We consider first
the connecting lines, These must now be rows of cells, i.e., of lattice
points: Since a line must be able to pass a (neural) stimulus, each one
of its cells must possess, for this purpose alone, a guiescent and an
ezrcited state. The purpose that we consider here is to fransmit a
(ueural) stimulus, We call these thercfore the fransmission stales
of the cell and designate them by thie symhol T. We use an index
e = 0, 1; Le,, we write T, to iudicate quiescence and excitation. Let
¢ = 0 designate the former and ¢ = ] the latter,

This transmission must be a directed process, since the lines (that
the cells in transinission states replace) were directed to connect
definite points, Hente we must seb up certain limitations, We may
stipulate that a cell in a transmission state accepts a stitnulus only
from one, definite direction, its input direction. That is, an excited
{ransmission cell brings an immediate neighbor (which is a quicscent
transimission cell) into the excited transmission state {or, if the latier
is found in that state, it keeps it there) only if the former lies in the
latter’s input direction. Alternatively, we may also stipulate that a
cell in a transmission state emits & stimulus only in one, definite
dircetion, ils cutpul direction. That is, an exeited transmission cell
brings an immediate neighbor (which is a quiescent transinission
eell) into the exeited transmission state (or, if the latter is found in
that state, it keeps it there) only if the latter lies in the former’s
output direction. Finally, we may make botl stipulations together,

After teylng vorious models along these lines, it appeared most
convenient to stipulate a definite output direction. In order to avoid
vertnin uneontrolled, and henee undesirable, return-stimulstion
phenomena, it seems desirable, while not preseribing any particular
input direction, to specify that the output direction is insensitive to
lputs,

The v*(a = 0, - -+, 3) of Figure 4b enumerate all possible diree-
tiohs for an immediate neighbor (ef. the remarks after expressions
(3) and (4) in See. 2.1.2). Hence the T, will be given a further index
o« = 0,-+-, 8: Ta, 50 that Ty, has the output direction »°, The
above stipulations now assume this form: Tan at 8" induces T,; at
d (from T or T,y ) if and onl'y ifo=¢ 40", but ¢ =@ + v,
ie,fandonlylf @ — ¢ = ¢p* 5 —y",

Let us now use the symhola T (¢ = 0, ¢+, 3; ¢ = 0, 1) I place
of some eight number values in expression (6) (cf. the remark after
expression () and (7) in Sec. 2.1.2), Lel us also recognize the unit
time delay of the stimulus-response process, as discussed in Section
2.1.2. Then the ahove rule becomes:
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Assume ny' ! = T

ThBl'l m' = T.,[ ifﬂ;‘:l = T,,.-}

for ome ¢ with 8 — 8" = »™ = —p°,
Otherwise ny' = T.a.

(10)

now o umt time deluy between immediate uelghbors I-Iowcver. g
deviation from the pattern of Section 1.2.1 will have no rele ,;j'
undesirable COngequeNCes. N

conuecting lines from transmission cells, and conuecting lines witht
corners or turns in thein, Strmght Imcs are sho“n in I‘:gurea 5a—-at1

“Corners” and “turns” are shown in Figures 5¢ and 5f. Figu
5a—al’ are drawn according to the rules staied in lugure 4¢. [igur
oa'~5i are mmphﬁed (and more casily readable) versions of I‘lg
5a~3f, respeetively, in which each T, is replaced by the arrow of i
v" (ef. Tig. 4b). "

We consider next the specific neurons of Figure 3. ;

2.3 Neurons—Confluent States

2.8.1 The 4 newrem. The + ncuron merely ealls for an exe |t.able
cell which has an output and two possible inputs, There i, of mut'se,,
no harm done if it can accommodate more than two such inputs, We
defined a transmission cell in Seetion 2.2.2.1 so that it has threé
possible inputs. Every one of its four sides, excepting the output mdé,‘i
is an input. Thus our transmission cells not only fulfill the functloli{
of (elements of) connecting lines between neurons (this beiug th%
function for which they were originally intended), but also fill t;h%
role of 4+ neurons. ¥

The use of an ordinary transmission cell as a -+ neuron, i.e., a8 &
connecting line junction, is shown in Figure 5g. This figure i drawi
according 1o the scheme of Figures 5a"-5f", 7

2.3.2 Confluent stales: the - neuron. The - neuron calls for an exmt:i-
ble cell that has an output and two inputs, which must be stimulated
together in order to produce excitation. It would be quite pmctlcﬂ
to introduce a class of such states, However, & free choice of an outpuig
direction and two input directions (l‘mm the totahty of four possxbl&‘
directions, as represented by the v% & = 0, <.+, 3}, would requlm
(4 X 3 X 2)/2 = 12 kihds, nnd, since there musf- be a quiescent and:
an excited state for ench kind, a tota! of 24 states, It is possible to"
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schieve equally satlsfactory results with moro economy, namely
with only one kind, and hence with two states. This can be done by
preseribing no particular input-or output dircetions at all, ie., by
atipulating that every direction is a possible input, as well as a possible
output. In addition to this, one can then preseribe as the prerequisite
of excitation & minimum of two stimulations, i.c., a minimum of two
excited transmission cells that are immediate neighbors and in whose
output divection our cell lies, However, it is still more convenient to
frame this condition more elastically and to stipulate that the cell
under consideration gets excited if every immediately neighhoring
transmission cell, whose output direction points at this cell, is itself
excited. (This is to be taken with the exclusion of the subease—which
is strictly logically admissible, but obviously conflicting with the
intention—that none of the immediate neighbors qualifies, i.e., 5 a
transmission cell and has its output direction pointing at this cell.)
This fornmlation of the rule has the effect that the cell under con-
sideration can act ag a neuron of threshold one (i.e., from the poiut
of view of inputs, like an ordinary (ransmission cell), or two (ie.,
like the desired - neuron), or three (i.e., like o combination of two -
nestrons ), depending on whethor one, two, or three, respectively, of its
immediate neighbors are transmission cells with their output diree-
tions pointing at it, (Since this eell should not ho able to stimuiate
aky Lransmission cell whose output direction is pointing at it—ef,
rule (10) and its adaptation to the present situation in rule (12)
below—it would be pointless to have all of its four immediate neigh-
bors in such a state, This situation would preclude auy results of an
excitation of our cell,)

We will call these states of n cell confluent sfates, and designate
them by the symbol C, We again use the index ¢ = 0, 1; that is, we
write C, to indicate quicseence (e = 0) and excitation (e = 1). We
proceed now similarly as we did at the end of Bection 2,2.2.1, We
use the symbols C, (¢ = 0, 1} in place of two nunhor values in ex.
pression (8) (of. the remark after expressions (6) and (7} in See,
2.1.2), The rule that we formulated above now becomes, inasmuch
a4 it nffects the inputs to C;

Assume 7y’ ! = C,.
Then ns’ = €y, if hoth (a), (b) hold:
(11) (8) n57' = Tory for someé ¢ with 0 — ¢ = o
() Never ng: = Tooforan ¢ withd — 9 =y,
Otherwise ng' = Cp.

The portion of the rule that affects the outputs of C must be stated
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as. a modification of rule (10), since it provides for & now way taf
excite a transmission cell, i.e., to produce a T, from a T., . This is]
expressed by the following insertion between the second and thirgd
sentences of rule (10}): 3
(12) {MSO ' = Ta if ne.' = G for some ¢
withg — 8’ = o/ = =p° B=0--,8).

CONBEQUEIICES. 1
A - neuron with its close surroundings is shown in ligure 6a. Th F
figure is drasn according to the scheme of Figures 5a "~5f" and 5g
The confluent state C here makes its first appearance, k.
£2.8.8 The — neuron. The — neuron culls for an excitable cell 'i'u
which the roles of quieseence and excitation are interchanged ing
comparison with the transmission states. It must be ordinarily cxclte;ﬂ
(i.c., able (o excite an immedlately neighboring cell in 5 tranxmmxoq
state, at which its output direction points), but it must be madés
quiescent by an input stimulation (reverting to cxcitation when the
stimulation censes), We could introduce a class of such states—e.g:;!
with a given output direction, all other directions being input direc_-fg
tions, just as in the transmission states. Since there are four possib]ﬂé
directions, this would reguire four kindz, and with guiescence and
excitation for each kind, eight states would be needed, However, we
are reluctant to introduce a class of such states whose ordmnry,g
unperturbed condition is not quiescence. This objection could be}
c:rcumvented in various ways, with higher or lower degrees of econ-:
omy.’ We shall find that a class of states which we will mt.roduo?z
later for other reasons can be used to synthesizse the function o
the — ncuron, We can thereforc forego altogether taking care of IB%
at this stage. .‘
2.3.4 The split, Although all the neuron spevies of Figure 3,

* {Von Neumann here referred to the double line trick of his “Pmbab)llsh"
Logics and the 8ynthesis of Reliuble Qrganisms from Unrelisble Components,*;
Collected Worke 5337, Using only <+ netirons and - neurans, he synthesized -8
complele set of lrulh-functional primitives by using s pair of linea with the
codings 01 (for “‘Eera”) and 10 (for “'one”'}, In other words, ench line of thai
pair is in the opposile state from the other line of the pair, so that negation mayj
be ronlized by interchanging (crossing) the twa lines of a pair, But in the pres:
ent manuacript von Neumann synthesized negation from the destruotive (re=
versa) and constructive (tllrect) processes of Secs. 2.5 and 2.6 balow. An examj
ple of this synihesls i8 given in Fig. 17 of Sec. 8.2 below.] ﬂ

]
!

- .\
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well ag their connecting lines, havo been disposed of, there remains
one more entity in this category to consider. Logical (i.e., neuroual)
networks in the sense of Seetion 12,1 must in most cases contain
comnecting lines that lead from one output Lo seversl iupults, le.,
ontput lives that have to besplit, (This was mentioned in See. 1.2,1.)
That iz, transmission-like states with several outpuls are needed.

However, it suffices 10 note that our definition of the confluent
states tales care of this need. (Cf, See. 2.3.2, in particular the discus-
sion of the “tireshold 17" geometry for thiy class of states, near the
end of See. 23.2. In this condition the cell Lias onre input, and there-
fore up to tlree possible ourtpuls.)

A split that is aehieved by using the confluent states is shown in
Iigure Gb, This figure i¢ drawn according to the scheme of Figure 8a.
This is also true of all subsequent figures, with such exceptions and
modifications as are expressly stated.

2.4 Growth Functions: Unexcitable State and Special
Transmission States

2.4.1 Muscular or growth functions—ordinary vs, special stimuli,
Haviug finished with the logical (i.e., neuronal) functions in the sense
of Section 1.2.1, we can now pass to the olhers, In Section 1.2.2 these
were temporarily designated as muscular, but the discussion of Section
{.3 showed that they are more properly viewed and treated as growth
functions (ef. in particular Seces. 1.3.4.2 and 1.3.43). At any rate,
we 1eed states to express these functions.

We kuow (cf. the ahove references) that this leads over into the
problem of ordinary vs. special stimuli, i.e., of ordinary vs. special
excited states. The ordinary class 1s the one used for logieal purposes,
i.a., the one considered up to now (specifically in Sees. 2.1.3-2.3.2).
The special elass is the one that we will have to infroduce now, in
order to take eare of the functions referred to above.

2.4.2 Unexcilable slofe. The purpose of the speeinl elass of exviled
states is to induce growth in the sense of Sections 1.34.2 and 1.3.4.3,
i, to transfer cells from unexcitable to excitable states, and within
the lutter category also te deteimine the state’s species, As for the
last mentioned determination, we have already stiputated the exist-
ence of several species: the transmission, or T states, which formed
four species, the Ta, @ = 0, 1, -+, 8; and the confluent specics C
(vf. Sees, 2.22,1 and 2.3,2), Note that each of these actually corre-

*[1a his kst of foolnoles von Neumann wrote hore “Degencration (7)." 1
do nof, know what he inlended. Possibiy he was going Lo say bat power wmpli-
fieatjon is needed when one input line dtives two or more output lines.]



140 'THEORY OF BELF-REPRODUCING AYTOMATA j

spends to two states; with ¢ = 0, 1 (quiescent and excited ) : T o, G;
We need nevertheless refer to the speeies T, , C only, or, to be Mok
precise, to the states with ¢ = 0 only: Ta, Co . The reason is thats
suffices to be able to create each exciteble species in its. quiescen
state. If the exeited state is wanted, it can be induced Inter by ox
nary stimuli (for the latter, of. Becs. 1.3.4.2 and 2.4.1).
If. 18 thereforc hecossary to introduce the unexcltnble state (

ences). We will designate it by U Before we give a rigorous aceoyn
of its propertics, however; we must discuss some connected maftergs

2.4.3 Direct and reverse processes—special fransmission stales. Jf
iz desirable not only to be able to effect transfers from the unexcitahle
state U into excitable states (for example, T and C; of. the dmeuss: W
in Sec. 24.2), but also to have this process reversible, that is, Lo -s
able to effect transfers from the exeitable states into 1}, Various
of this two-way operability will appear later, Now the stimuli whmh}
iduce all these metamorphoses must be tranmnitied by cell stateg
which sre not themselvey affected by them in such & way. It is them.
fore advisable to infroduce a new class of transmission states, say;
T', which are in their relationship to each other nnnlogs of the Ti
We will therefore have eight such states: Toy (a = 0, +++, 3; ¢ =
0, 1)—in analogy to the T., of Section 2.2.2.1, Acuordtngly, we pro<
ceed the way we did for the Toe, L€, in rule (10} of Section 2.2.2.}, ﬁ

We use the symbols T, (@=0,-+,3;e=0,1) in place of solnn
eight-number values in expression (5) (cf the remark after expres:
gions (6) and (V) in Sec. 2.1.2). The rule is:

Assume n..‘ ! = T, .

(13) Then ny' = T.,l i ng! = Tan for some o' K
with ¢ — ¢' = »* > -y, :
Otherwise 1' = Tho . i

2.5 The Reverse Process

e

28.5.1.1 The reverse process for the ordinary states, We can now gﬁria
a nigorous definition of tlie reverse process, that is, the transfer of BJI'
excitable state (T, C) into an unexcitable one (U) by the special
stimuli (of T'). This takes the form of modifications of the T rules
(10), (12) and of the C rule (11): '-i

Assume s’ ' = T, or C..
(14) | Then the following rule overrides the rules of (10), (12) and
of (11): ‘
B! = U if ab' = T, forsome ¢ with ¢ — ¢ = o™,
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Note that & — & # —p” [in the T ecase, of. the shnilar stipulations
in rules (10) and (12)] is not required; that is, the “kill” by a speciai
gtimulus (from a T')is efficacious even in the output direction (of T).

2.5.1.2 The reverse process for the special slales. The reasons which
meke the existence of the reverse process (from excitable to unexcita-
ble; ef. Sec. 2.4.3 and later) desirable for the ordinary excitable
states (T, C), operate in the case of the special ones (T) too. How-
ever, rule (14) eould not be extended to the T’ states; such an effect
of a T on a T is inadmissible for the saine reason for which the
corresponding effect of o T on a T ie inadmissible (cf. See. 2.4.3): it
would destroy the character of the T as trausmission states for
speeial stimuli, just as the eorresponding effect would have destroyed
the character of the T as transmission states for ordinary stimmli.
"The Iatter circumstance caused us to introduce the T' (to transfer
the T, as weli as the C, into U); we can now make a similar use of the
T (to transfer the T’ into U). It is advisable, however, not to endow
the C, too, with this property. Indeed, since every direction is an
output direction for C, giving thie favulty to C would meke it much
more difficult 16 direct and to control than is desirable. We introduce
therefore this rule, which modifies (13):

Then the following rule overrides the rules of (13):
nt' = U if ny! = Ty forsomed withe — ¢ =

Assume o'~ = T4, .
(15)
The remark ot the end of Seetion 2.5.1.1, concerning the outputs,
applies here, too.

2.5.2 Origination of special sitmuli. We have not provided so far
for the origination of special pulses, i.c., for the excitation of the T’,
except by each other.

Ii is not necessary to introduce a complete (logical) neuronie
system for special stimuli, as we did for ordinary stimuli in Seetions
2.2.2.1-2.34. We can handle ali of logies with ordinary stimuli, as
was indeed intended in intreducing them (cof. Sees. 1.3.4.2 and
1.3.4.3}, and use these to start chains of special stimuli, whenever
necessary. (The physiological analog of this is that logics are re-
stricted to neuronal activity, and that muscular activity is ahvays
induced and controlled by neuronal activity. See See. 122 for
the simile.) Hence we nzed & class of states which can respond to an
ordinary stimulus by emitting a special one, i.e., which can be excited
by a T and can excite a T,

Before introducing a new class for this purpose, let us see whel,her
we might not do it with the existing ones. T does not excite T' {it
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“Lills” it; ef. Tule (15)}; henee we can use neither T nor T’ for t]njs
purpose, Tlus leuves only C Now Ci is axmted by a Ty hence We niegd}

T’ does not excite n C—but “Lllls” it; ef. Sc(:. 2.5.1.1—is lr'mlavarf
in this eonieetion.) All'we need is to stipulate the analog of rule (12)
for 1. Thus the duality of T and T, already expressed by the dualiyy,
of rules (10) and (13), and bv the dunht.y of rules (14) and (15),

thu-d sentenees of (13), and it is therefore, like the original (13)‘
overridden by {15). The rule follows: 4

(16) Alsom —T.,l,xfn,,- = G, for
' some & withd — ¢ = o* = —p° B=0,---,3).

2.6 The Direct Process—Sensitized States

2.68.1 The divect process, The reverse process of Seetion 2.4.3 (tmns? 1
fer from excitable to unexcitable) having been taken care of, we pass:
now io considering the (primarily required) direct process of Seftixon
242 (transfer from unexeitable to excitable). :

"The list of spectes that this process must be sble to ereite has been.)
cxtended, We had the T, and C in Section 2.4.2: to these we mm;l; j
add, since Seetion 2.4.3, the T!. In other words, we must be ablm,.
io ereate the following states (for the role of ¢ = 0 compare t.ha_.{

discussion in Set. 2,4.2): i
(N T.a, T, Co. .

This iz u total of minte states. i
Thus wo need & ntechanism to transfer U into any one of the ning;
states of (17). Regarding this mechanism Lwo remarks are in mder..1
2.6.2.1 First remark: dudlity of ordinary and special states, We lmvea
two kinds of stimuli at our disposal: ordinary nnd special, vormspond-
ing to the excitation of the T (possibly together with the C) und of
the T’ states, respeot.wely Our onglnn! intention had been to usej
only the speeial stimuli, i.e., the T’ states, for transforming U into}
any one of the nine states of (17) (cf. Secs. 2.4,1 and 2.4.2), Subse:-
quent,ly however, in dealing with the reverse process (cf, Secs. 2.4.3<7
2.5.2), we let the T (actunlly without the C) and the T’ states playg
rather complementary and synuuetrie roles with respect to euch
other (cf. the references to “‘duality” at the end of Bee. 2.5.2). It i |s
therefore tempting to nssign o them similarly syinmetrie roles i in:
connection witl: the direct process.
This might again be done in a dusl way, ie., by using the T’ for’
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transfers from U to. T (and to C) and the T for transfers from U to
7', However, even this limitation will prove to be unnecessary, and
a satisfactory system can be built by stipulating that T and T’ have
identical and mterchangnble effects on U for transfers into all states
T, C, and T’ {i.e., all nine states of (17)!

This taises the question of why T’ bad to be introduced at all, if T
alone can induce and control a2l transfers from . The answer is that
the voverse process called for T’ because of the contrast between
transmission nnd causing transfer into U; compare rules (10) and
(12) with rule (14), and rules (13) and (16) with rule (15). More-
over, the reverse process (transfer from T, T, or C into U) is &
prerequisite for a proper control of the direct proress (transfer from
U into T, T, or C—or cven into T or C only). This point deserves
somewhnt cIoser consideration,

2822 The need for the reverse process. In ljgure 7, cells 1, -++ , 0
constitute an area of 3 X 3 cells (i.e,, lattice points; of. the explana-
tion of I7ig, 4¢) which is to be organized, that is, transferred from the
U states into various (prescribed ) states, e.g., T states. This organisa-
tion of cells 1, - ++ , 9 iz to originate froin and be controlled by area 0.

Consider the transfer of the middle cell, number 5. Whether this is
done by ordinary or by special pulses (i.e,, by T or by T/ excitations),
un unbroken chain of (T or T') transmission cells must be lnid down,
from the aren of the origination and logical control of these excita-
lions to the cell to be operated on, in this case number 5, In Figure 7
the vells marked with arrows form the cha.m they may be T, accord-
ing to Figure i or ther corresponding T.. This chain must cross the
ring of cells that surround the target cell nmnber 5, i.e., the ring of

cells numbered 1, <+, 4, 6, --- , 9. In Figure 7 the (:hain vrosses ab
cell mzmber 8.
Now the desired organisation of the arca 1, ---, 9 may provide

for the cell of the cross-over (in this esse number 8; of. above) another
(quicscent) state than thot of the chain. (The latter must be a T,
or a T, state, with »* in the direction of the chain; thisis « = 1 in
the present case; ¢f, Tigs. 4b and 7.) Heace the organization of this
eell cannot have ocenrred before that of cell number 5. I it is to oceur
after that of cell nuinber 5, then the (T or T') cell of the chain that
is involved must be transferred into the desired state. Sinco the direct
process allows the transfor from U into any desired state, it is simplest
to provide for a way to transfer fron the present (T or T') state into
U. Hence the reverse process is indeed necessary.

2.6.3.! Second remark: the need for fixed sitmulus sequences lo con-
{rol the direct process. We observed near the end of Section 2.6.2.1
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that the direct process {i.e., the transfer from U 'into the statesof lmt;;
(17)} should be effected by the stimuli due to T and T’ excitations?
and thaet it will prove possible to. let both (i.e., T and T have
exactly the same effects in this respect. It will also appear later tha'_
this arrangement is more economical in eome relevant ways than ity
obvious alternatives. '.
It is again advisable to exclide the C from this process. The reasori]
for using the direct process here are the same as those given (in Seé‘
2.5.1,2) for using the reverse process. Note in addition that, j J‘ j‘_
because every direction is au output direction for C, it is often n
sary to protect cerlain sides of a C, aud for this funetion s U il;
natural (cf. later). Hence it would be most inconvenisnt if n C hadj
any effect on.a U. 1
"The direct process must provide for transfers from U into every on’
of the nine states of list {17 ). These nine alternatives are too many tog
be handled by a single stimulus, even if T and T’ excitations haid:
different effects. Besides, we shpulated that T and T have the sameg
effects in this process. Hence the nine alternatives which are nnw'
needed must be expressed by some hinary ceded stimulus sequence;:
In this binary code a digit 1 is expressed by a stimulus (T or ’I"),
while a digit 0 is expressed hy the absence of a stimulus, Ccded
sequencees of lengbh three can express eight alternatives: 000, 001,
i11. Sinee nine alternatives are wanted, one of these—e.g., the ﬁrst
one, 000—must be made to express two further alternatives; i.e., lﬁ‘
must be coutinued to 0000 and 0001. Thus we end up with the nilié};
codad sequences

(18) {0000 0001, 001, 010, 011

100, 101, 110, 111.

This must be made to correspond 1o the nine states of list (17). .

The nine eoded sequences of list (18) will have to be built up;
suceessively frown their constituent digits 0 and 1. That Is, in the:
(divect) process of transfer, U will have to go through intermediata;
states vorresponding to Lhe sulisequences encountered in building:
up the nine coded sequences of list (18). These coded suhsequences:

are
0, 1, 00, 01,
(19) {10, 11, 000;

i.e., their number is seven. Finally, there must be a state correspond: .
ing to the beginming of the process, where the formation of the coded
sequence {going through subsequences of list (19) to a sequence of
list (18)] has not yet begun. Here the coded subsequence is hest’
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interpreted as being (in its initisl eondition) the empty set, to be
designated
(20) a,

2.6.3.8 Additional sales required. Let us use & common symhol =
for the 17 eoded sequences of lists (20), (19), and (18). These must
correspond to 17 states to be designated S:, However, the Sy with
the 9 T of Kat (18) must he the © states of list {17); lLe., these are
not new states, In addition, we must consider swhether it is not natural
and proper to meke Se with the 2 of (20) (ie., S,) coineide with 1.

The direct process goes from Sy through the Sr of list (19) to the
= of list (18) [i.e., to the states of list (17)}, by adding a digit 1 to
z when a (T or T') stimulus occurs, and hy adding a digit 0 to =
when no stimulus oecurs. | Of eourse, this process of mecreasing T ceases
to operate when Z has reached its maximum size (18). Then we deal
with the states of list (17), and these are governed by the rules (10)-
(16).] This means that the evolution from §, to the final Sz [with Z
muaximal, i.e., according to list (18}] is rigidly timed. The absence of
the stimulus has as definite an effect as the presence of one, and there-
fore the stimuli that are required must be delivered at definite times,
without any delays other than the expressly required ones. On the
other hand, U was always concelved of as a guiescent state; it should
not change unless it receives a stimulus, Combining these two facts,
we se¢ therefore that U and Ss must not be identified. Thus we come
out. with eight new states, namely the 8¢ with the T of lists (20) and
(19).

2.6.4 Sensitized sfates. We call the new states, to which Bections
2.6.3.1 and 2.6.3.2 lead us, sensitized stales. To restate, these are the
Sz, with Z aceording to lists (20) and (19), but not aceording to list
(18) |the latter being the old states of List (17)].

The rigorous rules that control the behavior of U and of the sensi-
tized states can now be extracted from the discussions of Sections
2.6.3.1 and 2.6.3.2. These rules are:

Assume ny' ! = T ,
Then ns' = Sy if ny7" = Tun or Tan

(21) for some ¢ with & — ¢ = v

Otherwise ns’ = U.

Assume ny' ™! = Sy with-a = of (20) or (19).
(22) Then 7y’ = Sp if nh7' = Twy or Tory

for come ¢ with ¢ —.¢' = v*.

Otherwise ny" = Sz .
[Note that Spp = Sy, Spo = Sw, Sen = S, ete. ]
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2.7 Even and Odd Delays

2.7.1 Even delaye by path differences. We have completsd the dex
scription of the direct process of Bection 2.4.2 (ef. Sec. 2.6), i.c., off
the process that operates the transfers from U into the states of hslﬁ
(17). We noted in Section 2.6.3.2 that the dircct process is ng;dlya
timed, that is, that exch state of (17) ealls for certain stimul; delwemd
at definite distanees in time from cach other. To he more specifi e
1o get from 8, to the states of list (17), ie., to the 8= with 2 l'mmi
list (18), the uninterrupted at.lmulus-no-smmulus scquences of list!
(18) are nceded, according to rule (22). These mre certain sequences:
of lengths three and four. Sinee we actually want to start from E.;,'f
we must also apply rule (21); that is, we must have onc stimulug:
immediately before this sequence. Henee the complete requirement:
prescribes certair uninterrupted stimulus-no-stimulus sequences of
lengths four and five.

In a properly orpanized control system such a sequence will be:
induced by a suitable (single) eontrol stimwlus, T'o get o prescribed
train of stimuli during four or five conseeutive moments ¢ [¢ is integer
valved; of. expression (5)} from a (single) contyol stimulus, some.
multiple delay system is needed. See Figure 8. If the (single) control
stimulus appears at a lattice point A, and if the preseribed stimulus-
ne-stimulus sequenee is wanted at a lattice pomt B, then it s neces
sary to route the excitation from A to B over several paths, which
produce, relatively to each other, definite delay differences. Indeed
let @ be the path from A to B, over which the excitation arrives first
to B. Then the other paths from A to B, say @, 6%, -+, must
produce delays against @ that are equal to the disiances of the stimuli
preseribed in the desived stimulus-no-stimulus sequence from its
first stimulus (the one required by rule (21); cf. above). Figure 8
exemplifies such a situation. [The delny on the output side of cell A
to an input side of cell B i 7 along path @, 17 along path @, , and 37
along path @, . If these paths are stimulated at time zero, stimuli will.
enter cell B at times 7, 17, and 37.]

2721 Odd delays and single delays. It is clear, however, that only
even delays can be produced in this manner: the lengths of any two
puths connecting two given points A and B .differ by an even number..
Yot the sequences of list (18) |#s3 required by list (22} preceded by &
(stimulus) digit 1 [as required by list (21)} may contain digits 1
(i.e., stimuli} at odd distances. This confliet must be resolved. The
resalution can be effected in various ways.

¥irst, the principle of even difference of lengths between paths
connecting the same two points depends for its validity on the erystal
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lattice used. It holds for the yuadratie lattive that we use here, but
it, fails for some other lattices. We might therefore consider changing
the crystal lattice.

Second, we could lengthen the sequences of list (18) by inserting
(no stimulus) digits 0, so as to make all the distances between the
(stimulus) digits 1 {including the prefatory 1 required by rule (21)}
even. This would increase the number of the subsequences enconw-
tercd in building up the sequences of list (18), i.e,, the number of
the subsequences according to list (19). Thus there would have to be
niore sensitised states.

Third, we can introduce the odd delays directly. It is clearly suffi-
cient to introduce a gingle delay. This means that we need an exeited
stute, which occurs at time ¢, not after a stimulation at time ¢ — 1
(asin all cases so far considered, ie., for T, T', C), but after a stimula-
tion at time ¢t — 2.

£.7.2.2 Single delays through the confluent slates. A closer inspection
indieates that, of the thres alternatives deseribed in Section 2.7.2.1,
the last ope Is 1nost eonvenient, and particularly most economieal
with respect to the number of new stajes required, I this connection
two additional remarks are in order,

Tirst, it suffices to supply o single delay meehanism for ordinary
(T) atimuli, Indeed, special (1) stimuli can be obtained from the
ordinary ones by a fixed delay conversion process [namely (16)}.
That is, if o rigidly timed sequence (in the setise of Sec. 2.7.1) of
speeinl (1') stimuli is wanted, it is practieal to produee it first (with
a delay systen aecording to See. 2.7.2.1) with ordinary (T) stimuli,
und then couvert froin ordinary to apecinl {with the help of rule (16)]

Secoud, iu order to introduce a single delay for ordinary stimuli,
it is uot necessary to introduce a new kind of state; it suffices to
utilize and expand an existing kind. Indeed, it is quite practicsl to
attribute this trait to C, beeause the other necessary functions of C
need not be impaired by suel a change.

That this is so will become clear in the course of our actual uses of
C. For the present we will limit ourselves to formulating those changes
in the rules that govern the behavior of C which are needed to
introditee the desired (single) delay.

At present the excitation of C is deseribed by rule (11). The
stimulating effect of C is deseribed by rules (12) and (16); the
“killing" of C (i.e., its transfer into U) is deseribed by rule (14).

Under these rules C has the states C,, where the index ¢ = 0, 1
deseribes the present state of excitation, If the excitation is to be
delayed by a single tiime unit, then C inust remember for that length
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of time whnt. its state of excitation will be next. Hence two mdrceua,J
&g € ¢, will be needed, The states will be Cep , where the mdex
€ = 0, 1 describes the present state of excitation, and the md‘j ;
€ = 0 1 deseribes the rext state of excitation. The effects on rule
(11), and on rules (12), (14), and (16) are therefore the following, é

In rule (11): where C, (for £ — 1) was transferred into C.» {for
t), now Cer , (for £ — 1) should be trausferred into Cewr (for ).

In rules (12), (14), and (16}: the role of C, (fori{ — 1} is teken
over by C,, (for ¢ — 1).

Furtbermore, it iz natural that in the list (17) the (qulcscent.}
state Co should be replaced by the (completely quiescent) state Cops

The rigorous statemeuts of the necessary modifications are accord:
ingly these: ‘

In rule (11) replace no' ™' = C, by 7'~ = Cov, g
replace 1, = C; by ns' = Cyy, and I
replace na' = Co by ns' = Cus.

In rules (12) and (18) replace nys' = C; by ny"' = G 3y
in rule (14) replace np'™" = C, by ns" ' = Ceer .

Tn List (17) replace Co by Cu .

(23)

To conelude, we observe that with this method of introducing a:
(single) delay we replace the two states C, by the four states Co
that is, we introduced two new states, ‘

28 Summary

2.8.1 Rigorous description of the stales and of the Iransition rule.
We can now give a rigorous summary, i.e., a complete list of states
and an exhaustive transition rule,

Let us write Tu, u = 0, 1, in place of T, T, respeetively. Corres--
pondingly, lot us call the ordinary stimmli and the speeial stlmulx,
stimuli [0) and stimuli [1], respectively.

The onumeration of states becomes this:

(8) The statea:

The atates are the following ones;

The transmission staies Tyqe , whera u = 0, 1 correspond to ordinary
and gpecial: o = 0, 1,2, 3 to right, up, lefl, down; € = 0, 1 to quiescent
and excited.

The eonfluent siates C.o , where ¢« = 0, 1 correspond to quiescent
and ercited; ¢ = 0, 1 to next quiescent and nex! exciled,

The unexcilable state U,
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The zensitized stales Sz—where Z has the range
(S.1) z = 0, 0,1, 00,01, 10, 11, 000.
In addition, the Sz with
(.2) Z = 0000, 0001, 001, 010, 011, 100, 101, 110, 111,
in this order, are identified with
(5.3) Tiw (t=10,1;a =0,1,2,3) and Cy

in the Ol'dﬁl' Tm ’ Tuw , Tugo ’ Tupu ' Tmo ' Tuu, T“g ' Tlm , c“ . This is
a total of 16 (transmission) 4 4 (confluent) 4 1 (unexcitable) 4
B (sensitised) = 29 states. Henee

(24) N =92,

and the symbols Tee, (2= 0,132 =0,1,2,3;¢= 0,1),C,e (¢ =0, 1;
€ =0,1), U, 8z {Z according to (5.1)] will be used in place of the 20
numher values in expression (6) (cf. the remark after expressions (6)
and (7) in Bee. 2.1.2).

Let us now consider the transition rule. First, note that the num-
her of possibilitics for this rule (i.e., for the function I i the sense
of Sec. 2.1.2} {s, necording to expression (9) with N = 29,

(‘2‘5) 29[295) g IOBD,M,NO

(with three significant figures in the exponent). Second, the rules
(10)-(16) and (21)-(23) constitute together the transition rule.
and they can be summarized as follows.

(T) The transition rule;

[ Assume no'™ = Tuu -
) ' = U ifandonly if n5' = Twen,
fczr gome ¢ with ¢ — ¢’ = v™, andalso s =
w.
(8) no' = Tum if and only if (a) does not hold
and either (a) or (b) holds:
(8) 25" = Tuar for some & with
0 — ¢ =07 2 o~
(b) n5* = Gy Jor some ¢ with
0 —o = "B =0,.--,3).
() na' = Tuw if and only if neither () nor (8)
holds.

(T.1) |
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[ Assume #5 ! = G . :
(a) ne' = U }f and only ii; nf,‘."' = Tia,
for some ¢ with g — & = p“,

(8) ns' = Ce if and only il (a) does not hold i

and both (a) and (b) hold: #

(T2) < (8) nl' = Ty for some & with }
o — 0 =" 3

(b) Never n%' = Towo for an & with 3

¢ — 0 = 7.

(v) no' = Coo'if and only if neither (a) nor (8) 2

holds, i

Assume nf ' = U, 4

(@) 7o' = S¢ ifandonly if n§* = Tuun,
(T3) < for some 8’ with @ — &' = v™,
| (8) ne' = Uif and only if (a) does not hold.

[ Assume nh ' = Se{with 2 according to list (S.1)}.
(T4) 1 (@) no' = Sz if and only if 7y = Tua,

for some ' with ¢ — & = o™
(B) mo' = Sz if and ouly if (a) docs not hold.

282 Verbal summary. The rigorous summary of Section 2.8.1 is
o strict restatement of the verbal formulations and conclusions
arrived at. in Seclions 2.2-2.7. In this sense, a verba} statement of
the slrict and fomnalistic contents of Section 2.8.1 s available in
those section:. However, it seems desirable to give ai this point a
verbal restatement of the contents of Section 2.8.1, i, of its deserip-
Lions of the states and of the transition rule. Indecd, the formalismn
of Section 2.8.1 is not easy to follow without the verbal motivations
of Sections 2.2-2.7. On the other hand, the verbal elaborations of
those sections are lengthy and were arrived at stepwise. A direct
verbal restatement is thercfore indicated.

Such a restatement, covering the states and the transitiou rule
together, is given in what follows.

There exist 16 {ransmission stales Tua. . The index % indicates the
class of the state: v = 0 for ordingry and 2 = 1 for special. The index
« indicates the erientation of the state: ¢ = 0 for +ight, « = 1 for
up, a = 2 for left, and @ = 3 for don. The index ¢ indicates the pres-
ent state of ezcitalion: ¢ = 0 for quiescent, and ¢ = 1 for exciled.
A transmission state has one Stiput direction and three input direc-
tioms: the former is the direction defined by its orientation; the latter
are all the others. A transmission state can be excited with a delay 1,
by any immediately neighboring excited transmission state of the
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same class, provided that the former lies in the output direction of
the iatter, which in turn must be lying in one of the former's input
directions.

There exist four confiuent slates C..r The index e indicates the
present state of excltamn, the index ¢ mdmam the next state of
excitation: e or ¢ = 0 for quiescent, and ¢ or € = 1 for excited. The
confluent states are viewed as being of class 0. For s confluent state,
all directions are available both for inputs and for outputs: {But at
any given time a direction cannot be used for both an input and an
output.] A confluent state ean be excited with a delay 2 by those
immediately neighboring transmission states of its own elass (ie., 0)
in whose output direction it lies. The excitation will take place if
there cxists at least one such immediate neighbor, and if all such
immediate neighbors (whatever their number) are excited.

A transmission state (of ecither class) can also be excited with a
delay 1 by any immediately neighboring exvited confluent state,
provided that the latter lies in one of the former’s input directions.

Thero exisis an unexcitable state U. This state is viewed as quies-
cent. Auny transmission or confluent state is killed (ie., transferred
itito the unexcitable state) by any immediately neighboring excited
transmission state of the opposite class, provided that the former
lies in the latter’s oulput direction.

All the above states (transmission and confluent) go into their
quiescent. forms when no excitation or kill, according to the above
rules, is provided for.

There exist eight sensitized states Sz, with T according to list (S.1).
We will also use the symbol Sg with £ according to list (S.2), but
these latter states are not considered to be sensitisred ones. They are
identified with the quiescent iransmission and quiescent confluent
stales according o list (8.3). (For the references to liste (8.1)-(8.3),
cf. See. 2.8.1.) A seusitized state Sz will in any case undergo a cliange
(immediately, i.c., with a delay 1), namely into Sgoor Sy . The change
itto Sz will take place under the influence of any immediately
neighboring exeited transmission state (of cither class), provided
that the sensitized state lics in the output direction of the latter.
Otherwise, a change into Sz will take place.

We re-emphasize that this last mentioned rule applics only as long
us the state ig sensitized, Le., as long as 2 is according to list (S.1),
and not accordiug to list (8.2) (ie., as long as it has not reached a
maximum size).

[ 2.8.8 Hiustrations of the transition rule, Ench cell of von Neumann's
infinite cellufar strueture is occupied by the same 20.state flnite
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automaton. As explained in Section 1.3.3.5, an “finite cellular
automaton” consists of this infinite cellular structure together with-
an initial cell assignment. An “initial cell assignment” is a finite. ligh,
of eells together with an assignment of a state to each cell of the lis;;
all cells not in the list-are assigned the unexcitable state U. An initigl:
cell assignment determines the state of an infinite eellular automaton:
at time zoro, The history of the infinite cellular automaton is then:
determined by the transition rule, which gives the state of each 29~
state finite automaton at time ¢ + 1 as a funetion of its own state:
and the statss of its four immediate neighbors at time (. »

The 20 states and their transition rule are summarized in Figures:
9 and 10. Von Neumann also symbolized pairs of transmission stated:
by a zero (for ordinary) or a one (for special), together with an srrow:
indlcating the output direction. For example, the pair of states T,
is represented by %, while Ty, is represented by 11.

There are many ways of viewing the 29-state automaton which -
occupies o gingle cell of von Neumann’s cellular structure. It can be-
viewed as a finite automaton which is constructed from switeh ele-.
ments and delay elements and which is connecied to its four immedinte:
neighbors by wires crossing its four boundaries. In what follows it is.
more fruitful to view it as a set of primitive elements (sub-automata)
together with contro] apparatus for switching back and forth among
these elements. This amounts fo partitioning the 29-states of a cell
into subsets which correspond to certain functions,

Consider as an example the pair of transmission states Tyw and .
T , 1., Tuy for e = 0, 1. This pair of states functions as a disjunc-
tion (4- neuron) feeding o unit delay whose output is directed to the
right. The potential inputs of Ty, are from its immediate neighbors
above it, to its left, end below it. These inputs come from confluent
states or frota other ordinary transmission states which are directed
toward it. Thus in Figure 11a, the cell Toy behaves as follows. If
gither Cie or Top at 2, then T at ¢ + 1; if both Cow and Tye at ¢,
then Twe at { + 1. In other words, as long as Figure 11a is limited
ta the gtates shown there, the two states Tx, can be thought of a8

constituting .5 disjunctive element with inputs from the left and be-'
low and an output (after unit delay) to the right (at f).

The sct of four confluent states C,e (e, ¢ = 0, 1) perform the func-
tions of conjunction (“and”, *-"}, double delay, wire branching
(splitting), and conversion of ordinary stimuli into speeial stimuli;
von Neumann also symbolised these four states by C. These states
have no direction, the direction of their functioning being determined
by the directions of the transmission states (both ordinary and
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special) in the four immediately neighboring cells. Consider a set of
states C,.r oceupying a given eell, The inputs to this set C,,r are from
ordinary transmission states dirested toward it. The outputs from
this set C,~ are to both ordinary and special transmission states not
directed toward it. See Figures 11b and 11lc. In Figure 11b the cell
C,. bebaves as follows, If both Tey and Top at ¢, then Ciyat ¢ 4+ 1
and Cyor at ¢ + 23 if either Tow or Towp at ¢, then Cio at ¢ 4 1 and
Coo+ 8t ¢ + 2. In other words, in the context of Figure 11b, the four
states C.r can be tbought of as constituting a conjunctive element
with inputs from the left and below and with output (after two units
of delsy) to the right (at g).

It is convenient to think of the state e of & Tua cell or a C,e cell
ag its output state at a given time, and to think of the composite
state of its immedinte neighbors as its input state at that time, It is
also convenient to use short bars to indicate an input to a cell (a, b, ¢,
d, and ¢ of Fig. 11) or as output from-a cell (f, g, &, ¢, and § of Fig.
11). Under this convention, we have for Figure 11:

ft+3) = [a(t) + b(t + 1))
gt +3) = [e()-d(t)]

h(t 4+ 4) = e(t)

#(t + 5) e(t)

it +4) = e(t)

All the outputs are ordinary stinuli exeept that the output 7 is a
specinl stimulus,

Bach switching function (truth function) of disjunction () and
conjunction (-) ean be realiged, with suitable delay, by a cellular
network of ordinary states (To.. and C..). Storage loops may be
made of ordinary states. In Figure 12 the loop BI, B2, 42, A1 stores
the sequence 10000, which will eycla around the square ad infinitum,
continually feeding into cell C'f, Negation is not rgpresenied directly
in the 29 states but Is synthesized from the destructive (reverse) and
constructive (direct) processes, See Section 3.2.2 and Iigure 17 below.

The direct process changes a cell from the unexcitable state U into
one of the nine quiescent states Tows (u = 0, 1; 2 =0, 1, 2, 3) or
Coo . Transmiesion states (ordinary or special) directed towsrd U
initiate and control the direct provess, and sensitized states serve as
intermediaries. Any (or several) T,. directed toward U converts-it
to Sy, Thereafter Sy is followed by (a) Sz if some Tua is directed
toward the cell, (b} Sz otherwise, untll the direct process tsrminates
in & Tuws or Ca in accordance with Figure 10, For example, when
sent into a cell which is in state U, the sequence 10000 produees
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Tose, the sequence 1011 produees Ty, and the sequence 1111 pro:
duces Cop .

The direct process is illustrated in Figure 12, As indicated by the
subscripts (values-of « and ¢), the loop B!, B8, A%, A1, stores the
gequence 10000 in thet order at timé zero, This sequence will aycle
around the loop ad infinitum, repeatedly feeding into cell Cf. If
will pass through cell C'{ with a unit delay. Its effect on cell D! through
time is as follows: \

Time; 012 3 4 5 6 T .-
InputtoDs;; 0 1 0 0 0 O 1 0
Btateof DI: U U S So Sew S0 Toen Tonw -,

The process will now repeat, with cell D feeding the sequence 10000
into the cell ou its right, causing it to pass through the sequence
Sg , Su, Suu R Snuu, Trmo, Tw] g trT . This process “’i]l a,gni.n mpeat‘-,
ad infinitum. Thus an infinite cellular automaton which has the first
pattern of Figure 12 as its initial cell assignment will grow an ever
lengthening communication channel £ % % ... to the right.

The reverse process (destruction, killing) changes any transmission
state T,q, and any confluent state C,, into U, An excited ordinary
transmission state Tya kills a special trnsmission state Tha. toward
which it is directed, and an excited special transmission stute Ty
kills an ordinary transmission stale Te., or colfluent state C.»
toward which it is diieeted. Exomples are given in Figure 13, In
Figures 13a and 13b cells shown with guestion marks at time 1 are
50 marked heeause their states at this time depend on tho states of
the cells in the surrounding environment. Except for Figures 13a
and 13b, we always assume that the finite cellular arrays of our figures
are not affecied by the direct or reverse process operating on them
from the environment. Note that the specizl and ordinary transmis-
sion states of Figure 13b kill each other.

The reverse process dominates reception. If a “kill” stimulus enters
a cell at time ¢, that cell will be in state U at time ¢ + 1, no matter
what other stimuhi may have entered the cell at time ¢. On the other
hand, killing does not dominate emission, in the sense that if a cell is
prepared to emit a stimulus at time £ 1t will in faet emit that stimalus,
even though it also receives a kill stimulus at time £ We will illustrate
these facta with Figure 12c.

Assume in Figure i3e that ordinary stimuli enter input a at times 0
and 1, a special sthnulus enters input ¢ at thne 1, and uo other stimuli
enter the figure at uny other time, The ordinary stinulus entering a
at time 0 enters cell Bi at time 1, leaves cell BI at time 2, and leaves



BYSTEM OF 20 STATES WITH A TRANBITION RULE 155

cell C1 (output b) at time 3. The special stimulus which enters input
¢ at time 1 enters eell B1 at time 2, enusing cell B! 10 be by state U
at time 3. The ordinary stimulus entering a at time 1 enters cell By
at time 2, but, since the special kil stimulus also enters cell B at
time 1, the ordinary stimulus has no effect. Hence the first ordinary
stimulus into Input a is transinitted through cells Af, Bi, €1 and is
emitted from output b, but the second ordinary stimulus into mput a
is dominated by the kill stimulus from Input ¢ and is lost.

One fundumentnl construetion m the cellular system is to change
the state of a renote cell by the dircet process and then wipe out the
construeting path used for the vonstruetion, The technigue is illus-
trated in Figure 14. Crdinary stimuli are fed alternately into nputs
¢ and j, they travel along the path B2-Dg, and cell D3 is left in the
quiescent state, The sequences required are as follows (ef. ¥ig. 10).
(a) Input £ is supplied with 10000, 10000, 1010, snd 1111, The path
B2-D2 beromes an ordinary (ransmission chanpel, aud cell D3 is
left I the desired state C, as in Figure 14b. (b) Input j is supplicd
with 1,1041; 1,1041; and 1, The cells B# and ("¢ become U, S, , Sy, Su
and So; (Le., T} in turn, The cell D2 becomes U, as in Figure 14¢.
(¢} The sequence 1,10000, and 1 into ¢ produces IFigure 14d, (d)
I'mally, the single stimulus 1 into j produces Figure e, Thus we
are left with cell DZ in the desived stute and with the constructing
path B2-Dg in the unexcitable state,

The transformations of Figure 14 require 37 time steps, measuring
time from the input sides of cell B2, As deseribed ahove, stitnuli come
from inputs ¢ and j alternately, but, since the absence of n stimulus ke
represented by “0,” we can thisk of a sequence of length 37 going
into cell B2 vin input ¢ and a shnultaneous sequence of length 37
going into cell B2 via input 7. The path from input j to cell B2 re-
quircs 2 more units of time than the path from input ¥ to cell B2;
lience the input to 7 must lead the input to 7 by 2 units of time, Con-
sequently, the (ransformation from Figure 14a to Figure 14e will be
brought about by the two 36-bit tequences of ordinary stimuli shown
at the botlom of Figure 14; in these sequences time goes from left to
right. The sequence for input £ may be obtained by prefixing ¢ with n
sequence of 36 cells ju states Tw, , each e being chosen according to
the needed mput into ¢. Likewise, the sequence for input j may be
obtained by prefixing 7 with a sequence of 36 cells in the appropriate
Tape states.

