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Introduction

This book represents the outcome, after more than a decade, of a
program of work undertaken jointly with Dr. Arturo Rosenblueth,
then of the Harvard Medical School and now of the Instituto
Nacional de Cardiologia of Mexico. In those days, Dr. Rosenblueth,
who was the colleague and collaborator of the late Dr. Walter B.
Cannon, conducted a monthly series of discussion meetings on scien-
tific method. The participants were mostly young scientists at the
Harvard Medical School, and we would gather for dinner about a
round table in Vanderbilt Hall. The conversation was lively and
unrestrained. It was not a place where it was either encouraged or
made possible for anyone to stand on his dignity. After the meal,
somebody—either one of our group or an invited guest—would read
a paper on some scientific topic, generally one in which questions of
methodology were the first consideration, or at least a leading
consideration. The speaker had to run the gauntlet of an acute
criticism, good-natured but unsparing. It was a perfect catharsis
for half-baked ideas, insufficient self-criticism, exaggerated self-
confidence, and pomposity. Those who could not stand the gaff did
not return, but among the former habitués of these meetings there is
more than one of us who feels that they were an important and
permanent contribution to our scientific unfolding.

Not all the participants were physicians or medical scientists.
One of us, a very steady member, and a great help to our discussions,
was Dr. Manuel Sandoval Vallarta, a Mexican like Dr. Rosenblueth
and a Professor of Physics at the Massachusetts Institute of Tech-
nology, who had been among my very first students when I came to
the Institute after World War I. Dr. Vallarta used to bring some
of his M.I.T. colleagues along to these discussion meetings, and it
was at one of these that I first met Dr. Rosenblueth. I had been
interested in the scientific method for a long time and had, in fact,
been a participant in Josiah Royce’s Harvard seminar on the subject
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2 CYBERNETICS

in 1911-1913. Moreover, it was felt that it was essentml to hzwe
someone present who could i
critically. I thus became an active member of the group until Dr.
Rosenblueth’s call to Mexico in 1944 and the general confusion of the
war ended the series of meetings.

For many years Dr. Rosenblueth and I had shared the convic-
tion that the most fruitful areas for the growth of the sciences were
those which had been neglected as a no-man’s land between the
various established fields. Since Leibniz there has perhaps been no
man who has had a full command of all the intellectual activity of his
day. Since that time, science has been increasingly the task of
specialists, in fields which show a d to grow progressively
narrower. A century ago there may have been no Leibniz, but there
was a Gauss, a Faraday, and a Darwin. Today there are few scholars
who can call themselves mathematicians or physicists or biologists
without restriction. A man may be a topologist or an acoustician or
a coleopt/erist He will be filled with the jargon of his ﬁeld and will
know all its 1 and all its ramif i but, more fi ly
than not, he will regard the next subject as something belongmg t,o
his colleague three doors down the corridor, and will consider any
interest in it on his own part as an unwarrantable breach of privacy.

These specialized fields are inually growing and invading new
territory. The result is like what occurred when the Oregon country
was being invaded slmultaneously by the Umwd States settlers, the
British, the Mexi and the R icable tangle of
exploration, nomenclature, and laws. There are fields of scientific
work, as we shall see in the body of this book, which have been
explored from the different sides of pure mathematics, statistics,
electrical engineering, and neurophysiology; in which every single
notion receives a separate name from each group, and in which
important work has been triplicated or quadruplicated, while still
other important work is delayed by the unavailability in one field of
results that may have already become classical in the next field.

It is these boundary regions of science which offer the richest
opportunities to the qualified mvesnnator Thev are at the same
time the most refr 'y to the T hniques of mass attack
and the division of labor. If the d Ity of a physiological probl
is mathematical in essence, ten ,.l. iologists i t of matk
will get precisely as far as one physiologist i t of math
and no further. Ifa physmlogmt who knows no mathematics works

her with a ician who knows no physiology, the one
will be unable to state his problem in terms that the other can manip-




INTRODUCTION 3

ulate, and the second will be unable to put the answers in any form
that the first can understand. Dr. Rosenblueth has always insisted
that a proper exploration of these blank spaces on the map of science
could only be made by a team of scientists, each a specialist in his
own field but each possessing a thoroughly sound and trained
acquaintance with the fields of his neighbors; all in the habit of work-
ing together, of knowmg one another’s intellectual customs, and of

the ifi of a coll ’s new ion before it
has taken on a full formal expression. The mathematician need not
have the skill to conduct a physiological experiment, but he must have
the skill to understand one, to criticize one, and to suggest one. The
physiologist need not be able to prove a certain mathematical
theorem, but he must be able to grasp its physiological significance
and to tell the mathematlclan for what he should look. We had
dreamed for years of an institution of i ists, working
together in one of these backwoods of Sclence not as subordinates of
some great executive officer, but joined by the desire, indeed by the
spiritual necessity, to understand the region as a whole, and to lend
one another the strength of that understanding.

We had agreed on these matters long before we had chosen the
field of our joint investigati and our respective parts in them.
The deciding factor in this new step was the war. I had known for
a considerable time that if a national emergency should come, my
function in it would be determined lurgely by two bhlrgs my close
contact with the prog of loped by Dr.
Vannevar Bush, and my own ]omt work with Dr. Yuk ng Lee on
the design of electric networks. In fact, both proved important.
In the summer of 1940, 1 tnrned a large part of my attention to the

of hi for the solution of partial
differential equahons I had long been interested in these and had
convinced myself that their chief problem, as contrasted with the
ordinary differential equations so well treated by Dr. Bush on his
differential analyzer, was that of the representation of functions of
more than one variable. I had also become convinced that the pro-
cess of scanning, as employed in television, gave the answer to that
que.mon and, in fact, that television was destined to be more useful
to ing by the i duction of such new techniques than as an
independent mdustry

1t was clear that any scanning process must vastly increase the
number of data dealt wn,h as compa,red with the number of data in a

Tial

of ordinary d 1 To reason-
a.ble results in a reasonable time, it thus became necessary to push




4 CYBERNETICS

the speed of the elementary processes to the maximum, and to avoid
interrupting the stream of these processes by steps of an essentially
slower nature. It also became necessary to perform the individual
processes with so high a degree of accuracy that the enormous
repetition of the elementary processes should not bring about a
cumulative error so great as to swamp all accuracy. Thus the follow-
ing requirements were suggested:

1. That the central adding and multiplying apparatus of the

hine should be ical, as in an ordinary adding