The above technique may be used to construet an arbitrary finite
army @ of quiescent cells, i.e., cells in the states U, Tyeo (uw = 0, 1;
a = 0,1, 2, 3), or Cw. For each such array @, there are two binary
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sequences of stimulf which, when fed into inputs € and j of Figure 4,
will produce the array @ to the right. Moreover, thess two sequences’
will emanate from two lincar arrsys of cells in.the states Teo, , with:
the ¢'s properly chosen, These. two hnear arrays, together with eellaf
Al, A4, B1-Bj of Figure 14 constitute an array ®, Thus we have. therg
l‘ollomng result about constructions in von Neumann’s cellular‘i
structure: for each quiescent finite array @, thers is a finite array m“'i
and a time r such that array @ will appear at time r.in the mﬁmte'-'
eellular automaton which has @ as its initial cell assignment. More-;J
over, the limitation that the colls of array @ be quiescent, whilg?
impertant (cf. Sec. 1.6.3.2 above), is not serious, for the array Gi
can impart a starting stimulus to array @ before returning the conef
structmg pati1 fo the unexcitable state,

It is clear from the previous construction that area ® is nlwaysf
larger (contains more cells) than &. Compare Section 1.6.1.1 sbove;
Von Neumann circumvents this difficulty by designing a universal
constructing automaton D and attaching to il a tape description of :
itself Lp 3 see Section 1.6.1.2 above. This universal constructing
automaton will have, among other powers, the power of & unjversal
Turing machine. The technique of Figure 14 will play an essential
role in the operation of this universal construetmyg automaton C,
See Chapters 4 and 5 below. ]

s ey




DESIGN OF SOME BASIC ORGANS

3.1 Introduction

3.1.1 Free and rigid liming, periodic repetition, and phase slop,
The organs that will be conatructed in the sections that follow will
exhibit two relevant traits (separately or jointly): free {iming and
rigtd timing.

We have free timing wlen the emission of certain stimuli (at a
apecified point and in » certain order) is provided for, but the time
intervals or delays from one such emission fo the next are not pre-
seribed.

We have rigid timing when the delays of the above pattern are
numerieally specified. We may alternatively express this by stating
that these delay periods are filled with “no stimuli.” (Clearly there
will be d — 1 of these for a delay period between a preseribed stimu-
tus and its successor, if the specified delay between these two is d.)
The rigidly timed sequence of stimuli can therefore also be described
ns 8 “stimulus-no-sirulus sequence” of uninterruptedly consecutive
events. In this form it will be designated by a sequence of 0’s and 17s,
each 1 standing for a “stimulus,” and each 0 for a “no stimulus':
{T .-« 4" (each i" = 0, 1), Whenever this notation T .- 4» is used,
rigid timing is implied.

[ The direct process of Seetion 2.6.3.2 above involves rigid timing.
As von Neumann said there, in rigid timing “the absence of s stimu-
lus has as deflnite an effect ns the presence of one, and therefore the
stimuli that are required must be delivered at definite times, without
any delays other than the expressly required ones.”

Ag we saw in Section 1.3.3.5, there is no bound on the number of
cells whieh can be in the excited state at any given time, though of
cotrse this uumber is always finite, Thus von Neumamn's cellular
strueture allows for an indefinite amount of parallelism, But in de-
signing his self-reproducing automaton von Neumann did not make
much use of the potential parallelism of his cellular structure. Rather,
his self-reproducing automaton works like a serial digital computer,

157
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with most organs normally quiescent, In this respect it is similar -
the EDVAC (see pp. 8-11 above).
When an orgen of the self-reproducing automa.ton islstimulat‘,ad by }

to fini¢h one action before starting the next, The main cxecptxon i
these statements concerns the tape unit of Chapter 4 below.
methed von Neumann used for lengthening and shortening the ta
requires simultaneous (parallel) action ia two connecting loops.] %

By a perfodic repetition of such a sequence ¢1 ... i~ a rigidly hmeﬂ i
periodic repetition is meant, i.e., one with uninterruptedly conseeuth ';
periods ¢1 ... g7, unless the oppomte is prresqlv stated. Thusa pcnodr"
cally repeat.ed il + .« 17, to be designated 4 - - g7, MeanS D - - g5 « io§
YL o gh e . Such periedie mpctltlolh arc never iutended toj
go on indeﬁnitcly By a stop in phase & (= 1, , n) in period &

=1,2 ), we mean that the sequence ia 1nterrupled umnedxabelyj
before thc i* in the s-th period (i.e., no stimuli are emitted at thisz
time or later). We may also eall this ﬂ. stop at step { with £ = nx + ﬁ..‘i
(£ =1,2, .-.). By o stop in perfod 5 (without stating a phase) wed
mean one in phase 1 (i.e,, nt step 1s + 1).

8.1.2 Consiruction of organs, stmple and composite, We will now
construet sueceessively certain organs, going from the simpler to thes
more complicated. Most of these organs will be composites of previ<
ously defined organs with each other and with suitable mnlmllmgi
and connecting networks, Each one of the organs Lo be defined mll=
be given a name and a symbol, so that it ean be identified when 1t15
ocewrs as a part of a subsequent layger, compozite organ, 3

[In some cases von Neumunn gnve algorithms for designing any
organ of o given vlaws; this is so for pulsers (See. 3.2), dccodmg
organs (See, 3.3), and coded channels (Scc 3.6). In the case of the'
triple-return counter (See. 3.4) and the T vs. 10101 dlsemmnawr
(Bec. 3.5), he designed specific organg, To make vou Neumunns
algorithms and constructions easier to follow, we discuss a completed
organ at the beginning of exch section.

Sinec von Neumann was interested in an existence proof of self- |

reproduction he did not, in general, attempt to minimize his design.]: :
1

=i

i i _mw e
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3.2 Pulsers

3.2.1 The pulser: slruature, dimensiong, and ttming,

[ Figure 15 shows two pulsers designed according to von Neumann's
algorithm, We will explain how tiey work,

A stimulus (e.g., Ton) into input e of pulser P(1T1) at time ¢ iz
split at ench confluent element aud produces a sequence 111 from
output b at times { + 9, ¢ + 10, and ¢ + 11, The cross-hatched
cell is in the unexeitable state U,

The characteristic 10010001 contains three ones, so three paths (B,
D, and F) are needed for P (10010001), with relative delays 0, 3, and
7, respectively. The confiuent cells nlong the bottom produce relative
delays of 0, 1, and 2, respectively. Additional delays are achieved
in 1wo ways, Repiacing two ordinary-up transmission siates by a
hlock like €8, €8, D5, and D& adda two unlts of delay to a path;
by this nicans we get relative delays of 0, 3, and 6 in the three paths,
Replacing an ordinary transmission stale in row € by o confiuent
stale (e.g., ¥2) ndds a unit of delay to a path; in tlig way we ob-
tain relative delays of 0, 3, and 7 in the three paths B, D, and F,
respeetively.]

We begin with the pulser. This orgnn lins an inpnt e and an output
b. Upon a stiniulus at g it will emiit a preseribed sequence 7' - .« " at b,

The relation between the stimulus at ¢ and the response at b is
frecly timed; ie., the delay between these is not prescribed at this
point (ef., however, the remarks at the end of ihis subsection),
This pulser has the symbol P(# ... i*). The sequence gt ... in,
whicl can he preseribed at will, is ity characleristie; n is ily erder,

The principles involved in constiueting a pulser are qulte simple.
The aetunl network is successively developed in Figure 16. This
construction and the network that results from it will be discussed
in the balance of this section.

let », +++, u be the » for which ¢" = 1, i.e,, the positions of
the stimuli in the sequences® . . Thenl Sy << --- <m 20
Henee », 2 b, Write

lr.\-"h-—-pr.-I-rp.,

wherep, = 0,1,2, -+ ;= 0,1,

(1)

The input stimulus at ¢ must be broken up, or rather multiplexed
into & distinet stimuli, numbers & = 1, -~ , &, arriving at b with the
relative delays », (h == 1, -- - , k), respectively,

Consider first the network of Figure 16a. A stimulus arriving at a



has % paths available to reach : on path number h(h = 1, ---,
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it goes horizontally from a to the C numbar h, then it turns vertiod

There are (2b — 1) + 4 + 2k — &) + 1) = 2k + u steps, b '.‘:-
since h of them are C’s, the entire delny involved is (.L + u) +? :::

in Fxgure 16a by a relative delny w (foreach h = 1, k),
we must increase it by », — h = 2,4,. + {ef. formuln (1 ».

Na , as shown in Figure 16b. (We have also moved input a one
left, by placing a % before tho first C.) Hence N, must pmduce 5
delay 2uy ¥ 3. :
N, is shown again in Figure 16¢, indicating ite input ¢, and qu
output di , (e is immediately above the C number h, dy above thisj
under the top line, ie., inunediately below the % rumber 24 — ]
in the top line.) To achieve the desired delay 2uy + ra, Ny may F
built up by stacking g delay-two blocks ver{;ically, plug a sing'l:e'i
delay-one block if rx = 1. The former are shown in Figure 16d; theif,
keight is 2. The latter {s shown in Figure 16e; its height is 1. Th%
total height of N, is then adjusted to the uniform value u by in;
serting an ordinary vertical ascent of length u — 2uy — 1y = u -’a
(m — k) = s |ef. formula (1')}, This is shown n Figure 16f, (Thq
delays referred to above are, of course, always relative ones, comp
to an ordinary vertical ascent.} It is best to put the g, blocks oi
Figure 16d at the bottom of N, the (possible, single) block oﬁ
Frgum 16e at the top of Ni, and the vertical insertion of Figure 165
in between. The resson for this last precaution is that a C of Flgum
16e must never be in contact with a transmission state of |
16d, since this might produce unwanted stimulations, The U-padding
in Figures 16e and 16f is such that tho contact in question could:
occur only between Figures 16e and 16d, and then only with the
I&tt«er to the right of the foriner. Hence the top line of the Ny (h = I.,j1
, k) must eontain no Fignre 16d block immediately to the rlghtr
of a Flgurc 16e block,
In view of all this we have, therefore, these conditions: alwm
# 2 m— h Ifsomer, = l(le m — h odd, e, eomeFlg.lﬁg
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block in the top line), and the maximum of » — & is even, then
1 > m — h for every A, In other words: u 2 u°, where
o = Max (v — h) + €,
' Ay, ven
(2) {where & = 1 if the Max is even but some » — L is odd,
and € = 0 otherwise,
1}

It is, of course, simplest to put # = w’,

[ This rule is wrong when » — &k = 1, as in P(1010), for & con-
fluent state in the bottom row cannot directly drive a confluent
state above it. This oversight may be correcied in different ways.
We eor'rect it by adding the following restriction to von Neumann’s
rule (2'):

Ifw - k=1, thenu = 2.

Note that Max (s — b) = w — L

Von Neumann introduced ¢® because he did not want a Figure 16d
o be immediately to the right of n Figure 16e, since the confluent
state of the latter figure would affect an ordinary transmission state
of the former figure. However, if Figure 16¢ is in the next to the top
row of the pulser, and Figure 16d oceupies this row and the row
below it, this effect does not in fact change the output of the pulser.
We could therefore replace von Neumaun's design algorithm by a
new algorithm with this simpler rule for determining u:

o —k=1thenu=2
Otherwise, 8 = » — &,

We will not make this replacement, however, since wo wish to keep
a3 close to ven Neumann’s original design as possible]

"This completes the construetion. As Figure 16b shows, the area of
this notwork has the width 2% and the height « 4+ 2. An abbreviated
representation of this network is given in Figure 16g.

Note that the sequence 2! ... ¢%, ie,, the relative delays » (h =
l, »++, k), is achieved with a cerfain preliminary absolute delay.
We sa.w that t.lus was 2% + u under the conditions of Figure 16a. The
insertion of the % before the first C in Figure 16b raises this to 2k +
# + 1, Thus in the final arrangement, represented by Figure 16g,
a stimulus at @ starts the sequence §* ... 3= after a preliminary
[absolute] delay 2k + % + 1 at b, (This means that the first stimulus
or no-stimulus position of that sequence, !, has a delay 2k + u + 2.)

If input a is stimulated several times, the emissions al b take place
concurrently, irrespectively of whether the sequences ¢ ... §» that
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are 80 induced overlap or not. Thal is, there is-no corruption ..,
interference in this network.

[We will summarize the externnl characteristics of the pulsen
P -+- i), Bee Fignre 16g !

The width of the pulser is 2%, where k is the number of ones in thg
characteristic ¢1 ... g Von Neumann inplicitly assumed thaf
k= 2;fork = 0ork = 1 noorgan is needed,

The height of the pulser is u + 2, where u is defined as follo
¥y -+~ 5 ¥ are the » for which ¥ = 1. Von Neumann’s rule for%}
as corrected, is E

Iy ~k=1thenu=2

Otherwise, u = (4 — k) + ¢, where
=11 (n — k)izeven butsome ms — h (h = 1, -+~ , kY 1§
odd,

¢ = 0 otherwise.
Note that k is the number of ones in the characteristic and tha.
v is the snpencnpt of the rightmost one; hence » — & is the totat
number of zeves in the sequence precedmg the rightmost one of t’f\'i;é
chargeteristic.

The dclay between ihe input pulve going mto a und the ﬁl'st-
output ' emerging from b is 2k 4 u 4 2.]

322 The periodic puiser: structure, dimensions, timing, and thg
PP (1) furm.

[ Figure 17 shows two pulsers cesigned according o the utgont.hm’?
von Neumann developed next, )

The perlodle pulser PP (T3010001) is constructod from a pu]sel‘
P (10010001 ) which produces one oceurrence of the desired sequence;
a periodie repester G4-G8 and H4~HE of period cight, a mechumsm.
IH1-13 for turning the repealer off, and a pulser P(1 111111111).
which produces the signals needed fur turning the repeater off, §

A “slart? qumulus nto mpu!. a.. at time ¢ will produce 1001000;
from au output b of P( b’ of P(10010001) at times ¢ + 29 through ¢ + 363
The sequence 10010001 is elmtted repeatedly from output b untll
the repeater is turned off. A “stop” stimulus into nput a.. will cmméi
thre top pulser to emit a sequence of 10 ones. These will pass thmughe
the eonfluent state HE, the special transmission state K8, and mid
eell H4, The first five pulses will induce the transformation C.. - V
U— Sy — 8 — 8 — Sy (= Cu), aud the lnst five pulses will
repeat this transformation. No matter what the contents of the
periodic repeater are, they will be wiped out. Note in this connectioxd
that since g sequence of ones is used to turn the repeater off, nny
ones entering cefl H4 from the left (i.c., from the repeater itself) are
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ineffectual, Tlre is & motive for puiting the confluent state at the
bottom of the periphery of the tree of Figure 10,

Since the periodie pulser PP (1) is used very often, von Neumann
clected to simplify the design for this special case. Here he used the
fact that, when Figure 17b is operating, there is a sequence of six
ones in its periodic repeater. Once the transformation of the confluent
state E3 is begun by a pulse from L2 the transformation is completed
by the four ones remaining in the periodie repenter (two ones being
lost when E3 is killed). This periodic pulser does not, however,
work in all contexts. See the editorial discussion al the end of this
subsection.)

The next organ thal we construct is the periodic pulser. This organ
has two inputs e, , a_, and an output &. Upon a stirmulus at a,; it
will begin (0 emit o preseribed, periodically repeated sequence, say
7 -+ t" at b. Upon a stimulus at a_ this emission at b will be stopped.

The relation between the stimulj at ¢, and a_ and the (starting or
stopping of the) response at & is freely timed; ie., the two delays
between these ave no! preseribed al this point (cf., however, the re-
marks at the end of this section).

This periodic pulser has the symbol PP (% -- - 7). The sequence
& +»- 7, which can be prescribed ai will, is its characieristic; n is its
ovder,

The required network s suceessively developed in Figure 18. This
comstruction and the network that results from it are discussed in
the balance of this section.

The operation of producing the periodically repeated sequence
it .-+ 7 is best deconiposed into two suboperations, First, we produce
a single sequence £ -+ - 37; second, we repeat it periodically. The
first task ealls for the pulser P(21 ... i) of Seetion 3.2.1, according
to Figure 186g. We write a', &' for a, b there, Then our present input
a, must either feed into or be the input «’. The second task requires
attaching to the output b’ an organ that will repeat any period of
length = o the output &,

T'he simplest pericdic repeater is a (closed) cycle of transmission
stutes, The shortest cycle of this kind has a period 4, as shown in
Figure 18a. Clearly any [such] cycle must have an even period; hence
the general cycle has the peried 24, { = 2,3, --- , A cycle of this pe-
riod is ghown in Figure 18b.

Our present output b must issue from this repeater. Hence at least
one of its cells must be able to stimulate in two directions (b, as
well as its own successar in the cycle): i.e., it must. be 1 C, The output
b has two possible positions on this C: b1, b, .
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This iz shown in Figure 18e. The C raised thie length of the period
to2£ -+ 1, This is an odd pericd, If an even period iswanted, a seconif}
C must be inserted (since the first one cannot be removed). Thiz
shown in 1gure 18d; the period lengih is here 2¢ + 2, (Note
the two C are not hnmediate neighbors, sinee a C eannot stimu
a C.) Both alternatives are jointly represented by Figure 18e, whi

“«

gfory = 1,
Cforr = 2.

Hero the period isn = 20+ r,where £ = 2,3, «-- ;r =1
i, we can handle precisely the orders (periods) » = 35, 6, -
Thus the order # is subject to the condition
(8") n &5 .
If the condition (3') is violated, je., if the order n is <5, th_f
the period 77 - - - i* may be repented © times. This replaces n by on
and we need only choose © so that on fulfills (3), i.e., on = 5. B
Let us triow return to Figure 18e; The output. b must be on the Gg
as shown there, The input of the eyele, te., the pomt fed by bjl
should be as close as possible to this C, to mininize the delay, It.
cannot be on the C itself, because C's remaining free side (whlch-j
aver of by, by is not used for b) will be needed for another purposesy
We place it therefore mumediately before C, at by or . (The sense;
of the cycle has been nrmnged 1o maximize tlis accessibility.) ‘i
Now the pulser P(T ..~ ) of Figure 16 and the cycle of F Flgum
18c can be placed into act.ual rontaet, This is shown in Figure 18f
where

X

n=2+4r
£ =2,3-;r=1,2
= forr=1.

= Cflorr =2,

et st e A i e B e

Figure 18f is drawn asif £ < u + 2, but, £ 2 u -+ 2 s equally possible.;
Note that the cycle Is rotated agamst its previous form (Fig. 18e vsg
Fig. 18f), to have a conveuient fit with P (7 .+~ 4%). In addition tha}
two organs are separated by a column of U, to avold the possibility”
of unwanted stimulations due to contacts between a C of one organ;,
and a transmission state of the other,

The network of Figure 18f takes care of starting ¢& .. 2 ; there.
reronins the task of providing a network for stopping 21 ..+ ¢»,
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Shice we have not introdueed any states (or stimuli) for expressing
the negation or inhibition directly, thls must now be done by indirect
means, The obvious way io achieve this is by using special stimuli,
i.8., by changing the character of one of the transmission and con-
fluent states that make up the eycle of Figure 18e {which is, after a

rotation, part of Fig, 18f), This means that e¢_ should control a
sumu]us [1] which 1s directed agaiusi one of the exposed sides of the
eycle,! Figure 18g shows the organ that will do this. Smce it will be

convenient to stimulate this organ (from a_ vin &”) from above
and to attach it to the upper. side of the eyele, Figure 18g shows it
in this position, The output 5” of this organ may be attached to any
vell of the eyele, In the position shown (of, Figs. 18f and 18g) this
can be the 2, or the C; in the two other possible positions (on Fig,
18f, ie., from the right or from below) it could be the C, any !o,
the ! (from the right), the & or the X (from below).

With this arrangement, astimulus [0] from a_, nrriving ata”, would
excite C and thcn i1, and deliver a stimulus [1] at b” with a delay 3
(counted from q¢" ), Heuce with a delay 4, that cell of the ¢yele which
ix in contact with b" \ull go into the state U and cease to emit.
To this extent the stop has been effecied. However, there remmaing
the question of the further fate of this cell. Indeed, this cell is now a
U; hence the next stimulus [0] traveling through the eyele will con-
vert it into an S, (unless a stinrulus [1] does this, by reaching the
vell eadlier vin b”), After this, stimuli ([0] via the cycle of [1] via
"), as well as their absence, will transform it further, through the
sensitised states {the Sy with £ from list (8.1) of Sec. 28.1, to an
{ordinary or special) transmission state or to the confluent state
|T, T or C, i.e., an Sy with  from list (8.2) of Sec, 2.8.1}. Which
of these terminal states will netually be reached depends on the
qhmuh circulating In the cyele (plus stimuli pousibly delivered vin
b" ), L.e., on the sequence {1 --. 4%, as well us on the phase of this
ovcurrence,

In order to have a scheme that will work for all ## .-+ * and—
what is more important—for all phases in which the stop may be
ordered, It is best to see to it that U gets an adequate and uninter-
rupted sequence of stimuli in any case, Hence it is best to deliver
these from b”. Consequently they will be stimuli [1]. The first one
will econvert U into Sy, and three more will transform this into
S = Cos. These stimuli [1] follow the original stimulus [1], which
produced the U, immediately. Hence a total of five consecutive

! {Ag explalned in Sec. 2.8.1 above, “[0]" represenis an ordinary stimulus,
and *[1]* repressnts a special stimulus.]



166 THEORY OF @ELF-REPRODUCING AUTOMATA

stimuli [1] at &" iz called for, i.e., five consecutive stimuli [0] at- :':':-
However, before wo discuss t.hes.a any further, let us consider - “Hid]
sequence of transformations that have been indueed: .

Cycle cell (one of the C, X, 2, 10, 0) —

!

In the end it will bo necessary to restore the cycle cell that hil
been so trm:sformed to its original condition. It is simplest to uset:
sequence (4") itself for this purpose. This sequerlce ends with & Cj
hence it should have begun w:th a C too. Tha.t. 1, the cycle cell .

the time when m goes into the state U, also at the 4 successive times;
when it goes into the states S;, S;, Sy, Sy = Coo; and ﬁnally,g
since € responds with o delay 2, there will alzo be no ouiput from‘--‘f
this cell at tho uext time. That is, this cell is silent for 6 conseeutiv
times. If the length n of the perind is <6, then lhis is sufficient to;

silence the cycle for good. However, if n > ﬁ then thizs sequence of 54
stimuli [1] at 87, ie., of 5 stimull [0] at &”, 1ust be repeated. Let

us repeal it p times, It is clear from the above, that i we could msert
a0 (no stimulus) between every two groups of 11111 (5 sLunulJ),.
but it is simpler to omit this insertion. 8o we have a sequence 1 + 1-;
of order &p, This will take the eyele cell p Limes through the s»e:qucnc(:i
(4'), and thereby silence the cycle (i.e., itsoutput b = be) for 5p + li
consecntive times, Hence it will slleuce it for good if » = 3p + 1,{
ie, if g

¢ 'ﬂ—l
(5°) PZ——

W
The simplest choice of p Is, of course, as the smallest integer thak:
satisfies condition (5'). i
Thus the pulser referred to nbove (with its output b feeding o’
and its input a® fed from a_) must be P(1 ..+ 1) of order 5p. The*
entire arrangement js shown in Figure 18h, Stamng all guantities
that refor to this pulser, wo see that n° = k* = 5p and »* = h(h =
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1, -+, 5p) obtain; hence #* = 0 hy rule (2°) of Section 3.2.1, so
that we can choose u” = 0,

The border of U's around the right and lower sides of the pulser
in Figure 18h serves again to avoid the possibility of umvanted stimu-
lations due to border C’s.

Before coutinuing, we will point out an important special case,
where the introduction of the pulser of Figure 18h can be avoided.
Tliis is the case of the simplest possible period, namely T. This has
the order # = 1. In this case we proceed as follows.

The order 2 = 1 violates the condition (3'); hence we must o-fold
it, so that on fulfills (3), ie., with an @ = 5. (This would suggest
o = 5, but we postpone the choice,) The new n Is © (the previous
en); the cyele in Figure 18f has the period n = 0. Now assume that a
stimulus [1] at by of Figure 18f (ie., at b” of Iig. 18; ef. above),
converts the right upper C in this eyele (Fig. 18f) into a U. This
atarts the sequence (4'), To complete this sequence 4 more stimuli
are needed, They are rigidly timed. In our discussion after sequence
{(4) we made them [1)s from 5, but [0)'s from the cycle would do
just as well. After the eyele cell has undergone its first iransformation
in (4) {ie, (C — U)}, the cycle will still deliver n — 2 stimuli
Dltoit. If n — 2 = 4, i.e., n = 6, then this is preciscly what is needed
to complete the sequence (4'). At the same time the eyele will have
Leen silenced for good, as desired (cf. the discussion leading to condi-
tion (5'), or condition (5') itself with n = 6, p = 1). Hence we
vhoose n = @ = ¢, (Note that this fulfills our earlier condition © =
5, but it is not the minimum choiee @ = 3 referred to there!)

With this choice, then, a siungle stimulus [i] at 57 (Fig. 18g) suf-
fices, In this case, therefore, the addition of Figure 18l to Figure 18g
is not needed. However, it i more convelsent in 1his ease Lo have the
input @’ on the left, rather than on the upper gide of the C. Ao,
since the pulser P(] .-+ 1) of Figurc 181 iz now omitied, |t. is con-
venient, for the unification of the notations, to identify " and a*.
This is shown in Figure 18i.

We can now perform the main synthesis by joining the network of
Figure 18f with the network of Figure 18h [the general case:
PP (3! ... )] or the network of Figure 18i {the ﬂpeclal ease; PP (1)].
As noted before, the contact must be made at b” = b, and the
(ultimate) output is b = bs. The result is shown in I‘igures 18j and
18k, respectively. Note that in the second case n = 6, also h = 6,
mom h(h = 1,--+, 8); hence by formnula (2) we have u* = 0, w0
that we can choose # = 0, Consequently, 2k = 12 and u + 2 = 2,
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as shown in Figure 18k. Note also that though Figure 18] is drawt
asif £ < % 4 2and 10p < 2% + 1, either or bothof £ = u+2;m[
10p = 2k + 1 are equally possible.

Figures 18) and ISL contain eertain delays, from the st.lmulatlon :
a; , or rather ut a’, to the start at b, and from the stimulation at, a:dl
or rather at a*, 1o tl\e stop at b, We will determine these, '

Consider the ﬁmt case, 1.¢., Figure 18j. 18

The path from &’ to by = b in Figure 18j les entirely in the low
half of the network, i,¢., in the part showx in Figure 18f, Using Fig "
181, we suw at the end of Section 3.2,1 that the stimuli of ¢t ... 88
appear at b’ with an absolute delay of 2% - u - 1 ufter the shmy] q
at a’. To this absolute delay must be added the relative delays 1, - ++§
n, so that the sequence 4 ... {» appears at & with the delays 2k Z ‘j':

w2+ ,2 4+ u-n+ 1, The delnyfromb tob 1sclearly 4%
hence the ﬁrst. period of & ... ¢~ appears at b with the delays 2k
w486, 2% +ut+n+i Thusthestartntb(b=bg,cf I"lg'
18j) i delu.yed agmnst the stimulus at &’ by 2k + u + 6. |

Thc path from a” to by = b in Figure 18j consuats of the part fro :
a” to bl b”, followed by the part from b = b" to by = b. The P
from a* 1o & hcs entively in the upper half of the network, i, "j
the part shown in ligure 18h. Using Figu rlgure 18h, we saw at t.he eni
of Section 3.2.1 that the qt:mull 1 ... 1 (order 5p) appear at l‘i'n‘S
with an ubmlutc delay of 25* + u° 1 after the stimulus at a. Smce
k' = bp, u* = 0, this delay is 10p + 1. T'o this absolute delny mudi‘&
be added the rdative delays 1, - -+ , 5p, so that the sequencel ... "‘-17.
appears at b* with the delays 10p + 2,+++,15p + 1. The dels.y
from b* to b” is clearly 5; hence the sequence 1 -.- 1 appears é
by = " with the delays 10p + 7,+--,15p 4 6. Now a stimulus [1]
at by (Fig, 18f) inhibits the next output from the affected C {cf. thg
diseussion of sequence (4')]. Hence the output at by is stopped Wlth s}
total delay of 10p -+ 8. Thus the stop at b (b = ba, cf. Fig. 18;)
delayed ngainst the stimulus at ¢* by 10p + 8.

Consider now the second case, i.e., Figure 18k,

The lower halves of Flgumb 18j and 18k have the same structuret
hence the delay from o’ to the start at b is given by the formula de—
rived nbove for the first case. Thixs is 2k - 4 + €. Sinece now % =t'
8,1 = 0 (cf. the dxseuss:on of Fig. 18k), this delay is 18. i

The delay from a* = o” tothesbop at by = bmFxgurelSL is also
easy 1o determine. The path from 4" to b, = b” is also shown iy
Figure 181, Its delny i8 clearly 3. The delsy from a stimulus [1] a.t,_

&, o iR
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Dy to a stop at by (Fig. 18f) is the same as in the first case, that is, 1.
Thus the stop at b (b = bs ; of. Fig. 18k) is delayed agninst the stimu-
lus at a* (= a”; of. Fig. 18k) by 4.

We restate: The delay from a stimulus at ' to the start at b is
9k + u - @ in the first (general) case (Fig. 18]) and 18 in the second
(apecial) case (Fig. 18k). The delay from a stimulus at a® to the stop
at b is 10p - 8 in the first (general) case (Fig. 18]) and 4 in the second
(special) case (Fig, 18k).

In contrast with the situation at the cnd of Section 3.2.1, corrup-
tion by interference in this network is a definite possibility, It is casily
verified that this is controlled by the following rules,

{ Throughout (6".b)~(8".d) stimulations at ¢’, a* should be
viewed in a modified chronological ordering, which differs
from the ordinary one by certain systematic (rolative)
ghifts, All statements in (8".h)-(6".d) about simultaneity,
precedence, and ordering of such stimuli must accordingly
be understoad in this modified chronology. This chronology
is defined as follows. The ordering of stimulations at o
relatively to each other is unchanged; also the ordering of
(6’.a)  {stimulations at a” relatively to cach other is unchanged.
Stimulations at a’ are displaced relatively Lo stimulations
at a* in accordance with the difference between the delays
from ¢ to the start at b, and from a’ to the stop at b, In
other words, nll these stimulations are ordered chrono-
logically, not by the times of thelr respective oceurrences
(at @’ or at a*), but by the times at which they take effect
(at b, in the form of a start at b for &', and of a stop at b
|for a°).

[ Multiple stimulations at @', between which no stimu-
lations at «® oceur, sitnply superposes their effects.
One could therefore say, as at the cud of Section 3.2.1,
that no corruption by intexferenee takes place in this ense,
However, it must be noted that this means that the periodic
emisgion of the organ (ath) may be changed in this proeess,
ginee ench pew stimulation at ¢ superposes the period
with its own phase on the (possibly already composite)
period produced by the previous stimulations, Finally, this
change is void in the special ease, where the period consists
of stimuli only (it is 11), so that additional superpositions
cannot alter it,

(6".b)
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(A stimulation at a* which follows upon stimulations at;q
{for these cf. rule (6".b)] stops t.he poriod generated:ly
these, Multiple stimulations at a” have no effect bayon !
that one of the first one among them; i.e., the stop caused
(6'.c) {by the first one is maintained hy t.he Others, but it woult

be equally maintained wlthout. them 1t should be nobet%
that if stimulations at @’ and at a* are s:mult.nneous, Vi
latter overrides the former; i.e., no emissions at b w '.
locenr.

dclay = 5p + 1 (t.h1s is the geneml case; in t.he spee‘ ‘

(6°.d) Jecase put p = 1) against the former. If it comes eailigt:
then those atimuli in the period whose first occurrences
would take place with a delay = 5p + 1 will be perplt.ual_
removed from the period.

To ooucludc we will make some adjustments fo equalise the dela.yﬁ
from a’ to the start at b and from &” to the stopat b, therebv ellmmnt-mg
the complications caused by the special 01dermg of (8'.a)in (¢ b)-?
¢'.d). Tlne. will be done by inserting smmble delay paths between
a, and &’ on one hand, and between a— and a® on the other. We wxlI
distinguish three sub.cages, as follows,

First, assume the ease of Figure 18] and 10p < 24 4~ 1. Define zil

by 10p 4+ z = 2k 4+ 1,50 that 2, = 1, 2, - -+, Attach the uetworli
qhmm in Figure 19a {o the left side of Iigure 18j. The delay from e
to @' iz 3; henee the deluy from a, to the start at; bis3 4+ (2k
u+ 8) = 2% + u + 9. The delay from a_toa” is u + z;,henee
the delay from a—_ to the stop at b is (u + 2,) + (10p +8) = (10p ¥
)+ (w+8)= @+ 1)+ (u+8) =2+ nu-+0 i

Thus hoth delays are 24 + u + 9, aud Figures 18] and 19a puh
logether assuime the aspect of Figure 19¢. This figure iy drawn ng: 1§
¢ < u+ 2 but {2 u -+ 2is equally possible.

Second, assume the case of Figure 18j and 10p = 2k + 1. Deﬁnel
z2 by (24 + l) 4+ 2= 10p, %0 that 2z = 0,1, 2, -+ -, Attach the nelz—-
work shown i in Figure 19b to the left side of Figure 18], The delny
from a, to a’ is 3 + 2z ; hence the delay from @, to the start at b ls
Bt+a)t+ 2k+u+6)= ((°L +1)tz)+ (u+8) = 10p+
% -+ 8. The delay from a- to a” is »; hence the delay from a_ to thq
stopatbisw -+ (10p +8) = 10p + u + 8.

Thus both delays are 10p + 1 + 8, and Figures 18] and 19b put

* [Thera i an error here, which we will dissuss at (he end of the suhaaction.};
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together assume the aspect of Figure 19d. This figure is drawn as if
£ < u+2 but £ = u+ 2 is equally possible,

Before golng on to the third case, note that the common delay in
the first case (where 10p < 2k + 1) i8 2k + % + 9, while in the
second case (where 10p = 2k + 1) it is 10p + u -+ 8. Both cases
are covered by the expression M + % + 8, where

(7') M = Max (10p, 26 + 1),

Also, Figwes 19¢ and 19d have i every way the same outward
appearance, except that the first has the width 24 + 4, while the
second hna the width 10p + 3. Again both cases are covered by one
expression, namely by M + 3. Hence Figure 19e represents both
l"igures 19c und 19¢k. Figure 19 isdrawnasif £ < z 4 2, but £ 2
 + 2 is equally possible.

Third, assume the cuse of Figure 18k. Attach the structure shown
in Figuve 19f o the left side of Figure 18k, Also, identify a’ with a.. .
The delay from &, o the start at b is then the same ag that one from
«', that is, 18, The delay from a_ to a* is 14; henee the delay from a_
to thestop at bis 14 + 4 = I8,

Thus hoth delays are 18, and IMgures 18k and 19f put together
assume the nspect of Figure 19g.

Figures 19d and 19g are the desired network int the case of a geuaral
PP (7 +-. 7») and of the special PP (T) {reprevented with n = 6, Le.,
ax PP (Tﬁ)}, respectively. It is worthwhile to iniroduce o Jomt
ubbreviated representation for these. In the cuse of Figure 19d we
bring it to tire uniform height of NV 4~ 3, where

(8" N = Max (u + 2, 0),

by filling in U’s as needed. Figure 19g need not be changed at all. The
result is shown in Tigure 10h. For the gc:mml case of PP(FF ... =)

KaME3,LaN+3I=2Lisdlo=1—4
For the special cnse of PP(1):
K= 15, L = 4,~L| = 0, Lg = 3, La = I,

The delays from 4., to the start at b and from a_ to the stop at b
are the same, This common delay is M 4 u 4 8 in the general case
und 18 in the special case, We can now reformu]ale the rules (6.)-
(5.d), with @, in placeof @’ and a_ in place of a*, and with the cornmon
delay for starting and stoppiug. This ehmmates, ag observed carlier,
the need for the special ordering of rule (6’.a). We obtain accordmgly
this.
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The rules that govern posmb]e corruphon by interference are riow;
modified from their form.in (6".a)-(6".d) in this way: j

(The specml chronology for stimulations at a’ and a*, as de:3

%

fined in (6".8), is now replaced by the ordinary chmnolog
") }compansons must now be mude according to the tlmes a.t

fication (and replncmg a bya;and a® by a.) the rules: 0 __
(6 .b)-(8".d) remain valid. k==

case which von Newnann didn't dlscuss, nnmely, the ease in which I!s
“gtop” stimulus precedes a “‘start” stimulus, ;

Let us vonsider first the timing of von Neumann’s periodic pulsers,g
using Figure 17 as an example. For the periodic pulser PP (10010001}
we have the following phasing. A “start” stimulus into input @, at‘
time ¢ will cause the sequence 10010001 to enter cell H4 from cell G.«Ltg
at times ¢ 4+ 31 through ¢ 4 38. A “stop” stimulus into input a- at;
time £ will cause the sequence 1111111111 to enter cell Ib; from call
H3 at times £ 4+ 32 through ¢ 4 41. In this case nothing is erm!:ted‘
from the output b, since the killing signal from H3 dominates the’)
transpission signal f rom G4, If the “stop™ stimulus comes ane momentg;
fater (at timec ¢ + 1), the sequence 1111111111 enters cell /74 from
vell H3 at times ¢ 4+ 33 through ¢ - 42, In this case cell H{ is m_
state Cop at time ¢ 4~ 31, in state Cy at time ¢ 4~ 32, in state Cyo at
time ¢ 4+ 33 (and & pulse is emitted from b at time ¢ 4+ 33), and i in’}
state U at time ¢ 4 34,

Consider next the phasmg of von Ncumnnn"s specml perlodm"

]

.....

{ + 2l A “stop” stimulus into mput a. ot time { enters cell E3 { rorm,
cell E2 at time { + 17. Consequcntly, nothing is emitted from $ i3
the “start” and “stop” stimuli are simultancous. If the “swp”i
stimulus comes one moment [ater, then one pulse is emitted from b))
as wag the case with the periodic pulser PP (10010001 ). .
I't should be noted that we have measured the delay from the input;
a; and a_ up to (but not including) the cell containing the confluent:
state C which drives the output b, Von Neumann measured theSG‘
delays through Lhis cell to the output 6. For u signal from the “stop’’
input a_ the delay through this final cell is only 1 unit, sinee lu]lmg
takes only 1 unit of time, Hence the delsy from both a,, and a_ to!
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the stop at b .is 33 for PP (10016001) and 18 for von Neumann’s
PP (1). See Table I.

Thus the phasing for all periodic pulsers PP (3 - .. ) constructed
by von Neumann’s algorithm is as follows, Assume the periodio
pulser is as designed and is quiescent, If the “start” stimulus into
input a; and the “stop” stimulus into input a_ are simultaneous,
nothing is emitted from output b, and the periodic pulser is left in
its initial state. If the “stop” stimulus follows the “start” stimulus
by T(T > 0) units of time, the sequence ¢ - - - {* is emitted » times
and then an initial sequent of it of length y i3 emitted, where T =
n# + i, 4 < 0, and either » or g may be zero. This phasing is as von
Neumsann intended and is in aceord with his rules. But von Neumann
did not consider all the eases in which the “stop” stimulus precedes
the start stimubus (te., T < 0). Apparently, he planned to use each
periodic pulser in such a way that there would be a one to one corre-
spondence of “star(” to “stop” stimuli, with the m*th “stop” stimulus
coming no earlier than the m'th “start” stimulus, with the m’th
“igtop™ stimulus preceding the (m 4 1)st “start” atimulus by a
sufficient length of time for the periodic repeater to be cleared pro-
perly. But he did not state this intention, and in his subsequent use
of periodic pulsers he did not always conform to it.

Consider the effect of feeding the sequence 101 into the “stop”
input a_. of PP (10010001). This sequence will cause the upper pulser
P(1111111111) fo emit 12 (rather than 10) pulses and (depending
on the phaging of the *start” input ¢.} may leave cell H4 in an
undesired state, For some conditions of the phasing of 101 into a-

Tanre 1
External characteristica of perfodic pulsers

Genera) Case Spectal Cage
In termpof | Bmmple of v;ﬁg?:‘ Alternata
PaRmelers [PPTIONIO0N) | pefp | FPO
Width K. ooovvviviniannnnan] M+ 3 23 15 13
Helght Loovviiviinairairiariarnnd] N3 10 4 4
Number of cells below an inpnt or
ontpnt
Input aps o vviniiciianiaoonn 2 2 0 1
Inpnt e cvviiviinaiiiiiacnin 4 4 3 3
OUbPUL Bevereivrcnrivninrareanns] L — 4 6 1 1
Delay from inpnt a, to b. Also, de-
lay from inpnt a_ to stop at 5. A +u+ 8 33 18 19
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and 1 into e, ; the cell H5 may be killed to U. This diffioulty maj-
be solved by the following rule of usage. The “stop’™ input a_ iof o'
“general case” periodic pulser PP (8 -.- 1) is néver to be smnulated‘
twice in any time span of length n. Actually, all of von Neumsnn’gj
later uses of “general case’”” periodie pulsers conform to this rile.

There is a more serioug problem in von Neumann’s “special case™®
periodic pulser PP (1). A stimulus into the “stop” input 6. chlmgesé
cell E3 into U, and then the four pulses in the pulser P (T11111) or the'
periodic repeater (or both) operate by the direct process to leave’ ES:
in the confluent state C. But suppose a “stop” stimulus precedes: a-
“start’’ gtimulus; Then cell 3 will not he left in the correct stntet
This fact oauses no trouble when von Neumann's PP (1) is used in
the triple-return counter (See. 3.4 below), but it does cause mcorreet
operation of his control organ CO as it is used in the read-write-erasé.
control RWEC (Sec. 4.3.4 below). We could modify some of the
contextual cireuitry of the CO, but it is better to use a PP (1) in thy'
CO which is not contaminated if it is turned off before being turned:
ol

"This alternate PP (1) is shown in Figure 20. It uses two modified
pulgers P(11111), one above and one below. A “‘start” stimulus into
input @, 8t time ! causes the sequence 11311 to enter cell G3 from
cell G4 nt times ¢ + 17 through ¢ 4 21, If cell &% is in the confluent
state C this requence will emerge from the output b at times ¢ + 19
through ¢ + 23, so the delay from input a, to b is 19 units of time. A
‘“gtop” stimulus into input a— ot time ¢ causes the sequence 11111
to enter cell @3 from cell G2 at times ¢ 4+ 18 through ¢ + 22, Since
killing takes only 1 unit of time, the delay from input a to the stop
at b is 19 units, which is the way von Neumann counted it. See Table 1.

Note further that if the start input a. is atimulaied from 1 to 4
anits of time after the stop inpwt 4. is stimulated, from 1 to 4 pulses
will be left in the repeater. Hence we stipulate the following rule of
usage for the alternate PP (1) of Figure 20: the stop input a_ is never
to be stimulated twice within 5 units of time, and the start input
a.. i8 never to be stimulated from 1 to 4 units of time after the stop
input is stimulated. The structure of the read-write-erase.control
unit RWEC is such that this rule is always satisfied. When opersted:
in an environment which conforms to this rule, the alternate PP (1)
functions as a “flipflop.” It i turned on at a, , off at a_, and while
it is on it emits a continuous sequence of stimuli from b which may
be used to operate a gate (confluent state).

We will now summarize the external characteristics of penodm
puisers. Von Neumann’s apecinl casa PP(]) is shown in Figure 17b.
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Our alternate speoial case PP (1) is shown in Figure 20, The external
charncteristios of both of these PP(T) are given in Table 1.

The general case PP (i --- %), with n = 5, is shown in Figure 10h.
If n-< 5 and the special case does not apply, the characteristic is
iterated until » 2 5; for example, if PP (101 ) is asked for, PP (101101)
is constructed. The general case PP (¥ ... §*) containe the pulser
P(iT .-+ i»), for which u and & are defined at the end of Bection 3.2.1.
The following string of definitions leads to the parameters K (width)
and I, (height) of PP (3 +-- 7).

{ = integer part of (n — 1)/2

= Maximum of # + 2 and {

N3

The smallest integer such that 5p 2 n — 1
Maximum of 10p and 2k + 1

M+ 3.

lurther information is given in Table 1.

W e
W5 nan

3.3 The Decoding Organ: Structure, Dimensions, and Timing

[ Figure 21 shows the decoding organ D (10010001 ). This decoding
organ has charaeteristic 10010001 and order 8. All sequences of length
8 ean be divided into two elasses: those which are bitwise implled by
(contain all the stimuli of } the characteristic 10010001 (e.z., 10010001
and 11010011), and those which are not (e.g., 10000001 and
10010010). If a sequence of the former cluss is fed into input a, a
gingle stimulus will come from output b after a suitable delay, while a
sequence of the latter class produces no output.

A decoding organ is to be distinguished from o “recognizing’ device
which produces an output for some particular sequence (e.g.,
10010001) and no other. Such devices are discussed in Section 3.5.

The decoder D(m) works in this manner. Suppose the se-
quence PR, with ' = 1,4' = 1, and P 1 enters input a at
times ¢ through ¢ + 7; the three stlmuh ', and +® enter with relative
delays 0, 3, and 7, respectively. Paths B and D meet at the confluent
state DI with delays of 21 and 18, respectively; hence ¢ and ¢ will
produce an-output from cell DJ at time 23. This output will arrive at
cell F1 at time 24, coincident with the arrival of #* via path F, thereby
preducing an output from b at time 20. Note that since there are
three ones in the characteristic 10010001, three patha (B, D, and F)
are necded in the deceder.

The design of a decoding organ is very similar to that of a pulser
(Sec. 3.2.1). Indeed, a pulser is in fact a coder. For the decoding
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organ, however, confluent states are needed along the top row to
detect coincidence. When confluent states are needed to introduge
relative delays between pathe of odd amounts (e.g., as in cell BB
of Fig. 21), then these confluent states must be isolated from those in
the top row by means of Ty, states (as in row 2 of Fig. 21).] é

Qur third construction is the deceding organ. This organ has s.nc
input o and an output b. The ideal form would be one which, upon
the arrival of a preseribed sequence, say #* . - - 7%, at 4, and only the
will emit a single stimulus at b. However, for our specxﬂc npphcatmmg
of this organ & simpler requuement will do, and this is the one thab',
we are going to use. It is as follows. Let a sequence, e.g., ' - ---§%
be prescribed. Upon arrival of any sequence j - _1" at a, whxeh,
containg all the stimuli of & -.. #» (i.e., such Lhab =1 1n1plms
j" = 1), and only then, it will emit a single stimulus at b

The relation between the nctuatmg sequence j1 +-+ 2% at a and the,
response at b is freely timed; i.e., the delay bet.\ween these ia not pres
scribed at this point (cf., however, the remarks at the end of this
section).

Thls __This decoding organ has the symbol D(# -++ 7). The sequence
g1 .-+ 1%, which ean be prescribed at will, isits chamclmshc, and n 18
its arder.

The required network is successively developed in Figure 22. Thig
construction and the network that results from it are discussed in the
balance of this section. ction, They have a great deal in common with those
for the pulser P(# - . ¢), as discussed in Section 3.2.1.

Let vy, -+, be the » for which ¢* = 1, 1., the positions of the
stimuli in the sequence 47 - -+ ¢, (At this occasion, unlike in Bee.
3.2.1, we are not interested in their monotone ordering.) Write

{n- "= 2 + 14y
where gy =10,1,2, .- ;1‘1,’-10, 1.

(10")

{Note the difference between equation (10') and equation (1)1}

The input stimuli at a must be compared, to see whether & stimuli
with the relative delays »,, ++-, » are present there. This ¢an be
done by multiplexing each stimulus that arrives at ¢ to & distinet
gtimuli, numbers & = 1, -+, &, arriving at some comparison point
b’ with the relative delaysn — » (k = i, <++ , k), respectively. Then
the simultaneous arrival of k stimuli at b’ is equivalent to the arrival
of k distinet stimuli, numbers k = 1, -.- , &, arriving at a with the
relative delayg v, +«+ , vy,

Hence we need k paths, numbersh = 1, «++ , &, from a to b, which
have the relative delays n — vy (A = 1, ..., k), respectively, with
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respect to each other. However, we cannot sense a k-fold coincidence
by a single act, at a-single point, if & > 8. (k = 3 is the maximum that
a single C can handle; of. Sec. 2.3.2.) It ia therefore best to bring
these k paths together puirwise. First, paths 1 and 2 merge at a
wmpanmu point by’ (1t'. is better to begin with b’ rather than mth
h; of. below), so that ]O:I.llt path 2’ continues from by'; then paths 2’
and 3 merge at & comparlson point by, so that j joint pnth g eontmues
from b3 ; then paths 3’ and ¢ merge at a comparison point by,
Lhat joint path & continues from &'; - ; and finally paths (k -
1)’ and k merge at by , 50 that j Jomt path Ir. cont.muw from b’ du-ectly
to the output b. In this successive way 2.fold omncldences athy, -,
be replace the single k.fold coincidence at b'. A C can, of course,
handle & 2-fold coincidence without difficulty (ef. Sec. 2.3.2).

This procedure clearly calls for a network of the type developed in
Figurcs 16a and 16b. Consider first Figure 16a. Here the stimulus
entering at a reaches & over & different paths, and while the delays
that are desired for each onc of these patha are not yet properly
gdjusted, this can be attended to afterwards, with the means of
Tigure 1Gb, i.e., with the networks N of Figure 16¢, ns detailed in
Figures 16d-16f, We discuss first another imperfection that Figure
16a presents in the present situation, This iz the following,

In Figpure 16a the & paths that are produced by the C on the base
line are directly merged by thosc ¢ on the top line that lle above the
C (on the base line) numbered 2, 8, . - - , &. These mergers are effected
by o cells, i.e., without any eoincidence requirements. This is confor-
mal to the purposes of Figure 16a in Section 3.2.1 but not to our
present ones. The & — 1 cells ¢ in questlon, where these mergers
oceur, are obviously tile comparison points by, b, , by, referred
to nbove. Hence these must be able to sense comc:dences; i.e., they
should be C, not o. For reasons of symmetry we also replace the
a on the top hne above the C (on the base line) numbered 1, by C,
and call it by'. This new arrangement is shown in Figure 22a,

A snmu]us amvmg at a has & paths available to reach b, On path
h(h=1, y &) it goes horizontally from a to the (base line) C
numbered h t.hen it turns verticaily up, ascends to the top line (to
the C at by ) and continues there horisontally to b. (Up to this point,
and not further, we are following the pattern of Fig. 16a.) These are
(2h — 1) +u + (2(k — R) 4+ 1) = 2k + u steps, but since & +
( —h 4+ 1) =k + 1 of them are C's, the entire delay involved is
8k -+ % -+ 1. That is, the delay is the same on all paths.

In view of thm we must increase the delay on path number A by
n — » = 2u + r'. [Cf. equation (10')) This can be achieved
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exnctly as was its analog in Section 3.2.1: earh vertical branchi}

replaced by a suxtnbla delay network, say branch number A'h
netwvork N'. This Ny is like the Ni of F Tigure 16e; that is, it is mad;
up of the parts shown in Figures 16d-18f, except. that now p, ; rxia0e
replaced by uy’, 4. Thus Figure 22b results, which is related to Figufg
22&. in the same way' thnt Figure 16b is related to. Figure 16& -.' T

ie,them —h of (1 ) are replaced by then — wyof equatnon (10,}
We obtain the condition # = »" (in anslogy to condition (2'); with
the modifications mentioned above), whero ‘

= Max (n — n) + €
(11")  {where ¢* = 1 if the Max is even but some n — ulsodd<
and ¢ = 0 otherwise. '

It is, of course, simplest to put u = 2"

[Von Neumann overlooked the need for an extra row of oells
between row u of Figure 22a and the top row in case row  containg i
confluent state, Otherwise, the confluent state of row u will be ad]a-
cent 1o a confluent state in the top row, creating an open path, sincés
confluent state cannot divectly drive another ¢confluent state. Row '.
of Figure 21 is this extra row which von Neumann overlooked; if;
row 2 were deleted, the confluent states of cells B and B3 would bei
adjacent.

This oversight may be remedied without changmg von N eun:m,l:m’aL
parameters as follows. Let 1 £ m < vp < - o+ < = n. Then thereg
are two cases, according to whether an extra confluent state ocours!
in the leftmost path (i.e., the path for #;) or another path, If an ext,mfj
confluent state ocours m the leftmost path, replace it and the i:(m-P
fluent state above it (i.e., in the top mw) by a block of four connecte@;
ordinary transmission st.ates Thus in Figure 21, put a block of fous
ordinary transmission states in cells 41, B, AS and BS and deleté:
row 2. If an extra confluent state occurs in a path other thsn thé;
leftmost path, place it one cell lower.] §

This completes the construction, As Figure 22b shows, the area. ¢f!
this network has the width 2k and the height u 4 2. An nbbrevmtedi
tepresentation of this network is given in Figure 22¢.

The delay from & to b throngh Figure 22a was 3k 4 « + 1 oneach
path. Through Figure 22b it is therefore 1 + (3k +u 4 1) + (n —-;
») on path number A, The first term, 1, is due to the insertion of the;
o before the first C in Figure 22a. Hence stimulus number v, (with;
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= 1) in the scquence § .- - 1* at @ Teaches b with a delay (3% +
% + 2) + n. This mcou.nted from the time immediately before the
start of the sequence i+ . -+ 17; henee the delny counted mctly from
1tsatartm3k+u+n+l This is the same forall h =1, «-- , k,
a3 it should be. Hence the stimulus indicating this &-fold. comcndence
(i.e., the presence of a sequence J* - .- j», containing - - 4 at g
of. above) will appear at b with a dehxy ¥4+ utn + 1. Thus,
in the fioa) arrangement, repmented by Flgure 22¢, there is from the
arrival of a sequence 77 -- - = (containing & -- - s7) a delny 3% + u +
1 -+ 1 to the response at b

It is ensily seen that in this network no corruption by interference
occurs. That is, whatever stimuli may srrive at a, whenever there
occurs o sequence j1 - -+ s among them that contains §% -+ - v, there
will be & response stlmu]us at b, with a delay 3% + u + n from the
beginning of that sequence.

[We will summariz(, the external characteristics of the decoding
organ D(F - -+ %). See Figure 22¢,

The width of the pulser is 2k, where k g the number of 1's in the
characteristic 2 - - - . Von ’\’eumann implicitly assumed that & =
2; for & = 0 and k = 1 no organ is needed.

The height of the decoding organ is u + 2, where u is defined as
follows, The », -+ -, » are the v for which 4" = 1. Note that » is the
length of the characteristic and the » is the superseript of the first
1; hence n — w is the number of bits in the characteristic which are
to the right of the first 1, Since all » (k = 1, ---, k) are positive,
Max (n — m) = n — ». Von Neumann's rule for 4 then becomes

% = (n— ») -+ €, where

€ = 1if (n — n) isevenbut somen — »m (h = 2, -+ , k) is odd,

" = 0 otherwise.
The delay between the input signal ¢' entering input & and the out-
put pulse leaving b is 34 + » +n + 1]

3.4 The ’I‘ri_ple-retmn Counter

[In the preceding sections von Neumann gave algorithms for de-
signing an arbitrary pulser P! ... {*), an arbitrary periodic pulser
PP(# ... 1"), and an arbitrary decoder D(&¥F +.- ). He next
designed a specifie organ, the triple-return counter #. The completed
organ i8 shown in Figure 23, though not to seale. The periodic pulsers
PP (1) are those of Figure 17, with width 15 and height 4; hence the
actual width of ® is 24 and its actual height is 26. The long lines with
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arrows in Figure 23 saymbolize sequences of ordinary transmission
states being used for transmission only, not for disjunction.

Von Neumann needed the triple-return counter for a specific pur-
pose, that of sending a pulse around & connecting loop (Cior Ca) of
the external tape L three times; see Figure 37. Suppose that the
secondary output ¢ of ® is connected to the input u of connecting
loop Cy and that the output ws of loap C; is connected to the seeonds
ary input ¢ of ®, A pulse into the primary input @ of & will go around
loap C; three times and will then be emitted from the primary output
bof &,

We assume as a rule of usage that once input a of & is stimulated, it
will not be stimulated again unti] a stimulus has been emitted froni
output b of &. Under this assumption, the triple-return counter &
works like this, A start stimulus into a goes via a coding and decoding
network to a', where it starts the first periodic pulser, and also to
output d, where it i relayed to the input of C;. Affer a delay, the
output b’ of the first periodic pulser will send stimuli along row 14 to
impinge on confluent cell #14, which functions as a gate. When the
output pulse from G; enters ® at ¢, it travels along row 20 and into
column D, stimulating the three gates F1.4, F8, rnd F2. Only the
first of these gates (F14) is open; the pulse passes through this gate,
turns the first periodie pulser off, turns the seeond periodic pulser
on, and passes along row 13 and column J to the secondary output d.

The next pulse entering secondary input ¢ from G turns off the
second pulser, turns on the third pulser, and goes from secondary
output 4 back to Ca. When this pule retwns from Gz, it turns off
the third pulser and pusses out the primary output b, This complotes
the operation of &,

Note that the path from primary input a to cell FI8 crosses the
path from secondary input ¢ to cell D74, Actually, no harm results
from the primary input stimulus going fo cell D14 and thence to
gates F14, F8, and ¥, since these gates are initially closed. But if
the pulses from ¢ to D14 entered cell 18, a malfunction would result.
This i8 a special case of the general problem of wire-crossing, The
general problem is solved by means of the coded channel of Section
3.6 helow. The special problem is solved in & by means of the coder
B1?, B18, C17, (18, which produces 101 when stimulated, and the
decoder D18, D19, E18, E19, F18, F19, which emits a 1 to #17 and
G18 when it is stimulated by 101, but not when it is-stimulated by 1.

The design principle of the triple-return counter can casily be modi-
fied and generalized to give a counter which will count m pulses; thut
is, will emit every m’th pulse it reeeives.]
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The three organs that we constructed in Sections 3.2 and 3.3 were
basic entities of rather general significance. The next ones will be
much more special; they correspond to specific needs that will arise
in the eourse of the first major, composite construetion that we must
undertake. Their names, which refer to very special functions, also
cxpress this fact.

The first organ in this series is the irdple-return counter. This organ
has two inputs @, ¢ and two outputs b, d; a, b are-the primary input-
output pair and ¢, d are the secondary input-output pair.

In order to describe its funotioning, it is necessary to assume that
its secondary output 4 and its secondary input ¢ are attached to the
input ¢* and the output 4*, respectively, of an (arbitrarily given)
other organ, This other organ is the respending organ, and we will,
for the time being, give it the symbol &, Having been thus attached
to 9, the triple-return organ now has only its primary input-output
pair a, b free. Its desired functioning is as follows.

Upon stimulation at e it responds at d and thereby stimulates at
¢". Assume that @ responds, after a suitable delay, at d*, stimulating
¢. This causes a second response at d, and hence a stimulation of 0
atc’. Assume that @ responds for the second time, after a suitable de-
lay, at d°, stimulating at ¢. This causes a third response at d, and
lience a stimulation of £ at ¢*. Assume that £ responds at d* for the
third time, after a suitable delay, stimulating at ¢. This causes a
respouse ot b and terminates the process,

The relstion between the original actuation at ¢ and the ultimate
response at b is freely timed: i.e., the delay between these is not
preseribed at this point. Note that the total process from a to b has
three phases, namely the three passages from d through ¢* and 4*
(i.e., through 2) to ¢, whose deluys depend in any event on the re-
sponding organ Q, and not, on the organ to be constructed now. How-
aver, the other phases of the total process from a to b (1.e., those from
a to d, twice from ¢ to d, and finally from ¢ to b) depend solely on the
organ to be constructed now. It is to these that the above observation
about free timing, i.e., the nbsence of prescriptions of specific delay
lengths, applies (cf., however, the remarks at the end of this sec-
tion).

The triple-return eounter has the symbol &.

‘The required network is successively developed in Figure 24. This
construction and the network that results from it are discussed in the
balsnce of this section.

We require that the stimulation should pass precisely three times
from ¢* to d* (i.e., through ). Or, which is more to the point, we
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require that when a stimulus arrives at ¢ (from d” of Q) the first
two times, the consequences (in $) should be different from those:
that take place the third time. Hence ® needs a memory that’ e
distinguish the first two occamons from the third one, ie., keep a:'
count up to three.

With our present mesns this is best achieved by three penodux
pulsers PP (1), each of which is turned on (started) at the begmmn
of the count-period that it represents, and turned off - (stopped) aég
its end. During that count-pericd, the corresponding PP (1) effea.
tively indicates the presence of the count-period by the (cuntmuous)u
availablility of its output stimulus, This stimulus must then be used;
to achieve the characteristic operations of the count-period in quea

tion, These are the following.

First count-penod A stimulus arriving at ¢ is ronted to d, and
after this the PP (1) of the first period is turned off and that of the:
gecond period 18 turned on,

Second count-period : A. stimulus arriving at ¢ is routed to ¢, and.
after this the PP (1) of the second period is turned off and that of
the third period is turned on,

Third count-period: A stimulus arriving at ¢ is routed to b, and
after this the PP (1) of the third period is turned off.

The initinl stimulus at a must, of course, be routed to ¢, and it
must also turn on the PP (1) of the first period.

The obvious way in which the continuous emissions of a PP(1)
ean be used to induce the desired consequences that are characteristio
of its count-period (cf. above), with the help of the stimulus at &
that actustes the period in question, is this. Use a confluent state C
as o coincidence organ by giving it the routs from the output of the
PP (1) referred to above and the route from ¢ as inputs (whose
coincident stimulations it is to sense). Then use this C to initiate
the characteristic responses enumerated above. [Ses cells Fi4, F8,
and F2 of Figure 28. Von Newmann thinks of the stimulus at & (ie.,
¢*) as actuating a given count-period, This stimulus will pass through
0 and enter & at ¢ (ie., d%).]

All these ayrangements are shown in Iigure 24a. Note that in this
figure the inputs and the output of the PP aro designated by 4,., & and
b (instead of a4, a— and b, as in Figs, 18g and 1911). The upper and the
lower edges of the PP are protected by U’s, io prevent unwanted
stimulations by C's across thesa boundaries. It is convenient not to
extend this protection to the left lower corner of each PP -(to make
room for a transmission channel there); that this is permissible is
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not indicated by Figure 10h, but it is by Figure 19g. [See-also Figures
16b and 18k,]

In Figures 24a and 24b the following simplifications are used: A
straight line of states & is designated by a single arrow, and similarly
for the three other direotions, A connected area of states U is eross-
hatched. The PP (T) are not shown in their true size (which is 4 X 15;
of. Fig. 10g); the area of the network of Figure 24a is therefore
correspondingly contracted horizontally and vertically.

Tigure 24a does not show how the transmission chennals of the
sceondary input-output pair ¢, d-and of the primary input a reach
their proper endinge at ¢ = d°, d = ¢* and g, respectively, (In the
figurec = d*,d = ¢ are shown; a is not shown but should be thought
of as lying towards the lower left corner,) In the figure the transmis-
sion channels in question end at ¢ or cg', at d' and at a,” or ag',
respectively. The primary output b ois shown reaching its proper
cnding. There is no difficulty in connecting d mth d, but there is a
serious bopologmal d:iﬁcult.y in connecting ¢;’ or ¢’ with ¢ and at the
same time a,’ or a2’ with a (without disturbing the connections of b
and of d in the process): It is olear that these paths must cross. Note
that it is not a rigid requirement that a, b, ¢, d be at the positions
indicated in the fipure (regarding a, cf. the above remark); i.e.,
a, b, ¢, d could be moved around somewhat, However, it is necessary
that a, b ba on the left edge of the network and that ¢, d be on its
right edge (cf. later [Fig, 30]), and this implies the topological diffi-
culty referred to above, i.e., the necessity of crossing paths, We may
therefore just as well leave a, b, ¢, d in the positions indicated above.
Wo must solve the problem of how to cross the channel from ¢ or
¢’ to ¢ and that one from a,’ or @2’ to a without corruption of informa-
tion by interference, i.e., without the information intended for one
channel getting into the other one, and thereby eausing malfunetions
in the network,

The problem of crossing lines (which is a peculiarity of the 2-
dimensional case; of, Chapter 1 and also later) will be solved in a
general form by the conatruetion of a specific organ for this purpose
later on [Sec. 3.6]. However, its present occurrence is particularly
simple, and it does therefore not seem worthwhile to appesl to the
general procedure referred to, but it is preferable to solve it ad hoe.

The main simplification present iy that, while it is necessary to
keep signals in the channel from ¢ to ¢ or ¢ from getting into the
channel from a to a,’ or as’, the reverse is not necessary. Indesd, the
first type of eross-talk between these channels would cause a pulse
to cycle indefinitely between the responding organ 22 and the triple-
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return counter &, thereby completely vitiating the opemtlon The?
second type of cross-ta]k on the other hand, merely’ injects the
origina! stimulus (from @) into the cy'-cy’ channel theéreby fu_rmshmg
o stimulus to each one of the three cOmmdence-sensmg Cs (the&n
are 2 squares to the right of the ¢,'-cx” ehannel at the left edge of the’
figure). An examination of the delays (cf. below) will show that atai
this time none of the PP (1) is turned on yet, and therefore none f'v‘
the C's in question receives the other stimulus required for a coinei

dence. Hence, the misdireeted a-stimuli of this clags are hnrmlau .}i

Thus, we must only prevent c-stimuli from getting into the a,"-a3
channel, This can be achieved by the same codm?and—deoodmgg
trick that we will use subsequently for the general purpose referred:
to above [see Sec. 3.6]. That is, we will use a pulser to l'eplace anr
a-stimulus by a8 (coded) sequence of stimuli, and protect a,’—a,’ byl
placing a decoder in front of it which will respond only to this scquendé’
of stimuli and not to a single stimulus, In this way an a-stimulus, -
its expanded (coded) form, will be able to get through to a,’~a’;
while a c-stimulus, which remains single, will not be able to rench
ay'—as . In addition, it is not worthwhile to appeal at this point to our
previous constructions of pulsers and decoders, but it is simplest to.
meke up the necessary primitive organs specifically for the present.
purpose.

The coding of an a-stintulus need only be its replacement by two
stimuli, and it is somewhat more convenient to choase these as not
immediately consecutive. That is, we are using 101 rather than 11.
This makes the coding, as well as the decoding operation guite simple.
The arrangements that achieve this are shown in Figure 24b, (Note
that Fig. 24b extends the lower end of FFig. 24a, Inspection of the
two figures shows clearly what their commmon elements are, ie., in
what manner they must be superposed.) The position of a can be at
a, or az. This stimulates the leftmost € whieh sends stimuli over
two paths with a differentinl delay of 2 to its right-hand neighbor 8.
Thus a sequenceé 101 arrives here, if the stimulation came from ¢,-as.
Note that this o is also fed by a ;0 immediately under it, which
represents the. ohmmel coming from ¢. Through this channel only a
gingle 1 will come in. Thus, the coding of an ar-as stimulus (and the
non-coding of a ¢-stimulus) has already taken place at this o (imme-
diately to the right of the leftmost C), This stimulates the second C.
From here this stimulation travels, as it should, unimpeded to ¢y
(whether coded or not). On the other hand, two paths, with the
differentinl delay 2, go from this (the second from the left) C to the
next (the third from the left) C, which now acts ag a coincidence
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organ. That iz, this last C will respond only if the previous € had
accepted two stimuli with the compensating delay 2, ie., a sequence
101. In other words, only & stimulus coming from a;-e: (and not
one coming fromi ¢) can effeet (by these indirect means) a stimulation
of this last C. This C coincides with that one in the lower left corner
of Figure 24, i.e., with the one adjacent to the a,'~az’ entries. Thus,
the transmission from 6;-¢: together with the exclusion from ¢, to
a,-as’, has been achieved, as desired. )

Note that a,” and a5’ have both been utilized (their C needed two
accesses; cf. above), a may be at ) or a; . We use q, , since we want a
from the left. Of &’ and ¢ we have utilized ¢s, and ¢’ need not be
considered further. Figures 24a and 24b having been fitted together,
it is indicaied to make a further sddition to the left adge, Indeed, it
ig desirable to straighten it, and to protect its C’'s (which could cause
unwanted stimulatlons in adjacent transmission states) by a border
of U's. We add nceordingly a border of U's which fits the left edgn
of Figures 24a and 24b and containg the necessary channels from the
new position of @ to the old one, and from the new position of b to
the old one. This is shown in Figure 24c, the position relatively to
Figure 24b being indicated by the dashed line there. Finally, we fill
Lthe strip around the right upper corner of Figure 24n, marked with »
dashed line, with U’s, to complete the rectangular shape.

This completes the construction. The areas PP(1) in Figure 24a
have the width 15 and the height 4 according to Figurc 19g. Hence
the area of the network of Figure 24a spans & rectangle of width 21
und of height 26. This has the consequence that the {rectangular)
ares of the entire network (resulting from Figs. 24a-¢) has the width
24 and the hieight 26. An abbreviated representation of this network
iz given in Figure 24d, Figures 24c and 24d are further contracted in
comparison with Figures 24a and 24b.

The delny from a to a, is clearly 1 {ef. Fig, 24c); the delay from
a; (through three C's, and paying attention te the fact that because
of the coding-decoding procedure used, the shorter path between the
two first C’s must be eombined with the longer one between the two
Jast C’s, or vice versa, the same delay resulting in both ways) to 4.,
s 11 {ef. Fig. 24b for this and for several estimates that follow).
This is also the delay to the output of the 10 immediately to the right
of the lust C, ie,, t¢ the entrance of the straight channel leading to
d. The delay through that channel to d (taking the true length of
PP (1) inte consideration, which i 15 according to Fig. 19¢) is 18.
The delay from &, through PP (1) to bis 18 {cf. theend of See. 3.2.1),
The delay from b to the first coincidence-C (2 squares to the right of
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C at ¢/~¢:’ in Fig. 24a; it must again be remembered that the iriip)
leogth of PP (I) is 15 and that the true distance of b from the top o
PP (1) is 2; of, Fig. 19g) Is 22; Thus, the total delay from q to-
first stimulation of @ atd = ¢* i8 1 + 11 + 18 = 30. Furthermota
the total delay from a to the moment when the first comcldaneeﬁ_
becomes passable for stimuli mmmg from ¢;'—¢x (because it is: being:
stimulated from the first PP(l), of. Fig. 24a) is 1 + 11 + 18 +
22 = B2, .

Note that it takes a pulse Emm a; that gets from the seaond
from the laft into the ¢;'—¢; ehannel, a delay of 5 or of ‘7 (dependm"
on which of the two available paths between the two first C’3'lis
followed: cf. Fig. 24b) to get there (Le., to ererge on the upper sidd
of the second C) The delay from here to &’ is 5 (since the til'ué‘“i
height of PP (- 1) is 4; ¢f. Fig. 19g), and froin there to the firat omnc:-
dence-C (ef. Fig. 24s) is 3, Henee, the total delay from a to the ﬁm’é’
coincidence-C through this illegitimate channel, is1 45 4+ 54+ 3 =
14,0t 1 4 7 4 5 + 3 = 16. This delay increases by 9 for the second’
coincidence-C, and by 8 more for the third one. Henee it is at most
6 + 9 = 25 and 25 4 8 = 33 for these C, i.e., at most 33 overall;
Now we saw that even the firat coincidence-C becomes passable for
stimulation from the ¢~¢: channel only with a delay of 52 after the
stimulation at a. (For the other coincidence-C this delay is, of courgs;
still longer.) Hence this illegitimate stimulation comes too soon to
cause trouble, confirming our sarlier assertion to this effect.

[ Von Neumann next considered the 1"th response of 2 at ¢ = 4°,
for 1 = 1, 2, 3. He calculated the delays through % for cach response
and made sure that the internal timing was correct, The erucial point
about timing is best explained in connection with Figure 23. Consider
the pulse which constifutes the first response of §; let ¢ be the time
it arrives at cell D14, At time ¢ gate #14 is open and gates F& and
Fg are olosed. This pulse will pass through gate 14 and, among
other things, enter input a,’ (at time ¢ + 9) to start the second
periodic pulser, which will in turn open gate 8. Will gate #8 be
opened in t{ime to let the original pulse through to start the third
periodic pulser, therehy ereating a malfunetion? A ealeulation of the
delays along the two paths to cell #8 shows that this will not happen:
the original pulse reaches Fg& from the left at time ¢ + 12, while the
gating pulee reaches F& from the right at time ¢ + 49. A similar
ealculation shows that there is no trouble at gate F8.]

*This completes the discussion of the delays within € and the proof
of the consistency of its functioning. We restate those'of s delay
tharacteristics that are externally relevant: from the stimulation at
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¢ to the first stimulation of £: 30; from the first response-of @ to the
second stimulation of 9:-66; from the second respionse of @ to the
third stimulation of ©: 83; from the third response of 0 to the output
at b (Fig. 24d): 59. .

Let the delay from i'th stimulation of Q to ita ¢'th responze be
w; ( = 1,2, 3). (This is a property of @, not of 1) Then the total
delay from a through % (and three times through Q1) to b is 30 4
wy 4 66 4 e + 83 -+ 1y + 59 = 288 4 wy + 1wy -+ .

3.3 The I vs. 10101 Discriminator: Structure,
Dimensions, and Timing

The next organ in this series is the T ve. T0101 discriminator. This
organ has an input ¢ and two outputs b, ¢. It performs a function
that we have consciously refrained from postulating for the decoder
(cf. the beginning of Sec. 3.3): it discriminates between two sequences,
one of which is part of the other. To be specific, the arrival of a gingle
stimulus at 4 causes an emission at b, provided that it is preceded by
a no-stimulus sequence of sufficient length. The arrival of a sequence
10101 at a causes an emission at ¢ (but not at b; i.e., it paralyzes the
cffect of the single stimulus that it contains; cf, above).. ..

The relation between the actuating sequences 1 (or rather § - - 01;
cf. above) and 10101 at a4 and the response at § and ¢ is freely timed;
i.e., the delay between these is not prescribed at this point....

The T ve. 10101 diseriminator has the symbol ¥,

[ Von Neumann next developed his network for . For a reason to be
explained, we have replaced his design of ¥ by a simpler one.

The diseriminator ¥ is used in reading an arbitrary cell x. of the
infinite linear srray L (Fig. 37). “Zero™ is represented in cell z, by
the unexcitable stats U, and “one" is represented by the quiescent
but excitable state Tow, which i3 an ordinary transmission state
directed downward. Cell z,. is read by sending the sequence 10101
to input m of connecting leop Ci and poting whether T or 10101
emerges from output ,; of C; . The sequence 10101 travels down the
upper half of C, and enters cell x, . If cell 2, is in state U, the sequence
1010 converts z, into state Teiy , and the remaining 1 passes through
2, and travels down the lower half of C; to output w, . If x, is slready
in state Tew, the complete seqitence 10101 travels around C, and
comes out at wy . Hence a T at w, represents a “zero” at =z, , while a
10101 at ; represents a “one” at 2, . The T vs. 10101 diseriminator
¥ diseriminates between these two cases.

At the time von Neumann designed his discriminator he did not
know what other sequences might be fed into it. As the discriminator
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is actually used in the read-write-erase unit RWE (Figs. 37 and 39},t
no other case arises. By taking advantage of this knowledge, -and
improving von Neumann'’s design in. another respect, we can greatlm
simplify both his discussion and his design. For this reason we replagg
von Newnann’s diseriminator by Flgum 25,

Assume as a rule of usage that ¥ is. normaily qunescent but that: otf
occasion either the sequence 10000 or the sequence 10101 enters
input @, starting at time ¢, and that once one of these two sequence,';;
enters input g, no further stimuli enter input & until & is qmescenﬁ
again. i

We will consider the two cases separately. In the first case, 1 enterg
input @ at time ¢, travels along the path indicated by the long arrow
and is emitted from b.at time ¢ + 40, This T aleo enters the decoder,
D (10101), but it dies there,

In the second case the sequence 10101 enters a at times ¢ through
t + 4, producing two immediate effects. First, the sequenee 10101 i8
decoded by D(10101), so that a single pulse emerges from output
' at time ¢ + 21. Second, the sequence travels along the path from
input & to output b, entering cell J14 at times ¢ 4+ 38 through { 4 42,
This sequence would later be emitted from output b, except that it is
blocked by the killing action from cell J13 in the following way. The
pulse from b enters a* at time ¢ 4 24, so P(11111) sends stimuli into
cell J14 at times ¢ - 39 through ¢ 4+ 43. This means that any pulsg
entering cell J14irom cell 71} during times { - 38 to { + 43 inclusive
is lost. Since the sequence 10101 enters cell J14 from the left at times
¢ + 3B through ¢ + 42, it is destroyed and there is no output from b.
The pulse from &' at time ¢ 4- 21 is emitted from output ¢ at time
{ + 25.

Combining both cases we have, for the discriminator ¥ of Figure
25: if 10000 enters input o at times ¢ through ¢ 4- 4, & stimulus emerges
from output b &t time ¢ -+ 40, and nothing comes from output ¢; while
if 10101 enters input a at times { through ¢ + 4, a stimulus emerges
from output ¢ at time { + 25, and nothing comes from output b.
Hence ¥ performs the required disecrimination.

We now summarize the characteristics of the discriminator ¥ of
Figure 25 and von Neumann’s design, putting the parameters for hig
design in parentheses, The T ve. 10101 discriminator ¥ has width 10
(22), height 14 (20); the input o is 8 (1) cells above the bottom, the
output b is ¢ (6) cells above the bottom, and output ¢ is 13 (18) celis
above the bottom. The delay from input a to output b is 40 (86),
and the delay from input a to output ¢ is 25 (49). It is possible to
make a much smaller T vs. 10101 diseriminator than Figure 25, but
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Figure 25 is in the spirit of von Neumann’s design and is quite satis-

factory for our purposges. _

Discriminating between the two sequences 1 and 10101 is a special
case of the general task of discriminating among binary sequences,
Another instarce of this general task oecurs in the coded channel of
the next section. Von Neumann solved the problem there by using
sets of sequences such that no sequence bitwise implies (is covered by)
any other, even if the sequences are shifted in time relative to one
another. The sequences 1011, 1101, 1110 constitute such a set. For
the sake of completeness we note that the general task of discriminat-
ing among binary sequences could be accomplished by a unit which
‘“recognized” a given sequence and no other. An example of a recog-
nizer Is given in Figure 26.

The recognizer R(101001) of Figure 26 performs the following
function. Suppose that at (relative) times ¢ through 5 a sequence
#2450 enters input e, and sssume that this sequence is both pre-
ceded and followed by several zeros. Under these circumstances the
recognizer R (101001) emits a stimulus from output b at time 48 if
and only if the entering sequence is 101001 (.e., 1, ¢, i’ are 1 and
#, 4, ¢ are 0). We will explain how the recognizer R (101001) aceom-
plishes its purpose. The general principle (algorithm) for designing
an arbitrary recognizer R .- - 47) will be evident at the end of
this explanation.

The following conditions obtain,

(1) The decoder D(101001) emits a pulse from output b’ at time
23 if and only if ¢', &, i* are all 1,

(II) The pulser P(1101) emits a pulse from output b* at time 23 if
and only if * or ' or ¢ is 1.

There are three cases to consider.

(A) First ease: the input sequence is 101001, Le., #*, ¢°, " are 1 and
£, i, #* are 0. Nothing comes from ° or 4%, and the pulse from
output b' is emitted from output b at time 48,

(B) Bevond case: #, ', i® are 1 and one or more of %, #, i are 1.
Pulses are emitted from both 3’ and b* at time 23. These pulses
enter the conflucnt state J5-at time 29, causing a pulse to enter
input ¢° at time 31. The pulser P(11111) emits the sequence
11111, which enters cell T1 at times 47 through 51 inclusive.
The pulse from &' at time 23 zig-zags along rows I and 2, entering
cell T'1 at time 46, and is destroyed by the killing action of
11111 into cell 7'7. Hence nothing is emitted,

(C) Third case: not all of ¢, %, i* are 1. No pulse is emitted from
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output b', and hence none from output b, If & pulse is emitted
from %, it is bloaked at confluent state 75. P
This eoncludes our discussion.of the recognizer R (101001).]

3.6 The Coded Channel ;

8.6.1 Structure, dimenstons, and timing of the coded channel: %

[In 3-dimensional space, wires ecan cross one another mthouté
intersecting, that is, without making any contact which transfersl
information from one to the other. In 2-dimensional space it xs
topologically necessary for communication channels to intersect, and
so there is a problem of sending information down a channel in such
s way that it does not appear in mtersectmg channels. This problem
could be solved by adding a wire-crossing primitive. Such a wires
crossing primitive would itself involve extra states, and it would
necessitaie additional sensitized states for the direet (construction):
process. Von Neumann solved the problem in his 29-state cellulay
gystem by means of a *“‘coded channel,”

Figure 27 shows an example of a coded channel constructed in
aceordance with von Neumnann's algorithm. There are inpuis a; , gz,
as and outpute by, by, b; ; each input a; is associated with the corre-
sponding output {or outputs) b;. Thus a pulse into input a= will
eventuplly appear at both b, outpuits (not simultaneously) and
nowhere else. The coded channel is made up of seven pulsers and
seven decoding organs (all shown in reduced size), together with a
“main channel” running from the output of P(10011) to the input
of D(11001).

The coding is done with six sequences of length five such that none
of these sequences bitwise implies (is covered by) any other. The
sequences 11100, 11010, 11001, 1011¢, 10101, 10011 are associnted
with @1, as, as, b1, by, ba, in that order. The way the sequences
operate i3 best explained by means of an example. Buppose input aa
is stimulated. This will esuse pulser P(11010) to inject ite charae-
teristic 11010 into the main chanpel. This sequence will travel to the
end of the main channel, but because it is distinet from every other
sequence used it will affect only deeoder D(11010). DA1010) will
then send a pulse to pulser P(10101), which will inject ite charac-
teristics 10101 into the main channel. The sequence 10101 will travel
to the end of the main echannel, but because it differs from every other
sequence used it will affeet only the two decoders D(10101), both
of which will emit pulses from their outpute b; .

The inputs and outputs of the coded channel may be positioned in
any order. It is because of this that two sequences are sssociated
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with-each input.output pair, thé ¢onveision from one sequence to 1ts

mate; taking: plhce at the top of Figure 27,

The! inputs: to -the coded channel must be spaced sufficiently far
apart.in time'to avoid corruption or eross talk. For suppose 6;-and
as were-stimulated so their outputs 11100 and 11010 followed each
other immediately in the main channel. The combined sequence
1110011010 containg the sequence 11001 which is assigned to input
as , and hence which would operate D(11001) and eventually eause
an output'atidy .J

Our third construction in this series iy the coded channel. Up to
now it has beeii our policy to give an exact and exhaustive deserip-
tion and discussion of each organ that we had in mind. In the present
case, however, it is preferable to depart from this principle; i.e., it is
much simpler and quite adequate for our purposes to proceed in a
more heuristic fashion. We will therefore discuss more broadly what
the need.is that we wish to satisfy at this point, and by what means
we can do this, We will then deal with the essential, prototype special
cases, and develop a sufficient discussion, so that in our actual subse-
quent application (cf. later) the specific organ that is needed will
emerge with little effort.

The coded channel performs a function which is necessitated by
the peculiar narrowness of 2-dimensional space. Indeed, a logical
network may easily require crossing of lines in a manner which cannot
be uccommedated in 2-dimensional space. For example, if five pointe
a, b, ¢, d, e are given and every one of them is to be connected to every
other, this cannot be done in 2 dimensions without intersections, as
schematically shown in Figure 28a. The line connecting ¢ to e.is
missing in this figure and cannot be inserted without an intersection.
An actual instanee of interconnections requiring intersections oceurred
during the construction of the triplesreturn counter (ef, the middle
part of Bection 3.4) in connection with the development of Figure
24b from Figure 24a.

It should be noted that thiz difficulty does not arise in 3-dimensional
space. However, since all other phases' of our constructions can be
carried out in 2 dimensions, just as well as in 3, it is worthwhile to
keep the dimensionality to the former, low value, if this in otherwise
possible. For this reason we aceept the subordinate diffieulty of line-
crossing in 2 dimensions and the necessity of special construetions to
overcome it.

The obviocus procedure would be to construct a special organ which
performs the elementary act of lne-croseing, as schematieally shown
in Figure 28b. A more detailed representation of this is given in Figore
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28d: This organ has two inpute a, b and two outputs ¢, d. It is desired
that a stimulation of input & elicit (with a suitable delay) a response
at output d, and .a stimulation at input b (again with a suitable, and
possibly different delay) a response at output ¢. Note that the actusl
cyclical arrangement of 4, b, ¢, d is essential: if they are arranged as
shown in Figure 28e—or as shown schematically in Figure 28c—there
would obviously be no difficulty whatever.

It is preferable to aim immediately at somewhat more than this,
Indeed, if we only constructed organs as indicated in Figore 28d
which effect & sinple line-crossing, we would have to combine large
numbers of thege in our subsequeut constructions. This would lead
to quite awkward geometrical configurations and make our general
design operationg rather inconvenjent. It is therefore better to con-
struct a multiple liue-crossing organ, in the sense that we will describe
more fully below.

A multiple line-crossing organ that would be universally useful may
be described as lollows. It is a rectangular area 4, as shown in Figure
28(, on whose periphery there are various inpute and outputs. These
inputs and outputs are shown in Figure 28f, and in Figures 28g—28k
also, as bars. Every input is designated by asymbola,,» = 1, -+« n;
every output is designated by a symbol b, , » = 1, - - -, 5. There may
be severnl g, with the same », and there may be several b, with the
same p, The order in which all of these a, and b, are arranged around
the periphery of A may be preseribed in any manner whatsoever, It
iy desired that upon stimulation of an a, (i.c., of any ane of the—
possibly several—a,’s with the » under consideration) all the b,’s
(with the same ») ghould respond, with appropriate (and not neees-
sarily equal) delays.

However, for the purposes for which this device will be needed, a
slightly weaker requirement will do equally well, and this requirement
will bo somewhat easier to implement, as will appear below. This
weakening of the requirement is as follows. We define a certain
cyclical sense of the periphery of 4, as shown by the arrows in Figure
28z, We then break this cyclion] arraugement; i.e., wa.change it into
a linear one, by cutting it at the point designated by p—ie., it is
now thought to begin at p, circle the periphery of A in the direction
of the arrows and end again at p. We now require that the stimulation
of an a, should cause responses only in those &, (with the same »)
which lie ahend of the 4, in question in the direction of the arrows,
Finglly we cut the periphery of A open at p; i.e., we replace it by an
open line. This line may be straight or broken; i.e., it may consist
of one or of more straight pieces, as shown in Figure 28h-28k. At
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any rite, the inputa @, and the-outputs b, remain attached to it as
before, but we may also change (invert) the side of the line to which
they are attached. (For the latter, ef. Fig, 28k.) Figures 28h-28k
algo show that we keep indicating the (previously eyelical, now
linear) zense referred to above by arrows (as in Fig. 28g), and we
replace the point p by p: (beginning) and p, (end).

The obvious way to achieve the functioning deseribed above is by
coding and decoding. To do this we correlate to every » = 1, -+ , n
a suitable stimulus-no-stimulus sequence 4! .«- ¢™, (The length m
of the sequence ¢! --- 1,» could have been made dependent on »,
but this is not necessary.) Now we attach to every input a, a cod
ing organ P} --- ), and to every output b, a decoding organ
DG - - ™). We connect all these iuputs and outputs by a con-
nected line of (ordinary) transmission states—o or 10 or g or i,
with the arrow each time pointing in the proper direction—following
the path indicatsd by the arrows in the illustrative figure (any one
of the Pigs. 28h~28k that one wishes to use for picturing this proce-
dure). To be more precise, the connecting links (for the entire system
of a,'s and b,%3) must consist of such transmission states, This is also
true for the places where the inputs (the a,'s) are tied in, However,
at the places where the outputs (the b,'s) are tied iIn, the stimulus
must be able to progress in two directions (namely along the subse-
quent transmission states and to the output that is attached at the
point in question). Hence at each one of these places a confluent
state C is required. This chain of (ordinary) transmission states and
of confluent states will be called the main channel of the organ.

Figure 29 (which may be viewed a5 an elzhoration of Figure 28i)
shows thiz in more detail, This ﬁgure shows a particular, but typical,
distribution of a,’s and 4,8 (v = 1, , 1) with n = 2, Note that in
Figure 29 the input of P (3} - %,."') is at the dlstance of one square
from the true mput ., and is dqunated by a,’, while the output of
PG} - - 1,=) is designated by b,". Also, the output of D(i,——ﬁ‘)
is at the dlstance of one square from the true output b, , and is des:g-
nated by 4", while the input to DGEX--- 37) is dumgnaled by a.”.
Note, furthermore, that each PG1 <+ 3,#) or DET .. « ;) may be
rotated by any one of the four angles 0°, 90°, 180°, 270°, and, if neces-
sary, alzo reflected about the horizontal or the vertical, against the
standard arrangements in Figures 16g and 22¢, Clearly, this calls
merely for trivial transformations of the constructions of Figures 16
and 22, respectively.

We must now select the sequences £ - .- 4™, v = 1, «++ | %, Each
b,, ie., each DG} <. ¢,»), must respond to the £} ... &5 with
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& = p, and o no other. In view of the properties of the D({I 1."%)
fef. the beginning of. Sec 3.3}, this means that no ¢} ... £ with
g 5 »must contain £ - . - 4,7, In order to aveid’ “mwundemtandmga {g
due to mls~pomhomng in 'oune, this mqmmment must also be extende
to the case when {3 = and 3,7 -+ i~ are shifted relatively
each other (each one of t-hcsa two sequences being both preceded
followed by a sufficiently long sequence of ('s). g
"This is certainly the case if the i} ... &=, ».= 1, --- , 9, are pair;
wise different, -and if all of them begin with 4 stimulus and contaiy
the same botal number % of gtimuli, We assume, therefore, that thess!

conditions are fulfilled. . ﬂ
Hence our problem is to find # pairwise different sequences 1,2 + -+ ¢,%
(we need not consider 4,1, sincs it s 1), eorrespondingtor= 1, « - ,nﬁ

each of which has the length m — 1 and contains precisely & — ¥
ones. The number of (different) sequences of this kind is obviously.

(r D)

Consequently the choice in the above sense is possible if and only if

(12" n & (’" " :)
Therefore the only task remaining on this count is that of choosing
m, k so that they fulfill condition (12").

It would be unrcasonable to choose & so that & — 1, too, fulfilly
condition (12') {with the same =}, Hence

m=—1 -1
G—J>G—9’
which meang b — 1 <m —k+ 1,2k <m-<4 2,and s0 2k = m <+ 1,
ie.,

(13" it
2
Actually the choiees X = (m + 1)/2 and & = m/2 are usually the

praciical ones,

These discussions make it clear how the construetion of the coded
channel must be effected in each specific special case that may arise,
We will use for its sbbrevisted representation the schemata of Figures
28h-28k, with the arrows but without necessarily including the
letters p: , p2, and with each cell entry or exit marked with its a, or
by , to the extent to which this is desirable.



DEBIGN: OF SOME BAEI0 ORGANS 195

There still remain some questions of detall that need to be con-
gidered..

All the organs P (3, --- ¢,=) and D () --. 7,») of Figure 29 have
the sama & (cf. Secs. 3.21 and 3.3 above), and therefore the same
length (cf. Flgs 16g and 22¢). As Figure 29 shows, the P(s. - M)
and DT --- ) are so arranged (oriented ), that it is a.lways this
length t-hat deﬁnes the width of the parallel strip slong the main
channel that they occupy. Hence this width is uniformly 2k. Addiug
to it 1 for the main channel and 2 for two protecting strips of U's
along either side, we obtain the entire width of the parallel strip
along the main channel, which forms the organ (i.e., the coded
channel): 2k + 3.

The heights of the various organs P (3,7 -~ i) and DEY ),
v <+ 2 with their various %, might vary a priori (ef. Figs. 16g and
22¢). Inspectlon of the definition of the u of & PE,T-.. {,) from
its 4® (ef. (2') and the remark before it in Sec. 2.2.1) shows that the
% of the P(s, .. {,m) can be made all equal (as the maximum of all
u®). Let e be the common w of all P(} . 1.,"') Inspectmn of
the dEﬁnltmD of the % of a Dt -.. =) fmm its ¢ {ef. equation
(11'y and the remark before it in Sec 3.3} shows that the u of the
D@+ - ™) can be made all equal (a3 the mmumum of all u'®);
in addltxon, it is not haxd to verify that all «'® are automatically
equal. At any rate, lot u” be the common u of all DT - .. 1.2).

As Figure 29 shows, the PG --- &™) and D(W) are so
arranged (oriented), that it is e.lways these helghts that define the
distances of the organs P51 --. ¢,~) and D@1 --- 4,%) along the
main channel. However, the dxstances obtained in this way are in
any event only lower limits; whenever it is desired to increase the
distance between two neighboring organs {from the P(,' .. &,»),
D@ .-+ =) clasy], it suffices to replace the single separating line
of U's (as shown in Fig. 29) by a suitable, larger number of such lines,

The next question relates to delays. The delay from the stimula-
tion at a particular a, to the regponse at a particular b, is easﬂy deter-
mined by in mspechon of hgum 29. The [total) delay from a,” through
PGT- ,’m)t,ob,md=2k+u +2(cf the end of Sec. 321),
the dela.y from a,” through DI~ 7) tob” isd” =3k + o’ +m
{ci. the end of Sec, 33) Lot A be fhe distanee aloug the main channel
from the % (or toor I or 10) where the g, is tied in to the C where
the b, is tied in (taking every C twice, and including the terminal
C, but Dot the initial 2—or 10 or 1. or 18—into the count of squares,
i.e,, the distance). Then the total delay from the stimulation at g, to
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the response at b, is 1 +d+2+Aa+14d"+1=a4+4d+
d + 5.

We must also consider the question of corrupfion by interference;
which gssumes here the following shape. Clearly the stimulation at.
an a, will cause a response at every b, (assumed to lie ahead in the
direction of the arrows along the main channel). Also, the stimulation
at an a4, will not ¢cause a response st any b, with 2 # -», provided that
no other stimulations (at one or more a\’s, with A’s among which,
A = » as well a8 A ¥ » may cceur) have taken place. The question is
therefore: Can stimulations at several a,’s (with repeated or different
¥'8) cause A response at any b, , where neither of the atimulations;
referred to above could have caused a response by itself? Or, to he
more specifie; What rules must we establish for the stimulations at:
the 4, , to prevent such oceurrences?

These rules will be given in the farm of preseribing certain minimum:
delays between a stimulation at an s, and a simultaneous or subse-
quent stimulation at any other ax . (This includes A = » as well as.
A # »; also for A = » and a subsequent stimulation the two a, may
or may not be the same,)

Consider, accordingly, a b, . A responee will take place there if its
D(1 - 1,°) reccives, at its 4,”, a stimulus-no-stimulus sequence
containing 4! - -« £, Easch g, can produce a sequence i} ... {m,
What we must prevent is that a superposition of several shifted speci-
mens of these should contain a 4! ... ¢m which did not actually
oceur (in the corractly shifted position) as one of them.

This could only occur if two shifted £7-.. ¢, (of different origin)
contributed together (but neither of them separately!) = & stimuli
to the same sequence Fooos ™ Tet this sequence 71 - -+ 7# have subse-
quences of lengths m', m”, respectively, in common with these two
sequences ¢, ..+ ¢,@ Then m’, m' 2 1, m + m" 2 k The distance
of the beginnings of the two shifted sequences 3, . -« ¢, must then
be either S |m — m" | Gi they are both at the same end of the
sequonce 7' ++- j7) of S 2m — wm — m’ (if they are at opposite
ends of the sequence j1 ... j#), The former is £ & — 1, the latter
is < 2m — k, and (since (12") requires k¥ < m) k — 1 < 2m — k.
Hence the distance in question is at any rate 5 2m — k. Hence the
occurrence in question is excluded if the distance (of the beginnings)
of the two shifted sequences {1 ... 3™ is > 2m — %, le, 2 2m +
1=k

Consider therefore two inputs a,, ¢, such that the cutput &, lies
shead of them in the direction of the arrows along the main channel,



DESIIN OF BOME BABIC ORGANA 197

(Ifor the rélationships between v, A, and between @, , @y, of. shove.)
By interchanging &, @&, if necessary, let ay lie shond of @, in the
direction of the arrows along the main chaunel. Let the distances
from the tie-in points of 4, , @, to that one of , be A7, A’/, respectively,
and between the tic-in points of a, and of ax (iaking every C twice,
and mclud:ng one, but not the other endpoint, into the count of
squares, i.e., the distance) A* = A7 — A"\

Now let @, , @y be stimulated at'the times ¢’, 1/, respectively, Thon
the sequences £, -+~ £,=, 1 .-+ &3, that are thus created, appear at
g, atthe(.nnest'+1+d’+2+b'+] t”+1+d + 2+
a4+ 1, respcctwely The differenco of these is (I 4+ A%) — (¢* 4

A"y = (' — ') + A*. Henco our above conditiou becomes
| (z' — "y 4+ A"| 2 2m + 1 ~ k. This means, that either (¢’ —
Y4 a*z2m+1 =k ie,

14" 2zt 4+ @n41-k—~a%,
or (' = ")+ A"S — @m+ 1 —k),ie,
(15") et + @ndl—-1k+ 8%

At this point it is best to distinguish certain special cases, as
follows,

Firet, ¢* = 1", ie., a stinulation (at a,, time t) is fellowed by a
stimulation shead of it in the direction of the arrows slong the main
channel (at ay, time t'7). First subcase: A* < 2m 4 1 — k. In this
case condition (14°) is unfulfillable and condition (15) requires that
the delay (from ¢’ to t**) be = (2m + 1 — k) + A®. Second subease:
A* = 2m 4+ 1 — k. In this case condition (14") requires that the
delay from (" to 1) be £ A* — (2m 4+ 1 — k) and condition (15)
requires that itbe = (2m - 1 — k) + &%

Second, ¢’ 2 ', i.e, a stimulation (at &y , time 1*) is followed Ly
u stimulation behind it in the direction of the arrows along the main
channel (at a,, timo ¢'). Third subcase: A* < 2m + 1 — & In
this case condition (14') requires that the dolay (from ¢’ to t')
be 2 @m + 1 — k) — A°, and condition (15") is unfulfillable.
Fourth subease: 4° = 2m 4 1 — k. In this case condition (14) is
automatically fulfilled and condition (15") is unfulfillable.

These four subeases enn now be summarized, forming a rule, whose
observance excludes corruption by interference, This rule is given in
what follows.
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(1f there has been a stimulation at an input a, , then a stimula-
tion at an input a, is only permissible with a delay ¢ (20),
subject to the following conditions.

Let the distance between the tie-in points of a, and of a,
(taking every C twice, and including one, but not the other
endpoint, into the count of squeres, ie., the distance) be
A* (20).

First cuse: a, lies shead of a, in the divection of the arrows
along the main channel, Then eitherd 2 @m + 1 — &) 4
A%, or,if A" 2 2m 4 1 — £, alternativelyd € A® — (@m 4+
1 —k).

Seccond case: a, lies behind &, in the direction of the arrows
along the main channel. Then there is n {mitation only if
A <2m+ 1 — & inwhichcased 2 2m+1—4) — A",

3.6.2 Cyclicity in the coded ehannel. To conclude the discussion of
the coded channel, we come buck to the question of eyclieity, which
was briefly referred to early in Section 36.1.

The resson for interrupting the main chaunel at p in Figure 28g,
that is, for not continuing it from p: to p; in Figures 28h-28k and
29, is clear. If such a connection existed, i.e,, if the main chamie! were
a closed loop, then & sequence 2 .-+ £ (injected by an a, into this
channel) would keep circulating in it forever, i.c., keep stimulating
each b, periodieally. This is not wanted—we want a stimulus at an
g, to stimulnte each b, precisely once. However, there are various
ways to circumvent, this difficulty. We are giving in what foltows one
way that seems particularly simple.

Consider Figure 30a, which is the equivalent of Figure 28g, but
without the interruption at. p. We have nevertheless indicated a dirce-
tion along the main channel by the arrows, but this is now to be
viewed as cyclical. We have also pub two peints py, p; on the main
channel, but, these are not mweant, as interruptions or terminations.
The umnarked bars on the main channel are the &, and b, , a8 de-
seribed in conneetion with Figures 28f and 28g-28k, We now proceed
to transform the structwre indicated by Figure 30a in the following
WRY.

In addition to the n index values » = 1, -+-, n, we introduce n
additional index values »' = 1', - -, n’. We may identify these with
n41, -+ ,2n,i0, put o = v 4 n, but this is not relevant. However,
it is relevant that # has been replaced by 2r {e.g., in condition (127)].

We now ent, the periphery open between p, and p:, and attach the
continuations ¢, g and P2, @ to the main channel at these two
points, as shown in Figure 30b. Along the original main ¢hannel, i.e.,

(16)
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i, We leave the g, unchanged, but we réplace each b, by the corre-
gponding b, . This is indicated in Figure 30b by affixing an asterisk
to each bar along the original main channel, i’e., on the portion pyps .

Next we place outputs & , -+ - , b, (in this order) on the nner side
of Pz, ¢s (the one turned towards p, , ), and the inpute ay , ++ - , ¢,
(in this order) on the inner side of p, g1 (the one looking toward
P2, @). We then connect each b, (v = 1, - -+, n) directly to ite corre-
sponding a, . All this refers to the arep in Figure 30b that is enctosed
by dashed line and eross hatched. These arrangements are shown in
detai] on Wigure 30c, which gives an enlargement of that aren. Note
that the endinge py, @ and pz, g of the main channel are moved
apurd in Figure 30¢ by as much as needed to accommodate the sutputs
b, -+, ba and the inpute ayr, - ++ , &, that we introduced shove
for this region. More specifically, each a, means that a P(5,7 ... 7,%)
is there, and each b, means that a D ... 4,») is there. It is for
these that space (i.e., the necessary distance between py, @ and
P, ¢s) must be provided. The connection from b, to @, , shown in
Figure 300. therefore follows the pattern shown in Figure 20: the
output b of D5t ... ¢,») is followed (hy one square) by b, ; the
input o). of P(m) is preceded (by one aquare) by a, . The
connection from b, to a,r is shown in Figure 30c (by an arrow) s a
vertical channel (plausibly of {ordinary} transmission states 10), but
it suffices to make it a direct contact of b, and &, . In fact, the single
U borders of D(-g,l +++ ") between 4, and b, and of P(L, ... &= )
between ay and a+ (cf. the ansloge to this i in Fig. 29) can bo identified
so that b,” merges with a, , and b, with ar .

The functioning of this organ, sccording to Figures 30b-30c is now
easily nnalyzed. A stimulation at an a, (Gvhich must he one of the
bars marked with an asterisk on the portion pip: of Fig. 30b) ean only
stimulate a b, . There exists precisely one b,, and thig lies ahoad of
the a, in the direction of the arrows along the main channel, namely
on the portion pug, 85 detailed in Figure 30c. Hence the b, will be
stimulated, and from it the stimulus goes dircetly (along the arrow)
to @, , on the portion gy , as detailed in Figure 30¢, Thus the a,- is
stimulated, which can only stimulate by's. All b's lie ahead of the
@» , in the direstion of the arrows along the main channel, namely,
on the portion pyp. of Figure 30b, i.e,, among the bars marked with
asterisks, To sum up, a stimulus at an &, (necessarily at a bar marked
with an asterisk in Fig. 30b) will stimulate all the b, (all among the
bars marked with asterisks in I'ig. 30b)—irrespective of their positions
relative to each other on the portion pyps of IFigure 30h. Also, after
this has taken place the stimulus will die, i.e,, no periodic repetition
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will take place, gince the main channel of Figure 80b is open (from
q1 to g2 1.e,, is not cychical), Thus, from the point of view of Figure
30a, we have precisely the evente that were mtended.

[ This concludes von Neumann’y diseussion of the eoded channel. It
will be recalled that he concluded his discussion of the non-cychic
coded channel (See. 3,6.1) with rule (16), which eoncerns corruption
vesulting from two stimuli entering the coded channel too close to-
gether. It is natural to ask why he didn’t state a corresponding rule
for the eyclical coded channel of Figure 30 (Fig. 27 is an example).
Von Neumann gave no reason, but it may bo because he later con.
structed the control organ for his universal self-reproducing autom-
aton with a non-cyelic coded channel; see ¥Figure 37.]
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NESIGN OF A TAPE AND ITS CONTROL

4.1 Introduction

[4:1.1 Abstract, In the present chapter von Neumann shows how
to embed an indefinitely extendihle tupe and its contrel in his infinite
eellular struciure,

The following units are involved n the tape and its control:

(1) A linear array L for storing information: “zero” (s represcnted
in ¢eH 2, by state U and “one” is represented by state 1o,

(2} A eoumecting loop €, for reading an arbitrary cell z,, .

{(3) A timing loop Ca, used in modifying the length of the connecting
loop G .

(4) A memory control MC, used to control the operations of L, C, .
and G, .

{3) The constructing unit CU, which controls MC,

Fxeept for CU, all these units are shown in Figure 87, though not in

correet proportion. See also Figure 50.

Von Neumiann deseribes these units in a general way in the re-
mainder of the present soction. Ho develops the detailed operations
for lengthening and shortening loops C, and C; and for writing in coll
zn in Section 4.2, He designs most of the memory control MC in
Section 4.3; the design will be completed in Section 5.1.

Von Neumann doveloped his design in several stages, which he
thought out as he proceeded. The final design operates as follows.

The constructing imit CU sends a pulsa to the memory control
MC signifying that cell z, irto be read. This pulse causes the sequence
10101 to enter the connecting loop C;. The sequence 10161 then
cnters cell x, with the following effect: if 2. js in state U the sequence
1010 changes it into state 10 and 1 returns to MC, while if z, is in
state 1o the whole sequence 10101 returns to MC. A 1 vs. 10101
diseriminator ¥ detects the output and jnforms the constructing unit
CU whether 2, atored 8 “zero™ or a *‘one.” In either case cell z, ia
Jeft in state 0.

The constructing unit CU then tells the memory control MC

201
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whether the loop G, is to be lengthened so as to pass through cell
Zn.41 or shortened 8o as to pass through cell z,.; , and whether cell z,,
is to be left in state U (“zero™) or 10 (“one™). Loop G, it used to
time the lengthening (or shortening) of loop C;. Then loop C; is
used to time the lengthening (or shortening) of loop C,. The new
bit of information is written in cell 2, while loop C, is being lengthened
(or shortened ). At the end of the whole process the meniory conirol
MC sends a finish signal to the constructing unit CU,

We have indicatod here only those funciions of the constructing
unit CU which coneern the memory control MC, The primary purpose
of CU is to carry out the construction of a secondary automaton
whose deseription is stored in L. Thus the universal constructing
autematon has two parts: the constructing unit CU, and an arbitrarily
Jarge memory and its conirol (MC, L, C,, and ;). See Section 1.6.1,2
and Chapter 5.

41.2 The Hnear array L. W¢ have reached the point where the
subsidiary constructions are completed and our first major synthesis
can be undertuken, This highly composite organ that we will now
construct has a single purpose, but it will actually aceount for approxi-
mately lalf of the entire self-reproducing organism.

It is best, thorefore, to stop here for s moment and ninke some
general observations regarding the overall organization that is to be
developed.

We will need an automaton that can carry out general logiesl
funciions, The specific way in which this is integrated into the effect-
ing of self-reproduction will be worked out in detail later, but the
qualitative need for a general logical automaton should be clear a
priori, These matters were hroadly diseussed in Chapter 1, They were
first brought up in the formulation of the questions (A)-(E) in
Section 1.1.2.1; their elaborations ran through Sections 1.2 te 1.7,
and they were particularly in the foreground in Sections 14 to 1.8,
We will therefore, for the time being, take the need for a gencral
logical automaton for granted and discuss the ways and means of
constructing one,

We noted in Sections 1.2,1 and 1.4.2.3 that a general logical auto-
maton is necessarily organjzed around two main parts. The first part
is a network that can carry out the elementary logical functions
(4, r, and —; i, the main discussion in See. 1.2.1), and by combining
these can evaluate all propositional functions in logies (cf. the end of
Sec. 1.2.1). The second part is an arbitrarily large (finite, but freely
adjustable) external memory, and the network that is needed to
control and to exploit that memory, We know that the first past,
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the machine for propositional functions, can be coustructed with
reatively simple means; indeed, the principles that are involved in
this eonstruetion were in continuous use in our past construetions.
We will take this part up in detail later. Ws turn our attention first
to the second pert, i.e, to the arbitrarily large exterial memnory and
its ancillary network.

The arbitrarily luge external menory's physical embodiment is
the linear array L that was discussed in Seetions 1.4.2.1-1,4.3.4. We
suw there that it was desirable (o form it from cells, each of which
could be in any one of % preassigued states. It becse clear i Section
1.4,2.1 that these siates, in order to be convenient for their “nota-
tional” role, 1nust be quasi-gquiescent states, i.e., states like U or the
unexcited forms of transmission or confluent states. For a variety of
reasens it 1 most practical to use U's and ordinary transmission
states. As indicated in Section 1.4.24 we will use a binary notation;
je., we put k = 2, Accordingly, we will use the state U and 5 suilable
ordinary transmission state. The orientation of the latter has to bear
a certain relation to the orientation of the linear array L. Specifically,
in view of the way in which we will use L, it is desirable that the
orientation of this transmission state be transversal to the direction
of L. The latter will be horizontal. Accordingly, it will be found con-
venicnt 1o orient the transmission state verlienlly down, that is, to
uste the state 10, (to represents in this case the unexcited form of that
slate, L.e, Tuo; cf, Sec. 2.8.2.) In order {0 have n firm relationship
to the binary notation, we stipulnte that U correspond to the digit 9,
and 10 to the digit §,

The Jlinear array L should therefore be thought of us a sequence of
cells z,,m = 0,1, & -, which form a eontinuous horizontal line,
and for each of which the two states U, 1e are available. With each
T, we associate a numerical variable §. , which designates the binary
digit represented by z. . Thus, £, = 0 indicates that 2. is U, &, = 1
iundicates that x, is 0. Strictly, the length of L should he finite; i.e,,
the range of n should terminate, say immediately hefore N: n = 0,
1, «++, N — {.In any case, it is best to assume that for sufficiently
large n, £, = 0. In view of this, the end of L merges into the field of
U’s that we expect o find outside the specifically constructed organs.
It is therefore not iimportant in what way L is actually terminated.

1n order to make this external memory L useful, the ancillary
networks referred to above must be provided; that is, it is necessary to
construct the means for “exploring” L. This “exploration” includes
reading L at any prescribed place, and also altering it in any desired
way ab any prescribed place.
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We are therefore passing to the discussion of these manipulations
on L: reading and altering at assigned locations.

4.1.8 The construcling unit CU and the memory control MC.! Read-
ing L at an assigned location, say n, mneans to observe the value.of
& - Altoring it there means to change it from ita present value, &, , to
its next value, &',

It is convenient to use anindex s (s = @, 1, 2, + -+ ) to enumerate:
the successive applications of this step. Hence the present value of g
¢, will be designated by &', and its next value by &, Thus £**
replaces the £, that was used above.

The n irvolved in both operations (reading and altering), too,
depends on 8, and this dependence must be shown explicitly. Lot
therefore #° be the % used in the above sense at step number s,

The numher »’ may be specified absolutely or relatively. ‘The latter
will prove to be the preferable alternative. By this we mean the
following. It is not convenieni—and if logical generality is absolutely
insisted on, it is not even possible—to limit the size of % (or of ¥;
¢f. abova). Hence, the number of binary digits of n is not imited
either. Consequently, » cannot be (or ¢annot be conveniently) held
“ingide” the logieal automaton, i.e., in its first main part according
{o the partition defined in Section 4.1.2. On the other hand, it would
be very inconvenient to hold # in the second main part, i.e., in the
unlimited “outside” memory L. In other words, it is undesirable a$
this stage of our automaton developmont (although we will do it
later on, when the integration of our automaton will have progressed
further) to use L itself for “addressing” within L. These two un-
desirable alternntives exelude between themn the possibility of direct
addressing, Le., of “absolute” specifieation of #. The plausible proce-
dure is therefore to use “relative’” specification of n. That is, each
time when it becomes necessary to gpecify n, we will not do this
divectly, but rather by stating how the n to be used is related to the
n used immediately before. It suffices to allow for changing n at each
such unit time step by a single unit.? In other words, the n to bo
considered, n', will always be related to the one considered imme-
diately before it, n* %, by

(17!) nl = ﬂl-l + el (G. — :!:1).

! {Von Neumann did not have titles for these two upiis but merely called
thom “A* and “B", though the units are not the same ns his A and B of See.
1.6. His title for the present subsection was *The detailed funeticning of L.
The networks A and B. The funetion of A and ita relationship to B.”)

*Turing, ‘“On Computahle Numbers, With an Application to the Ent-
seheidungsproblem, "
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The “relative” specification then consiste of stating which of its
two possible values ¢ assumes, i.e., whoether ¢ = lor e = —1,

Lat us now reconsider the two main parts into which the general
logical antomaton was divided in Section 4.1.2. We ¢an now make this
division more precise while reformulating it with some changes, The
first part is the network that carries out the elementary logieal fune-
{jons and ecombines them to form general logical propositional fune-
tions, Let this part be designated by CU. The second part is the ex-
ternal memory L, and the network that is needed to control and to
exploit L. Let the latter be designated by MC. Thus the second part,
in the sense of Section 4.1.2, is L plus MC. We ean now define the
respective funetions of €U and MC more precisely than heretofore.

(Fig. 37 shows the relation of the memory control MC to the linear
airay L, the connecting loop G, and the timing loop C; .}

We know that the function of the memory control MC is to read
uind to alter L at assigned locations. We saw above what this involves
specifically, Given ¢, MC must replace n'™ by ' according to equa-
tion (17'); it must sense the £h ; and given £, it must replace
£he by £, The only portions of this definition that require further
explanation are those relating to the “given " and the “given
55" . That is, we must specify by what precesses ¢ aud £55° are to
he obtained.

It s best to attribute this function (the obtaling of ¢ and £55%)
to the constructing unit CU. The unit CU must form them as a
function of its own previous stato, and of the information obtained
in the process. The latter is, of course, the rending of £+ that is per-
formed by the memory eantrol.

The rending of £« by MC oceurs aiter the formation of ¢, ie,, of
n* {aceording to equation (17°)}, but before the formation of 4. It
must therefore affect the latter, but not the former, However, it is
preferable fo {ranspose these operations, i.0,, to describe the forma-
tion of n** from 7', rather than that of n' from n"*, This means
replacing s by s + 1 in equation (17'), i.e., replacing (17') by

(18" = ' e (fM = ).

Now we can define the functloning of units CU and MC as follows:
CU first gives a “start” pulse to MC, thereby starting MC on step
number-s (if this is the step that has beon reached at this point). The
memory ¢ontrol MC then reads §.. and communicates the result of
this reading to the constructing unit CU, This new information
changes the state of CU. The unit CU thereupon forms £5* and ¢+
and eommunicates these to MC. The unit MC now changes £« into
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»t15 then MC forms n**! aceording to equa.hon (18") and establishes
il\e s:mm contact with n'* (i.e., with 2,1 in L) that it had previously
with »* (i.e,, with xo in L). This concludes step number 5. The mem-
ory control MC communicates thiz fact to CU. If it is so preseribed
for the stato in whiclh CU is at that point, CU then gives the next
“gtart” pulse to MC, thereby starting MC on step number s + 1,
etc,, ete.

For the time being, we wish to give only a schematic deseription
of the eonstructing unit' CU. It suffices thercfore to say that CU,
being a finite network, has only a finite number of states, say a. Let
these states be enumerated by anindex @ = 1, +- - , a. Let the state
of CU at the beginning of siep number & be o',

Then the relévant facis involving CU and its relationship to MC
are contained in these specifications:

If CU iz in the state «’, and MC compunnicates to
-, it a value §ns , then CU goes ovor into the stato
(19'.8) o't given by

= e, £

If CU is in the state o**, then it forms (and
(19"h) connnunicates to MC) the £t given by

:‘l-l = JY(Q“H).

If CU i5 in the state o™t then it forms (and
(19'c) {communicates to MC) the &*! given by

-n E( I+I)

(19"d) CU delivers the “start” pulss for step number s to
: MC if and only if its state a* lies in the subset 8 of the a.

Thus the three functions

P Al §) (@ = 1,---,a;% =0, }; values of 4 =
(20°%) {1, er,a),

(20".b) X(a) (a=1,---, @ values of X = 0, 1),
(200¢) E(@) f{a=1,---,a; valuesof B = +1),
and the set

(20d) 8  (subset of thosetof alle = 1, --- , @),

contain the operational description of CU and of its relationship to
MC, insofar as these are relevant for our immediate purposes. Later
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(6), with n = »’]. It must also be possible to move this ¢onnection,
operating from MC, one square forward or backward {¢f. postulate
(7).

The linear array L i3 a linear sequence of collsx, , n = 0,1, 8, --- ,
We assume it to be horizontal, extending, and numbered, from laft
to right, as shown in Figure 31a. We assume furthermore that MC
lies-to the left of L, as shown in the same figure.

The obvious way for reading cell z, {with n = n% ¢f. postulate (3)
in Sec. 4.1.4] consista of having a line of ordinary fransmigsion states
leading to it from MC, and then back from it to MC. We place the
line from MC to z, on the upper side of L and the line from z, back
to MC on the lowor side of L, Together with . these form. a loop
from MC to MC, to be ealled the connecting loop and to be desig-
nated C,, as shown in Figure 31b. Now cell z. can be “read” by
sending & stimulus into the C; loop st its entry u, and observing
what emerges at its exit wy . Il 2. is U (i.e., &' = @) then the stimulus
will not be able to pass through z. (i.e., no response will appear at
). If 2, 18 10 (e, £ = 1) then the stimulus will pass through
T (i.e., 8 response will appear at w;).

Note that the stimulus eoming from v, through C, will nevertheless
affect, x, if it is U (e, if &' = 0). Tt will transfer z, into the sensi.
tized state 8y (cf. Sec. 2.8 for this and for all subsequent discussions
of transitions between states). If nothing further happened, z. would
then go from the state S, spontansously through certain successive
states, the comnplete sequence heing

(21) U > S;— S¢— Sw— San — Sooe = Tom = 5

Now, it is preferable 10 have ., terminate in the same state in which
it would have been otherwise (.e., if &' = 1 had held instead of
&' = 0), namely, the state |9, The reason for this is that our sub-
geqnent operations with x. can be organized more simply if they are
known o start with a fixed state of z. under all conditions. The
state 19 s Tosw, i.8., Spo. Henee the original stimulus (which trans-
ferred x, from U into § ) should be followed by the stimulus-no-
stimulus sequence 010. Hence a total sequence 1010 (at ) is called
for.

Injecting 1010 at v, thus transforms r, , in the case £,° = 0, succes-
gively according to

(22" U— 8 — 8 — Sy — Sy = Tew = (%

Since the |9 appears at the end, none of these stimuli is able to pass
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through x, , 80 Do response appears at ;. In the case &' = 1, on
the ‘other hand, z, is i9; hence it is not modified, and all stimuli
pass through it, so that the response at w, is 1010. To sum up, in-
jecting 1010 at t leaves z, at the end in any ease in the state, 49 and
it produces at w) uo response or the response 1010, for &' = 0, 1,
respectively.,

This procedure still has one shortcoming: the criterion of “no
response 8t 1, ,” which appears here a3 the characteristic of £,' = 0,
is meaningless if it is not known at what time this “no response’ at
w, is expected, since there is equally no response at u» at other times,
when v, has not been “questioned” (stimulated). This means that
the delay from u to w; must be established by other means. This will
be needed for other purposes, too, und it will be achieved with the
help of the so-called timing loop (ef. later), However, for the present
purpose the desired result ean be secured more gimply by a direct
procedure, and we are therefore choosing this procedure,

Indeed, it suffices to add one more stimulus to the iuput sequence
1010 at 1, xc., to use the sequence 10101 there, The cell x, will be
in any event in the state !0 before the last stimulus; hence this
stimulus will pass, appear at w;, and still leave r, in t,he state jo,
Thus injecting 10101 at ¥ leaves x, at the end in sny case in the state
18, and it produces at w; the response 1 or 10101 for &' = 0, 1, re-
spectively.

If the input 10101 at » is followed by 00, then for & = @ the 1
at w0, is also followed by 00, and since this 1 is certainly preceded by
0000 (cf. above), we have for &' = O the sequence 0000100 at ;.
This sequence cannot overlap with a sequence 10101 (which corre-
sponds to §," = 1). Hence the response at v, times itself and diserimi-
nates unambiguously between &' = 0 and &' = 1. The organ which
effects thiy discrimination is our 1 vs. 10101 diseriminator (organ
¥ of Fig. 25).

Thus the problem of reading 2, (with n = #n') is solved, and the
outline of the construction of a network to implement this procedure
is clear, (For the actual construction, ef. later.)

{ The operation of inserting the sequence 10101 is the first of a
complicated sequence of operations involving the Hnear array L,
the connecting loop C;, and the timing loop Ci. The remaining
operations are developed in the balance of the preseut section (4.1)
and the next section (4.2), and are summarized anure 38 of Bec-
{ion 4.3.2. See also Figure 37.

When von Neumsann’s design is finished, the following eaquence of
operations will be used to resd from and write in cell z, of L, and to
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lengthen (or shorten) the connecting loop C; and the timing loop C;

prepatatory to reading cell za41 (or cell £ ):

(1) Read cell z, with the sequence 10101, leaving it in state 10,

(2) Lengthen (or shorten) the timing loop G, using the connecting
toop G, to time this operation.

(3) Lengthen (or shorten) the bottom of the connecting loop G;,
using the timing loop C; to time this operation.

(4) Change cell z. to U if necessary,

(5) Lengthen (or shorten) the top of the connecting loop C;, using
the timing loocp C; to time this operation,)

4.1.6 The connecting loop Cy. The connecting loop C; , as defined
above, must also handie the problem of altering 2, (with n = n'; cf.
postulate (6) in Sec. 4.1.4), that is, of transferring x, from that
state U, 1o, which corresponds to §,* = 0, 1, reapectively, into that
one which corresponds to §,** = 0, 1, respectively.

It is natural, as well as simpleat, to perform this transiormation of
x, immediately after reading it according to Section 4.1.5. However,
wo will see later that this confiicts with some other desiderata, and
we will therefore depart from this arrangement, Nevertheless, it is
instructive to carry out a preliminary discussion of the altering of
2. based on this assumption, to be corrected later on,

Coustder, accordingly, the procnss of altering x,, as if it took
place immediately after the “reading” of z.. At that moment . is
certainly in the state 1o (ei. above), which simplifies the task some-
what. Indeed, it is now only necessary to distinguish between two
cases: &'*' = 1, in which case x. iz already in the desired state and
nothing need be done; &' = 0, in which case z, must be transferred
from i®to U, (I #» had not been altered from its original form, there
would be three distinet cases, as follows, First, &' = &7 | = 0, L;
it is irrelevant which}, and nothing need be done. Second, &' = 1,
&' = 0, and z, must be transferred from i® to U. Third, " = 0,
&' = 1, and x, must be transferred from U to 19,)

Thus the only operational problem that has to be considered here,
is that of transferring 2. from !¢ to U, Since !¢ is an ordinary trans-
mission state, this cannot be done with ordinary stimuli, Hence we
have the problem of bringing special stimuli into the proper contact
with 2 .

This can be done in the following manner. Let a special transmis-
sion state be in direct contact with the first % in C, , ie., the one next
to 1, and above 2o, This ean be done by placing a state i1 immedi-
ately above the % in question, Le., at the asterisk in Figure 31h. Now
a special stimulus from the asterisk will transfer the % in question



DESIGN OF A TAPE AND ITS CONTROL 211

(ie., the one above xo) into U. It is desirable to transfer this further
into the state L, which is T (.., Sen). Hence the original, special
stimulug should be followed by the stimulus-no-stimulus sequence
1011. These could be ordinary or special stimuli, since both kinds
have the same effect on the sensitized states. It is simplest to keep
the entirc sequence of one kind, i.e., of special stimuli only. This
means, then, injecting a total sequence of special stimuli 11011 from
the asterisk. Hence the square above zo will be successively trans.
formed according to '

(23) U~ S — Sy— Suy— Soy = Taw = L.

Now the square above zoiz & L. Hence a sccond sequence of special
stimuli 11011 injected from the asterisk will pass through the L above
%o a4 special stinuli and hit the next %, i.e., the one above x; . It will
therefore put this square through the successive transformations of
expression (23"), and in the end leave it as a L. Now the SOQUATES
above xy and x; are both in atate %, Hence a third sequeice of special
stimuli 11011 injected from the asterisk will pass through the {wo
! above x, and 1y as speeinl stimuli and hit. the next. %, ie., the one
above xz. 1t will therefore put this square through the successive
transformations of expression (23°), and iu the end leave it in state
L. Now the squares above xo, 2, and 2 arve all jn state . Clearly
this process can be continued at will, After the injeetion of n sequences
of special stimuli 11011 from the asterisk, the » squares ahove xy,
2y, +++ , Tae are all in state L,

At this point the procedure should be changed, since the square
above 1, must be transformed so that it will direct a special stimulus
to £, , and not to the next % (the one above x,4). That is, it should
become a i1, which is Tygy (Le., Sye). Therefore o sequence of special
stimuli 11110 should now be injected from the asterisk, transforming
the square sbove z, aceording to

(24 ! U =8 -8 — 8y — Suo = T = 1L

Now we have a continuous chain of special transmission states from
the asterizk to r, ; hence we ean transform z, . This is a transforma-
tion from o to U, and a single speeial stimulus delivered from the
asterisk will induce this transformation.

Thus wo need the following system of scquences of special stimuhi
injected from the asterisk: n sequences 11011, followed by the se-
quence 111101 (this is, of eourse, 11110 and then 1). The subsequent
condition of C, and L is shown in Figure 3lec.

It i not desirable to leave the part of C; that has bsen so modified
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(i.e., ita upper line) in this condition. However, it is easy to return
it from its altered condition (in Fig. 31c) to its original condition: (in
Fig. 31b), leaving z. in its altered condition (which is U). Indeed,
sinco the upper king of C; now consists of special transmission atates,
ordinary stimuli will do this.-These can be injected at v . The # first
squares (above o, L1, '+ , £a~) sShould be transformed from L into
%, which is Two (i.e, Swyx). Hence n sequences of ordinary stimuli
110000 must be injected at &, . The first one will transform the square
above 7o from L into £, according to

(25') 115 U — Sy — Sy — Sgo— Soup — Sooes = Toco = 19,

The socond one will do the same to the square above 2, ete., ete.,
and the n-th will do the sume to the square above 2,1 . The square
ahove 1, ean now be transformed from i1 into le, This is Ty (Le.,
Suw). Hence & sequence 11010 of ordinary stimuli must be injected
at & . This will transform the square above 2, nccording to

(26') 11 =5 U — 8 — So— Sp — Sou = Togg = 19,

Thus we need the following system of sequences of ordinary stimuli
injected at wy : 7 sequences 110000, followed by the sequence 11010.
The subsequent condition of Gy and L is again that shown in Figure
31b, but with a, being U.

The above discussions show that ordinnry as well s speeinl stimuli
must be mjected into C,. It is desirable to control both kinds by
ordinary stimuli from memory control MC. This calls for no extra
arrangements for the ordinary stimuli to C; ; they can be injected
directiy at & . However, further arrangements are nseded for the
specigl stimuli te C;, which have to be injected from the asterisk
of Figures 31b and 31e. Thus there is nsed for an organ that converts
ordinary stimuli into special stimubli. We constructed such an organ
earlier for the purposes of the periedic pulser. It is shown in Figures
18g and 18i. The arrangement of Figure 181 is nore convenient. Its
attachment to C, and L is shown in Figure 31d. The input to this
subsidiary organ is designated by ..

In this way we have a system where the original stimulations are
uniformly made by ordinary pulses either at 1; or at #, . The former
cause the injection of special pulses into G, ; the latter inject directly
ordinary pulses into C,—in both cases into the square above cell zo.

We can now give the final form of the description of the treatment
that transfers 2, from U into 19, and leaves everything elsa in G, and
L in its previons condition:

(27'.a) Inject n sequences 11011 at ;.
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(27".b) Inject a sequence 111101 at 4, .
(27".c) Inject n sequences 110000 at v .
(27'.d) Inject a sequence 11010 at v, .

4.1.7 The timing loop C;. The scheme of the previous subsection,
as summarized in rutes (27".a-27".d) is still incomplete in one respect.
Rules (27'.) and (27'.c) call for the n-fold repetition of certain
operations, injecting 11011 and 110000 at w and u, respectively.
This can be dome with the periodie pulsers PP(I1011) and
PP (110000), but these must then be turned off with the delays 5n
and 6n, respectively, after they have been turned on. How arc these
delays to be ascertained ?

Prima facie there would seem to be the same difficulty, connected
with the size of n, and its consequent unsuitability for storage “in-
side” MC, which we observed at the beginning of Seetion 4.1.3.
Thizs diffieulty can be overcowe by essentially the same device: rela-
tive instead of absolute definition of n. However, it is impractical
10 sense n, with our present arrangements, on L itself, It is therefore
necessary to intreduce a second “oulside” orgsn to store n—or
rather to express it in so explicit & manner that ita sensing for the
nbove purposes becomes immediately feasible. The best way to do
this secins to be tlie introduction of another loop from MC to MC,
whose length enell way is «, or » plus a fixed amount. That is, we
asmme that there iy, al a suitable distanee below L and parallel to
it, a requence of n ordinary transmission states % leading out from
MC, this sequence being terminated by an ordinary transmission
state 19, and immediately under this another line of n 4+ 1 ordinary
transinission states ¢ leading back to MC. We position these below
the squares 2o, 21, -+ » 2, of L. This will be called the timing loop
and designated C; , as shown in Figure 31e, Clearly a stimulus injected
into the timing loop at its input % will reappear at its output wy with
a delay of 2n + 2. It will appenr later on that it is desirable to pro-
vide C; wwith the same additional facilities for the injection of special
stimuli, as were provided for C, . Hence we place again the equivalent
of Figure 18i above the S under 2y, and designate its input by u, .
This arrangement, defines the distanee from G, to C; and the position
of both relatively to MC, as shown in Figure 311,

Since the delay from 1 t0 10, is 2n + 2, the delay three times around
this loop is 6n + 6. This differs from the delay 6n, required in con-
nection with operation (27".c) of Section 4.1.6 by 6, which is a fixed
amount (1.e., independent of n). Hence it ¢can be used to define the
delay called for in connection with operation (27'.c), subject only
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to the insertion of suitable fixed delays, which is fensible “inside”
MC.

The delay required in connection with operation (27'.a) of Section
4,16 is 51, and no integer multiple of 2n 4 2 differs from this by a
fixed amount (i.e., by one that is independent of n). This difficulty
can be clrcumvented by addmg a0 (ie, & “no stimulus™) to. thi the
sequence 11011 in operation (27'.a). This gwes the sequence 110710;
i.e., it replaces operation (27".a) as follows:

27'.a" Inject » sequences 110110 at u, .

Now operation (27'.a'), too, requires a delay 6n; i.e., it can be treated
precisely like operation (27'.c).

The sensing of three trips around the timing loop can be effeciod
with the triple-return counter. This organ & is shown in Figure 23,
Iis output d must then be attacked to m and its input ¢ to 1w . Let
the delay from d to & be & and the delay from uy to ¢ be &, In the
terminology of Section 3.4, then,  is the line from d to u, plus G
from ¢ to wy, plug the line from w. to c. Henve the delay from ¢
through @ to d s &' -+ (2n + 2) 4 &". Consequently, according to
the end of Section 3.4 and Figure 24d, the de]uy from o thmngh &
(and D tobis 28 + 3@ + @n +2) +8& ) = n + 36 +
&) + .A—L) Thix exceeds the de]sw 6n, mlled for in conuection with
rudes (27°.47) and (27'.¢), by 3(& + &") + 244, which is a fived
amonnt, (i.e, independent of #). Hence this can be adjusted for by
sutlable fixed delays that ean bo provided “inside” the wemory
control MC.

4.2 Lengthening and Shortening Loops C; and C.,
and Writing in the Linear Array L

4.2.1 Moving the connection on L. There remains one more problem
for our preliminary consideration: that of moving the connection of
MC with L one square forward or backward (c¢f. postulate (7) in
See. 4.1.4).

This meaus lengthening or shortening both ines of the connecting
loop C; by oue square. Now we saw in Section 4.1.6 that the timing
loop Cs is expected to have the same length as the conneciing loop
C, . Hence both lines of C;, too, must be lengthened or shortened
by one square.

It is desirable to perform these operations at a time when €, forms
an uninterrupted loop, from » to wi . (The loop C; iz normally un-
interrupted from # to ws.) This is the case when z. iz in state 1o,
We ssw at the end of Section 4.1.5 and the beginning of Section 4.1.6
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that this can be guaranteed dwring the perioed between the reading
and the altering of x. . (The reading necessarily precedes the alter-
ing.) We will therefore perform ihe operations iu question (fengthen-
ing or shortening each line of C; and of C; by one square) during this
period.

Beyond this point the two-alternatives (¢ = 1, lengthening, and
¢t = —1, shortening) are better considered separately.

[ The general process to be carried out is that of aliering the loops
C, and C; at their ends, and perhaps modifying the contents of the
storage cell 7. . The procedure for doing this was illustrated in Figure
t4 of Section 2.8.3. The construction path is changed back and forth
hetween a path of ordinary transmission states and a path of special
Lransmission states. A path of ordinary transmission states is con-
verted into a path of special transmission states by means of apecial
stimuli, and a path of special transmission states is converted into a
path of ordinary transmission states by means of ordinary stimuli.

'The following inputs are used: # and 1 for Gy, and g and 1 for
C, . See Figures 31-37 and 39. A sequence of ordinary stimuli into
4, changes the upper part of C; into a path of special transmission
states, and & sequence of ordinary stimuli into ¢; changes the upper
part of Gy back into o path of ordinary tranamission states. Similarly
for #s, oy, and C,.

The conversion of a ccll from an ordinary transmisgion state o a
special transinission state (or vice.versa) takes six stimuli in the
worst case (see Fig. 10). Hence to change the path from 7, to x,
from ordinary to special states (or vice.versa) requires approximatcly
Gn pulses, Now n is an arbitrary finite number, and hence cannot
be stored in the finite automaton MC {or the finite automaton CU),
Von Neumann ingeniously solved this problem by introducing the
timing loop C; .

The timing loop Cg is attached to a triple-rsturn counter &, ; see
Figure 39. In the terminoiogy of Section 3.4, the loop C; is the re-
gponding organ @ of the triple-retwrn counter &, . Three times the
delay around loop C; i= approximately the variable part of the needed
delay 6. The desired sequence of pulses into w, or # is obtained from
periodic pulsers PP (W) turned on for approximately this
period Gn. Similarly, the triple-reburn couuter &, of Figure 39 and
the loop C, are used to time the sequence of pulses needed to modify
loop C;. Finite gequences of pulses are needed for changing the ends
of C; aud C; and writing in cell . ; these are ensily obtained from
pulsers.

Before the lengthening (or shortening) process begins, cell z. has
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been read by means of a sequence 10101 and has been lefi, in the statey
10 (see Sec. 4.1.5), When von Neumnann has finished his design the;
following sequence of operations will be used to lengthen (or shorten,}
the lgops C; and C, and Wntemcellz,

time each periodic pulser is on is controiled by the triple-return

counter &, to which loop C, is attached ns its responding organ {3

(2) Mako the following medifications in loop C; and cell z, :

(a) Lengthen (or shorten) the bottom of loop C,, gaining ace esl

to it through cell za 8o a8 not to disturb cells zu.1 or 2:4xid

(b) Leave cell z, in state U if a “‘zero” is to be stored; leave ce '_

Zx in state 10 if a “one'” is to be stored. :

{¢) Lengthen (or shorten) the top of loop C, - 3

The stimuli required for this process are fed into inputs a.nd

# from periodic pulsers and plain pulsers. The length of hm;

each periodic pulser is left oi is conirolled by the triple-return:

counter &, to which the loop C; is now attached ns ita re.apondmg

organ . ‘

At the end of these two steps cell &, is left in the desired stats, thea

vontecting loop C; passes through cell i, ., on the lengthening optlona

aud through cell . on the shortening option, and tle timiug Ioop
C, is of the same length as Joop G; .

In Sections 4.2.2-4.24 von Neumnnn derived 31 formulas de-
seribing the sequences to be fed into loops G, and C; to aceomphsh
the purpose just deseribed. These formulas are all summtmzed in
Table Il on p. 235 below. They are numbered 28".a through 31'h in
Sections 4.2.2-4.2.4 and renumbered 0.1 through 0.31 in Tabie IT.

Table III on p. 286 below summarizes the perisdic pulsers needed:
to produce sequences repeated approximately » times and the excess;
defays involved in timing these periodic pulsers by means of f.he
triple-return counters &; and &, and the loops G, and C, .

Table 1V on p. 237 below summarizes the pulsers needed to produce.ﬂ
the fixed sequences called for by the forniulas.

The reader may find it helpful to refer to 'Tables TI-IV while mad-i
ing the rest of the present section,]

422 Lengthening on L. Consider first the case ™ = 1 (lengthen--
ing). In performing this operation, n {or # + 1) ordinary transmis-
sion states (% on the upper lines of C; and Cs, ,° on the lower finey
of C, and C;) must be trnnsrormed repeatedly into the corresponding
specm.l transmission states (1, ! - respectwely), and conversely. This-
requires arrangements bke (27'.a") and (27'¢) (for the — class),
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and others similar to these (for the < class); hence there exists again
the necessily of mensuring delays 6n (or 6n plus a fived amount)
between the turning on and off of the periodic pulsers that are used.
While loop C; is being worked on, these delay measuremente can be
effected with the help of loop C. (and the triple-return counter,
together with suitable fixed delays; cf. Sec. 4.1.7). While loop C:
is being worked on, it iz plausible to use loop C; for the same purpose
(with similar auxiliary equipment). This is a reason why C; should
at this time form an uninterrupted loop (from MC to MC), i.e.,
why cell z, should be in state 10 (cf. above). We know that this
condition is satisfied when our present preeedure begins; hence the
operations on loop C, should be the first ones that are undertaken
(before those on loop G;).

Thus our first task is to lengthen both lines of loop C, by one square.
This is best begun by transforming the entire upper linc of C; (the
squares of Cq under 2o, 7, - *- ; zu—their number is v + 1) into
!, i, from its original condition in Figure 32a into that of Figure
32h. Since thesc squares are originally %, i.e., ordinary states, special
stinli are requirod. We saw in Section 4,1.6 [cl’-. the discussion of
operation (23")} that each transformalion requires the stimulus-no-
stimulus gequence 11011 or, according mSecttorl 4,1.7 {cf. the passage
from operation (27'.2) to operation (27°.8 )}, the stimulus-no-stimu-
los sequence £10110. Hence we have this requirenent;:

(28'.3) Inject n + I sequences 110110 at us.

Note that this calls for a PP(T10110), with a delay 62 + 6 between
turning on and off. It is appropriate to attach a triple.return counter
& (cf. Fig. 24) Lo loop C;, since the latter is now being used for tim-
ing. Hence we attach the output d of ® to t4 and the input ¢ of & to
wy . Let the delay from d to m be &, and the delay from wy to ¢ be
5", The delay from » through loop C; to w i8 25 + 3. In the termi-
nology of Section 3.4, @ is the path froin d to v, plus C; from y to
W, plus the path frem wy to c. Hence the delay from d through @
tocis &' + (@n + 3) + &". Consequently, according to the end of
Section 3.4 and Figure 24 the delay from a throughtlr {and Q) to b is
2384+ 3% + (0 +3) + &) = 6n + 3@ + &") + 247). This
exceeds the de]ny tn + 6, called for in connection with rule (28".a),
by 8(&' + &") + 241, which is & fixed amount (i.e, , independent of
n), Heunce this can be adjusted by guitable fixed delays, that can be
provided “inside” MC.

Next we transform the square to the right of the last 1 (which is
U) into 1!, and the square under this (which is also U) inte &; ie.,
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we go from Figure 32b to Figure 32¢c. The state 13 is T (i.e., Sye)
and the state ? i8 Tom (i.0., Seo). Hence the sequences 1110 and 1001
of special stimuli are needed, i.e.:

(28".b) Inject the sequence 11101001 at us.

Now the lower line of the timing loop Ca is in its desired eondition,
and there remains the task of dealing with the upper line, This begins
by transforming all of it, except its Jast square (i.e,, tho squares under
Zo, 21, * * - » Zv—their number is n + 1) Into state . This loop C. is
transformed from its condition in Figure 32¢ into that of Figure 32d.
Since the cells to be changed are in state ., ordinary stimuli are re-
quired. We saw in Section 4,1.6 {cf. the discussion of operation (25')}
that each transformation requires the stimulus-no-stimulus sequence
110000. Hence we have this requirement:

(@8'.c) Inject » 4 1 sequences 110000 at v; .

This calls for & PP(110000), with s delay 6 + 6 between turning
on and off. The same triple-return counter &, attached to G , that we
used in conneetion with operation (28'.a), ean tnke care of this delay
too, The details are the same as in the discussion after operation
(28',a); i.e., the delay from a to b {ef. that discussion aud Vig, 24
oxceeds the desired dclay by 38" + &") + 241, which, bheiug fixed,
calls for adjustments that can be provided “inside” MC,

Finally, we transform the square to the right of the last %, (which
is 11) into 10; i.e.,, we go from Figure 32d to Figure 32e. The state 1o
is Tao (i.e., Soe). Hence the sequence 11010 of ordinary stimuli is
needed:

(28'.d) Inject the sequence 11010 at .

This compleles the lengihening of the timing loop C: . We must now
perform the carresponding operation on the connecting loop G; .

The state of loop C; is shown in {‘igure 33na. It is best to begin the
lengthening operation on the lower line of C;, the access to it being
obtained through the upper line of C; and the state 10 at the place of
T . We transform accordingly the entire upper line, except its last
square (the equares above xa, %1, ***+, Zav—their number is =)
into L. That is, we transform the upper line of C; from its condition
in Figure 33a into that of Figure 33b. Since these squares are 2 (i.e.,
ordingry states), special stimuli are required. Just as for operation
(27'.a") {or operation (28'.a)}, each transformation requires the
sequence 110119, Hence:

(29".2) Inject n gequences 110110 at 2, .
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This calls for & PP(T10110), with a delay 6a between turning on
and turning. off, The timing ¢an be achicved with a triple-return
counter tied to 2, uy (with its d, ¢, respectively), precisely as in the
discussion after operation (27’.a’). However, the length of C. is
now 1 unit greater than it was there; hence the delay through C.
is increased by 2, and the delay 3 times through C, is increased by 6.
Hence the fixed excess delay, which must be compensated by adjust-
ments “ingide” the memory control MC, is increased by 8; ie., it
isnow 3(& + &) + 250,

Next we transform the equare to the right of the last % (which is
10) inte 11, the square under this (which is also 10) slso inta it
{he square under this (which is 2) into 1 (these three are the square
above, a1, and under the place of ,), and the square to the right of
this (which is U) into L; i.e., we go from Figure 33b to Figure 33¢,
The state 11 is Tiso (Le., Spe), & is Tiee (e, Sou), L 15 Tew (e,
Su). Hence the scquences 11110, 11110, 11011, 1001 of spevial
stimuli are needed, i.e.:

(29.1) Inject the sequence
- 1111011110110111001 at % .

Now we may restors the squares at and below the place of r, to
their final condition. We must again gel in through the upper line,
Henee we transform all of it, except its last squnre (the squares above
EH s sy =0, Tng—thcit nmber i8 ) into %; ie., we go from Figure
3¢ to Figure 33d. Since the affected part of the upper line now con-
sista of special transmnission states, ordinary stimuli will do this. Just
ny for operation (27'.c), each transformation requires the sequence
110004, ie.:

(29".¢) Inject n sequences 110000 at t .

This calls for 8 PP(110000), with a delay Gr between turniug on
and tuming off. It ¢an be handled by the same timing arrangements
used for operation (29'.a).

Next we transform the square to the right of the last % (which is
11) into 19, the square under this (which is also 11) into 1o, and the
square under this (which is L) into ¥ (these three are the squares
above, at, and under the place of x.); .e,, we go from Figure 33d to
Figure 33e. The state 10 is Tus (.e., Soo), . is Toso (6., Sem ). Hence
the sequences 11010, 11010, 11001 of ordinnry stimuli are needed,
i.e.:

(20'd) nject the sequence TTOI0II01011001 at ;.
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Now we can carry out.the lengthening of the upper hne of Ci. We
begin by transforming the entire upper lme (the squares:above Yo
L1, -+~ y Tn—their numbér is n 4+ 1) into L; i.e., we go from Figure:
33e to Figure 33f. Since the upper line now consists of ordinary trans.
mIBSIDIl states, special stimuli will do. this. Just as a8 for operation:
(29".a), each Lra.nsformatmn requires the sequence 110110, i.e.:

(29 .a) Inject n + 1 sequences 110119 at 4.

This calls for a PP (T10110), with a delsy 6n -+ 6 between turmng‘
on and turning off. It can boe handled by the same fiming arrange.;
ments used for operation (29'.a), except that the delay to be timed;
is now longer by 6. Hence the fixed excess delay, which must be:
compensated by adjustinents “inside’ the memory control MC, i
decreased by 6; L.c., it is now 3 (&' + & ) + 244, 1

Next we transform the square to the right of the last L (which ig:
U) into 19; i.c., we go from Figure 33f to Figure 33g. The state 1o iy
Tan (3.¢., Seio). Hence the sequence 1010 of special stimnli is needed,.
L8

(29".£) Iuject: the sequence 1010 at w; .

i

Finally we transform the balance of the upper line (the squnres:
above o, 71, +* - , Z-—their number iz n + 1) into %; Le, we go:
from Figure 33g to Figure 33h. Since the affected part of the upper
line now consigts of special transmlsmon states, ordinary stitmih will
do this. Just as for opemtlon (27".¢), each transformation requires-
the sequence 110000, i.c.:

(29'.g) Injcet n + 1 sequences 110000 at & .

This calls for o PP(110000), with a delay 6n + 6 between tuming
on and turning off. It ean be handled by the same timing arrange-
ments used for operation (29'.e),

This completes the lengthening of the counceting loop Gy, ie.,
the entire first cage, ¢ = 1,

4.2.8 Shertening on L. Consider now tho case ¢! = —1 (shorten-
ing). The trestment runs, in its main outline, parallel to that of the
first case. Hence the operations on C, shonld again be undertaken
first. (before those on C)).

Thus our first task is to shorten both lines of C. by one square.
This is best begun by transforming the entire upper line of C., except
ite last square (L.e., the squares under 2y, 21, =+ - , 2,—y—their num-
ber is n) into %, i.e, from its original condition in Figure 32a into
that of Figure 34a. Since these squares are originally & (.e., ordinary
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states), special stimuli will do this. Just as for transformation (20'.a),
each transformation requires the sequence 110110, i.e.:

(30".a) Inject n sequences 110110 at us.

This calls for s PP(T10110), with a delay 6n bstween the turning
on and turning off. It can be handled - by the same timing arrange-
ments that take care of operation (28.a), except that the delay to
be timed is now shorter by 6, Hence the fixed excess delay, which
must be compensated by udjnstment.s “inside” the memory dontrol
MC, is increased by 6; i.e,, it is now 3(&" + 8") 4 247,

Next we transform the square to the right of the last L (which is
10) into 11, and the square under this (which is %) into U; ie., we go
from Figure 34a to Figure 34b, The state 11 is Ty (.., Sj10). Hence
the sequences 11110 and 1 of special stimuli are needed, i.c.:

(36'.b) Inject the sequence 111101 a4 u. .

Now we restore the upper line of Cq, except its last square (i.e.,
the squares under 2o, 21, + - - , Za-r—their number is n) into &; Le,
we go from Figure 34b to Figure 34c. Bince these squares are now
special transmission states, ordinary stimuli will do this just as for
opemtlon (27’ .¢). Hence each transformation requires the sequence
110000, i.e.:

(30".c) Inject n sequences 110000 at .

This calls for a PP (110000), with a delay 6z between turning on
atid turning off, It ean be handled with the same timing arrange-
ments that take care of operation (30".a).

Next we transform the square to the right of the last & (which is
11) into U; Le., we go from Figure 34¢ to Figure 34d, For this a single
ordinary stimulus is needed, i.e.:

(30".d) Inject a single stimulos at .

At this peint the shortening of C, is effected, since the two right-
most squares have been transformed into U's, but the rightmost
square of what is left of the upper line (the one under z,)) is not in
the desired state (it is % instead of 19). We go on to earrect this.

We transform the upper line, except its last square (the sguares
under xy, ;, +* , Za—g—their number isn — 1) into 1; i.e,, we go
from Figure 34d to Figure 34e, Since these squares are now ordinary
trangmission states, special stimuli will do this. Just ag for operation
(29.2), each transformation requires the sequence T10110, i.e.:

(30.e) Inject n — 1 sequences TT0110 atus .
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This calls for a PP (110110), with » delay tin — 6 between turning
on and tuning cff. It ean be handled by the same timing arringe-
ments that take care of operation (30".a), except that the delay to
be timed is now shorter by ¢, Hence the fixed excess delay, which
must be compensated by a.d]ustment.s “inside’ MC, is increased by
6; i.e., it is now 3(8 + &") + 253,

Next we transform the square to the right of the last L (which i is
%) into 19; i.c., we go from Figure 34e to Figure 34f, The state 01§
T (ie., Saw). Flence the sequence 11010 of special stitnuli is needed;
j.e.:

(30'.1) Tuject, the sequence 11010 at ug,

Finally we transforin ihe balance of the upper line (the squareg
under 2o, % 4 - , To—w—their number is 1 — 1) into % ie., we g0
from Figure 34f to Figure 34g. Since the affected part of lhe upper
line eansists now of special tmnsnussmu states, ordinary stimuli will
do this. Just ss for ¢ peru.uon (27'¢), cach transformation requires
the sequence 110000, ie.:

(30°.g) Inject 1 — 1 sequences 110000 at 1, .

Thig calls for a PP (110000), with a delay 6n — 6 between turning
on and {unning off. It can be handled by the zsame timing arrnnge-
ments that take care of operatton (30".e).

This completes the shortening of C;, We must now perforin the
corresponding operation on C; .

The state of € is shown in Figure 83a, It is best to begin the short-
ening operation (just ns we did the lengthenlig operation) on the
lower linc of G, the aceess to it heing obtained through the upper
line of C, aud thie 12 at the place of x. . We transform accordingly
first the eutire upper line, except its last square (the squares above
To, X1, t+ 5 Tu—their number is n) into L; ie., from ity condlition
in Figure 83a into that in Figure 35a. Since these squares are & (e,
ordintary states), special stimuli are required, Just ng for operation
(29.8), each transformation requires the sequence 1101190, i.e.:

(31'.a) Inject n sequences 110110 at w; .

This calls for a PP(110110), with a delsy 6n between turning on
and turning off. The timing can be achieved with the same means that
were used after operation (20.a). However, the length of C, is now 2
lesy than it was there; hence the delny througl C, is decrensed by 4
and the delay three times through C, is decreased by 12. Therefore,
the fixed excess delay, which must be compensated by adjustments
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“msxde” the memory control MC, is decreased by 12; i.e., it is 3 (& +
5" ) -+ 288,

Next we transform the square to the right of the last % (which is
i) into 11, the square under this {(which is also 19) into 11, and the
square under this (which is %) into U (these three are t.he SQuUAres
above, at, and under the place of z,,); i.e., we go from Figure 35a to
Figure 35b. The state t1 i8 Two (ie., Snu)- Hence the segnences
11110, 11110, 1 of specia! sthnuli are needed, i.c.:

(:H'.b) Inject the sequence 11110111101 at o, .

Now we may restore the square at the place of z. to its final con-
dition. We must again get in through the upper line. Hence we trans-
form first all of it, except Hs last square (the squares above o,
x1,*** , Za—their number is 1) into 2; i.e,, we go from Figure 35b
to Figure 35¢. Since the affected part of the upper line new consista
of special transmission states, ordinary stimuli will do this, Just as
for operation (27'.c), each transformation requires the sequence
110000, i.e.:

31%.¢) Inject n sequences 110000 at o .

This calls for a PP (110000), with a delay 6n between furning ou
and turning off. It can be handled by the same timing arrangements
that take care of operation (31%.a).

Next we transform the square to the right of the last % (which is
1t) into te, and the square under this (which is also 11) glso into (o
{these two are the squares above and at the place of z.); i.e., we ge
frotu igure #5e to Figure 35d. The state 10 is Tuy (i.e., Sow). Hence
the scquences 11010, 11010 of ordinary stimuli are needed; i.e.:

31'.d) Inject the sequence 1101011010 ot v .

Now we can earry out the shortening of the upper line of C;. We
begin by transforming the entire upper line, except its last aquara
(the squares above zg, 21, * * * , Te—r—their number is n) into }; i.e.,
we go [rom Figure 35d to Figure 35e, Since the affected part of t.he
upper line consists now of ordinary siates, special stimuli will do this.
Just as for operation (20’a), each transformation requires the se-
quence 110110, i.e.:

(31.e) Inject n sequences 110110 at % .

This calls for a PP(T10110), with a delay 6n between turning on
and furning off, It can he lmndled by the same tining arrangements
that take care of operation (81".8).
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Next we transform the square to the right of the last £ (which. ls
10) into Us i.e., we go from Figure 35e to Figure 351, For this a. smg[
special stimulus is needed, ie.: ’

@10 Injeet a single stimulns at 1.
At this point the shortening of C; is effected, since the two rights

most squares have been transformed into U, but the upper line i
uot in its desired state. We go on to correct this, 1

We transform the upper line, except its last square (the squnres
nbove 2o, %1, ++ , zu-r—thicir number is n — 1) into %; i.e., we ga
from Wigure 35f to Figure 35g. Since these squares ave uow spocin
trangmission states, ordinary stimuli will do this. Just as for operatiof
(27'.¢), each transformation requires the sequence 110000, le: &
31'.g) Inject n — 1 sequences 110000 at v . i:

This calls for a PP (110000), with a delay 6n — 6 hetween tumxngi
on and turning off. It can be handled by the sane viming arrange-g
ments that take carc of operation (31'.a), except that the delay to be;
timed iz new shorter by 6. Hence the hxed excess delay, which musfn
be compensated by adjusnumlls “mslclc” the memory control MC, i8!
iterensed by 63 i.e,, it is now 3(6: + &) + 244, ’

I"muIIv, we trmusform the square to the right of the last 2 (which;
is ) into 19; i.e., we go from Figure 35g to Figure 35h. The stute to:
s Taw (ie., Smo). Henee the sequence 11010 of erdinary stimuli is?
needed, i.e.:

(31°.h) Tuject the sequence 11010 nt v .

This completes the shoriening of the conneetivg loop Gy, ie., the’
entire second case, & = —1,

48.4 Altering x, 10 L. We must now reconsider the procedure of
altering x,, , as discussed in Sections 4.1.6 and 4.1.7, '

The assumption underlying the procedure of Sections 4.1.6 and
4.1.7 was that the altering of . follows iminediately upon the “read-
ing" of x, . However, in Bections 4.2,1-4.2.3 we carried out the length-
ening or the shortening of C; and C; as if it occurred between these
two, Le., as if this lengthening or shoriening followed immediately
upon the reading of 2. . These two assumptions are in conflict, and.
we now Etipulate that the last mentioned assumption (.., the
assumption of Secs. 4.2.1 and 4.2.3) is valid, Hence Sections 4,1.6-
4,1,7 must be reconsidered,

The most natural procedure would be to review the changes that
the lengthening or shoriening has produced in the relevant structures.
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—i.e., to C;, on which Sections 4.1.6-4.1.7 operate, and to C;,
which is used to time these operations—and to correct Sections 4.1.6-
4.1.7 to account for these changea. However, it is simpler to analyze
the procedures for the lengthening and the shoriening themselves,
and to see in each case where the operations of Sections 4.1.6-4.1.7,
or equivalent ones, fit in best. It turns out that these insertions can
he cffected with the help of eonsiderably simplified variants of Sec-
tions 4.1.6-4.1.7.

Tlhe couclusion reached at the Heginning of Section 4.1.6 still holds:
in the ease £57' = 1 nothing need be done, while in the case 5" =
0, x. must be transferred fromt 1o to U. Hence we need to consider
the latier case ouly. However, we must discuss the two main alterna-
tives (¢t = 1, lengthening, and ¢ = —1, ghortening) separately.

Consider first the case ¢+ = 1 (lepgthening). We must decide
where to insert the process of altering x, from 12 into U into the evolu-
tion of C, according to Figures 33a-33h. It is easily seen that it fits
best after Figure 330, involving a change of the evolution through
Iigurcs 33{-33h, i.e., of the steps (20".e)-(20"g).

We modiiy the passage from Figure 33e to Figure 33f by transform-
ing one squaro less, i.e., into the passage from Figure 33e to I'lgure
A, This reduces the number of iterations in operation (29 .e) by
one:

(20'.e") Inject n sequences 110110 at w .

This eells for a PP JTI0110) with o delay 6n between turning on
and turning off. It can be hmdled by the same timiug arrangements
that take eare of operation (29”.a).

Next we transform the pauare to the right of the last 2 (which is
10) hitto 41, and the square under this (which is also 10) into U (these
two are the squares above and at the place of z,); i.c., we go from
1%gnire 36a to  to Tigure 30b. The state 11 is Tio (l,u Sm) Hence the
requences 11110, 1 of special stiinnli are needed, i,0.:

(29 ' ) Inject the sequence 111107 at u, .

Now we trnnsform the entiré upper line (the squares above o,
Ly, +*- , ty—their number is n <4 1) into 2; i.e., we go from Figure
36b to Figure 36c. Since the upper line consista of special transmission
states, ordinary stimuli will do this, Just as for operation (27'.c),
each transformation requires the sequence 110000, i.e.:

(20".¢"y Inject n 4 1 sequences 110000 at v,
This ealls for a PP(110000) with a delay 6n -+ 6 botweon turning
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on and turning off. It ¢an be handled by the same timing arrangements
that take care of operation (29.¢).

Finally we transform the square to the right of the last 2 (which
is U) into 49;i.e,, we go from Figure 36¢ to Figure 36d. The state 0
8 Ty (i.e., Sews). Hence the sequence 1010 of ordinary stimuli is
needed, i.e.;

(29°.1") Inject the sequence 1D at v, .

This completes the discussion of the first case, ¢! = 1.

Consider now the case &' = —1 (shortening). We must decide
where to insert the process of altering 19 into U into the proceduro of
Section 4.3.2, i.e., into the evoluiion of C; according to Figures 33a
and 35a-35h. It is easily seen that it fits best after Figure 35¢, but it
affects only the step from there to Figuro 354, i.e., the siep (31°d),

Indeed, i° at the place of x, was made from L1; hence it suffices
to make U instead. That is, the sccond sequence mentioned before
step (31°.d) {it is 11010] must be replaced by a single stimnlns, Hence
operation (81".d) is replaced by this:

(31.d") Inject the sequence 110101 at o .

Now the 10 at the place of z, is replaced by U in Figure 354, After
this the evolution through Figures 35e-35h, ie., the steps (31".e)-
(31".1h") can go on unchanged. In all Figures 35e-35h the only altera-
tion will be the same replacement of the Lo at the place of x. by U,
ard this has no effect on the operations mentioned above,

This completes the discussion of the second case, ¢'*!

= —]1

4.3 The Memory Control MC

[4.8.1 The organization and operation of MC. Figure 37 is n
schematic diagram of the memory control MC and the organs it
controls: the linear nrray L, the connecting loop C, , and the timing
loop C,. This figure is not drawn to senle; MC is aciually 547 cells
high and 87 cells wide. We will first describe the organization of MC,
and then we will explain how MC operates,

The most important parts of MC are the read-write-erase unit
RWE and its control RWEC, The unit RWE is shown in Figure 39
and developed in Section 4.3.3. The organs marked “0.6,” 0,10,
ete., in Figure 39 are the pulsers of Tables IIT and IV. The pulser
marked “0.0” is a P(I0101) which sends the sequence 10101 into
input # of loop C; for the purpose of readiug z, ; tho result which
emerges from ouiput w goes to the 1 vs. 10101 discriminator ¥,
The triple-return counter & has loop C; as it secondary organ @,
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and the triple-return counter & has loop C: as its secondary organ,
The &timuli into RWE from the lef{ come from decoders in CCy,
and the stimuli geing from RWE to the left go into pulsers in CC;.
The unit CC; of RWE is prrt of the coded channel of MC.

The coded channel of MC consists of CC,, CCz, CCs, X, Z, and
the main chanmel, ‘The main channel goes from the solid cirele to the
solid square. Tlie unit CC; contains decoders whose inputs come from
the main chaimel and whose outputs go into RWEC, The unit CCy
containg pulsers whose inputs come from RWEC and whose cutputs
go to the main c¢hannel. The units X, Z, and CC; contgin both de-
coders receiving their inputs frofn the main ehannel and pulsers
feeding their outputs into the nwin ehannel,

The read-write-erase control RWEC is shown in Figure 41 and de-
veloped in Section 4.3.5, It contains 16 control units CO; each CO
contains a PP (1) which is active while that CO Is in control (see
Fig. 40 and Sec, 4,3.4). The RWEC also contains four PP (1) which
are used to store the bit which is to be written in cell z, .

The inputs and outpuis of RWEC are labeled te correspond to the
inputs and outpute of RWE. Yor example, a stimulus from #-1 goes
into & pulser of CC, wlhich sends a coded sequence into the main
vhannel; this sequence is recognized by a decoder of CC, which sends
n pulse Into input n:! of RWE, thercby stinulating the pulser
labeled “0,0” to send the sequence 10101 into # for rending cell x. .

The area Y of MC is used only lo transfer stimuli from outputs
¢, 63, and 0y of the conatructing unit CU to ptilsers in X, aed to
transfer a stimulis from a decoder in X to nput ¢, of CU.

The aren W has the following function, Each periodic pulser of
RWE is to be on for about Gn unitg of time, where ., is the cell of
L which iz being scanned. The triple-return counter &, (with C; as
its secondary organ) s to supply thiz delay when o periedic pulser
is foeding loop Ca, and the triple-return counter & (with Cy as its
secondary organ) i= to supply this delay when u periodic pulser is
feeding loop C; . But time is lost hetween each of these triple-return
vounters and its sccondary organs, Moreover, the output of a triple-
return eounter (,-b or &+b) eaunot be used to stop a periodic
pulser until it passes through CC, , the main channel, CC;, RWEC,
CC;, the main channel again, and CG; again. Altogether about 2000
units of time are lost in these two ways. Consequently, a periodic
pulser of RWE must be turned on about 2000 units of time later than
the triple-return eounter associated with it. The exact amount of
delay needed varies with each of the 16 control organs CO of RWEC,
Von Neumann solved the problem by dividing the delay area W into
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four paris and associnting one part with each periedic pulser of RWE:
Most of the delay needed is obtained by Sendmg & pulse. through this
delay area. The variable part of the delay is obtained in the delay
area I} of each CO (Tig. 40).

We will next explain briefly bow the memory control MC funetions
under the general direction of the constructing unit CU (Figs. 37 and:
50). The basic operition of reading, writing, and lengthening (or
shortening) the loops C; snd C: is earried out in two stages. First;
CU sends a signal to MC telling it to read; MC then reads coll z,
and sends the result to CU. Second, CU sends signals to MC telling
it what to write in cell -, nnd whether to lengthen or shorten the loops.
C, and Cz ; MC then exceutes these instruetions and sends a comple-
tion signal to CU.

The first stage of the bagic memory operation hegins when a stimu-
lus emerges from output o; of CU and enters the top of RWEC, Ii
enters CCs at 4, 1, is coded by a pulser of CC;, enters the main chan-
nel, enters CC,, is deceded by a decoder of CG,, enters RWE at
w-1, and stimulates the pulser P (10101) of RWE; this pulser is
labeled “0.0" in Figure 39a. The sequenee 10101 enters C; at 1y and
goes down the upper part of C, . If cell x, is in state U (representing
a “zero™) the sequence 10101 changes 1, to state 10 and o 1 emerges
from exit uy of C; ; if cell x, is in state 10 (representing a “one™),
the complete sequence 10101 emerges from exit wy of C,. In both
cases the output goes to the 1 ve, 10101 discriminator ¥ of RWE.
1If . stored “zero,” a stimulus emerges from output & of ¥ and goes
via ¥-b, CC;, the main channel, CC;, ¥-5, and RWEC (near the
top) to the input 4 of CU. If z, stored “one,” a stimulus emerges
from output ¢ of ¥ and goes via ¥-¢, CC;, the main channel, CCz,
¥.¢, and RWEC (near the top) to the input # of CU. The it CU
now knows the contents of cell x, . This completes the first stage of
the basic memory operation of MC.

To start the second stage of the basic memory operation of MC
the constructing wnit CU sends the following signals to the top of
MC:

(1) A siimulus from output s; if “zero” is to be writien in #,; a
stimulus from output o; if “one” Is to be written in 2, .

(2) A stimulus from output o, if loops C, and C; are to be lengthened;
a stimulus from output o5 if loops G, and C; are to be shortened,

We will trace the effects of these stimuli separately.

A stimulus from o; passes through area Y and stimulates a pulser
in aren X, This pulser emits a coded sequence which travels along
the main ¢hannel and enters two decoders in CC;. These decoders
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then turn on two PP (1) of RWEC. One of these PP (1) is shown al
the top of Figure 41b; it is used to control the writing operatmn if
loops C; and C, are lengthened The other PP(T) is the upper PP (1)
of Figure 4le; it is used to control the writing operation if loops
C,; nnd Cs are shoriened, Similarly, a stimulus from o: causes two
PP (1) of RWEC to be activated. One of these PP(1) is shown in
Iigure 41c; it is used to control the writing operation if loops C; and
. are leugthened The other PP (1) turned on by the signal fiom
ay i the lower PP (1) of Figure 41e; it is used to control the writing
operation if loops C, and C; aro shortened, Both PP (1) turned on by
signals from oy (or 05) are turned off at the end of the basic memory
operation by the completion signal that goes to input % of CU,

The signals from eutput oy of CU (signifying lengthening) and
output s of CU (signifying shortening) enter MC in different ways.
A stimulus from e, enters the top of RWEC and turne on the first
control organ, namely CO,. After control organ COy directs RWE
to carry out certain operations, it i3 turned off and the control organ
CO; is turned on. Then CO; and CO, are uced in a similar way. At
this point there is a branch. If a “zero” is to be written in 2., control
organs CQOs and COy are used; while if a “one” iz 1o be written in
&t , control organs CQ; and CO; are used. When either CQOs or COy
is finiched, a pulse is emitted from the output 4 below it. This pulse
travels via CCs and the main channel to do two things: first, it enters
area X, passes through area Y, and enters input 4 of CU, signifying
that the basic operstion of MC is finished; second, it enters CC, at
four places to turn off the two PP(1) of RWEC that were storing
the bit to be written in 2, ,

The signal from outpui o5 of CU (signifying shortening) passes
through Y, X, the main channel, and CCs, and enters the control
organ COy;. Control orguns CQy, COyp, COy,, COpz, COyy, and
COy; are used in that order. The output § from COy is gated by the
PP (1) of Figure 41e. If & “zero” i8 to be written in z,, the signal
-4 38 used; while if a “one” i8 to be written in z., the signal v-5
is used. In either case the control organs COy and COye are then used.
When COy is finished, a pulseis emitted from the output 45 below it.
As in tho case of lengthening, this pules does two things: it turns
off the PP (1) of RWEC that were storing the hit to be written in
r,, and it enters input fy of CU to signify that the basic memory
operation of MC is finished. At the end of a basic operation the
memory couirol MC is left in its original state.

Table V sununnrizes the cffect of the control organs of RWEC on
the pulsers and periodic pulsets of RWE. We will illustrate how these
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control organs work by tracing the action of CO; . The design of 8
CQO is given in Figure 40; all CO are the same except for the length of
the delay path ®. The particular control organ CO, is located at the
top of RWEC (Tig. 41a). The state of the connecting loop C; and
the linear array L at the time CO; takes control is shown in Figure
33a; loop C, passes through cell z, and consists entirely of ordinary
transmission states. The state of the tining loop €; at the time COy
takes control is shown in Figure 32a; the effect of CO; on C; is shown
in Iigures 32b ond 32c.

The action of COy is ns follows. The stimulus from output o, of
CU (signifying lengthening) enters input ¢ of CO; and accomplishes
three tasks. First, it goes via the top and left side of CO; to enter
input a, of the alternate PP(1) of COy, therehby activating this
periodie pulser, which will be on while CO; 1s in control. Second, the
input & of CO, goes from output ¢ of CO; into input &-a of CCy;
from there via CC;, the main channel, and CC, to output &,:a of
CC, ; and from there into input a of the triple-return counter & of
RWE (Fig. 39a), thercby starting this triple-return counter. Thid,
the input a of CO; goes via the delay path ® of CO, to output b of
CO, ; from there to input ws-a, of CC; ; thence via CCz, the main
channel, and Z into the delay area W; through s portion of W and
back through Z to the main channel; through CC; to output - a.,
of CG; ; and from there to input a, of the periodic pulser PP (110110)
in the lower part of RWE (Fig, 39b), thereby starting this periodic
pulser. The sequence 110110 repeatedly enters input ua of loop C,.
Each 110110 converts a cell of the upper part of C, from ¢ to 1 in
the following way: T kills o to U, 1011 ehanges U to 1 according to the
direct process of Figure 10, and the fiual 0 has no effect. Hence n
ocourrences of the sequence 110110 into w2 will convert the upper part
of loop C; from the path shown in Figure 32a to the path shown iy
Tigure 32b.

The production of n sequences 110110 is controlled by the triple-
return counter &, of RWE, which uses the loop Cy as its secondary
organ . The output from b of &, is used to tur off the PP(110110)
of Tigure 39b in the following way, The output from b of &, enters
CC; at &,-b, goes through CC, o the main channel and to CC;, and
enters input d of cach of the control organg CO, , COy, COy, COyp,
COy;, and COyg . All these CO are inactive except for CO;, so in
every case except this one the effect of the input to d to & CO is only
to attempt to turn off an alternate PP (1) which is slrendy off. This
does no harm, g5 we saw al the end of Section 3,2.2, Tn the case of
CO,, the input to d turns its PP (1) off and aiso passes through the
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confluent cell at the lower right of CO, and exits at e and f. The
“off” signal into a. of PP(T) causes a stop at. b too late to block the
emission from ¢ and f.

The output froms ¢ of COy enters CC; at w-a- ; gees through
C(;, the main channel, and CG, ; leaves CC; at 1:-a.. and enters
PP(110110) at a_. In this way PP(TI0110) is shut off after it has
emitted exactly n sequences 110110

The output from f of CO, goes to two different places. First, it enters
CC; at ug-1; it passes through CCy, the main channel, and CC, ; and
finally it leaves CC; at w2+ 1 and enters the pulser P{11101001 ), which
is marked *0.2” m Figure 30b. The sequence 11101001 then enters
input 12 of Cg . The first half (1110) of this sequence changes a U to
11, while the last half (1001) of this sequence changes the next U to
0. Hence loap G is left in the state shown in Figure 32c.

Second, the output from f of CO, enters input @ of COy, thereby
rtarting the operation controlled by CO.. The periodic pulser of
RWE which is controlled by CO; produces the result given in Figure
32d, and the pulser of RWE which ig controlled by CO: produces the
result shown in Figure 32e, Thus the control organs CO, and COy
together bring about the lengthening of the timing loop C;. The
control organ CO: then passes eontrol to CO;.]

432 Defailed discussion of the funclioning of MC. We enumerated
in Section 4.1.4 the specific functions of the memory eontrol MC,
namely: & purely descriptive static statement in (1), the start in (2),
the substaniive operations in (3) {reading z.), (6) {altering x.), and
(7) |moving 1a , .2,, # = n'}; and the completion in (8). {All these
numbers refar to the listing in See. 4.1.4.] Postulate (1) calls for no
action. The implementation of (2) {responding to a starting signal
from CU to MC| and of (8) {delivering a completion signal from
MC to CU}, is ensy; we will attach these where they obviously belong,
b the beginning of (3) and at the end of (8), respectively. Carrying
out the other subsiantive operations (3), (6), and (7) i, of course,
much more complicated ; Sections 4.1.5-4.2.4 pave an outline of this.
Now that this outline is completed, we must perform the necessary
constrizetions in detail, In other words, we must fill in specific com-
ponentry to execute the operations enumerated and diseussed in
Sections 4.1.5-4.2.4. We proceed to do this in what follows,

We discussed operation (3) first in Section 4.1.5. We then took up
operation (6) in Sections 4.1.6-4.1.7, but this was only a preliminary
discussion; the final form was developed in Seetion 4.24. This form
was acinally meant to be meshed with the processing of operstion
(7). The latter was discussed in Sections 4.2.1-4.2.2. Thus tha com-
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plete discussion must begin with Seetion 4.1.5 and then continue with
Bections 4.2,1-4.2.3, the latter being combined with Section 4.2.4.

Section 4,1.5 requires us to inject the sequence 10101 (with a
gusranteed 00 thereafter) at v and to feed the output of w; into the
input @ of the I va. 10101 discriminator ¥ of Figure 25. The outputs
b and ¢ of ¥ then indicate T (i.e., 2. = Uand & = 0) and T0101 (i.e},

= lo, alid & = 1), respectively.

Sections 4.2,1-4.2.3, combined with Section 4.24, call for more
complicated arrangements. Sectionn 4.2.1 does not describe any
specific opemtmus. Sectinn 4.2.2 post;ulatcs a definite sequence of
operations: (28'a)- (28 d), and (29°.2)-(29".g). Sectmn 424 re-
places operations (29'.e)-(20'g) by operat.mna (29 &)= (‘79 N
Secbnon 4.2.3 postulates these operations: (30 a)-(30.g) and (31 a)-
(31'.1h). Section 4,2.4 replaces operation (31”.d) by operation (31'.d").
Note that Sections 4.2.2 and 42,3 ave alternative, depending on the
value of ¢*' (whether ¢*' = 1 or —1, respectively), i.c.,-on the first
response of CU according to postulate (5) in Section 4.14, The
insertion of Section 4.2.4 into Sections 4.2.2 and 4.2.3 is also condi-
tional, depending on the value of ¢+ (it takes place only if £ = 0;
cf. the beginning of Sec. 4.1.6), 1.c., on the second response of CU
according to postulate (5) in Section 4.1.4,

In order to describe the communications between CU and MC, and
in view of the fact that we will not describe here in detail the internal
functioning of CU, we must define eertain specific inputs and outpute
of CU,

The inpute of CU correspond to the signsls that ge¢ from MC to
CU according to postulates (1)-(9) in Section 4,1.4, These are the
following:

{iy) A signal aceording to (3), indicating that &' (n = n°) has been
resd by MC and found to be 0; i.e, 2, = U,

(#2) A signal according to (3), indicating that & (n = n") has been
read by MC and found to be 1;i.e., 2u = 19,

(#;) The completion signal of MC according to (8).

For cach one of these signals the symbol in parentheses which
precedes it is the designation of the input of €U to which i is to go.
That is, these inputs are 4 .

The outputs of CU correspond to the signals that go from CU to
MC sccording to postulates (1)-(9) in Section 4.1.4. These are ths
following;

(0y) The start signal to MC according to (2).
{0:) A sigoal according to (5), indicating that £,"" (n = n') has
been formed by CU and found to be 0.
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(os) A signal according to (5), indieating that &' (n = »') has
been formed by CU and found to be 1.

{os) A signal aceording to (3), indicating that ¢*' has been formed
by CU and found to be 1.

(0s) A signal according to (5), indicating that €™ has been formed
by CU and found to be —1.

For each one of these signals the symbol in parentheses which
precedes it is » designation of the outpnt of CU from which it is to
come, That is, these outpuls are ¢~y

Our discussion above further shows that the siguals from o and
o, are iminediately effective on MC: they determine whether MC
enters the action cyele (287.2)-(28°.d), (20°.a)-(29"g) {with »
possible replacement of (20".e)-(20".g) by (20'.¢")—(29°.L')} or the
action cyele (30".a)-(30".g), (81'.a)~(31"h) {with a possible re-
placement of (31°'d) by (81".d’)). Obviously, the signal from o,,
oo, is immediately effective on MC: it is a start signal.

On the other hand, the signale from o; and ¢; are not immediately
cffective on MC: they deiermine whether the replacements referred
to above will be made in the action cycles generated by o, and ;.
{0y causes the replacement to be omiited; oz causes it to occur.)
Congequently, o: and 0y cannot act directly on the modus operandi
of MC. They must, instead, netivate two (alternative) memory
organs in MC which ean then effect the operations of MC when they
resch those points where thiy is required. Let the memory organs
activated by o and oy be designnted by oo and o , respectively.

These considerations are summarized in Figure 38, which shows
schematicaily the logical structure of the procedure that MC is to
follow,

In this figure the arrows (horizontal und vertical) indicate the
path of stimulation. The double horizontal lines separate areas within
which the stimulation passes emiively through the channels in MC
to be constructed, while these double lines themselves are crossed
by processes that take piace outside these channels. (As a rule these
processes take place in CU, but in one case, that of the second double
line from above, they take place within the diseriminator ¥.)

The single horizontal lines separate alternatives; ie., the two
processes at the two sides of sueh a single horizontal ine, but between
a pair of double horizontal lines, represent alternatives that are in
fact mutually exclusive,

Each bracketed eguation on the left margin indieates a value of
£ or £ or ¢! that is characteristically associated with the alterna-
tive shown next lo the equation in question,
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The figure contains seven groupa of operations, referred to by
the numbers { (28 a)-(31"h)} by which they were designated in
Sections 4.2.2-4.2.4. These are restated explieitly in Table IT,

We have given these operations new designations (0.1)-(0.31),
which are shown in Table II, for the sake of convenienge, in juxia:
position with the old designations (28°a)-(31"h). Among the 31
operations (0.1)-(0.31) there are 16 with an asterisk and 15 without.
The former are repetitions (norn + 1 orn — 1 repetitions; cf, there),
hence they have to be executed by suitable periodic pulsers (PP’s),
far whose turning on and turning off arrangements with appropriate.
delays must be made, The latter are single operations; hence they.
¢all for ordinary pulsers (P’s) only. Two of these { (0.19) and (0.28)}
require even no P, since they call for the injection of gingle stimuli:
only.

The turning on snd tuming off and concomitant delay arrange-
ments for the PP (for the 16 operations with an asterisk) were dis-
cusged in Sections 422424, Tn each case this required using &
triple-return counter ® (cf. Fig. 23). The use of this organ for this
purpose was introduced in Section 4.1.7, after operation (27'.a"),
and in Section 4,19, after operation (28°.a). In the first case ® had
1o be attached to Cq, i.e., its output d to t and Us input ¢ to wy. In
the second ¢ase 2 had {o be attached to G, , i.e., its outpul d to v and
its input ¢ to w; . The subsequent discussions in Sections 4,2.2-4.2.6
showed that these were the only two forms in which ® was required.
We therefore provide two triple-return counters, & and &, the first
one being attached to G, (i.e., its input ¢ = ¢ to w; and its output
d = d to v), and the second one to C, (.e., ils input ¢ = ¢z to ws
and its output ¢ = b to ). The notations introduced in Section
4.2.2 ofter operation (28’.a), and in Section 4.1.7 after operation
(29'.a"), apply to & and &;, respectively. Thus 8" is the delay from
w; to ¢, and & is the delay from dy to v, (these refer to &,), while
&" is the delay from s to c2 and &' i8 the delay from ds to r= (these
refer to @),

Of the 16 operations with asterisks, 6 have to be timed by &,
{ (0.1), (03), (0.16), (0.18), (0.20), (0.22)} and 10 have to be timed
by & [ (05), (07), (09), (0.11), (0.13), (0.15), (0.23), (0.25),
(0.28), (030)}. Of the 6 in the first class, 3 require » PP(TT0110)
with ita output attached to us {(0.1), (0.16), (0.20)} and 3 require
a PP (T10000) with ite output attached to w { (0.3), (0.18), (0.22)).
Of the 10 in the second elass, 5 require a PP (110110) with its output
attached fo w [ (0.5), (0.9), (0.13), (0.23), (0.28)} and 5 require s
PP(T10000) with its output attached to u | (0.7), (0.11), (0.15),



Tante IE
Sutmmary of the pulse sequences aend into loops €y and Ca

Former
g

Nex
Designation % Operation

(I) Group (28'.0)~(48'.d) and (35'.a}~(25".d) of Section {.8.8

{0.1)* (28'm) | Injectn + 1sequotces 110110 al us .
(0.2) (28'.b) Inject the sequence 11101001 at us .
0.3)* (28°.¢) inject n + 1 sequonees 110000 at vy .
(0.4) (28*.4) Inject the sequence 11010 at ¢:.
(0.5)* (208} Inject n sequences 110110 at we .
(0.5} (20".h) Injaet the seqt:etléeﬂllllollolllcﬂl nt oy .
0.7)* (20'.¢) injeel n sequences 110000 at v, .
(0.8} (20".4) fnject the seguence 110101101011001 at v, .
(£} Group (28'.¢"y—(20°.0') of Seclion §.2.4
0.9)* (20".e'y | Injeet n sequences 110110 at uy .
{0.10) (26°.1*) | Injeet the sequonce 111101 i .
(0.11)* (20°.g') | Inject n + 1 soquences 110000 at v .
{0.12) @'h") | Injeet the sequatiee 1010 at vy |
(IIry Group (20" ¢)-(29".3) of Seclion 4.2.2
{0.13)* (29" .} Inject n + 1 sequonces 110110 at ) .
(0.14) 20°.0 Inject the sequence 1010 ut w .

{0.15)* (2072} injeel n 4+ 1 sequences 110000 at, vy .
(IV) Group (30°.u}~130'.5) and (31" .a)~(31" c} of Section 4.2.3

(0.16)* (30°.a) inject r sequences 110110 at u.
0.17) (30°.h) 1nject the sequence 111101 At ts .

(0. 18)* (30°.¢c} Injeet n seguences 110000 at vy,

(0. 14y (30°.udy Inject n single stimulus ut 1,
(0.20)* (30'.2) inject n — 1 sequnn_cisﬁl_lono at us .
(©.21) (3075 Inject the sequence 11010 ut .,

0.22)* (30'.g) 1uject n — 1 sequences 110000 uf r: .
£0,23)* (31" .1) Inject n acyucences 110110 ut n, .
(0.24) (31".b) Injeet the sequence 11110111101 ut ny .
(0.25)* (31°.c) Inject n sequences 110000 at o .

(V) Group (81'.d") of Section [.8.4
©.28) | @1°.d°) | Injeet the sequence 11010L at »; .

(V1) Uroup -(31'.d) of Section [.2.83
(0.27) l (31".d) ] Injoct the sequence 1101011010 at 7, .

(VII} Group (31'.¢)~(31".h) of Section 4.2.3

{0,28)* 31'.e) Inject n aequences 110110 at n, .

(0.20) (31'.f) Tujeet a single stimutus at .
(0.30)* (31'.¢) Inject 5 — 1 saquences 110000 at v .
(0.81) (31°.k) Inject the sequence 11010 at v, .

35
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(0:25), (0.30)}. The delay requirements were expressed in Sections.
4922424 by specifying the amount by which the delay from the
turning on to the turning off of each PP is exceeded by the delny from,
the input a to the output b of its®. These excess amounts are restated
in Table II, together with the ® and PP data given above.
Regarding the 15 operations without an asterisk we need bnl;i
gpecify which one of the inputs #,, v, of C; and 1, w of G, each
operation feeds, Actually, 5 feed into #, { (0.6), (0.10), (0.14), (0. 24),
(029)}, 5 feed into v, { (0.8), (0.12), (0.26), (0.27), (0.31)}, 3 feed:
into us { (0.2), (0.17), (0.21)], and 2 feed into % { (0.4), (0.19)}. They,
are shown in a systematic arrangement in Table IV, together \ﬂﬂi
the pertinent P data. We also show in this table a reference to an
additional sequence that has to he injected at v at a certain occa.fuon.
This is the entry (0.0), which refers to the sequence 10101 that oceurs
in the top line of ¥igure 38. Finally, we show (for later use) for each:
P its length and height. [ Thore were several errors in von Neumann’s

Tanre T1}
Susmary of excess delay requirements for the periodic pulsers stimulaling loops
C] and Cg
Operatian PP Usod Ouiput of PP | 4 Uged Fxcesa Delay
3@ 4 5% 4+ as,
when: g. is
(0.5} 250
(0.9) 250
©.13) | YPr(110110) nr 244
(0.28) 238
(0.28} 238
bilhg

(0.7) 250
.11 244
{0.15) PP{110000) y 244
(0.25) 238
{0.30) ) 244

3G + )+ a,

where @y is
©.1) 241
(0.18) PP(110110) > 247
(0.20) 253
&y

0.3} 241
(0.18) PP(110000) ty 247
(0,22 ] 253
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Tanre IV
The pulsers used lo stimulate loops C, and Ca
Operation P Uiod Qs | Ay | B
(0.6) P(1111011110110111001) 28 7
(0.10) | P(111101} 10 4
(0.14) | P(1010) s 4 !
0.24) | P(11110111101) 18 5
(0.29) Single stimulus . 1
{0.0} P{10101) 8 5
(0,8 P(110101101011001) 18 g
©.12) | P01 o 4 4
0.20) | P(110101) 8 b
{0.27) | P(1101011010) 12 5
©.31) | POA1010) ] 4
©.2) P{11101001) 10 5
(0.17) | P(11110n) us 10 4
.21y | P(1010) 6 1
(0.4) P(11010) . ] 4
(0.18) | Single stimulus ! 1

Table TV, These have been corrected according to the rule stated
in the editorial summary at the end of Bection 3.2.1.]

488 The read-write-erase unit RWE,' Figure 38 and the three
tables in Seciion 4.3.2, together with the other listings given there,
provide a definite basis for the construction announced at the be-
pinning of that subsection. We can therefore approach this eonstruc-
tion mow in more complete and specific terms.

The operations that we wish to instrument primarily affect C;
and Cq; te,, they internct with the mputs w , &y and ws, %2 of these
organs and with their outputs ) and w; . It is therefore best to start
our constructions with the organs that are in direct contact with
Ve, vy, wyoand s, 22, ws . These are specified in Tables 11T and TV,
together with the ¥ referred to in lines 2-4 of Figure 38. The funo-
lioning of nll these organs is controlled in the manner deseribed in
Figure 38 and in Table IT.

4{Yon Neumsnn's title for the present subseetton was *“The effector organs
ot B, Positioning and connecting these organs.’]
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Hence we begin by providing and positioning the organs of Tables
III and IV, as well as ¥,

Table IV calls for 16 organs, 14 of which are pulsers (P), while 2
are merely providers of single stimuli. Each of these iz actuated by a
single input, coming from RWEC (ef. Fig. 37), and has a single out-
put, feeding into one of wy, ¢, ¥z, va.

Table IIT calls for tire following organs, First, 2 periodic pulsers
(PP (110110) and PP (T10000)] are required, but since each of these
is required with two different output connections (u; and » in the
Brst ense, 4 and t in the second case), therefore only 4 periedic
pulsers are actually needed. (Table ITI also shows that each one of
these PP is required in several different situations—their numbers
arc 5, 5, 8, 8, respectively—requiring different *‘excess delays.” Thig
might incline one to introduce & separate PP for each such case, i.e.,
1G 1o all, instead of the above 4. However, it is more convenient to
take care of this by other arrangements, which will appear further
helow, and to imtroduce only 4 PP's, as indicated above,) Sceond,
Table HT1 requires a triple-toturn counter (), but since this is re-
quired with two different ¢, d-connections (», uy in one ease and
e, 4w i the other) actually wo sueh organs are called for. Each I'I*
is controlled by two inputs ay and a_ , coming from MC, and has a
single output feeding into one of wy , n , 1y, v;. Each @ has an input-
output pair a, & connected to MC, and an inpui-output pair ¢, d
connected to m, wy or to vy, ws.

Finally, we neced the T vs. 10101 discriminator W, This has 2 single
input a which is attached ta w; aud two outputs b, ¢ geing ta
RWEC (cf. Tig. 38).

[ Von Neummm overlooked one point when attaching the input a of
¥ to the output wy of C;. When C; is used to time the lengthening (or
shortening) of the timing loop Cq, single pulses will go from % to the
triple-return counter &, in Figure 39. But these pulses will aldo enter
¥, which will then indicate a T received to the construeting unit CU.

We will assume that the constructing unit CU will be built so as
to ignore these spurious signals, Alternatively, the input to ¥ could
be closed by a gate controlled from a PP(T) when 4 is in use. This
would, of course, change the design of RWE somewliat.]

All these organs are shown in Figure 39 in their relative positions
with respect to C,, C: (.., th, ¥, W, %, %, ws) on one hand and
with respect to MC on the other, The sub-organs contained in this
assenibly are P’s (designated 0.6-0.24, 0.0-0.31, 0.2-0.21, 04), PP’s,
®'s (designated &, , F,), and a F. All of these are not shown in their
true sizes, The entire assembiy is part of MC, To the ieft, across the




DESIGN OF .A TAPE AND ITS CONTROL 239

vertical dashed line, it is attached to the remainder of MC. To the
right it is atiached to C;, Cs, a8 indicated. The P of Table 1V are
indicated by their 0 symbols, except for the two single-stimulation
organs which are shown as direct channels. All inpufs and outpute of
the sub-organs that ceeur (P, PP, &, ¥) are properly indicated. The
various inputs and outputs that connect this assembly with the
remainder of MC are marked with symbols that are self-explanatory,
Tuspection shows that there are 30 connections of the latter kind, of
which 4 are inputs to MC and 26 ure outputs from MC,

Note, furthermore, that while the P, PP, and & are in their standard
orientations, i.e., in the orientations of Figures 16, 18, and 23, the ¥
is reflected about the vertieal in ecomparison to its standard arrange-
ment in Figure 25, Clearly, this calls merely for trivial transformations
of the construction. (Fig. 25 contains a P and a D, and these, too,
must he reflected about the vertical, This enlls for corresponding
transformations in connection with Figs. 16 and 22. These, too, are
hannless; ef. the discussion i the middle part of Sec. 3.6.1 in connee-
tion with Fig. 29.)

The assembly of Figure 39 must be controlled, as we pointed out
at the beginnimg of this section, sccording to the gcheme deseribed in
Ifigure 38 and 1 Table I1. The organs which effect this eontrol must
occupy the deoper mterior of MC. We saw in Figure 39 that the num-
ber of connections between this vegion, and between the assembly
that was explicitly described, is quite lurge, 4 inputs and 26 outputs,
This makes it o practical certainty that the lines representing these
30 connections will have to eross each other many times in order to
find their proper endings on the control organs within MC. This
means that the need for the argan thet circumvents the difficulties
of line.crossing has arisen; i.e., we need the coded channel of Section
3.6.

We are not yet in a position to lay out the entire coded channel
that will be required, i.e.,, to select the appropriate arrangement, as
discussed in the first part of Section 3.6.1 and schematieally shown in
Figures 28g-28k. This will he done latar, For the time being, we will
concern ourselves only with the portion that is adjacent to the
assembly of Tigure 39, i.c., that may be thought of ns extending atong
the vertical dotted line on the left edge of that figure.

We zaw above that 30 lines (4 inputs and 26 outputs) connect with
this portion, Fach of these i stimulated (or stimulstes) independentiy
of the others. That is, in the notations used at the beginning of See-
tion 3.6.1, they correspond te inputs a, or outputs b, (from the point
of view of the coded channel) with different », Hence the total range
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vy = L, 55 5 must allow for at least 30 different possibilities. That
is, necessarily n = 30. Actually it is advisable to choose n somewhat
larger, since further requiremente of the controt MC will eall for
additional » values for the inpute a, and outputs b, of the coded
channel. (Ci. below.) .

On this basis we will now choose the m and % referred to in the
middle part of Section 3.6.1, which determine the coded sequences
% «+- " that correspond to the » (» = 1, -.-, n). In this respect
equation (12') and ‘the observation following equation (13') are
relevant: given m; these observations determine &k ( = (m 4 1)/2 or
m/2, whichever is an integer) and the former determines

_{m—-1
Maxn—-(k__ )

The fotlowing m are eritical:

m 7 8 9
k 4 4 b
Max n 20 35 70

Since we want » 2 30, with a reasonable inargin to spare, m = 7 s
inadequate, m = 8 is marginal (it will prove to be inadequate, cf.
below), while m = 9 is presumably adequate (it will prove to be
adequate; ef. below). We choose thercfore

32) m=9k=5
so0 that n is Hmited by

(33") n 370
only.

Accarding to Section 3.6.1, each gequences,! - +. 4™ begins with a
1, haslength m = 9, and contains & = 5 T’s, That is,itis 14,2 .-+ &7,
where among the #, «++ , i* there are four 1’s and four 0's. We know
that there are precisely

F)-()-n

such -sequences, Lot us order them lexicographically, and use the
v = 1, +++, 70, to enumerate them in this order, This, then, defines
e g =148 5,0 foreach» = 1, <+, 70, thus certainly in-
cluding the » = 1, ++- , n {for any n according to condition (33")}.
Lt us sssign to the 30 a, and b, of Figure 39 (i.e, to the ¢+, +- -,
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&, a cccwrring there) the numbers.» = 1, :-+, 30, in a vertically
descending sequence; according to that figure.

[Von Neumann proceeded to calculate the dimensions of the
assembly of Fig. 30,

Tt turns out that the height of CC, is greater than the height of
RWE, Since von Neumann wanted to place each puleer and decoder
of CC; nearly opposite the organ of RWE to which it is connected,
the height of CC, controls the height of the complex CC-RWE, Now
CC; has 4 pulsers P and 26 decoders D, Von Neumann said that the
height of each- is 7, and, allowing s protective strip of Us between
each two conzecutive organs, he arrived at a height of 230 for CC,.

But this is wrong. The sequences von Neumann was using in his
coded channel are of length nine; each begins with a one and contains
four additional ones. By the rule of Section 3.3 for computing the
rize of a decoder, the height of & decoder for a sequence of length
nine with five ones i either 10 or 11, depending on the specific se-
quenee, In fact, the mle of Scction 3.3 ofton gives u height which is
greater than the actual height of & decoder eonstructed by the design
ulgorithm of Section 3.3. But even when this is taken imto aceount,
u height of over 300 units is needed by the CC,; of von Neumann’s
design. While this is a mere error of caleulation, it upsets most of
ven Neumann's later ealculations concerning the size of MC and the
delays through MC.

This error cannot be eorrected simply by inereasing the height of
CC, and thereby the height of MC. The reason it cannot be so cor-
rected concerns the proper phasing of the periedie pulsers PP and
triple-return counters & of RWE. Each PP chould be on for about
three times the delay around the loop C; or the loop Cs (see Table
IT of Sec. 4.3.2), But there is a delay within each & and between the
secondary input-output of each & and ite connecting loop. Moreover,
the PP of RWE are controlled from RWEC. Hence & primary output
from a ® of RWE must go through CC,, the main channel, CC;,
RWEC, the main channe! again, and CC, again, all before it can
turn off the PP of RWE. Altogether, about 2000 time units are lost:
in this way. Thus, for correct phasing, the starting of a PP of RWE
must be delayed about 2000 time units over the starting of its asso-
ciated triple-rebury counter &, Some of this delay is obtained in the
control organs CO of RWEC, but most of it is obtained in area W..
Tt will turn out that area W is not large enough to give the delay von
Neumann needed for his design.

Von Neumann’s error tan be corrected by extending ares W to
the right. This destroys the rectangular shape of the memory control
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MC, however, and there are a number of ways of correcting the error
without changing the size of MC. In Chapter 5 we will redesign unite
Z and W 5o that their heighte can be reduced cnovgh to allow CCGy
to extend into the area now occupied by Z,

Yon Neumann ealéulated the width of RWE and of CC,; as follows.
The widest organ in RWE is the pulser labeled “0.6,” which produces
a sequence with 14 ones (see Table II of Sec, 4.3.2). This calls for a
width of 28, All other organs of RWE are of width 24 or less. Yon
Neumann added 1 unit for the vertical channel from this pulser to
input #; of loop C;, obtaining a total width of 28 units for RWE.
The coded gequences entering and leaving CC; contain 5 ones each;
hence the pulsers and decoders of CC; are each of width 10, Von
Neumsnn added a strip on each side in accordance with the design
of Figure 28, Hence CC, is 12 units wide. The combined width of
CC,-RWE is thus 41 units.

Actually there is a small error. here tco. The vertical channel from
the output of the pulser labeled 0.6 would pass by, and receive
stimuli from, the eonfluent state in the lower right-hand corner of this
pulser, 50 that the wrong sequence would enter iuput 1 of loop G .
There are a number of ways in which this error can be corrected so
that the complex CC,-RWE can he accommodated within a width of
41, The pulser enn be turned upside down. The pulser can be re.
designed 50 as to he narrower and higher. The best way is to redesign
the ceded channel, and hence €G,., as follows,

Let us count the number of pairwise distinet coded sequences
needed for the coded channe! of MC. The outputs 6:, ;, ¢ of CU
and the input 74 of CU pass through area X and require 4 coded
sequences, It will turn out that 4 coded sequences are needed in
area Z. An examination of Figures 39 and 41 shows that 31 additional
coded sequences arp needed. Hence 39 pairwise distinet coded se.
quences are Deeded for the coded channel of MC.

Recall that m is the length of the coded sequence and % is the num-
ber of ones it contalns. As von Neumann correctly calculated abave,
his algerithm callsfor m = 9 and & = 5 when 39 sequences are needed.
But a better choice is m = 9 and & = 4; this gives 56 different se-
quences, which is more than encugh. The pulsers and decoders for
k = 4 are of width 8, a saving of iwo units over von Neumann’s
pulsers and decoders.

Von Neumann later used the width of 12 for CCs: and CC: and
caleulated a width of 18 for RWEC. He caleulated a height of 545
for CCs ; lesser heights are required for CC; and RWEC, Thus he
obtained a width of 42 and a height of 545 for the complex CCyr
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RWEC.CC; . But for this height of 545 to obtain, the decoders of
CC, cannot always be placed so that their outputs feed directly into
the organs of RWEC, and the pulsers of CCs cannot always be placed
so that their inputs come directly from the organs of RWEC. Vertieal
channels are needed for tiieir connections, These vertical channele
can be provided within the Emits of von Neumann’s dimensions for
the complex CCrRWEC-CC; by using decoders in CCy and pulsers
in CCs which are of width 8, so that CC;s and CC; can cach be of
width 1¢ and RWEC can be of width 22,

Hence we madify von Neumann's design of the coded channel by
choosing m = 9 and k = 4, 1.e,, coded sequenees of length 9 containing
4 ones. By the rule of Section 3.2.1 for computing the size of a pulser,
the pulecrs of this coded channel will be of width 8 and height 7.
By the rule of Section 3.3 for computing the sise of a decoder, the
decoders of this coded ¢hannel will be of width 8 and height 11, But
it turns out that every decoder constructed by the algovithm of
Seetion 3.3 lias a height of 10. Tlis means that CC, van be accommo-
dated within o height of 320 and u width of 10, including insulating
strips of unexcitable states.

We thus end np with the followiug dimensious for the memory
control MC and its main parts (ef. ¥Fig. 37):

MC: 547 cells high, 87 cells wide

RWE: 320 cells high, 31 cells wide

RWEC: 545 cells high, 22 eclls wide

CC;: 320 cells high, 10 cells wide

CC:: 545 cells high, 10 cells wide

CCs: 545 cells high, 190 cells wide,
These figures presnppose that the desigu can be completed without
enlarging any of the organs of RWE. This presupposition will be
confirmed in Chapter 5.]

484 The basic control ergan. CO in MC. We have completed the
first tesk formulated at the beginning of Section 4.3.3: providing and
positioning the orgaus of Tables II] and IV in Section 4.3.2, and
of T, e of those orgnns that are iu direct contact with w , oy, wy, 22,
U, W (| e with G, and Cs). We can therefore now pass to the secoud
task formulated there: controlling the organs referred to above, in
the manrer described in {figure 38 and in Table II of Section 4.3.2.

Tt is advantageous to deal first with a certain preliminary problen,
before coming to grips with the above task in its entirety. This
preliminary problem is that of eontrolling the fuuctioning of the four
PP of Tigure 39 according to the requirements formulated in Table
111 in Section 4.3.2, and in the discussion immediataly preceding it.



244 THEORY OF SELF-REPRODUCING AUTOMATA

According to these, each PP must first be turned on and then turned
off, so that the delay between these two evente exceeds by a specified
amount the delay from the stimulus at the input a of a certain $ to
the response ab its output b. Each PP is attached to one of w, v,
Uy, ta. Let us designate the one of these under consideration by .
Let us also degignate ite® (&, or #;) by &. Then we have to stimulate,
according to the above, first #-a, and ®-a, and then let the response
at &b stimulate %-a_ . The delays of these processes must, in addi-
tion, he so adjusted that they produce together the desired excess
delay (of #-as to #-a-.over $-a to &-b) referred to above.

This control organ has the symbol CO.

[ Bee Figure 40, which differs from von Neumann’s design in four
respecte. Tirst, von Neumusnn placed output b above output ¢; our
positioning is better, since the sttmulus from b needs to be delayed
relative to the stimulus from ¢. Second, von Neumann omitted the
insulating row of U’s under the PP (1 ); this ie needed since the botton
row of a PP(1) contains some confluent states, Third, von Neumann's
CO had a width of 17, while the CO of Figure 40 has a width of 16.
Vourth, and most important, von Neumann used his PP (1) of Figure
17b. This is wrong for the following reason.

At most one control organ CO of RWEC (Tig. 41) is on at any
time; when it is on it has contrel of RWE. Now the output from the
primary output of a triple-return counter (®; or &) of RWE (Fig.
39) causes stimuli to enter the stop iuputs a_ of several CO of RWEC,
As mentioned at the end of Section 3.2.2, if von Neumann’s PP(1)
of ¥igure 17 is stimulated at the stop input a_ when it is inactive, it
will be damaged. The aliernate pericdie pulser PP(T) of Figure 20
is not harmed under these circumstances, and therefore we have used
it n CO.)

There are 2 different PP, but they are attached to 4 different @
(% determined the PP as well as ite ®; ci. Table I11); hence we might
expect that we will need 4 organs CO. However, these 4 cases nre
further subdivided into 16 sub-cases, aceording to Tables IT and IIT,
each sub-case corresponding to a 0 with an asterisk in thdse tables.
Indeed, each formula (0x) with an asterisk requires a different
follow-up move and sequence of moves according to Table 11, and a
different excess delgy according to Table III. (Those hues of Table
111, which happen to eall for the same exeess delay, differ i their
%.) Consequently we need 16 organs CO, one for pach (0.x) with
an asterisk.

Congider now a specifie CO, ie., a specific (0.x) with an asterisk.
The input @ is the primary input. A stimulus at a should go to %.a.
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and to &:a; these will-therefore be connected to two outputs, to b
and to ¢, respectively. Note that the 1-a, and the &-g referred to
must be.thought of as certain suitable inputs of the coded channel,
while the #-a, and $.a in Figure 39, which are the ones ultimately
aimed at, are eutputs of the coded channel. Henee the functioning
of this organ, involving %-a, and &-a, will be affected by the corre-
sponding delays due to the use of the coded ¢hannel, This is equally
true for the uses invelving @-a. and &-b, which will appear further
below. All these coded channel delays will affect, additively or suh-
tractively, the cxeess delays preseribed in Table II1, Hence precise
delay adjustments will have to be made in CO to account for these
things, and it will be possible to make a final determination of these
ouly after having effected the precise positioning of thie CO with
respect to the coded channel, and the laying out and positioning of
the entire eoded channel with respect to RWE. We must therefore,
for the time being, leave these delay ndjustments in n schematic and
sdjustable condition. We do thiz by assigning an srca D, of as yst
unspecified dimensions, to the delay path from a to & which will
Liecome necessary for this purpose; this delay path is indicated by
the symbol ®.

We ean now go ou to the other functious of CO. These are the
following. A response stimulus from &-b must stimulate %-a_ , and
also the follow-up move that Table IT (and, more broadly, the general
scheme of Fig. 38) prescribes for this CO case {i.e., for this 0 with an
asterisk].

It would 1ot do, however, to take a connection directly from
$-b to 4-a_ and to the input of the follow-up move. Indeed, the same
&-b corresponds to several (6 for ¢; and 10 for &, ; of. Table I11) of
our CO cases. Accordingly, it corresponds to two possible @'s (u,
s for &, and w, & for ¥s; cf. Table IIT) and to several possible
follow-up moves (6 or 10, respectively; cf. above). Hence our CO
must be provided with & memary, to cause the &b stimulus to actlivate
only its (the CO'8) own ia- and follow.-up move.

Actually, this is not necessary for the @-a-; ie, ®b could be
tied to all of %-a_, ti-a-, 4z-a-, w-a_ . This would merely turn off,
in addition to the one PP which lins been previously turned on (by
%-g,) aud which it is intended to turn off now (because it corre-
sponds to the correct ), also the three other PP which had not been
previously turned on at all. Tumlug off a PP [of I'ig. 30] which has
not been turned on hes no effects whatever jef. the end of Bec. 3.2.2.]

For the follow-up move, on the other hand, tlis special control
of the $:b stimulus is necessary. Indeed, if this stimulus were per-
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mitted to start all the follow-up moves corresponding to its & (6 or
10, respectively; ci. above) together, this would corrupt the func-
tioning of the automaton altegether. Since the special control of the
&-b stimulue is needed for its effects on the follow-up moves, it is
gimplest to apply that control to the effects on 3-q_ also. We will do
this in what follows.

This special control (i.e., the coincidence of the fact that the
specific CO under consideration is the one that has been activated,
with the response of &:5) requires a memory organ, as noted above;
and a subsequent coincidence organ. The memory organ is, of eourse,
s PP(1), turned on from ¢ of CO. The PP (1) then supplies con-
tinuously one stimulus to the coincidence organ, the C in the lower
right corner of Figure 40. When the &-b response arrives (i.e., when
the input d is stimulated), then thoe coincidence organ receives its
other stimulus. The response of the coincidence organ then emits
stimuli at the outputs ¢ and f. Output ¢ is connected to #-a_, while
output f is connected to the follow-up move.

The input & also clears the memory, ie., turns the PP(1) off.
jAn exnmination of Figs. 40 and 20 shows that] the tuming off of
PP (1) comes too late to interfere with the coincidence-sensing opera-
tion,

The delay area D is now allotted a width of 15, while its height &
is kept adjustable. We will choose  later, when the detailed laying-
out and adjusting, referred to above, will take place. The discussion
and determination of the delays within CO must, of course, also be
postponed until then.

4.3.5 The read-write-erase control RWEC.' [See Ig. 41.) Let us
now consider the general problem outlined at the beginuing of Section
4.3.4: controlling the organs that are in direct contsct with the con-
necting loop C; and the timing loop G (i.e., CC, plus RWE of Fig,
37), according to Iigure 38 and Table II in Section 4.3.2. This will,
of course, be based on the use of the control organ CO of Section 4.3.4.

Figure 38 shows that there is atill & memory requirement to be
satizfied: the instructions “starts «,” (line 5) and “starts g™ (line 6)
amount to this.

Activities depending on one or the other of these twe instructions
{marked *“a, active” or “a; active,” In hines 9 and 13) ceeur twice for
each. It is simplest to attach a “loeal” memory with this function ot
cach one of the four points referred to. Heuce we will have to provide
four PP (T)’s for this purpose. Thus the activities referred to above,

‘ll\fou Neumann’s title was “The control-ares in B, Ovenll dimensions of
.t
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which depend .on @y or oy being ‘“‘active’” (iines 9 and 15) will be
derived from a coincidence organ (a C), which gets one stimulus
from the relevant PP, and the other stimulus irom the logical ante.
cedent of the activity in quesiion, according to Figure 38.

Finally, there exist two ordera “stops e and two orders ‘‘stops
" (whichever happened to be active; cf. lines 10 and 16); i.c, at
this point the two PP of ao or of oy , reapectively, must be turned off.
However, here a deviation from Figure 38 is permissible. Indeed,
these “stop,” (i.e., turi-off) operations can be delayed to the end
of these sequences {i.e., to the points where 7, is stimulated (lines
12 and 19)}. Here all four sequences meet. Therefore, here all these
turn-offs can be effected by a single stimulus, which stops all four
PP’s, In this way not only the two PP of that one of ay, & which
wae turmed on will now be turned off, but also those of the other ong,
which was not turned on at all. The latter measure, however, is
harmless; it has no effects whatever. [ As explained at the end of
Section 3.2.2, this is so for von Neumann's general periodic pulser
PP, but not for his PP (1) of Figure 17b. Therefore the alternate
PP (1) of Figure 20 should be used here. That is, the four PP(I) of
Figures 41b, 41¢, and 41e should be the alternate PP (1) of Figure 20.]

The stimulus to be used for this purpose is obviously f itself.

Based on all these considerations, we arrive at the assembly shown
in Fignre 41.

The siructure of this figure is very similar to that of Figure 39,
The vertieal dotted lines which border it on both sides have the same
rola ns the single vertical dotted line in Fignre 39. As discussed in
Section 4.3.3, the latter indicated the portion of the coded channel
adjaceit to the nssembly of Figure 39 (i.e.,, CC;, which is adjacent
to RWE in Fig. 37). Similarly now the two first mentioned hines
indieate the portions of the coded channel adjacent to the two edges
of our assembly in Fignre 41. We will diseuss the relationship of these
three portions of the coded channel (CC,, CC;, and CC,) further
below; it will appear that they determine togetber most of the coded
channel of the memory control MC.

All inputs and outputs of the sub-organs that oceur in Figure 41
(PP, CO) are properly indicated. The vatious inputs and outputs
that connect this assembly with the coded chamnel (ie., with CC,
and CC,) and with the eoustructing unit CU are marked with symbols
that are self-cxplanatory.

Everything on the CCs side of RWEC is an output of CC, ; inspec-
tion shows that there are 33 of these, Repeatodly, there are several
specimens of the same output b, in positions that are immedistely
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adjacent to each other, (In one case two neighboring &i-b, in one
case four neighboring ¢+, and in five cases two neighboring &y-b,)
In each one of these enses it would have been possible to replace the
complex of neighboring b's by a single b,, thus shortening (.e.,
reducing the height of) the C(; side. However, the height of the CC,
side is even so not controlling (cf. further below) herice there is no
advantage in reducing it. On the other hand, a m'erger of b,'s would
necessitate the introduction of vertical distribution channels in the
assembly to the right of CC. (leading to the various sub-organs COr
that these b, , i.e., these &-b and ®u-b, feed), and thereby the width
of the agsembly would be eflectively inereased.

Everything on the CC; side is an input of CCs ; inspection shows
that there are 68 of these.

In addition te these there are two inputs, o; and o, and two out-
puts, ) and ¢ , on the top side of Figure 41.

The portions CC; and CC; of the caded channel that we have now
introduced have as inputs a, and ontputs b, (always from the point
of view of the coded chammel, ie., of CC: or CC;) all those that
oceurred on CC; {In Fig. 39), and in addition the following new ones:
8, % (these occur as both inputs and outputs), 0s, 0a, o5 (these ocour
as outputs only). Thos the 30 distinct » that were required for CG,
(cf. Sec, 4.8.3) are augmented by another 5. This ties into our diseus-
sion of formulus (32") and (33'). It means that we have so far n = 35,
(There will be yet another incrense of n; ef. later.)

[In the remainder of this section von Neumann caleulated the
dimenstons of CCz;, RWEC, and CC; ; see the end of Section 4.3.3
for a diseussion of his results,

We add Table V, which collates the information in von Neumann’s
Tigures 32-36, 39, and 41 and Tables II-IV. Table V shows how the
control organs of RWEC control the pulsers and periodic pulsers of
RWE)]
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5.1 Completion of the Memory Control MC

[5.1.1 The rest of the manuseripl. Von Neumann's manuseript
continues for six further seetions and then abruptly terminates.
These sections are devoted mainly to detalled calculations of the
delays within the memory control MC. Moat of these delay calcu-
lations are wrong, owing to the errors von Neuymaun made in design-
ing and culeulating the sizes of various organs and units in Chapter 3.
For this reason we will not reproduce the balance of the manuseript
Lut will summarize it instead, The omitted portion of the manuseript
1 of about the lengih of Chapter 3 and contains 7 figures,

The organization and operation of the memory control MC is
suminarized in Section 4.3.1 and Figure 37. The status of von Neu-
mann’s design of MC at the end of Chapter 4 is as follows.

Read-write-erase unit RWE: The pulsers, periodie pulsers, triple-
return counters, and discriminator that constitute RWE have been
designed and their order in RWE hag heen decided; see Figure 39,
The exact pogitious of these organs in RWE have not been decided
upon, but each is to be so placed that it is fad nearly directly by a
decoder of CC, and/or it feeds a pulser of CC, nearly directly. RWE
18 to be 320 cells high and 31 cells wide. There is a wide range of choice
for the position of exit 1, of the timing loop C:. Vou Neurnann placed
it 48 cells above the bottom of RWE.

Read-write-erase-control unit RWEC: RWEC is mainly composed
of vontrol organs CO; these have been designed except for specifying
the size of delay srea D and the design of the delny path @& (Fig. 40).
The 16 CO's and the 4 PP(1)'s are arranged as in Figure 41. The
exaet positions of these organs in RWEC have not been decided
upon, but each organ is to be placed so sy to satisfy as nearly as
possible the principle that a decoder of CC: feeds it directly and it
feeds 8 pulser of CC; directly. RWEC 1s to be 545 cells high and 22
cells wide,

Coded channel: RWEC and RWE are to be positioned as in Figure

251
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37. The coded channel tonsists of CCz, X, Z, CC, CCy, and the
main channel. The main chainel extends from the solid dot. near
the bottom middle of Figure 37 to the solid square in the upper left-
hand corner of the same figure—more specifically, the main channel
ends where it feeds the topmost palser of CC:. The code to be used
in the coded channel has the following characteristics. Each coded
sequence will begin with a one, will contain exactly three other ones;
and will be of length 9 or less. This code allows for 56 different se-
quences; it will be confirmed later that less than this numbeor of se-
quences i8 raquired. These sequences have not yet been assigned to
the inputs and outputs of the coded channel, The pulecrs of the coded
channcl will be of width 8 and height 7, and the decoders of width
2 and height, 10. CC; is to be of width 10 and height 320. CC; and
CC; are each to be of width 10 and height 545,

The memory control MC will be 547 cells high and 87 cells widoe,
assuming that the undesigned organs and units can be accommo-
dated in this space.

We will now summarize what voi Neumann accomplished in the
part of the mannseript we are not publishing. Ho Grst conibined the
read-write-erase unit RWE and its control RWEC as in Figure 37.
An examination of Section 4.3.3 and Figure 39 shows that informa-
tion flows in both directions through CC;, so that CC, contains both
decoders and pulsers. An examination of SBection 4.3.5 and Figure 41
shows that RWEC reccives infonnation only from CC; and irans-
mits information ouly to CC;. Consequently, CC: contains only
decoders and CCy contains only pulsers. Hence, the non-cyclic coded
channel of Figure 28k is adeguate. This confirms that the coded
channel of Figure 37 is indeed adequate. Otherwise, the cyclic channel
of Figure 30 would be needed. If this were so, the coded sequences of
the main channel of Figure 37 would have to be recoded when they
reached the end of the main channel and then transmitted to the
beginning of the main channel, as is done in Figure 27.

The area X was designed next. The outputs o;, ¢, and o, from the
constructing nnit CU pass through direct transmission channels in
Y, enter pulsers in X, enter the main channel of MC as coded se-
quences, and pass through CC: into RWEC, A completion signal
destined for input # of CU leaves RWEC at any one of the three
exits shown in Figure 87, 18 coded in €, enters the main channel, is
decoded in X, and passes through Y to the exit labeled “7”. Area X
thus contains three pulsers and one decoder, aud iz of height 36 and
width 10. Von Neumann made area Y the same height as ares X,
and area Z the same width as area X, thus specifying the dimensions
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of areas Y, Z, and W, The actual design of ares Y is left until later,

but it is very simple. Area Y contains four communicatiou lines

compoged of ordinary transmission states; the rest of Y is unused.
We thus have the following dimensions:

Ares X: 36 cells high, 10 cells wide
Area Y: 36 cells high, 31 cells wide
Area Z: 191 cells high, 10 cells wide
Aren 'W: 101 cells high, 31 ccliz wide.

Yon Neuntann next considered tlie delays that are needed within
MC to exclude the possibility of vorruption by interference among
the messoges which cireulate in this systemi. These fall into two
clasges: those needed to prevent corruption in the main channel
and those needed to prevent corruption within RWE and RWEC.
Von Neumann applied the rule (16') of Section 3.6.1 and coneluded
that no corruption wonld oceur. This conclusion is not correct, how-
aver,

Consider the pulses from outputs ¢ and f of the control organ CO
(¥Figs. 40 and 41). The pulse from ¢ enters CC, and thereby causes
o coded sequence to enter the main channel; this coded sequenee is
decoded in CC, and causcs a periodic pulser of RWE to stop, The
pulse from f usually enters CC; and produces a coded sequence which
eventually starts & pulser of RWE. The pulse from f also usually
enters the top of the next contrel organ CQ, exits from ¢ (amnong
other things), and enters CC; ; this pulse eventually starts a triple-
retury counter of RWE. Hence the pulses coming from ¢ and f of a
CO uormally cause three coded sequences to enter the mnin channel
in close succession: the first sequence stops a periodic pulser of RWE,
the second sequence starts a pulser of RWE, and the third sequence
siarts a triple-returm counter of RWE. IPor some CO these sequences
would overlap in the mai channel if they were not, properly delayed
by means of delay paths between RWEC and CC, . There is ample
room for these delay paths in RWEC.

A similar problem arises in RWE. Consider the input 4, which
feeds the connecting loop C,.. The input v, is fed by both pulsers and
periodie pulsers, and when loop G is being lengthened or shortened, a
gequence of pulses from & pulser follows immediately after a sequence
of pulses from a periodic pulser. These sequences must not overlap.
Similar remarks apply to input i of loop C,; and inputs us and w of
loop (2 (see Sec. 4.2 and Table II of See. 4.3.2). This undesirable
overlap of sequences ean be prevented by adding delays in RWE or
by changing the order of the pericdic pulsers and puleers in RWE.
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These oversights are minor. A more important case of interference
arises in the main channel when the periodic pulsers and triple-retuwrn
counters of RWE are being used to lengthen or shorten the cannecting
loops C; and Cz. When the upper half of each loop is very roughly
200 celle long, a periodic pulser PP of RWE is started at about the
same time as a triple-return counter (@; or ¢4) emits an output pulse
from: its primary output & (1ig. 23). The coded sequence which steris
the PP and the coded sequence coming from the decoder fed by
or &y will overlap in the nain channel, causing contamination. A
full explunation of this iuterference problem, and its solution, will
be given in Section 5.1.2.

The proper performance of tho aetivities controlled by each of the
16 organs CO depends upon the observance of certain precisely speei-
fied delays, each one of these delays being specific to the particular
CO involved. Each CO controls a lengthening or shortening operation
on one of the connecting loops C; or Cg, and this is timed by means
of the other connecting loop and a triple-return counter. We will illus.
trate this point by discussing the delays associated with control
organ CO, ; see Tuble V and Figures 39 and 4la.

The PP {110110) of RWE which has inputs 1, -a, and u;-a_ must
be turned on for approximately Gn units of time, where =, is the
square of L under scan at the beginning of the process. The quantity
6n is unbounded and hence vannot be stored in the finite automiaton
MC. In Section 4.1.7 von Nenmann iniroduced the timing loop C,
to store the quantity 2n, A pulse takes approximately 6n time stepa
to travel around loop C, three times; the delay is nol precisely 6n
beeause the loop Cq is lengthened or shovicned before the loap C; is
lengthened or shortened. These three circuits aronnd G, are counted
by the triple-retuim counter &;. Cleatly, the control interactions
between COy, on tho one hand, and PP (110110) and %5 on the other,
take considerable time because RWEC is remote from RWE. Similar
remarks apply fo the other CO’s of RWEC.

We will enumerate the delays included in this control process,
measuring them from the output of the confluent state in the upper
right-hand ¢orner of CO;.

(A1) Starting from output ¢ of COy, the delay through CGy, the
main channel, and CC:, ending at input &:-a of RWE,

(A:) The delay within &, the delay botween &y and input & of C.
(this is 8); the delay between output w: of Cs and s (this
is & ); and the delay within Cz. Remember that a pulse goes
around C; three times, The total delayis 3(& + &) + a; plus
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the desired delay from the turning on to the turning off of
PP (1T0110); see Table IIT of Section 4.3.2.

(4,;) Biarting from output &b of RWE, the delay through CC,, the
main channel, and CCz ; the delay from d to ¢ of CO; ; and the
delay through CC;, the main channel, and CC,, ending with
mput #-a. of RWE. This is approximately a complete loop
around the memory control MC.

(A;) Tho delay through ares D (slong delay path ®) of CO;; the
delay from output & of COy through CC, and tlte main channel
to ares Z: the delay through Z, W, and Z again and thc delay
through the main channel and CC, to nput t1+a, of RWE, The
exact amount of thedelay along ® and in Z and W has not beon
specified yet.

The memory control MC is 547 cells high and 87 cells wide, and so
the delay around lts main channel is considerable, It is clear that
PP(110110) must be started much later than &, because of the excess
delay 3(6,’ F &)+ a plus the dclay from the output of &y around
the coded channel of MC, through RWEC, and back down the coded
channel to the stop input u;-a- of PP(110110). Hencc the delays in
area I (path @) of COy and the delays in areas Z and W are indeed
necessary, SBimilar delays are needed for the other control organs
CO, but the exact amount of delay needed varies with each CO,
because the positions of the CO’s in RWEC and the positions of the
PP’ and &'s in RWE all vary.

Yon Neumann made a lengthy and detailed calculation of the
amount of delay needed in areas D, Z, and W for ench CQ. Thesc
calculations are exceedingly long and complivated because of the
nature of von Neumann’s design procedure, He had not yet specified
the details of the design of MC: the size of area I» of CO had not been
fixed and the pathe ® in the control organs CO, through COys had
not been specified; the exact code of the coded channel had not been
chosen; and the exact loeations of the organs of CC:, RWEC, Z,
W, and RWE had not been specified. In particular, the height of
RWE was determined by the height of CC;, and there is in fact
much vaeant space in RWE.

Von Neumann made his delay calculations with all these design
parameters unspecified, and then specified these parameters on the
basis of the results of his calculations, This is a very fiexible design
procedure, but it makes the caleulations tedious and involved,
Moreover, some of the dimensions vou Neumann used at this point
were wrong, notably the height of CC, ; see the end of Section 4.3.3.
These errors vitiate most of his delay ealeulations. For these reasons
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we will not reproduce this part of the mauuseript., Instead, we: wﬁl
summarize his chief results, These results show that von Neumann’y
design of the memory control MC does work, after certain modlﬁcaw
tions are made In it

The delays involved depend on design details which are not y_et.;'
fixed, and on design parameters which must be altered {o correet for,
vou .\eummm s design errors, For these ressons we will gwe on]y
very rough estimates of these delays. The delay 3(&" + &) + aa
very roughly 000 units. "The delay A; iroindy-b of RWE through CO(‘
and back to w-a_ of RWE is very roughly 1200 uuits. Note that;
according to von Nenmanu's calculation of the helght. of RWE (2395
units—cf. Hec. 4.3.3), the upper PP(110110) is about 200 units!
above &, . The extra delay neoded in areas I, Z, and W turns out to;
be very roughly 2000 units. The variation in delay from one CO to.
another is no more than about 100 units, ‘

The comunon part of the extra delay associated with each periodie:
pulser of RWE (i.e., about 2000 units of delay) will be taken care of.
it arcas Z and W. The part of the extra delay unique to each CO
(i.e., about 100 units of delay ) will be taken eare of in the delay area .
of that CO. At the end of Section 4.3.4 area [) was allotted width 15,
while its height k& was left adjustable. The height of RWEC was
controlled by the height of CCy, which is 545, A height of 545 for
RWEC permits & = 21, =0 4 Is chosen to have tlis value. This givos
D of CO an area of 21 X 15, or 315 cells, which is more than enough
lo accommodale that paut of the extes delay whicli is unigue to cach
Co.

Von Newmann now proceeds to desigit the arens Z and W. He di-
vides W into four cqual areas W, Wi, Wy, and W,, plus a slight.
exeess, He divides Z into the correspouding paris Z,, Zs, 7;, and’
Z, . Areas 7y and W, are used fo get the extra delay associated with
the upper PP (110110) of RWE, aress Zy and W, are used to get
the extra delay needed for the upper PP (110000) of RWE, and so-
forth for the other periodic pulsers of RWE.

Take CO; as an example again, CO; controls the upper PP (110110)
of RWE, starting it at input 4;.a, (Figs. 39 and 41a). In the design’
of Section 4.3.5, the start pulse leaves COy at 43> a. , iscoded in CCy ,
travels through the main channel, is decoded at CC,, and enters
RWE at input #-a, . This design is to be modified now so as to add
ahout 2000 unite of delay to the path from CQ, to RWE; this extra
delay is achieved by running the path through the areas Z; and W,
To make this path pass through areas Z; and W; , we code the output
u-a, of CO; into a new coded sequence #;,°-a., , place a decoder for
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;" as In Z1, place 4 pulder for u<ay in Z; , and connect the output
of the decoder to the input of the pulser by a long path which travels
through W; .

The delay path A, from CO; to input u;-a, of RWE is now as
follows. A pulse leaves the confluent element, at the upper right-hand
corner of CO; and travels along path ®, exiting at u,"-a, , which is
labeled u;-ay in Figure 41a, A pulser of CC, sends a coded sequence
corresponding to ;" 'a,; into the main channel; a decoder in Z
detects thiz sequence and sends a pulse through a long path in area
W, . This pulse stimulates a pulser in Z, which sends a ceded sequence
corresponding o t-ay into the main thannel, Finally, a decoder
in CC; detects this sequence and sends a pulse into the start input
a4 of the upper PP (TT0110) of RWE.

Since control organs CO;, CO;, COy, and COy also control the
upper PP(110110) of RWE, thcir outputs w-a, should also be
changed to w:"-a,, and the pulsers which they stimulate in CCs
should be changed accordingly.

Similar arrangements should be made for the other CO's of RWEC
and the other parts of Z and W, so that a pulse from an outpnt b
of CO will pass through areas 7 and W hefore starting a periodic
pulser of RWE. For these arrangements coded sequences correspond-
ing to us"-ay, us" @y, and " ., are used.

Tnn short, the following modifications are to he made in the design
of MC as it was loft at the end of Chapter 4. The labels w;-a..,
ey, Oy and ray of hgure 41 are to be replaced by the labels
w ay, o' ey, uay , and u' a. , respectively, and tlle pulsers of
CC; recoded accordingly, Aren Z, has a decoder for 4,".a4 and a
pulser for 1 -a4, the output from the decoder feeding the pulser
through & long delsy path in aren W, . Area Z: has a decoder for
v -a, wd u pulser for v -a, , the former feeding the lntier through
nres Wy , Sinilarly, & decoder fer w’-a,. in Z fceds a pulser for w-ay
vin W,, and & decoder for 1" ey in Z, feeds & pulser for 1y a4 via
W,.

Tt will be recalled that von Neumaim made an error i caleulating
the height of CC, ; see the end of Section 4.3.3. Because of this error
e thought that W;, Wz, W3, and W, could each be of helght 68,
Their widths were to be 28, giving each an ares of 1972 cells. He
planned to aiigin the needed delay by ruining a path of ordinary
transmission etates back and forth through eacl; area. He thus ex-
pected to obtaiu & delay of 1972 wnits of time, which is slightly more
than he needed. Moreover, as he ohserved, additional delays could be
obtained in the areas I» of the CQ’s. However, because of his error
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in caleulating the height of CC; , the areas Wi, Wy, W;, and W, can
be of height 45 at most, which does not give enough delay.

There are s number of ways this error can ba corrected. The area
W can be extended to the right, The organs of MC ean be rearranged
to take advantage of the unused space in X, Y, Z, RWE, and CG; .
But there are {wo more elegant ways of making the correction,

In the first place, each of the areas W, , Wy, W3, and W, ean be
designed to give more than 1 unit of delay por cell. Since confluent;
states do not feed one anotlier, they can be alternated with ozdinary
transmission states to glve an average delay of 1% units per cell, An:
even larger delay per cell can be obtained by counting processes;;
we will indicate otie way in which this can be done. The repeater of.
hgure 18e (Sec. 3.2.2) will by itseif give a periodie sequence of the
form 100.-.00. Let the pulse to be delayed in arca W, start tawo of
these repea.ters, one producing a sequence of length 41 and the other.
a sequence of longth 47, the numbers 41 and 47 being relatively primé.,
Feed the ouiput from both repeaters to a confluent state. After 41 X:
47 (= 1927) units of time there will be a coincidence at this confluent
state. The resultant output pulse from the confluent state signals a,
delay of 1927 units, and this pulse can be ueed to turn off the two
repeaters, In this way the delay of roughly 2000 units which von
Neumann needs ¢an be obiained in arca W, , and similarly for areas
W29 W;,aud Wq.

Another way of getting the needed delays in the area W that von
Neumann actually had available is to replace the four delay patha
of area W by a single path, To do this, break the connections fromn
the main channel to the decoders of Z, and connect each decoder of
Z directly to the pulser of Z which it formerly drove via a delay path
in W. For example, the output from the decoder for #;*-a, will now
go directly into the pulser for w:-ay ; see how D(11001) feeds
P (10011) at the Lop of the coded chaunel of 1Vigire 27, Then make a
hranch of the main chamvel which pasgses through the top of Z,
goes through W to give a delay of about 2000 units in W, and then
feeds the four decoders of Z.

The design of areas Z and W adds 4 new coded sequences to the
coded channel, those symbolized by 1% °-a,, #".ay, " a,, and
2% -84 . There are 30 coded sequences associated with the decoders
and pulsers of CC; and 4 coded sequences associated with the de-
coders and pulsers of X. A coded sequence is associated with the out-
put 8 of COy, ; otherwise CC, and CC; do not add any sequences to
the kgt already given, Thus tiie coded channel of the memory contro}
MC needs 39 different coded sequences, At the end of Scction 4.3.3
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we tentatively assumed that a code with sequences of length 9 eon-
taining four ones, which allows 56 different sequences, would be
adequate, This assumption is.now confirmed.

This completes von Neumann’s design of the memory control MC.,
The exaet eade of the coded channel has not been selected, and the
exact positions of many of the organs of MC have not been chosen,
hut these are minor matters of detail.

Von Neumann concluded the manuseript by caleulating the durs-
tion of the operations of the memory control MC, Equation (17") of
Section 4.1.3 specifies n' as the number of the square 2, of the linear
arrny L which is under scan at a given step s. Yon Neumann found
the total time for lengthening to be approximately 36a" 4 13,000,
and the total time for shortening to be approximately 48" 4- 20,000,

3.1.2 Solution of the interference problem. The design of the memory
control MC i3 now complete and workable except, for the interference
problem left unzolved in Seetion 5.1.1. In the present subsection we
will explain this problem and give methods for solving it.

The problem involves the vead wvrite-erase control RWEC and the
read-write-erase unit RWE. In certain circumstances, a signal from
RWEC to RWE interferes with a signal from RWE to RWEC iu
the main channel.

Vor Neumann used ' lo represent the number of the square . of
the huear srray L which is under scan at a given stsp s. For certain
values of ", a coded sequence used to start 8 periodic pulser of RWE
will overlap a coded sequence coming from CG, to instruet RWEC to
stop that sume periodic pulser. This overlap will oceur in the main
chamel between CGC, and the end. In tome cases this overlap will
produce cormmption by interference; sec forinula (16') of Bection 3.6.1.
The two overlapping sequences will form & third sequence which will
stiimlate & decoder of CC, that should not be stimulated at this
point i the operation of MC.

This interference problem involves all of the periadiv pulsers and
triple-retairn couniers of RWE, but for the sake of concreteness we
will explain it in terms of the upper periodic pulser PP (110110) of
RWLE and the iriple-return counter % used in timing it. Consider
first the operation of PP (TI0110). It is started with a pulse into its
input %' a, at some time 7, and stopped with a pulse into its input
4y .a- ot pome time r— , where 7. < r—, Table V shows that +— — 7.,
equals approximately 6r'. Henco the time of the start ab w;n, is given
by

(1) T4 = - — 6n’.
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Consider next the control of the stop at u,-a_ ; This is controlled
by the pulse from the primary output ®:-b of the triple-return eounter
®, at some time 75 . This pulse must travet from -5 through CC,,
the main channel, CCz, some control organ of RWEC (e.g., COy),
the main channel again, and CG, again, to stimulate wu;.a_
and thercby stop PP (110110). The time required for this transit is
the delay A; of Section 5.1.1, and is very roughiy 1200 unite. Hence
the time of the exit from &y.5 of RWE is vory roughly

(2) = 7= - 1200,

Now compare equations (1) and (2), keeping in mind that n' is
the number of the square of L under scan. Forn® = @, 7, is about 1200
units larger (later) than ry ., For large =, 4 is very much smaller
(earlier) than 7,. And for n* equal to about 200, the times r. and
75 are equal, Hence when n* equals approximately 200, the coded
sequence u;-a. will be in the main channel near CC, at about the
same time the coded sequence @».b cnters this part of the main chan-
nel. The result will be corruption by intericrence in the coded channel.

Hence von Neumann’s design of MC does not work correctly
when the loops C; and C; are of eertain lengths, We will give two
differcnt solutions to this interference problem. The first consists in
avoiding the interference by never using those cells of L where it
arises. This may be done by programming M C in such a way that no
value of n" less than, say, 250 iz used. The cells xa, 7y, *+ -, £ag Of
L will then never be used. This imphes that when MC begins life,
loop C; will pass through cell 2m and loop C: has a coitesponding
length. And this in turn affects the arrangements for universai con-
struction, as we shall now see.

Von Neumann's arrangements for universal construction are as
follows (Secs. 1.5.2 and 1.7.2.1). Enclose the secondary automaton to
be constructed in & rectangular arvea of side lengths « und 8. The de-
sired state of each cell (4, ) (= 0,1, v, &= 1;7=0,1,:--,
8 — 1) of this rectangular area is represenited by A;; . The construc-
tion process will leave an arbitrary cell (1, 7) in any 1 of the 10 unex-
cited states U, Tuwo (v =0,1;a = 0,1, 2, 8), and Co (see Figs, 9 and
10), and so Ay is limited to 10 values. The desired construction is
described to the primary (parent) automaton by giving it the se-
QUENCE Aoo, Am p ¢ 2 AdiB—1) 1 Mty *** 5 Adfy "0 ¢y Aoty (810 «

The secondnry automaton to be constructed will in general have
an indefinitely extendible Linear array L and a memory control MC
to control it. This being so, von Neumann designed MC so that it
would be rectangular. Now on this first solution of the interference
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problem, MC must be constructed so that initially loop C, will pass
through cell z:s and loop €z has a corresponding length. To keep the
rectangular shape of MC, we extend the boundary of MC 250 cells
to the right, making MC 337 cells wide and 547 cells high (see Fig.
37). All but about 1 per cent of the cells in the added ares will always
be in the unexcitable state U, which means that this new area is
being used very inefficiently.,

Hence while this first solution to the interference problem is worka-
ble, it is most inelegant, aird von Neumann would not have been
satisfied with it. For this reason we will suggest a second solution, This
solution is also of general interest because it illustrates some fundsa-
mental features of von Neumann’s cellular structure,

Von Neumann's cellular structure consists of an infinite iterated
array of the same 29-state finite automaton. Any finite number of
these automata can be active at a given time; therefore the cellular
structure is eapable of an indefinitely large amount of concurrent
action or parallel data processing, In his design of the self -reproducing
aulomaton, von Neumann was not taking advantage of the paralle]
data processing capability of his cellular structure, Rather, he was
designing the self-reproducing automaton so that for the most part
it would do only ane thing at & time. In this respeet, von Neumann’s
logical design of the self-reproducing automalon is similar to his
logical design of the EDVAC (zee pp. 10~11 above). Moreover, when
he did use parallcl activity in the lengthening and shortening of loops
C; and (3, he ran into timing problems. He needed the delay area
D of each CO (Fig. 40) and the delay area W of MC (Fig. 37) to
postpone the start of a periodic puleer of RWE, and in arranging
for the stop of this periodic pulser he ran into the Interference prob-
lem we are now discussing.

This interference problem would not arise if iwo signal paths
(wires) eould be crossed without intersectmg; so let us look at the
possibilitics for wire-crossiing in von Neumann’s cellular structure
snd variations of it. Wires eould cross naturally without Louching
in a 3-dimensional cellular structure, but von Neumann wanted to
construct a self-reproducing automaton in 2 dimensions {Sec. 1.3.3.3).
Keeping to his 2-dimensional structure, he could have incorporated a
crossing primitive into each cell. For example, his 29-state automaton
could be augmented by a new primitive consisting of Tos and To.
together, so that inforination could flow through a cell from left to
right and from bottom to top simultaneously,! Von Neumann did not

1 Celluiar struetures whiclt have crossing primitives are considered
in Church, “Application of Recurslve Aritiunetic to the Problem of Cireuit
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say why he didn't inelude o crossing primitive among the states of
his basic automaton, but it was probably because he wished to keep
the number of states small.

It is actuaily possible to synthesize a crossing organ in von Neu-
mann’s cellular strueture. Such an organ it shown in Figure 4247
The symbolism of {his and subsequent. figures is somewhat different
from von Newmnan's symbolism. A single arrow is used to represent
an ordinary transmission state; later o donble arrow will be used to
ropresent a special transmission state. A dot besides an arrow in-
dicates that the cell is initially active, i.e., is excited at tine ¢ = 0.
Figure 42b gives the initial state of cach of the five “clocks” of the
crossing organ in von Neumann's notation.

Considor first the behavior of the erossing organ when the inputs
ar and az are 000 -+« | The clocks send alternate zeros and ones inlo
both inputs of esch of the six eonfluent states €3, C6, F3, F6, El, and
H5. The pliasing of the ones (i.e., pulses) as they enter these eon-
fMuent cells is indicated in Figure 42a by dashed and dotted lines, A
dashed line signifies a one (pulse) at every even time (i & 4) and a
dotied line signifies a one (pulse) at every odd time (t = 3). It is
clear from Figure 42a that the two sequences arriving at a confluent
state are out of phase. The function of these clock sequences is to
gate the sequences coming into gy and a, so that they ean cross each
other.

The sequence #o, 4y, &2, i3, ¥, is, -~ entering a, is split into two
sequences by the confluent cell A4. The clocks insert ones into
every even position of the upper sequence and into every odd position
of the lower sequence, The odd bits —, %, —, &, —, 1, --- are
allowed by the gating pulses to puss along row 3 and out at b, , while
the even bits 7y, —, &, — &, —, --- arcallowed by the gating pulses
to pass along row 6 and out at f . Similarly, the sequence jo, 1, j2,
Jo s Jis g, o~ - ontering ae is split, with the even bits jo, — f, —,
J1s — =+ lraveling op columu € sand the odd bits —, 51, —, 1,
—, Js» =~ traveling up column £, The phasing of the whole system
is such that the sequence jo, —, j1, —, Jo, —, -+ - Is interleaved with
iy, — %, —, f1,—, -+ at cell CF and with —, 4y, — &, —, %5, - -~
at cell C3. Likewise, the sequence —, §,, —, ja, — J5, - - 18 inter-

Synthesis.”” CeHular striactures which have crossing primitives and also per-
mit the eonstruction of zero-delay paths of unhounded (but finite} length sre
discussed in Burks, “Compntation, Behavior, and Structure in Fixed and
Growing Automata,” Holtand, **A Uriversa] Computer Capable of Executing
an Arbitrary Number of Sub-Programs Simultaneously,” snd Holand, “Itera-
tive Cireuit Computers.”’

* The crossing organ of Figure 42 was designed by J. E. Gorman.
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IB&Wd ‘\'ituh. fﬂ r " 3 f, + Ty il y T 0t #t ee]-l F8 mld ‘vitlh " “-l » T
i, — 15, - -+ at cell ¥3, For example, the sequences entering and
leaving cell C6 are:

From the left: 001014151 4---

From below: 0001 jlg14,1--.

Qutput: 000000 judegoiefu ta--
The sequenees from cells €3 aud F3 are combined in cell EI to give
the output jo, fi, jz, ~-- delayed 15 units of thne. Similarly, the
sequences from cells F3 and F8 are combined i cell F5 to give the
ouibut fe, %1, 42, ~ -+ delayed 15 units of time. In this way informa-
tion paeses from a) to b and frem a; to be without any cress nter-
ference.

We shall now employ the cressing argan to solve the interference
problem in von Neumann’s design of the memory contrel MC. The
interference occurs when n' is very reughly 200. Under this condi-
tion, a coded sequence 1y @, , 7a-a4 , %2, , or 12-@, Which is to start
n periodie pulser of RWT interferes with a coded sequence &,-b or
®,-b which should eventually (vin RWEC) stop this same periodic
pulser. By means of the crossing organ the signal &4-b can be sent
directly from &®. to stop an upper periodic pulser of RWE and can
then be sent into the voded channel to signal RWEC that this phase
of the lengthening or shortening of loop C, is finished. Likewise, tlic
signal ® -5 ean be sent directly from &, to stop a lower periodic pulser
of RWE and thenece into the coded channel. This modification of
von Neumann's design greatly reduces the amount of delay needed
in the delay areas D (of & CO) and W (of MC),

The simplest way Lo arrange for a direct stop of a periodic pulser
by a triple-return cotnter is this.

(1) Tn Figure 39n, oxchange the pulser labeled “0.0” with
PP (110000), aud invert PP (1T0110), The stop inputs of both peri-
odic pulsers can now he connected; call the point of comnection
wy -ty a_ . Bimilarly, in Figure 30b exchange the pulecr labeled *0.4"
with.PP(m) and invert PP(TI0110); call the common stop
input of these two periodic pulsers us-ts-a. .

(2) Replace the single column of U states located between the
upward and downward portions of the main channel near the center
of MC by 12 columng of cells. T1is room will be used for the channels
and crossing organs of (3) and (4) helow.

(3) Then take the primary output b of 4 across the main channel
(by means of a crossing organ), down, back acress the main chaunel
{(by means of a second crossing organ), into us-vs-a_, and also into
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s pulser of CC; (which will signal the appropriste CO of RWEC
that this phasc of the lengthening or shortening of loop C; is finighed ).

(4) Finally, take the primary output b of ®; scross the main channel
{by means of a third crossing organ), up and outside of the channel
of (3), hack across the main channe! (by meuns of a fourth crossing
organ), into w+s,-a—, and also into a pulser of CC; (which will
slgnal the appropriate CO of RWEC that this phase of the lepgthen-
ing or shortening of loop C, is finished),

‘These arrangements take only four crossing orgaus and considera-
bly reduce the delay circuitry of von Neumann’'s design: But they
raise & problem coucerning the eonstruction of the memeory contrel
MC, and hence of the construction of any secondary automaton which
contains an indefinitely extendible lincar array L, The construetion.
process von Neumann envisaged has two stages (ef. Secs. 1.5.2 and
1.7.2,1). First, the primary (constructing) automaton puts each
cell of the secondary area in I of the 10 unexcited (quiescent) states
U T (6 =0,1;=0,1,2,3), and Co (see Figs. 9 and 10). Von
Nouniann called the result of this process the snilial state of the second-
ary sutomaton. Second, the primary automaton stimulates the sec-
ondary automaton at an appropriate point on its periphery, so that
the secondary may begin its intended activity. Von Neumann called
this starting signal the secondary sutomaton’s starting stimulus.

Thus the secondary automata von Neumann wished to have con-
structed by the primary constructing automaton (i.e., from within
his cellulur structure) are all of a special kind; each eell of the second-
ary is énitially in 1 of the 10 quiescent states U, Ty (8 = 0, ;2 =
0, 1,2, 3), and Cy ; and the automaton may be started by a stinntlus
on its periphery. With this in mind, we define an mitially guiescent
avtemalon to be u finite area of vou Neumamr's 20.state cellular
structure every cell of which is in 1 of the 10 quieseent states U,
Tuao , and Cyp .

Bince the crossing organ contains exeited ordinury transmission
states and excited confluent states, any automaton containing it is
not initially quniescent. Consequently, the design of the memory
gontrol MC must be further modified so that MC will contain no
excited cells initially, but that before it is ueed MC will contain the
four crossing organs described above.

The following procedure will work, Further enlarge the area in the
center of MC to allow for the four constructing devices and four de-
coders described below. Modify each of the four crossing organs of
MC as follows: replace each aclive state (Toy , Cio, Cor) of Figure 42
by the corresponding passive state (Tuo, Coo, Con), aud delete cells
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A&, B5, C5 (replace them hy U's) to make the center clock acvessible
from the outside. Then provide, for each modified crossing organ, a
specinl-purpose construciing device and a decoder to start it. The
construeting device will employ the general procedure for modifying
a remote cell which was deseribed on p. 155 and illustrated in Figure
1:4; by means of this procedure it ean start the five clocks of the cross-
iug organ in phase and rehuild cells A5, B5, and €5. The constructing
device itself will he started hy the decoder on signal from the main
channel.

Now arrange for the secondary automaton’s startiug stimulus to
put a (new) coded sequence imto the main chanuel of MC, This
sequence will be sensed by each of the four decoders, which will in
turn start the four construcling devices. Each constructing device
will send a constructing arm to its crossiug organ, start each of the
five clocks of the crossing organ in proper phase, rebuild cells A5, B5,
(5 of Figure 42, and leave the neighborhood of the crossing organ
in the proper state, The memory control MC is then ready to operate,
and the secondary automaton containing it can proceed in its normal
way.

This completes the second solution of the interference problem in
von Neumann's design of the memory controt MC. Neither rolution
is ideal: the first solution is inelegant, aud e secoud solution is
rathier complicated. A radically different and mucli better approach to
the design of MC wil! be suggested in Scctiou 5.2.2. However, the
inclegauce or complexity of the finul design of MC is uol directly
relevait to von Neumanuw's cenfral purpose. Yon Neumaun was
secking an existence proof of self-reproduction, thut is, ¢ proof that
self-reproduction is possible in his cellular structure (See, 1,1.2,1).
The construction of {he memory control MC is a step towards this
proof, and for this purpose it suffices that there exists a workable MC.

Let us summarize the resulis which have heen achieved so far.
The unlimited linear array L together with its control MC is a tape
unit with an unlimited memory capacity, It may be construcied
(embodded) in the 20-state cetlular structure as an initially quiescent
automaton. Hence, an #niliclly quiescen! oufomaton which performs
the funclions of a lape unil with unlimiled memory capucity coan be
embedded in von Neumann’s 29-stale cellular siruclure,

5.1.8 Logical universality of the cellular struciure, Let us next re-
view briefly how von Neumann planned to use a tape unit with un-
limited memory capacity in his cellular structure.

He discussed Turing’s universal automaton in the Second Lecture
of Part I of the present work, Early in Part 1T he stated the five main
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questions congldered in this part: (A) Logical universality: can any
single automaton perform all the logical operations which are per-
formable with finite (but arbitrarily extengive) means? (B) Con-
alructibility: can automata be constructed by other sutomata? (C)
Construction wniversality: can any single automaton construct every
other automaton? (D) Self-reproduction: can any sutomatoll con-
struct copies of itelf? (E) Brolulion: can the coustruction of automata
by automata progress from simple automata to iucreasingly com-
plicated automata? Von Neunsnn stated that Turing had answered
the first question, That is, Turing’s universal computing automaton
(machine) iz logically umiversal, Von Neumann then promised to
establish affirmsative answas to questions (B)-(D).

In discussing genera! construction schemes, von Newnann hstro-
duced the unlimited memory array L and it “ancillary observation,
exploration, and construction facilities” (Sec. 1.4.2.3). The latter is
the memory control MC, the design of which we have just completed
(SBec. 5.1.2). Let us call the complex L 4 MC a “lape unit.” In
Section 1.4.2.2 von Neumann siated in effect that this tape unit can
be used as the unlimited memory of & constructing automaton, in
Bection 1.5 he indicated how to use it as the unlimited memory of a
untiversal constructing automatow, and i Section 1.6 he indicated
how o use a universal constructing automnaton to obtain self-repro-
duction. We will show in Sections 5.2 and 5.3 how these results may
be achieved.

In Section 1.4.2.3 von Neumaun stated that the tape miit can be
used as unlimited memory of & logically universal automalon or
universal Turing machine. Earlier, in the Second Lecture of Part T
above, lie explained how a urniversal Turing machine works, And in
Sections 4.1,3 and 4.1.4 e outlined how the constructing unit CU
esn operate the tape unit MC + L. Puttiug all these ideas together,
we will show how to design a universal Turing machine In von Nen-
mann’s cellular structure,

A Turing machine has two main parts: a tape unit with an indefinite
memory capacity, and a finite sutomaton whieh can intersct with
this tape unit, As outlined in Sections 4,1.3 and 4.1.4 above, a con-
stricting automaton has two corresponding parts: a tape unit MC +
L and a constructing unit CU which directs the construction of a
secondary automaton on tbe basis of the information stored in L.
Thus CU is a finite automaton which interacts with the tape unit
and also performs tbe function of construction, Hence our task is to
adapt von Neumann’s outline for the interaction of CUand MC 4- L
to cover the operation of a Turing machine.
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A finite automaton FA has a ficite number of statesa = 1, -+ -, a.
The automaton ¥ A and the tape unit MC -+ L operate in a succession
of steps 0,1, 2, 8, ---, 8,8 + 1,--- . Let the state of FA at step
number zero be state number one, let xq« be the cell of L under scan
at the beginning of step-z, and let £1.: (= 0, 1) represent the content
of x,. at this time. The finite automaton FA is then defined by three
functions 4, X, and Ji:

The function 4 specifies the next state o**! as a function of
present stule o' and the contents Exs of 2.0 at the beginning
of step 8: o = A (', £hs).
The function X specifies the number £55* to be written in 2.
as a function of &' and ., or equivalently, as a funclion
of " E' = X (o).
The function ¥ specifies the value of the lengthening-short-
ening parameter ¥’ s a function of o'*': €' = E(a"*).
The ranges of argumente snd fimetion values are:
" end o' range over the finite automaton states 1, 2, -+ , a;
£4. and £54" range over O (representing 0" on z,) and 1 (representing
wyn on In);
¢* ranges over +1 (lengthening) and —1 (shortening).

An “initially quiescent automaton” is one in which every cell is
initially in 1 of the 10 quiescent states U, Tyao, aud Cop (Sec. 5.1.2).
We will show next how to embed any given finite sutomaton FA
in von Neumann’s cellular structure, that is, how to construet an
initinlly quiescent automaton which will shnulate FA,

Each of the a states of FA will be represented by a copy of the state
organ SO of Figure 43, The periodic pulsers PP (1) of this figure are
the alternatc periodic pulsers of Figure 20, which can bo turned oft
without harm even wheun tliey have not been turned on. These PP(1)
are uot shown to sesle in Figure 43; cacl: is actually 13 cells long and
4 cells high. As in Fignre 42, single arows are used o represent
ordinary tranamission states,

The finite automaton FA vonsists of a copies of SO interconnected
by means of a coded channel {Sce. 3.6 snd Tig. 27). The specific
interconnections within an FA are determined by ite three functions
A, X, and E. Within FA, control is shifted from one state organ SO,
to another state organ S0, in accordance with the information FA
receives from MC. The automata FA and MC are interconnected
by eight chaunels. The inputs 4 , 4z, % of FA come from the outpute
of MC which are so labeled (Fig. 37); the outputs o1, 0+, 04, 04, and
o5 of FA go to tbe inputs of MC which are so labeled.

The relation of the SO’s of FA to the coded channel of FA is very
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much the same as the relation of the CO's of M C to the coded channel

of MC (Iig. 37).

We will explain how the composite FA + (MC 4 L) operates.

At the beginning of stap # the following conditions obtain:

(1a) A stimulus is arriving at input ¢ of FA, signifying that step
s — 1 has been completed and it is tune to begin step s.

(1) Cell x.+ of L is under sean; i.e., MC is connceted to 2. via
the connecting loop C,. The contents of the ¢ell z, are desig-
nated to be £« (= 0, 1).

(lc) FA is lu state a'; i.e., the state organ SO, of FA is in control,
More specifically, the upper PP (1) of Figure 43 is active. This
periodic pulser has beecn on (active) while loops Gy and G,
of Figure 37 were being shortened or lengthened at the end of
stsp 8 — L.

The reading process is now imaugnrated and control is shifted to
the lower PP(1) of SO, :

(2a) The pulse entering input 4, of FA goes vis the coded channel
to the input b of each S0 of FA. It affects only 50, , turning
off its upper PP (1), and passing through the confluent state
turnoed on by this PP (1) to exit from outputs j and k.

(2b) The stimulus from exit j goes via the coded cliannel of FA to
output gy of FA, and thence to input ¢y of MC, where it starts
the process of reading cell .. of L.

{2¢) The stimulus from exit & of SO.s goes vis the coded channel of
FA to input f of this same SO0,.., where it starts the lower
PP(I). This PP(T) will be active whilo ccll itne i8 being read
by MC.

The tape unit MC 4 L then reads the contents &« of cell £, and
sends the result to FA:
If &£ = 0 (i.e., 2, stores o “zero’), then a stimulus gees
from output 4 of MC to input i, of FA,
If & = 1 (e, z. stores a “one”), then a stinulus goes
from. output ¢; of MC io input ¢; of FA.
We state next how these signsls affect FA, using brackets to indi-

cate the effects of £3« = 0 and braces to indicate the effects of £5: = 1.

(3a) The [input 4] [inpul ) gees via the coded channel of FA to
euter [input d] [inputs ¢ and g} of every 80, These signals
affect only SO0, .

(3b) The pulse from [4,] {45} turns off the lower PP(1) of SO, .

(3c¢) The pulse from [] {#} wto [d] {g} is passed by the [upper]
{lower} confluent state which is turned on by the output of the
lower PP (1), and exits from outputs [, m, u] {p, ¢, 7).
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The pulses from [I, mn, u] {p, ¢, #} will determine the next state of
FA, what is to be written in . , and whether loops C; and C; are to
be lengthened or shortened.

The specific connections of these outputs I, m, n, p, q, and r are
determined by the three funetions A, X, and E which characterize
the given finite automaton FA, For each state organ 80, (& =
1,2, «<--, @), these connections are made as follows:

(4a) The pulse from [} {p} goes via the coded channel of FA to
input ¢ of SOu+1 , where o' = A(a", Ehs).

(4b) The pulse from [m] {g} goes via the coded channel and outputs
of FA to:
input oy of MC if £ = 0 (e, *0" is to be written in 2.),
input oy of MC if &' = 1 (i.e,, “1" is to be written in zn),
where £ = X (a"").

(¢) The pulse from fn] {r} goes via the coded channel and outputs
of FA to:
input o, of MC if ¢ = 1 (ic., loops C; and C; are to be
lengthened ),
input o5 of MC if &
be shortened),
where ¢! = E(a"").

This completes our eonsiruction of an arbitrary finite automaton
FA 1 von Neunisnn's cellular structure, except for specifying the
sinie for step s = 0. This state was stipulated to be state number one
and henee is represented by the state organ SO, . If the confluent
cell in the upper right-hand corner of SO, were initially in the state
Cyo, slarting pulses would emerge from exits § and &k of SO, . These
pulses would stimulate pulsers of the coded channel which in iurn
would inject coded sequences v; and y, into the main channel, and
FA would then operate as described above. However, such a device
would not be an initially quiescent automaton, for its initial state
would contain one cell in a stato other than U, Tyw, and Cx. To
make FA initially quiescent, we mercly arrange for ite starting
stimulus to stimmlate pulsers of the coded chamnel which will also
inject the coded sequences v; and v, into the main channel of FA.

This conchides our demonstration that an arbitrary finite auto-
maton can be embedded in von Neumann's cellular strueture ag an
initially quiescent automaton. We saw at the end of Bection 5.1.2
that a tape unit with unlimited memory capacity ean be embedded
in this cellular structure as an initially quiescent automaton. Hence
any arbitrary Turing machine can be embedded as an initially

-1 (ie., loops C; and C: are to

il
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quiescent automaton, and a fortiori & universal Turing machine can
be embedded as an. initially quiescent automaton.

It should be noted that all these embedded devices will operate
slowly ‘with respect to the temporal reference frame of the cellular
structure. This temporal reference frame consists of the discrete time
stepst = 0,1, 2, - -+ | and the fundamental operations of the 20-state
automata of the cells take place in this reference frame (Secs, 1.2.1
and 1.3.3.5). The finite automate and Turing machines which are
embedded in the cellular structure operate in this temporal reference
frame too, but the succession of stsps & = 0, 1, 2, -- - takes place
more glowly. In general, each of the stsps s tskes several time unite
L. In the case of a tape unit MC 4 L, the steps s take longer and
longor as the loops C; and C; get louger and longer.

Finite automata and Turizg machines are usually regarded as
devives which acconiplish one step s in one unit of time ¢. In other
words, ¢ = ¢, aud the machines perform their compulations in ‘real
time.”” The initially qinescent automata of von Neunann’s cellular
structure which simulato finite automats and Turing machines do
not operate at the same rate as the devices ibey simulate, but they
compute the same results.’

Von Nemmann’s main aim was to achieve construetion, vonstrue-
tion universality, and self-reproduction in his 20-state infinite cellular
strueture (Sec, 11.2.1). Let us summarize what lias been aceom-
plished so far, and how it bears on his maie aim.

We have shown how fo embed in wop Neumann's £8-stale cellular
s{ructure an iniltatly quiescent automalon which performs the compuia-
tons of a untversel Turing machine. Hence this cellular structure s
logicelly universal,

In planning his universal constructing automaton, von Neumanu
was guided by the parallel notion of a universal computing machine,
His universal construeting automaton will operate like a universal
computing machine, the chiof difference being that the output of the
coinputing machino is a computation, while the output of the con-
structing automaton is a sequence of signals whick constructs an
initinlly quniesceut secondary automaton. A universal computing
machine M, is & conplex FA 4 (MC 4 L) with this property:

3 The reat time porformange of an automaton is usually oailed its “behavior”
snd is to be contrusted with the computed answer or “computation’’ of an
automaton, For a digoussion of behavior and computation in finite and infinite
systems see Burks, ““Toward a Theory of Automata Based on More Realistic
Primitive Eiements,'" MoNuughton, "On Nets Made up of Badly Timed
Elements,” and Hoiland, “Universal Embedding Spaces for Automata.'
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for each Turing 1nachine.d!, there is a coded description ()
such that, when ©'(M) is stored on L, M. will simulate M, that is,
M, will compute the same result that M computes. Analogously, the
universal constructor M, is a complex CU + (MC + L) with this
property: for each initinlly quiescent secondary sutomaton A, there
1s a coded deseription © (M) such that, when ©(3f) is stored on L,
M, will construet M.}

Thus the essentinl step remaining in von Neumann's program to
achieve construction, construction universality, and self.rsproduction
in his cellular structure is to design the constrnetion unit CU,

5.2 The Universal Construetor CU 4- (MC 4- L)

5.8.1 The constructing arm. Yon Neumann’s universal construetiug
automateon consjsis of a constructing unit CU combined with a tape
unit MC 4 L (Sec. 4.1.1). He ealls this the “primary automaton,”
and he calls the initially quiescent automaton to be constructed the
"secondary automaton’ (Sec. 1.4). Since the tape unit has been
designed (Sec. 5.1.2), il remains to design the coustructing unit.

We will first discuss the overall arrangemoents for construction. Sce
Figure 50. This figure is not drawn Lo scale, the universal coustiuctor
heing very much larger than shown here (of, Fig. 37). Also, the loop
for reading L is not shown, nor the arrsngement for lengthening and
shiortoning the loop (cf. Tigs. 37 and 51).

Some point on the wiiversal constructor is designated as the origin
(0,0) of a coordinate system for locating the secondary automaton.
The secondary sutomaton occupies a rectangular area of width «
and height 8, the lower left-hand corner of which is located at 1, »
with respect to the origin (Fig. 50).° For the sake of simplicity we
will confine the secondary automaton to the first quadrant, so that
1 2 0and g = 0. The internal structure of the secondary automaton
is completoly chiaracterized by the sequence A;; for i = 0, .-,
a—landj=0---,8 — 1, where each )i specifies one of tho
quiescent states U, Tueo (8 = 0, 130 = 0, 1,2,3), and G .

¢ Compare the discussion of & universst Turing muchine In the Second Lise.
ture of Part: I with the discussion of the universal eonstructor in See, 5.3.1
helow, See aleo Burks, “"Programming wnd the Theory of Antomata,”

The deseription of D'(M) which ix given to a universal Turing machine is
usually coded different!y than the description D(3) which is given to & uni-
versal ponstrietor, (M) is coded in terms of the ataten of the finlte part of
M, whereas (M) is ended in terme of the nitial states of the colls of M. See
the next section.

5 Cf. See. 1.5.2. In von Noumann's reference syetem, a point such as (2,
1) in looated at the centor of a cell rather than at a ocorner of & gell,
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The general procedure for construction is this. A eoded representa-
tion‘of 21, th, @, #, and the \; is placed on the linear array L. The
constructing unit CU reads this information with the aid of the
memory control M C, interprets the information, and acts on it. The
primary sutomaton operates on the (possibly remote) sesondary
ares by means of a “constructibg arm” or information path which
extends from the primary automaton to the secondary area. The
construeting unit CU first builds the construeting arm out to the
secondary area. Then CU sends signals down the arm which con-
struct the secondary automaton and provide its starting stimulus.
Finally, CU withdraws the constructing arm,

It is clear that the first step in desigriing the constructing unit
CU is to design the construsting arm which will be operated by CU
under control of the information received from the tape unit MC + L.
Actually, we have essentially used such a construeting arm before.
Figure 14 illustrates a procedure for extending a constructing path,
modifying a remote cell, and withdrawing the constructing path,
This same procedure is ueed for lengthening and shortening the loops
C; and C; and writing in cell x, of the lincar array L (Sec. 4.2 and
Figs. 32-36). In this case, the npper half of each loop counstitutes
the constructing path.

In hoth of these cases a single path of transmission states (some-
times ordinary, sotnetimes special) goes from the constructing device
to the aren of construction, For this reason we will call this von Neu-
mann’s “single path constructlon procedure.” Let us look at this
procedure in detail to see if it can be employed for the constructing
arm needed now,

The eonstruction of the secondary automaton takes place at ihe
end of the constructing path, in accordance with the rules summarized
in Figure 9. The two processes involved are the direct process (for
vonstruction) and the reverse process (for destruction), Destruetion
is a8 necessary as censtruction, for the eperating terminus of the
congtructien path can be withdrawn only by changing a transmission
state T, Into an unexeitable state U, Construction can be accom-
plished in a given cell by feeding pulses into this cell from either an
erdinary or & special transmission state, but destruction requires the
proper kind of transmission siate: special kills erdinary but not
special, and erdinary kills special but not ordinary, This distinction
is necessary if information signals are to be distinguished from de-
struction signals (Sec, 2.6.2.2),

Thus the operations at the end of the constructing path sometimes
require special trapsmission states and sometimes require ordinary
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tranemission states. In Ven Neumann's &ingle path construction
procedure this is accomplished as fellews. The beginning of the
construetion path 1s fed by both an erdinary transmissien state (e.g.,
cell BI of Fig. 14) and by a special transmission state (o.g., cell B3
of Fig. 14). Whenever the cell at the operating end (head) of the
constructing path needs to be changed from an erdinary transmission
state to a special transmission state (or vice versa), the whele path
it changed from erdinary transmission states to special transmission
states (or vice versa). Compare Figure 32a with Figure 32b (and
Figure 32¢ with Figure 32d).

Ench change of the single construction path from erdinary trans.
mission to special transmission states (or viee versa) requires a pulss
sequence of length propoertional to thelength of the path. For example,
each such modifieation of the upper half of loop C, (and of loep C)
was accomplished with a sequence of length 6, where n is the number
of cells to be changed. The number n was representied by the loops
C; and (,, ench of these loope being approximately 2n cells long.
A delay of 62 units was cbtained by wsing a triple return counter
with a loep (C; or C,) a8 its responding organ (Sec. 4.2).

This single path construction procedure could be used for the
coustructing arm which is operated by the pniversal construector,
The arm would consist of a single path of transmission cells (some-
tiines ordinary, sometimes speclal) going from the universal con-
structor to the secondary area, and fed by both ordinary and special
transmisdon atates. Let £ ho the number of cells in this single path.
To change this path from ordinary to specinl transmission states
(or vice versa), CU would send a sequence of length 6f into it. CU
could determine { from the numbers z; , ¥, «, 8, 1, j, which specify
the location and size of the secondnry automaton as well as the precise
place within the secondary where the constructing arm terminates.
The numbers z; , y1 , «, and § are stored as L in explicit form, and
CU could infer { and 7 by counting the position of A;; in the sequence
of A's,

Though voen Neamann could have used the single path construe-
tion procedure for the constructing arm, ho actually planned to use a
different, and better, procedure. Four pages of rough notes accom-
pauied his manuscript “Theory of Automata: Counstruction, Repro-
duction, Homogeneity,'" which constitutes the present Purt IT of the
present volume. Thesc pages contain his design for a constructing
arm and an outline of a program for controlling it. His program is too
sketchy to be reconstructed, but his intended design of the construct-
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ing arm is plain enough, and once this is known it is not difficult to
write a program for it.

Von Neumann'’s construeting srm i3 shown in Figures 44-50,
Ordinary transmission states are represented by single arrows, and
special transmisdon states are represented by double arrows, This
consiructing arm consists of two adjacent, parallel paths, terminating
at a kead in which one path normally points at the other path. One
path is of ordinary transmission states, and the other path is of apecial
transmission states. Thus, both ordinary and special transmission
states are always available at the head for the reverse (destruction)
process. This being so, it is never necessary to change a whole path
from ordinary to special transmission states or vice versa, as in the
single path construetion procedure,

The constructing arm may be fed by the construeting unit CU
either from the left (using iuputs s and o of Fig, 44) or from below
(using inputs &’ and o' of Fig. 44). The arm may tum a corner, as i
Figure 50,

Von Neumann's procedures for operating the arm, slightly modi-
fled, are shown in Figures 4450, We use a new method of symbolizing
pulse sequences in these figures. A pulse sequence which destroys
and eonstructs is represented by a sequence of symbols indieating
the quiescent states produced by tlis pulse sequence,

We will explain this method of symboelizing pulse sequences in
comrection with the transition from Figures 45a—45b, If the following
pulse sequences are fed iito s or & from special transmission or con-
fluent states, they produce the effects indicated.

1119 changes cell C1 from U to |

1101 changes cell C2 from U to &
1 changey cell B¢ from | to U

10000 changes cell B2 from U to —,

Thus 11101101110000 into & or &’ is indicated by
J=Uointosarsd.

This method of symbolizing pulse sequences must ho used with the
constraints of von Neumann's transition rule in mind (Ch, 2). For
example, the sequence

I T Uintosors

is not an allowable sequence for Figure 45b, because one special
transmission state cannot kill another special transmission state.
However, if the appropriate conditions are satisfied, a single pulee
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will change a cell into.a U, Likewise, if the appropriate conditions are
satiafied,

10000 changes U into —

10001 changes U into 1|
1001 changes U into «—
1010 changes Uinto |
1011 changes U into =
11060 changes U into T
1101 changes U into =
1110 changes U into |
1111 changes U into C,

Figures 45 and 46 show the procedure for sdvancing the construei.-
ing arm 1 unit, cither horizontally or vertically. Figure 47 gives the
procedure for withdrawing the arm 1 unit horizontally and leaving
the two vacated cells in the desired quiescent states v and 4. The
pulse sequences used for ¥ and § depend, of course, on the quiescent
states desired. For example, if the variable ¥ has the value C, the
sequence fed into Figure 47¢ becomes

U= UCintosors,
This expression represente
1101111111 into 5 or &',

Figure 48 gives the procedure for withdrawing the eonstructing arm
one unit vertically and leaving the vacated cells in the desired quies-
cent states 4 and 8. Figure 49 shows liow o inject a starting stinmtus
iito the secondary sutomaton.

This completes the description of von Neumaun's five operations
for the consiructing amn: liorizontel advance, vertical advance,
horizontal retreat with .5, vertical rotreat with -5, and injection
of the starling stimulus. These operations suffice for the construction
of any initially quiescent automaton in the first quadrant (i.e,, with
o 2 0 and i 2 0). We will now state an algorithm composed from.
these operations which achicves this result.

Tlus construction algorithm presupposes that £ is an even integer.
If 8 is odd, a row of U's can be added to the sccondary to make
even, or the algorithm may he modified slightly. The algorithm also
presupposes that the secondary’s starting stimulus is to be injected
from below into the cell whose center is at (= + 3, 31 + 3). Other-
wise, the instructions must be modified.



276 THEQRY OF SELF-REPRODUCING AUTOMATA

The algorithm for constructing and starling a secondary cuiomaton
on the plan of Figure 50 is:

(1) The constructing arm is extended from the primary automaton
to the upper left-hand corner of the ares of the secondary autom-
aton, This requires #; + 2 horizontal advances and then 3 + 8
vertical advances.

The constructing arm is now ready to advance to the right of the

secondary area and then to retreat, constructing two rows of the

secondary as it retreats,

(2) The following sequence of operations is repeated 8/2 times.

(a) The horizontal advance is repeated « — 2 tiines.
(b) The horizontal retreat with -5 is repeated @ — 2 times.
{c) The vortical retreat with v-5 is repeated twice.

At the end of operation (2) the secondary automaton is complete

and may now be started.

(3) A starting stimulus is injected from below inta the cell located
at (m + 1) n+3).

Tlhe secondary automaton now begins to operate, and the construet-

ing arm may be withdrawu,

(4) The constructing arm is withdrawn to the primuary automaton by
i vertical retreats with -5 followed by x; 4+ 2 horizontanl re-
treats with -3, both v and § always being the uncseituble state
U.

This concludes the algoritiun, The constructing ann could now be

used to construct another secoudary automaton.

The pulse sequences which execute this algorithin are injected into
inputs ¢ and o of the construciing arm, These pulse sequences are a
function of the information stored on the linear array L. The way
the universal constructor transforms the passive information on L
into the eorrect pulse sequences will ho cxplained in Section 5.2.3.

Von Neumann's five construcling artn operntions are adequate for
construction in the first quadrant, but not for construction i the
other quadrants. However, it is not difficult to redesign the head and
to program operations for advaneing to the left, retreating from the
left, advancing down, ete. With these additionn! operations, the uni-
verssl constructor could construct a secondary sutoinston in any
quadrant of the plane, This presupposes, of course, that the area for
the secondary automaton consists of unexcitable states, that there
is n sufficiently wide path of unexcitable states from the universal
construgtor to this ared, and that no other automaton interferes with
the construction process.

It is clear from Figures 45-49 that the execution of each of von
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Neumsnnn's five construeting arm operations is accomplished by a

finite pulse sequence. The longest sequence needed is that for a

vertical retreat with v-8; if v and 8 are either — or T, this operation

requires & sequence of length 47. Thus the length of the pulse sequence
required for each of these five operations is a constant, mdependent
of the length of the constructing arm. In contrast, von Neumann's
one-path construction procedure requires a pulse sequence whose
length depends on the length of the path; if {is the length of the path,

a sequence of length 5f or greater is required. In this respect, von

Neumann’s two-path eonstruction procedure is far superior to his

one-path construction procedure. This superiority can have a pro-

found effect on the organs supplying the pulse sequences for construc-
tion, as we shall now see.

5.2.2 Redesign of the memory condral MC. Von Neumann’s two-
path construction procedure ean be used for operating tlie linear array
L. The new arrangement is shown in Figure 51; it should be compared
with the old arrangement of Figure 37,

The path for reading cell z, starts at input v, extends along row
1, passes through cell z,, returns along row 4, and terminates at
output w. Row 1 is also the ordinary transmission path of the two-
path constructing arm. Row 2 is the special transmission path of the
constructing arm,. The head of the constructing arm consists of cells
(2, D1, aund Dg; it differs slightly from the head of Figure 44a, The
stimuli into inpute ¥ and v must come from ordinary transmission
states. Note that celle A7 and A2 do not affect enols other, since a
confluent state does not feed a confiuent state.

The reading process is exactly the same as before (Secs. 4.1.1 and
4.1.5). The sequence 10101 is injected into v from a pulser P(10101).
This sequence will travel along row 1, down column [, and into
cell o, . What happens nexi depends upon whether. cell z, is in state
U, signifying a “zero,” or in state ], signifying a “one.”

(1) If cell x, is in state U, the first part 1010 of the sequence changes
z» into |, and the remaining part 1 of the sequence travels
back along row 4 and out at exit w.

(2) If cell z, is in state |, the complete Bsquence 10101 travels
through 2, , back along row 4, and out at exit w.

Thus a T at w signifiés a “zero,” while a 10101 at w siguifies a ‘‘one.”

These two sequences may be discriminated by means of the I vs.

10101 discriminator (Sec. 3.5 and Fig. 25), as before.

At the end of the reading process, the reading and consiructing
paths are left as in Figure 51b, with cell , in state | . The next step
is to lengthen or shorten the reading and construction paths of L,
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and to leave cell z, in state U (representing a “zero”) or state |
(representing & “one”). There are four alternatives:

(L0) Lengthen and leave cell 2. in U
(L1) Lengthen and leave cell 2, in |
(80) Shorten and leavs cell 2, in U

(S1) Shorten and leave cell z, in | .

These operntions are similar to the. operations of horizontal ad-
vance (Iig. 45), vertical advance (Fig. 46), horizontal retreat witl:
v-5 (Fig. 47), and vertical retreat with y-8 (Fig. 48). We will give
the pulse sequences for only one ease, that of (L1), i.e., lengthening
and leaving cell z, in | . These are given in Figure 52, where the
method of symbolizing sequences is the same ag in the earlier figures.
For example, starting with the situation of Figure 52a, the sequence
1111011110110111001 of ordinary stinwli into ¥ passes through the
confluent state into the row of special fransmission states and travels
down this row. This sequence changes cell . , the cells above and
below it, and the cell below z, + 1, into | , | , =, and +, respec-
tively, Iigure 52b shows the situation produced by this requence,

Thus this operation (1.1) is accomplished by sending o sequence
into u, then a sequence into », another sequence into #, aud another
sequence into v, Since the absence of a stimulus is yepresenied by
“0,” this operation can be accomplished by sending simultaneously
a sequence into % and a sequence into »; see the exanmple of Figure
14 aud Section 2.8.3. These two sequences can be produeed by pulsers
which feed into % and » and which are stimulated in the proper phase
relative to one another (Sec. 3.2.1). The other lengthening, shorten-
ing, and writing operations (LO0), (80), and (81) can be landled
similarly.

It is important that each of the operations (L0), (L1}, (80), and
(S1) may be accomplished by pulse sequences whose lengths are
independent of the lengths of the eonstruction pathis, i.e., independent
of the index n of the cell z, whieh is under scan, In contrast, von
Neumann’s method of operating the Hnear array L requires pulee
gaquences whose lenpilis depend on the length of the eoustruction
path (Ch, 4). As a consequence, the. memory control for the new
method of operating L can be much simpler than ven Neumann’s
memory control MC (Figs. 37, 30-41), In particular, those aspects
of von Neumann’s MC coucerned with obtaining and controlling a
delay of 6n (where n is the subscript of x,) are unnecessary in the
new method,

Since von Neumann's design of MC, as medified in Section 5.1.2,
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does work, we will not redesign MC here. The read-write-erase unit
RWE for the new method of operating L. can be constructed from
nine pulsers and a 1 vs, 10101 discriminator, suitably arranged. By
recoding and simplifying the control signals which pass between MC
and the constructing unit CU, one can eliminate the read-write-
erase control RWEC, so that MC will consist only of the simplified
RWE unit and a coded channel.’

At this point I should like to speculate on von Neumann's thoughts
concerning his design for a self-reproducing automaton at the time
lie stopped working on the manuseript reproduced as Chapters 1-4
above, His design liad turmed out to be mueh more complex than
he had aunticipated,” After developing his two-path construction
procedure, he must have realized that it could be used on L, and
that this would greatly simplify the design of MC and of the whole
wachine. Realizing this, he would have wanted to redesign his seif-
reprodueing automnaton along new lines. This redesign would have
entpiled revising Chapter 3 above and starting Chapter 4 afresh,
Von Neumann uever found the tiime to revise and coamnpleie the
manuseript in this way,

Fven though von Neumann’s design of the memory control MC
can be greatly improved, it is nevertheless important. Historieally,
it constitutes the firat proof thiat a tape unit with unlimited memory
van be embedded in his 28-state eellular structure. Moreover, it con-
tains many ingenious design techniques for parallel data processing
i this cellular structure.

523 The constructing unit CU. After he had designed the con-
structing arm, there remained for von Neumann thie task of designing
tlie constructing unit CU itself. As he recognized, CU iz a finite
automaton which interacts with the tape unit MC + L and also

* The conipiete design of a memory controf for a variant of the new method
of operating L is given in Thatcher's *“Universality in the von Neumann Celiu-
tar Model.”

7 In a letter to Miodrag Muntyan of the University of Iiiinois Press, dated
Nov. 4, 1852, von Neumann says of his manuseript:

I have written so [ar the first chapter, which amonnts to about 40 type-
written pages. . .. I am now working on the second chapter whieh, I
expeet, will be somewhat fonger, perhaps about twice as fong. I wili
also have a third chapter and posaibly a fourth one, but the length of
theae is stili uneertain. Alsn, when the whole is finished, I will have to
go over the entire text onec more, und this operation Is tikely to in-
ercase the length some more.
Compare this with von Noumonn's letter to Goldstine in Soe. 1.1.2.3 above,

These statements sliow that after completing Ch. 1 sbove, von Neumann
thonght he coutd develop the design (starting with Ch, 2 above) in a chapter
sbout twice 88 tong ss Ch. 1,
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performs the function of construction. Hence the same kinds of
organs and design principles used in the design of the memory control
MC (Ch. 4) and an arbitrary finite automaton FA (Sec. 5.1.3) can
be used to design CU. Since von Neumaun was a skilled desiguer and
programmer,’ he undoubtedly saw how to. design the constructing
unit CU, and he may even have had a quite gpecifie design plan in
mind.

‘While it is not appropriate for us to work out the full design here,
we will say enough to show that a workable construeting unit CU
does in fact exist, A complete design for a constructing unit (as well
as for a universal constructing machine) is given in James Thatcher’s
“Universality in the von Neumann Cellular Model.”*

Von Neumann discussed the process of constructing several sec-
ondary automata (Bec. 1.7), but it will suffice here to explain the
construction of a single secondary autamaton in the first quadrant.
The information concerning the location and size of the secondary
automaian, as well as a comnplete deseription of the secondary autom-
aton, is stored on the linear airay L, as in Figure 50. First comes a
period. Then come the location and size parameters ; , %, «, and 8,
each foliowed by & comma, Next comes the sequence of A;,'s deseribing
the secondary automaton cell by cell, for ¢ = 0,+--, &« — 1 and
i=0---,8 — 1, For the sake of gimplicity we assume that the
Ay's are stored in the order in which they are used by CU. The se-
quence of A;;'s is terminated by a period, which aiso marks the end of
the information on the tape,

This information moy be coded in an alphabet of 14 eharacters:
zero, one, commsa, perind, and 10 values of the ;. These 10 values
of the \;; correspond to the 10 quiescent states Ty.o (u = 0, 1 and
a=1901,2 3), Cun,and U. These 14 characters may be represented
by four binary digits (bits). It is convenient to avoid the all zero
sequence “0000."" It is also convenient to employ a fifth bit position
for marking purposes. Thus each character is represented by & total
of five bits and is stored in five successive cells of the hinear array L.

The number 2; will be represented by a sequence of 23 + 1 of the
five-bit characters representing ““one,” and similarly for the numbers

8 See pp. 6-15 of the "lntroduction' to the present work, as well as Che,
3 and 4,

¢ Sne also Codd, “Propsgation, Computation, and Construstion in Two.
Dimnensional Spsces.” This contains 8 design for a univereal construciing
nachineg in s ceilular system in which each ceil has four immediate neighbors,
but oniy 8 states, as contrasted with von Neumann’s 20 stotes, Dr. Thatcher
and Dr. Codd were sequainted with von Neumann's manuseript “*The Theory
of Automata: Conatruetion, Reproduction, Homogeneity™ in manuaeript form,
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#1 5 &, and 8. This method of representation can clearly be improved,
but it will simplify our diseussion to represent all information in the
same alphabet.

Let 8y, 6, 6, 63, 6; be the five bits of a character, with 8 being
the marker bit. The constructing unit CU must be capable of inter-
preting the sequence 6y, 62, 8, 84 as a unit. Suppoee, for example,
that Coo is represented by —1010 on L, where the dash indicates the
position of the marker bit. If the character A;; on L is -1010, CU must
put cell (4, 7) of the secondary automsaton in state Ce at the appro-
priate stage of the construction provess. CU will accomplish this by
replacing v or 3 in the sequences for horizontal or vertical retreat
(Figs. 47 and 48) by the sequence 1111, which is the sequence re-
quired by the transition rule (Fig. 10) for constructing Co . Hence
CU nmust interpret the tape character -1010 as calling for the sequence
1111 in the appropriate context.

Now thoe four bits of 8, 82, 6, 8 are stored in successive cclls
Tuil y Tngt s Lnga, Tayge « When CU so instruets MC, MC will read a
cell and advance the reading loop to the next cell. The amount of
time roquired for this process is a linear function of the index n.
Consequently, the four bits 6, , &, 8, and 8 are received by CU at
widely varying times, In von Neumann's terminology (Sec, 3.1.1),
the sequence 1010 comes to CU freely timed, and in response CU
niust send the rigidly timed sequence 1111 down the construction
arm. The four pulses of 1111 must enter the coustructing arm at
successive times (7, v + 1, » + 2, 7 + 3), since rigid timing is re-
quired by the direct process,

Hence the constructing unit CU must be able to convert the freely
timed sequence 8, , 8:, 6, 8, (e.g., 1010) into a rigidiy timed sequence
(e.g., 1111 ). This may be accomplished in either of two ways.

The firat method employs state organs like Figure 43. Associate
with the 16 characters 8,8:0,8, 30 state organs SO, , SO, ; SOw, -- -,
S50y ; SO0, -+, SO, which are to be interconnected by the
coded channel of CU. These organs are activated (take control)
under the influence of the bits &, 6, &, 8: m the following manner.
When &, is transmitted by MC to CU, it has this conditional effect: if
8, is zero, S0, s activated; while if 8, is one, SO, is activated. Next,
the bit 85 shifts control from SOy or SO, to one of the state organs
S0w, SO, SOy, SOy according to the rule: if 8 is zero, S04 is ac-
tivated, while if 8, is one, 80y, is activated. That is, after CU has
received the two bits 8 and 62 from MC, the state organ SOy,
will be “in eontrol.” This process is repeated for the remaining bits 8,
and 8, so that after all bits of :8:0,6, have been read from L, ex-
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actly one of the 16 state organs SOpue, of CU will be activated.
This state organ then controls the selestion of & rigidly timed se-
quence. For example, the state organ SO will cause 1111 to be
substituted for 4 or & in one of the constructing sequences of Figures
47 and 48.

The conversion of the freely timed sequence 1010 into the rigidly
timed sequence 1111 is & static-dynamie conversion. Qur second
mathod of making this conversion employs the static-dynamic con-
verter of Figure 53, together with four state. organs SO', SO, SO’
and SO' to keep track of the four digit positions 8, , 8., 8, and 6,
respectively. The inputs and outputs of the static-dynamic converter
and of these four state organs are all connected to the main ehannel
of CU. The periodic pulsers of Figure 53 are copies of the alternate
periodic pulser PP (1) of Figure 20. The organs in the left-hand col-
umns of Figure 53 are all decoders which receive their inputs from
the main channel. The figure is not, of course, drawn to scale.

The static-dynamic converter and the four state organs SO, SO,
S0°, SO' convert a freely timed sequence 8, 6s, 6, & into the
corresponding coded rigidly timed sequence in the followlig way.
At the beginning of this couversion the state organ SO' is m control
and directs the reading of 8, . After 8; is read by MC from L it is
transmitted to CU: a pulse from exit ¢ of MC (Fig. 37) signifies that
6 is “zero,” a pulse from exit ¢ of MC signifies that 8, is “one.”
Under the control of S0', the pulse signifying “one” is coded into a
sequence which is recognized only by the Start: decoder of Vigure 53
(input d;) and control is transferred to SO°, Hence if 8, is “one,” the
PP (1) for 8, is activated, while if 8 is “zero,” the PP(1) for 8 is loft
in the inactive state.

Similarly, bit 8, is transferred to the PP (1) for 8; by means of state
organ SO and the Start; decoder of Figure 53. The bits 8; and 8 are
handled in the same way. Henes, after the character 8046 has
been read by MC from L and transmitted to CU, the periodic pulsers
of the static-dynamic converter represent 8,8:0:8;, the 7'th periodic
pulser being off or on aeccording to whether #; is “zero’’ ot “‘one”
(7 = 1, 2,3, 4): The control unit CU next directs the conversion of
this static information into a rigidly timed sequence,

The static representation of the character —f,6uhs is couverted
into the corresponding dynamic sequence g,8.0,8, by a single pulse
sequence of the main channel which is recoguized by the conversion
decoders Iy, D:, Dy, and I of Figure 53, The operation of each
decoder I; i as follows, for j = 1, 2, 3, 4. D; emite a pulse which is
delayed in A; and then impinges on the confluent stute of column A4,
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row j. If the PP (1) for 8,15 on, this pulse is passed and enters channel

B; otherwise, this pulse is blocked and does not enter B. The pulse

sequence of the main channel which {s recognized by the decoders

Dy, De, Ds, and Dy enters these four decoders at different times, But

the delays Ay, Az, &5, #nd A can be adjusted. so that the pulses

which do enter channel B are in proper phase. Far example, if 8,

6,8, and 8 are all one, the sequence 1111 will be emitted from

output g.

Sinee the all-zero sequence i8 not used to represent any character,
8, 82, 6, and 8 cannot all be zero, and at least one atimulus will be
emitted from g. Henee, stimulation of the conversion decoders D,
D;, Dy, and D, will cause the rigidly timed sequence 8,0:0,0, to leave
the statie-dynamic converter at exit . The periodie pulsers of the
static-dynamic converter can then be “cleared” back to the inactive
state by stimulating the four stop decoders, whose inputs are labeled f.

This completes the discussion of the two methods for convertiug a
static tape character into a dynamic sequence. The second method
requires less appuratus than the first.

We now have s method for reading characters from the tape. At
the end of Section 5.2.1 we gave an algorithm for constructing and
starting a secondary automaten. This algorithm describes the pulse
sequences to bo injected into the constructing arm as a function of the
information &, ¢, a1, 8, Aee, *** 5 Aget, gt Stored on L. The design
of the constructing unit CU now becomes the task of translating this
algorithm into a machine design. We restate this algorithm here,
showing how CU obtaing the necessary information for the construe-
tion from the linear array L. We assume that ipitially the reading
loop of L passes through cell xq, 1.e,, through the marker bit of the
leftmost period on L.

The revised algorithm for comsiructing and slarting o secondary
aulomelon (see g, 50) is:

(1) CU extends the construeting arm from itsell to the upper lefi-
hand corner of the area of the secondary automaton. This is
accomplished by the following two sub-operations!

(a) CU sends pulse scquences into the conztrueling arm for
7y + 2 horizontal advances. The pulse sequences for each
horizontal advance are given in Figure 45. CU senses a
character (tally) of z; on L, sends the sequences of Figure
45, and then moves right to the next character on L. When
CU reads the comma on L, it sends pulses for two more
horizontal advances, and then goes to exesute sub-opera-
tion (b).
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CU sends pulse sequences into the consirueting armi for
#h + 8 vertieal advances. It does this as follows. CU senises
each character (tally) on L, sends the sequences of Figure
46 to the construeting arm, and advances to the next
character on L. When CU reaches the commsa on L, it
passes over « to B, sends the sequences of Figure 48 for
each character of 8, and then returng to the comma pre-
ceding «,

The constructing arm 18 now in position to begin construction.
CU constructs two rows of the secondary automaton at a time, and
must do this 8/2 times. CU keepe count of these operations by mark-
ing the marker positions of the characters of 4.

(2) CU =enses if 8 contains any unmarked characters. If & contains
no unmarked characters, CU unmarks all the characters of g
and all the A’s, and then proceeds to operation (3). If 8 contains
an unmarked character, CU marks two characters of 8 and exe-
vutes sub-operations {a), (b), and (¢) in that order.

(a)

(b)

()

CU repeats the horizontal advance « — 2 times. It accom-
plishes this by passing over the first two tallies of « and
then sending the sequences of Fignre 45 into the construet-
ing arm for each of the remaining tallies of .

CU repeats the horizontal retreat with -6 for & — 2 times,
It does this hy marking two characters of «, and then exe-
cuting the following operation until all characters of «
are marked: mark an winnarked character of « and exceuie
tlie horizontal retreat with .8 of Figure 47.

The horizonial retreat with v-§ requires the substitution
of pulee sequences for v and for § according to the siates
My and A; ;1 to be constructed in the cells at the terminus
of the constructing arm. To obtain these A’s, CU must find
them on L and move the reading loop from « to them;
later CU must return the reading loop to «. In bath cases,
CU can sense the place to stop by means of markers: each
time it uses n character of @ or a ), CU will mark it, We are
assuming that the Mg are placed on L from right to left in
order of use.

After CU has executed the liorizontal reireat with -5
for @ — 2 times, it removes the markers from « and proceeds
to sub-operation (c).

CU repeats the vertical retreat with v-5 twice, using and
marking the next two M5 on L.

At the end of aperation (2), CU has completed the construction of
the secondary automaton and proceeds to start, it.
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(3) CU injects the starling stimulus into the secondary automaton
by means of the sequences of Figure 49. Exit e of this figure is
an input to the cell located at (s + 1, t» + %), and so this
presupposes that the secondary automaton is designed to receive
its starting stimulus through the bottom of this cell.

The secondary automsaton now begins to operate and CU proceeds

to withdraw the constructing arm back to itself.

(4) CU withdraws the constructing arm by sending ssquences into
it for 3, vertical retreats with v-& followed by 2; 4 2 horizontal
retreats with -8, The required sequences are given in Figures
48 and 47, respectively. In every case hoth v and § are to be U,
which means that single pulses are to be used for each occurrence
of v and of 8 CU keeps count of these retreats by means of the
numbers y; and x; on L.

This coneludes the algorithm for consiructing and starting a secondary

automaton. Note that at the end of the algorithm the universal

constructor CU 4+ (MC 4 L) iz again in its starting state,

Now that this algorithimn is formulated, the design of the construct-
ing unit CU reduces to the problem of translating this algorithm
into » machine design. This can be done by using state organs SO
like Figure 43, interconnected by a coded channel, with the specific
interconnections between each state organ and the other state organs
reflecting the content of the algorithm. Control within CU is shifted
from one state organ SO to another under the influence of the infor-
mation on L according to the content of the algorithm. Note that
the memory control MC operates in n similar manner, with the con-
trol organs CO playing the role of state organs.

In Section 5.1.3, we noted the resemblanee of the consiructing
unit CU to a finite automaton FA, and the mmilarity of von Neu-
niali’s universal constructor to Turing’s universal computing ma-
chine, Let us look at these resemblances more closely,

A universal computing machine 3f, has two parts: & tape unit
MC + L and a finite automaton FA which interaets with this tape
unit. Correspondingly, the universal constructor M. has the two
parts MC + L and CU. The constructing unit CU performs two
interrelated functions: it interacts with MC 4 L and it constructs
the secondary automaton whose description is stored on L. The
processes involved in constructing a secondary automaton are not
novel: these processes are already employed in the tape unit MC +
L. More specifically, the reading loop is moved from one cell to
another cell on L by means of the same kind of construetion and
destruction steps used in constructing a secondary automaton. Thus
the construeting arm of Figures 44-50 is very similar to the eohstruct-
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ing arm of Figures 51-52, and either arm could be used in place of
the othet.

This eomparison shows that the constructing unit CU is really a
special kind of finite automaton, and that the same kinds.of organs
and design ptineiples used in the design of the memory control
MC (Ch. 4) and an arbitrary finite automaton FA (Sec. 5.1.3) can
be used to design CU. This comparison shows also that in the con-
text of von Neumann's cellular structure, the output of the universal
computing machine 3, i8 not ns different from the output of the
universal constructor M, as it might seem. The output of M, s a
computation, while the output of M, is a construction, but botl are
accomplished. by sending signals into eonstructing arms.

This concludes our diseussion of the constructing unit CU, We
have shown that it can be embedded in von Neumann’s 20-state
cellular structure, and we have stated the general prineiples of its
design.

The construeting unit CU together with the tape unit MC 4 L
cohstitutes a universs] constructor. Hence there can be embedded in von
Neumann’s 23.stale cellular siructure a universal construclor M. with
ihis property: for each indtially quicsceni automaion M, there is @ coded
description D(M) of M such thal, when D(M) 1s placed on a tape L
eitached to M., M, will construcet M.

This answers von Neumann's question about comstruction uni-
versality: can any single automaton construet every other automaton
(Sec. 1,.1)? The only question remaining is his question about au-
tomata self-repreduction: can an automaton construet copies of
iteeli? We will present an affirmative answer to this question also,
after first summarizing von Neumann's accomplishments in the
present work.

5.3 Conclusion

5.3.1 Summary of the present work, Von Neumann began the pres-
ent Part II by asking five main questions, some of which contain
sub-questions (Sec, 1.1.2.1). The first main question concerns
(A) Logical universalily:

(A1) When is a class of automata logically universal?

(A2) Is any single automaton logically universal?
A finite automaton with an indefinitely extendible tape is called a
Turing machine (sce the end of the Second Lecture of Part T above).
"Turing showed that the class of Turing machines is logically universal
in the sense that any logical process (computation) that is at all
performable by finite but arbitrarily extensive means can be per-
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formed by & Turing machiune. Turing further showed that there is a
umversal Turing machine, that is, a Turing machine which cau
perform any given computation.

Thus, as von Neumann stated, Turing has answered these t{wo
questions about logical umversality. Von Neumann then posed
analogous questions about construction.

(B) Constructibility:
{(B1) Can an automaton bo constructed by another autom-
aton?
(B2) What cluss of nutomata can be constructed by o single
suitable automaton?
(C) Construction universality: Is any single automaton construetion
universal?
(D) Self-repraduction:
(D1) Is there a self-reproducing automaton?
(D2) Is there an automaton which can both reproduce itself
and perform further tasks?
Von Neumann promised to answer all these questions sffirmatively
by constructive means, that is, by designing various kinds of con-
atructing and self-reproducing automats.
Questions (C) and (D) lead to his last main question,
(15) Ewolution:
(EE1) Can the construction of automata by automats progress
froni simpler types to inereasingly complicated types?
(£2) Assumingsome suitable definition of efficiency, ecan this
evolution go from less efficient to more efficient au-
tomata?
Yon Neumann made a few remarks relevant to evolution in Sections
1,7 and 1.8 but never returned to this topie.”

After formulating the five main questions, von Neumann proceeded
to make questions (B)-(D) more precise. In effect, the rest of Chapter
1 and all of Chapter 2 are directed to this task. We will give a brief
summary of the development of these chapters.

Idealized neuronis are adequate to handle the purely logical fune-
tions of automata; but construction requires organs which can per-
form those non-logieal funetions which are required for the aequisition
and combination of the organs of which the constructed automata
are composed (Sec. 12). In his kinematic model, von Neumann
introduced girders, sensing elements, kinematic elementa, joining
elements, and cuiting eleinente to achieve these non-logical functions

1 Bpe also our diseussion of his “probsbitistio modol of setf-reproduction
and evolution” at the end of Seo, 1.1.2.3,
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(Fifth Lecture, Part I, and 8ec. 1.1.2.3). In thoe present sttempt, he
preferred to avoid the kinematical aspects of self-reproduction so that
he eould concentrate on the logical-combinatorial aspecte of this
topic (Sec. 1.3.1.1). He was thus led to work with a space (frame-
work) in which the distinetion between rest nird motion is replaced by
 distinetion between quiescent states and active states (Secs. 1,3.2
and 1,34.1).

Von Neumann then put various restrictions on the space (frame-
work) in which lte would carry out his automata constructions. He
wanted it to have a high degree of regularity. He required functional
homogeneity, though not total homogeneity, because the lutter is
incompatible with computation and construction (Sec. 1.3.3.2). He
further required isotropy, and selected o 2-dimensional space (Secc.
1.3.3.3). Because of the difficulties in medeling antomata construction
in & continuous space, ho decided to work with a discrete space (Sec.
1.3.3.4; ef. Sec. 1.1.2.3). In sum, he decided to carry out his automata
desigues in a 2.dimensional, regular, cellular structure which is fune-
tionally homogeneous sand isotropic.

He then decided to model the growth of neurons (excitable cells)
by the transformation of exisling, unexcitable cells into excitable
cells, Such & transformation canuot be induced by ordinary stimuli
{the ordinary active states of neurons) sinee these control the logical
functions. Hence, to accomplish construction in hig cellulur strueture
von Neumann introduced special stinudi, whieh cause transitions
from the unexeitable state to different species of excitable states, Thus
growth is modeled by the transformation of unexeitable cells to ox-
citable cells by specin! stimuli (Bec. 1.3.4.2). This distinctlon belween
ordinary and special stimuli, though nodified later (Sees, 1.3.4.3,
2.5, and 2,6), is the basis for an answear to question (Bl), Can an
sutomaton be constructed by another automaton?

The next question is (B2), What elass of automata can be con-
structed by a single suitable automaton? Von Newmann referred to
the constructing and constructed automats as the “primary” and
“secondary’” automata, respectively. In Section 1.4 he planned the
general organization and mode of operation of & primary automaton
which ¢an construet any member of some infinite class of secondary
automata. A deseription of the desired seeondary automaton is to be
given to the primary automaton. The main problem concerns the
exact way this is to be done, Since there is no bound on the size of the
senondary to be eonstructed by a single primary, these deseriptions
cannot be stored in the primnary proper. Working with the universal
Turing machine in mind, von Neumann introduced an indefinitely
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extendible linear array L, on which the deseription of any secondary,
or series of gecondaties can be stored.

"Thus the primary (constructing) automaton will eonsist of a
finite part plusan indefinitely expandible linear array L. A construat-
Ing automaton is analogous to a Turing machine, which consists of
finite automaton plus an indefinitely expandible tape. Indeed, as von
Neumann noted, the linear array L could also serve s an indefinitely
expandible tape for a Turing machine if the finite automaton part of
a Turing machine could be embedded in the cellular structure (Sec.
1.4.2.3; cf. 8ec. 5.1.3). The detailed problem of actually designing, for
the eellular strueture, finite automata which can interact with the
linear array L and carry out constructious and computations on the
basia of the information obtained from L, is solved in Sections 3.1
through 5.2, Thus, by the end of Section 5.2, question (B) has been
answered affirmatively. Moreover, question (A), as applied to von
Neumann’s eellular gystem, has also been answered affirmatively,

In the balance of Chapter 1, von Neumann reduced questions (C)
and (D) to question (B). He reduced question (C) to question (B)
by outlining a plan for converting the primary {constructing) autom-
alon iuto & universal construetor (Sec. 1.5). This plan is illustrated
ie Figure 50 for constructions in the first quadrant. The sccondary
automaton is o cells wide and 8 cells high, and its lower left-hand cell
is located at (21, 1). Let £ be the number of states that each eell of
the secondary is to assume, and let A = ¢, 1, -+, £ — 1, The state
of cell (4, j) is specified by A;;, wherei = O, 1, -+ ;¢ — landj =
0,1,-.., g — 1, Hence the plan of any secondnry automaton may be
given to the unmiversal constructor by placing the sequence 2y, 1, e,
By Aeg, ** ; Aa—1.8 on the tape L. The umversal constructor can
vonstruct the secondury on the basis of the information vontained in
this sequence. This reduces question (C) 1o question (B).

Von Neumann then reduced question (D) to question (C) Ly
showing how to nake the wriversal constructor reproduce itself (Secs,
1.8, 1.7). In essencs, he aecomplished this by placing a deseription of
the universal constructor on its own tape L. He discussed two interre-
lated points in this connection.

First, there is an apparent difficulby in using L for self-reproduction.
A seli-reproducing automaton must contain a complete deseription
of itself, This might secem a priori impossible, on the ground that the
construeting automaton must contain a complete plan of the con-
structed sutomaton, and in addition the abllity to interpret and exe-
cute this plan (Sec. 1.6.1.1; of. pp. 79-80 of Part I). The difficulty
is circumvented by designing the universal constructor so that it uses
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the information on L twice; once to eonstruct a secondary, and once
to make a copy of L which is attached to the secondary (See. 1.6.1.2;
cf. pp. 84-87 of Part I and Sec. 53.2 bolow). In this way, a self-
reproducing automaton stores a complete description of itself in a
proper part of iteelf, namely, on the tape L (cf. Fig. 55). Likewise,
an automaton which iz both & universal constructor and a universal
computer can store a complete description of itself in a proper part
of itself (Fig. 56)."

The second point, about using L in self-reproduction concerns some
alternatives. The universal constructor A, constructs a secondary
automaton G whose deseription ® (@) is stored on L. Might a univer-
sal constructor be designed which could directly copy sutomaton @
itself (Sec. 1.6.2.3)7 Alternatively, might an automaton be designed
which could explore an automaton @ and construct its description
D(F) (Sec. 1.6.3.1)? Von Neumann argued that these alternatives
would be difficult, if not impossible, to carry out. In exploring one
part of an active automaton @, the exploring automaton might modify
an as yet unexplored part of G, More generally, the active G might
aetively interfere with the exploratory activities of the exploring
automaton. This difficulty would be particularly acute in the case of
self-reproduction. If a universal constructor were to work directly
from the sccondary @, when the universal constructor attempted
to reproduce 1tself 1t would be trying to explore itself. Yon Neumann
thought sucl st attenpt would probably lead to paradoxes of the
Richard type (Sec. 1.5.3.2). None of these difficulties arise when the
universal coustructor works with the quiescent description D (G)
(Sec. 1.4.2.1).

There is a parallel problem with respect to the construction of the
secondary automaton. If part of the secondary automaton were
active during construction, it conld interfere with the construction
process. Yon Neumain solved this problem by stipulating that the
initial state.of the sccondary automaton is to be cotnposed entirely
of quiescent states (Sec. 1.7.2.1). In terms of the 29-state transition
function developed in Chapter 2, this means that tlte A;; are limited
to the 10 values U, Ty (8 = 0, 1; &« = @, 1, 2, 3), and Co. After
the secondary automaton hss been completed, it may be rendered

" We have atready noted the parallelism between Turing machines and
constructing machines. This parallelsm extends to the present point, for a
Turing machine ean contein o description of jtseif. See C. Y. Lae, “A Turing
Machine Which Prints its Own Code Seript” and James Thateher's “Tie
Construetion of a Sell-Deseribing Mueehine.”
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active by a starting stimulus injected into its periphery. We have
already called such automata “initislly quiescent automata’ (Sec.
5.1.2).

Thus the class of automata eonstructible by the universal con-
structing automaton is a proper subelass of the automata which ean be
gpecified as part of an initial cell assignment (i.e., at tinie zero) of
von Neumann's cellular strueture (Sec. 1.3.3.5). Actually, it is pos-
sible to design in the 29-state cellular strueture constructing automata
which could construet every mitially quiescent sutomaton and many
active autoniata ags well. There is no need to do this, however, since
both the universal constructor and a universal Turing machine can
be designed as initially quiescent automata (Bees. 5.3.2, 5.1.3). More.
over, not all automata which ean be specified ns part of an initial cell
assignment of von Neumann’s cellular structure can be constructed
from within the cellular structure. For example, the configuration of
Tignre 13b (time zerc) when surrounded by a wide band of unexcita-
ble cells U cannot be so constructed. A constructing arm can
construct the quiescent states Ty and Tuo, but after it activates
them it cannot withdraw from the swrounding area before Tin and
Toy kill each other. A simple exanple of & non-constructible autom-
aton is the 3 X 3 configuration consisting of the sensitized state S,
surrounded by cells in state Co

This coneludes our summary of Chapter 1. To make specific his
questions sbout automata construction, von Nenmann had to chooso
& particular cellular stimcture. Chapter 2 is devoted to this task.
T Section 2.1.2 he selected a discrete temporal reference frame and
decided that the atate of a cell at time ¢ + 1 will depend only on its
own state aud the states of its four immediate neighbors at time f.
lir the remainder of the chapter he developed a set of 20 statos and
their transition rule. We refer to the resull as “von Neumann's
29-state cellular structure.” It is summarized in Section 2.8 and
Figures 9 and 10.

I3 Phateher, “Universality in the voi Neumann Celiutar Model,” Sce. 2.3.

Moore, “Machine Modeis of Sclf-Reprodietion,” called a configirativn
which enn exist only at lime zero & “‘Garden-of-Eden™ configuration. Every
Garden-of-Iidén configuration iz non.constructibie, though not conversely.
Moore esiabhshed & necorsary eondition for Guarden-of-Eden configurations
to exist in a cellular strieture in whieh information regnires st leest 1 unit of
time to pass from a ceit to it neighbore. Myhill, “The Converse of Moore's
Garden of Eden Theorem,’! showed that this conditlon is also sufficient. This
condition is essentintiy that the celiular zirneture he non-backwards deter-
ministie i the sense of Burks and Wanyg, *The Logie of Automota,' See. 3.3.
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We now reformulate questions (A)- (1)) so they apply to von Nen-
menn’s 20.gtate cellular structure, at the same time modifying them
somewhat.

(A) Logical untversalfty: Can an initially quieseent automaton which
performs the computations of a universal Turing machine be
embedded in von Neumann’s 29-state cellular structure?

(B) Construetibility: Can an automator be construcied by another
automaton within von Neumann’s 20-state cellular structure?

(C) Construction-universality: Can there be embedded in von Neu-
mann's 29-state cellular structure a universal constructor M,
with this property: for each initially quiescent automaton M,
there is o coded description ®(M) of 3f such that, when (M)
is placed on a tape L attached to M, , A, will construct M?

(1) Self-reproduction:

(D1) Can a self-reproducing automaton bo embedded in von
Neumann's 26-state cellular structure?

(1D2) Can there be embedded in von Neumann’s 2D-wtate
gellular structure an automaton which can perform the
computations of a universal Turing machine and can
alzo reproduce itself?

All these questions are answered affirmatively in the present work.
The answer to the constructibility question (B) is given at the end of
Section 2.8.3 and in Figure 14, For each initially quiescent automaton
@, there are two hinary (stimuli, no stimuli) sequences which, when
fed fnto inputs 7 and j of Figure 14, will construct the automaton @.
These two saquences can be produced by two linear arrays of T,
cells, with the ¢'s properly chosen. Hence, these two Hnear arrays,
together with the cells in columns A and B of Figure 14, will con-
struct @. This shows that for each initinlly quiescent automaton @
thare is an active automaton which will construct it.

Affirmative answers to the remaining questions are based on the
constructious of Chapters 3 and 4.

In Chapter 3 von Neumaun designed the basic organs to he nsed.
Let i' ... ¢ e an arbitrary finite binary sequence, with 1’ repre-
senting a stimulus and “0" representing the absence of a stimulus.
¢l --. ¢» represenis an indefinite repstition of the sequence ¢ -« ¢~
Yon Neumann developed design algoritbms for arbitrary pulsers
P --. ), arbitrary periodic pulsers PP(# ... #), and arbitrary
decoders D(' ... ). He designed two specific organs: the triple.
return eounter & and the T vs, 10101 discriminator ¥. He concluded
Chapter 3 with an algorithm which will design an arbitrary coded
channel or wire crossing device,
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Chapter 4 i8 devoted to the design of the memory control MC.
MC reads and writes on the teps L under the direction of the con-
structing uni* CU, A block diagram of MC is given in Figure 37;
the operation of MC is outlined in Section 4.3.1. The basic operation
of reading cell z, of L, writing on ., and changing the connection
to cell xu4a (lenpthening) or cell z,., (shortening) is carried out in
two siages. First, when s pulse comes from the outpui of CU labeled
“m" to the input of MC having this same label, MC reads the cell
Ta by means of the connccting lodp C; . If 2, stores “zero,” MC sends a
pulse to input % of CU; while if z, stores “‘one,” MC sends s pulse to
input 4, of CU. Becond, CU sends a pulse to input ¢ or 01 of MC
according a8 “goro” or “one™ i3 to be writien in cell x, ; CU also sends
a pulsc to luput o, or o5 of MC according as the lecops C; and
ure to be lengthened or shortened, MC executes these operations, and
when they are finished it sends a pulse to input 4 of CU signifying
completion,

The parts of the memory eontrol MC are; the read-write-crase unit
RWE; the read.write-craze control RWEC; the delay area W: the
transfer area Y; and the eoded channe), consisting of the main chan-
nel together with X, Z, CC,, C(;, and CC;.

Von Neumann did not quite completa the design of MC, and what
he did finish contained many crrors. We have corrected all but one
crror as we have gone along (Ch, 4 and See, 5.1.1). This last error is
corrected and the design of MC is completed in Section 5.1.2. A
much improved design of MC is suggested in Section 5.2.2,

The memory control MC, the indefinite linear array L, the con-
neeting loop Gy, and the timing loop C; together constitute a tape
unit with unlimited memory capacity, Moreover, MC is an initially
quiescent automaton which is started by a stimulus impinging on its
periphery (input ¢;), Hence an initially quiescent automaton which
performs the functions of a tape unit with unlimited memory capacity
can be embedded in von Neumann's 28-state cellular structare.

A Turing machine consists of such a tape unit together with o
finite automaton which ean interact with this tape unit. In Section
5.1.3 we showed how to slirulate an arbitrary finite automaton by an
initially quiescent cellular automaton. Combining these results and
applying them to the specific case of a universal Turing machine, we
obtained a positive answer to von Neumann's question (A): An
initially quiescent automaton which performs the computation of a
wiversal Turing machine ean be embedded In von Nenmann’s
29.stato eellular structure.

Von Neumann's universal construetor M, consists of the construet-
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ing unit CU combined with the tape unit (MC 4 L), See Figure 50.
The constructing arm iz designed in Section 5.2.1, and the deslgn of
the construeting unit CU is sketehed in Section 5.2.3. Henee there ¢an
be embedded in von Neumann’s 29-state cellular structure g universal
constructor M, with this property: for each initially quiescent autom-
aton M, there is a coded description (M) of M such that, when
D(M) is placed on a tape L attached to M., M, will construct 3,

This snswers von Neumann’s question (C) and brings us to ques-
tion (D), voneerning self-reproduction.

A comparison of the universal computer M, and the universal
constructor M, shows that in von Neumann’s cellular strueture, com-
putation and construction are similar aetivitics, Both 3, and M.
are finite data processors which can interact with an indefinitely ex-
tendible tape. SBuppose the universal computer M, is designed to
write its output answer on a fresh tape L. Then both Af, and M,
produce initially quiescent automata, The universal eonstructor A,
produces rectungnlar initially quiescent automata besed on the 10
stales U, Tump (= 0, 152 = 0, 1, 2, 3), and Cur . The universal com-
puter M, produces a linear initially quiescent automaton based on
the two states U and Tom (] ).

5.8.2 Self-reproducing aufomala. Gur task is now to convert the uni-
verzal constructor 3, of Section 5.2.3 and Figure 50 into a self.repro-
ducing automaton.

Note first that the universal constructor M. is in fact an initially
quicseent sutoinaton. Consequently, n deseription D(M,) can bo
placed on the tape L atiached to f,. When tlis is done and 3f, is
slarted, the complex M. + D(Af.) will produce a copy of M, ns
the secondary coustrueted automaton. This is nod yei sclf-reprodue-
tion, however, for the constructed automaton M, is smaller than the
congtrueting automaton M, + D).

Tnt this ease the constructing antomuton is lurger and, in a sense,
more coutplex than the constructed automaton heeanse the construet -
ing automaton contains a complete plan D(M,) of the constructed
gutomaton and, in addition, a unit M. which interprets and executes
this plan (Sec. 1.6.1.1, pp. 79-80 of Part I). To obtain a primary
automaton which will construet a secondary as large as.itseif, we
make some nodifications in the universal constructor M, (compare
Sec. 1,6.1.2 and pp, 84-86 of Part I),

Let the secondary automaton to be constructed consist of an
initially quieseent automaton M together with a tape L which stores
some tape content 3(A) initially. See Figure 54, Flace the following
information on the tape L of the universal constructor: a period, the
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deseription D(M), a secoud period, the tape content 3(3f), and a
third period. As a special case we allow 3(M) and the third period
to be omiited. Tt is easy for the universal construetor to deteet that
3(2f) is omitted since 5(31) is written in & five-bit code that does not.
include the all-zero charaeter (See, 5.2.8).

Now change M. inte a modified universal constructor M,* which
executes the following three steps. First, M." uses D(M ) to eonstruet
M, 85 before (Secs. 5.2.1 and 52.3). Second, M.," produces a tape L
a.ttmhed to M which stores s periad, 3(3f), and a second period. If
AM.* finds that there is nothing stored on its tape beyond the second
period (i.e., 3(M) is missing), M." will then copy a period, D(M),
and a second pericd onto the tape attached to 3. Third, 3," will
give a startivg stimulus to M.

The second of thesa steps 1s a simple tape-copying operation. It ean
be earried out by tha construeting unit CU and the construeting arm
in a way analogous to the way these organs construet M. The coding
iz different in the two eases, of course. A cell (3, ) of M is deseribed
in ©(M) by a five-bit character which is stored in five succeasive cella
of the tape of M.*, In contrast, each cell of M's tape is the same as the
corresponding cell of M."s tape.

For cach choice of loeation (z1, #) of a copy of M." there is a
description ®(3,*). Place this description ©(M.") on the tape of
M,* itself. The complex M.* 4+ o (M,") will construet Mf.° 4+ D(M.").
This is seif-reproduction. See Figure 5.

Hence, a self-reproducing aulomaion can be embedded in von Neu-
mann's $9-stale ceflular structure. This answers question (ID1).

Iterated construction and seli-reproduction may be achieved by
furthar modification of the universal constructor (See. 1.7).

The initially quicscent automaton A/, is a universal Turing mschine
(Sec. 5.1.3). Place the deseription ©(3. + M,") on the tape L of
M. The primary automaton M* + D(M. + M,") will then
construct as secondary the automaton (M, + M.*) + (M, +
M."). In this ecase the constructed automaton is larger, and in o
sensa more complieated, than the constructing automaton,

Next, attach M, to M." as in Figure 56. Place the description
DM, + M.") on the tape of M, 4+ M.*. The automaton (M, +
M"Y + DM, + M) will construet (M. + M.") + (M. +
M."), and henee is seli-reproductive, After it is completed, the second -
ary (M, 4+ M.") + (M. + M.") can carry out a computation.
Alternatively, if 3, is supplied with its own tape, each (3, +
M. + D(M, + M.") can compute and construct simultaneously,

Hence, there can be embedded in von Newmann's £9-state celiular
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sructure an automaton which can perform the computations of a univer-
sal Turing machine and can also reproduce daelf. This answers question
{D2).

Al of von Neumanr’s questions about automata construction and
computation (Secs. 1.1.2,1 and 5.3.1) have now been answered
affirmatively, His 29-state cellular strueture is computstion-universal,
construetion-universal, and self-reproduetive. In this cellular strue-
ture, self-reproduction is a special case of construetion, and con-
struction and computation are similar activities.]
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360 THEQRY OF SELF-REFRODUCING AUTOMATA

o £ A 8 ¢ O F
slli= { sll::, ¢I==-=:~$ f
S| t| 2 |
ol -+ | = - | - 1 2
— [~
{o) Heod of construcling orm {b) Head fed from lef}
0 £
= ||
12
L
N
¢t ]35
5 o
{¢) Heod fed from below
Fig. 1. Constrmoting arm
(a)’ A B C
R §
Slorting with Ii ndl B
Sl t{v
o
=
<=y — into & or s produces s| — ¢
ol > |«
o
A B ¢
(c) I
. s|b = | =
v tuv = into ¢ or o' produces —
Sol > | ¢
@

Fig. 45. Harizontal advanco of constructing arm
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{a)

A B

vjivlzs
Starting with

sff=| =12
X KX E;

r'a

{b) A B

¢ |«
v $ =i into @ or o’ produces !
| +]1t]2

F' 4

a

{c) A B
| |y

V= U into & or s’ produces

P Ilfr t{2
sAl ¢ |3

a

Fig. 48, Vertical advanoe of constracting nrm



368 THEORY OF SELF-REPRODUCING AUTOMATA

(a)

sl ===
Starting with I

S_'.

ol > | *
ra
(b
. . sl =|=|{
v into ¢ or ¢ produces e
ell
a’
(e) .S‘I === §
v<=up 4 into 5 or ¢ produces —
Tl [=
ra

(d)
5
U>UYu 8 into ¢ or o produces Il.j i

2B
Ve
e
te) sh=|=1r
U= U ¥y into s or s’ produces .
ZOE
a

Fig. 47. Horizuntal retrem, of eonstrueting arm with constmmetion of 4 and 8
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(a) - >
Starting with

Soi|

a

(b) -
U < U ¥ U=>> into o or o’ produces

slf = | +

20 ¢+

o

(6)1} y |-
v v<=v into s or s’ produces

o P s|| = | ¢

by
Fal| *
a’

(d) Y| 8
v 438 into @ or ¢’ produces

sl =14t

5l ¢

a

(o) ‘ AR
v = into s or s’ produces

sl = i

sal| ¢

o

Fig, 48, Vertical retrest of construoting arm with constroetion of v nnd 8
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(a)
5| S
Starting with ==
S| ¢
ra
(b) . N
u ¢ into @ or a’ produces e
5o
ra
£
¢} ]
( i s> ¢
A pulse into @ or a‘ exits at ¢ —
as the stimulus to start the Sall #
sscondary automaton 7

(d)
U = into 5 or 5’ produces I: =
%[ +
r

Fig. 49, Injoctinn of starting stimulus into the eecondary nutomaton
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372 THEORY OF SELF-REPRODUCING AUTOMATA

{a) Siort with

A B c 0 £
VIL - - | - LU = '
U|I e I R =i

\\\\\ A A R 7 A EA
WI o [ fe|raannns <« | -

in which 1he reoding loop posses lhrough cell X, .

(b} The sequence 10101 inlo V produces:
{(NTot Wit X, is U (represenling "zern")
{2) {0101 ot W it X, is ¢ {representing “one")
{3)ond leoves cell X, in stalet:

A & c 0 F
Vllc L B B B I -1 ¢
UII A SRR E A
\\\\xa /30 C*5 EETEEETY & 69 IR L EEERIRE
wll"’ |le|e]iiiinle| e

Fig. 5. New uethod of nperating the finear array L

W N

B W N o



fa)  Stwerting with

Vll N .

vl ¢ wlef =] =| +
\\\\\";)ﬂxz x ezl
II" LN K ERTRETR « | «

) v v v=<« nto ¥ produces:

VII LU e i 2 . A XY -»>1 ¢
vl ef=| = %] |||t

NN A A R 2 I 2
“4— €« | & | & |ornnran | = e

(ct ud uYy V< into V produces:

Vl Clala>] | ]-eeeen eI

UI = | =] == =| ¢
\\\\ XO X! Xz ------- A.;q.f 1) (ot
II - ' .d— = [ rersess - -~ -

{d) U=:>ﬂ'¢=u ~» Inlo U produces:

Vilc|~]=>[={~] ]|«
vlle| =] === ESR
NN [# % ] Kl ¥ %
wle| |||« “l+l*
(&) uVyuy into ¥ produces:
vife|=|>[>]~ NN
vll e | =|=|=|= =] 4
\\\\ o 2l e Xl %%
wll < T« [« =] ] -] +] <

Fig. 52, Writing *‘one’’ in cell z, and lengtienlng the reading loop
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THEORY OF SELP-NEPRODUCING AUTOMATA

Decoders: A &
, S— ;
3 4 Pp(D % 4,
»|-»|la, forG, LY c_;- '?
starl, _".I/‘L/
¢! oy
/4 paloy A / : Z%é
D] C 3 s 0 1 s ¢ ]
2| 7 '
% 7 / Y
SO p A, " oppdl %T
‘ |a* for bll+|c :- 4
4 SOz // ////////////////Zi‘%g
W / 170
ate ] ape | DeloyAa ;/}%L
e / 72
L //’ /////l// ////_:/
r S 77, *T (i /4?
ﬂ//’/f//// "-a- &"e bl; c;- +
g Sl oy bn
‘ //// . é?é’f/z
b >]-]- oo nd A 77 B3
e | 3 N
07 ///l//m// a
stop, Lokl =lie- z ad
l s bz PPUI ,
’ /é'f//‘fln_, for 84 bl > c/}/
; Storly L~ L / 4 /
%} /_L
V////X////// n
e | e | e | d
of D W

Fig. 63. Static-dynamio eonverter

by,
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SYMBOL INDEX

Note: page references are to the text locations where symbols are defined or
formally introduced for the first time.

Afa, &) {(CU transzition function), 206

C.. {confluent slate), 148

C {connecting loap), 208

C: {timing loop), 213

CG,, CC,, CG; {coded channel of MC), 227
CO {control organ), 244

CU {constructing unit), 206

D (delay area of CO), 246

D{e! ... ") {decoding orgen), 176

D{M), D(M) (deseription of a Turing machine) 270-271
E{e) {CU output function), 208

FA (finite automaton), 267

& {cell vector), 133

41, t1, %5 {inpais to CU, outputs of MC), 232
1.« 0 {rigidly timed sequence), 167

1 .« " {periodic repstition), 158

L {linear array), 202

Mo {universal eonatructor), 271

M * {(modified universal constructor), 2685
My {universal eomputing machine), 270

MC {memory control), 206

nat (state of esll ¥ ot time £), 133

n* (subsequent location 1o read value of £,), 204
o, 01, &1, 04, 05 {ontpais of CU, inputs to MC), 232-233
P2t - .. ) (pulser), 159

PP{s! - - - i%) (periodic pulser), 163

R{i* - - - i) {recogmizer), 189

RWE (read-write-erase unit), 226

RWEC (read-write-erase control unit), 226
Sg (set of direci-process states), 146

$0, (state organ), 267

Tyae {transmission state), 148

U {unecxeitable state), 140

W {delay aren of MC), 227

Wi N Wz, Wi, Wu (mb-mas of W), 256

X {ares X of MC), 227

T, th {secondary automaton coordinates), F10
x5 {cell of L uader scan), 208

X{a) {CU output function), 206

Y {transfer area of MC), 227

Z {aren. 7 of MC), 227

71, Zs, 2y, Z, (sub-areas of Z), 256

3m



380 SYMBOL TNDEX

& (lengil of secondary automaton), 116

B (width of secondaty automaton), VI8

z' (lcngthcn—shorten parameter for Cy, C,}, 204
Ais (state of cell (5,00, 17

£a* {value of the n® cell of L), 204

& (triple-return counter), 181

¥ (1 vs. IDI0F diseriminator), 187

91 (responding organ of &), 181

[0] (ordinary stimuli), 148

(4] (special stimuli), 148

2, 10,2, Lo (ordinary transmission stales), 152

L, 1, L, 11 (special transmission states), 152

+ {(“and"), 100

—~ ("not™, 100

+ (Yor'), 100

—, 1,4+, | (ordinary transmission states), 262

=, 11,4, || (special transmission states), 262

- T, « 1, ete. {ordinary or speeial trangmission states initially active), 262
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Acoustic delay line. See Sterage de-
viees
Analog computers, 21, 22, 36-36, 68~
70,98
Area X, 227, 252253, 203
Aren Z, 227, 253, 203
vonstruetion of, 256-257
Automata
nprtifivial, 21-25, Se¢ also Com-
putets
eomplex, 20, 32, 79
complexity of, 36G-37
eomplicated, 20
constructed. See Secondary (eon-
structed) sutomsaton
construeting. See Primary (eon-
structing) sutomaten
construction aspects of, 92 ef pes-
it
efficiency of, 37-39, 0192
formalistie study of, 91, 102
human nervous system and, 9-10,
4340
logical aspeots of, 92 el poassim
nawnl, 2125, 64
non-construetibie, 261
probabillstie, 99
self-reproducing, 19, 21, 294-286,
See alse Self-reproduction
wingle-cell, 111
gce alse Clomputers; Finite au.
tomata; lofinite eelluiar au-
tomats,
Automata theovy, 10, 17-28
bivlogy and, 21
communication and eoatrol en-
gineering and, 2j .
conlinuous mathematics and, 25-
2, o7
mathematical logic and, 10, 19,
25, 4345, 47-48, 48-566
thermodynamics and, 28
Automatic programming, 5, 14-15
Automaton miliey, 72-73
Axiomatic method, 43-44, 76

33

Brlance, 28, 4041, 63

Base two, 114

Behavior, 270

Bigelow, J., 12, 105

Birkhoff, G., 2, 34, 59

Bitwise tmplication, 175

Black bex, 45

Boltemann, L., 26, 59, 60-GI

Pollamann’s toustant, 66

Boolcan algebra, 100

Bootl:, A, 1), 16

Brainerd, J, G., G

Brillonin, L., 68

Burks, A. W, 6, 12, 37, 43, 128, 262,
270, 271, 281 )

Caleulation cliaii, 24
Celjular automata, Sez  Ceflular
strueture; Infinite cellnlar au-
tomata
Cellular model, deseription of, 06—
108
Cellular strueture, 94, 1031086, 28%
ponstruction-univemsality  of, 92,
16
logical vniversality of, 285-271
tape-repding method in, 283
tape witit in, 26, 293
von Neumann's 29-state, 261-292
Churels, A, 261-262
Codd, E. I, 280
Coded channel, 180, 100-200, 227,
228, 230-243, 252, 293
behavior dezeribed, 190-19], 227
capacity of in MC, 239-24!
coustruction of, 192-194
corruption problems in, 191, 196~
198
cychicity in, 198-200
dimensions of, 105, 242-243
function of, 180, 194192
main channe] of, 193
rile for svoiding eorruption in, 198
{iming considerations for, 195-106
Coincidence organ, 81



382

Colllsion in s#ingle. reproduction,
avoidance of, 120-121
Combinatorics, 62
Commumcatmn channel, 60
Complexity, 22, 23, 54, 58, 65-73,
79-80, 118
relisbility and, 23
Complication, 4748, 64-73, 78-86
complexity and, 79-50
degeneration and, 79-80
Component size, 20
Computation, 24, 270
guantily of, 26
size and reliability related, 26
speed of, 3741
Computer components and effi-
ciency, 22, 85-67, 72-73
Computers, 32, 35-41, 75
applications of iu science, 33-34
¢ircuits of, 15-17
efficiency of, 28
heuristic use of, 3-5, 33-35
human nervous system and, -10,
43-49
mixed synebronous, asynehronous,

see alse Analog computers; Auto-
mata; Digital computets
Contluent states C,.r, 107, 136-139,
147
and the 4 neuron, {36
and the - ncwron, 136-137, {38
Conneeting loop Cy, 116, 180, 208,
210-213, 228, 238, 246, 203
lengthening of, 216, 218-220
preliminary deseription of be-
havior of, 210-213
shortening of, 222-224
Conneoting organ, 80
Constructibility, 92, 156, 292
Construeting arm, 271-270
design of, 272-276
double path procedure, 273-277
head of, 274
operation of, 274275
gingle path procedure, 272-273, 277
Constructing unit CU, 205-208, 238,

293
design of, 279-280, 295
function of, 201-202

THEORY OF SELF-NEPRODUCING AUTOMATA

input-outpui connectlons, 232-233
interconnections with MC, 205—
208, 228-229, 232-233
postulates for, 207
schematic degeription of, 206-207
viewed as speeial type of finite
automaton, 286
Construction, 101-132, 288 ¢ passim
geometry snd kinemntics of, 01—
102
Construotion-universality, 92, 116
of cellular atructure, 286, 292
Constructive method, 91-02
Contro] organ CO, .....'—228, 229, 210,
245
delsy adjustments in, 244-245
operation of, 230
sce alse Memory control unit
Conversion of {recly timed sequences
to rigidiy timed ones. See Statie-
dynamic converter
"Copying,” use of deseriptions vs,
originals in self-reproduetion, 84,
i2i-122
Crossing lines and paths. See Wire-
CrORyimg
Crossing ovgan, 262-253
vlock sequences in, 262
used to solve interference probiem
for MC, 203~264
Crystal, 108
Crystal Inttice, 104
Crystalline regulariiy, 93, 04
Crystalline struefure, 132
Crystalline symmetry, 103-104
Cutting organ, 81

Decision machine, 52

Decoding organ D{s? - . 4 <", 175-179
behsvior degcribed, 175
characteristic of, 1(6
construction of, 175—179
dimensions of, 176-177, 178
order of, 176
liming eonsiderations for, 176, 177,

178-170,

Degenerative processes, 62

Delay area D, 246
dimensions of, 256

Delay ares W, 227, 241-242, 243
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construction of, 256-257
delay congiderationsand, 257-258,
263 .
Delay line. Sea Storage devices
Delay psths, 16
Delays, single, 147
through confluent stafes, 147
Deseriptive statement L, for -
merical paramcters, 112-113
Diifferential equationz of self-repro.
duction, 97, 106
Diffusion proceases, 97-98
Digital compters, 21, 22, 35, 36, 69-
70,98
Digital notation, 48
Digital organ, 69-70
Digitalization, 61-62
Dimensionality, 104-1056
Direct process, [07, 11}, 142-145,
272
aeed for control by fixed stimulus
sequences, 143-146
Directed process, 135
Double line trick, {38

Eeelcs, J. G, 97

Bekert, J. 1, 6, B

EDSAC, 8

EDVAC, §-11, 10, 158, 261

Efficlency, 28, 40, 48, 67, 03, See also
Computer components and effi-
ciency

Rlementary paris, 77

{Znergy and information, 86-67

ENIAC, 6-10, 19, 37, 48, 65

Entropy, 59-63, 67

Entscheidungsproblem, 49, 204, See
afso Halting problem

Error-detectingand -correcting eodes,
61

Error deteotion snd correetion, 24~
25,73

Estrin, G., 12

BEvolution, 79, 92-93, 99, 181

Excitation, 44; 97-08

Failure, 58, '70-73
Fatigue, 44, 96, 97-98

383

Finite automats, 108; 114-115, 267,
286
embedded i cellular stracture,
267-268, 203

Flip-fiop, 174

Flow dingram, i3-14, 84

Free timing, 157

Fusing organ, 81

“Ciarden-of -Kden™ configuration, 201

tene-funetion, 130

Gudel, K., 25, 53, 55-56, 125, 126

Godel pumber, 55

Giidel’s theorems, 47, 51, 53-50

Oddel’s undeeidable fonnula and
self-reproducing automata, 26

Goldstine, H. H,, 4, 8, 12, 37, 95,
105, 279

Gorman, J. E., 262

Goto, k., 16, 17

Growth, 109, 110

Growth functions, 139-142

Halting problem, 52-53, 124-126
undecidabilily of and Richard’s
paradox, 125-i26
sie also Fnlecheidungsproblem
Hamning, R. W., i1
Hartley, R. ¥. L., 59, 6]
Heuristie nre of computers, 3-5, 33,
a5
Hixen Bymposium, 53, 8i
Ueatland, [. 11,, 99, 202, 270
Howogeueity, 72, 103-108
functional or intrinsic, (03-104,
104, 288
totsl, 104
Homogeneous medium, 103
Hydrodynamies, 2-3, 34
contputers and, 3

Idcalized computing elemcnts and
computer design, 9-10

Tdealized exeitation - threshold - fa -
tigue neuron, 96

Idcalized neurons, 44 ff., 287

Idealized switch-delay clements, 25

Infinite cellular automala, 108 ¢f pas-
atm
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spatial and temporal relations,
132-124, 152
Information, 18, 26, 57, 50-63, 16,
67,78
Information theory, 19, 27, 42, 60-68
el pagyim
Inhibitory organ, 81
Initial cell assignment, 108, 152, 261
Initinlly quiescent automats, 264,
201
Input direction, 135
Isotrophy, 105, 108, 288

JONIAC, 12

Kemeny, I., 95-96

Keynes, J. M., 59

Kincmatics, 10]

Kleene, 5. C., 43, 101, 123, 125

Langage, complete epistemologion!
description of, 55
Laplace, P. 8., 58
Les, C. Y., 200
Linear array L, 112-110, 202-204,
250, 203
alicring . in, 210-212, 224-228
described, 203
function of, 203
function of Cy and C, in lengthen-
ing and shoriening on, 2{4-216
lengthening on, 216-220
moving its eonnection with MC,
214-226
operations on summarized, 200~
210
rend-write sequence of operations
on, 208-210
shortening on, 220-224
uee of for non-numeries] (univer-
sal) parametrization, 118
Logie, formal, 42-43
Logical depth, 24
Logical operaters, 42, 99-101, 111
Logical organization, 20, 22, 28-24
Togical universslity, 92, 265-271,
287, 292

MeCulloch, W., 0, 43 £, 77, 100, 101
MecCulloch-Pitts neyron nets, 43-40,
75, 80

THEORY OF BELF-REPRODUCING "AUTOMATA

Machine Ianguage, 14-15
Machine-man interaction, 5
McNaughton, R., 270
Main channel of coded channel, 193
MASER, 16
Mathematical logic, 10, 19, 25, 43-45,
47-66
Mauchly, J., 6
Maxwell's demon, 60, 61
Memory, 3641, 67-68, 101, 208
aeecss to, 40-41
capacity of, 40-4], 68
hierarchical, 23-24, 41
humsn, 39, 4849
unlimited, 113-114
virtual, 68
gee olso Btorage deviges
Memory eontrol unit MC, 115, 201-
202, 205-208, 226-250, 25i-252,
203, ¢f posatm Ch, 4
constructing devices in, 264-265
contro] organ CO in, 243-246
corruption eonsiderations, 253-255
delsys in control processes in, 254~
259
design modifications of, 257, 264-
265

dimengions of, 244
dimensgions of areas X, Y, Z, W,
253
funetion of, 205-208, 23i-238
intercomnections with CU, 205
208, 228-229, 282-233
modus operandi on L, 207-2i0
1010 a8 no-response charsoteris-
He, 200
operation of, 228-22¢
organization of, 226-228
postulates for, 207
redesign using double path pro-
cedure for reading L, 277-270
solution of interference problem in,
259-264
Mixed analog-digital systems, 22, 27
Monte Carlo method, 6
Moore, E. F,, 34, 261
Morgenstern, 0., 2, 59
Morphogenesis, 99
Moter organ, 80
Muntyan, M,, 279
Mouscle organ, 77, 80, 31-82
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Mutation, 87, 130
Myhill, J.,-201

Nalural -selection, 131
Negation, synthesis of, 138
Neighbors, immediate, 133
Nervous system, 9-i0, 39, 42-48, 64
complexity of, 37
langiages of, 16
probablistio logics and, 15
Neurcn fatigue, 48-49
Neuron response, 160
Neuron stimulua, 100
Nourons, 77, 99-101
excited, 44
guiesoent, 44
Non-Euclidean spaces, 103
Non-linear partial differential equa-
lions, 2, 19, 33-84, 97
of self-reproduction, 97, 106
Nyquist, H., 61

1 vy, 10107 diseriminator ¥, {87-189,
209, 292
behavior described, 187
construction of, 188~i&89
dimensions of, 188-189
function of, 187
timing eonsiderations for, 188-189
Optimality and minimality, 9{-852
Ordinary stimulus, 110-111
Ordinary transmission states Ty,
107, 134136
us connecting lines, 135-130
jogieal-neural functions and, 134
Qutput divection, 135

Parallel processing, 7, 22, 23, 157-
1568, 261
Parametron, 16
Pericdie pulser PP(# -.-i"), 162-
175, 238, 292
alternate periodie pulser PI’(]), 174
characteristic of, 183
construction of, IG3—I75
corruption of by interference, 169~

170
dimensions of, 168-164, 170-171
external  characteristies  sum-

marized, {74-175

385

operation illustrated, 162-163
order of, 168
phasing for, 173-174
rules for avoiding corruption (final
versgion), 172
rules for avoiding corruption (ini-
tial version), 169170
epeclgl periedic pulser PP(]) 163,
167, 2
special periodio palrer  PP(D),
shown defective and altered,
174
start, mechanizm of, 164
stop mechanism of, 165-1066
timing considerations eorrecicd,
172-173
timing congiderations for, 168-169,
170-i71
Periodic repetition, 158
Pitts, W., 8, 43 71, 77, 100, i01
Primary (constructing) automaton,
82, 111, 118, 271, 288, 289
Probabilistic logics, 20, 26, 58-63, 99
Probability theory, 99
Programmer’s language, 14-15
Programming, 12-13
Propositionai functions, 100-101
Pulser (¥ -+ 47, 158-162, 262
hehavior deseribed, 159
characteristic of, 159
construction of, 159-i61
dimensions of, 159-161
external  characteristics
marized, 162
order of, 159
timing for, §60-16i

suln-

Quadratic lattice, 132
Quantum mechanics, 59, 62
Quiezcence, total, 104

Quiescent states, 99, 103, 106-107

Rajchman, J. A., 12
Read-write mechanisms, 114-116
Read-write-erase control unit RWEC,
296, 297, 246-250, 251, 250, 293
eontrol organs CO of, 220-230
dimensions of, 242-243
funetion of, 246-247
Read-write-erase unit RWE, 226-
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22::;. 230-981, 237243, 251, 259,
25
construction of, 287243
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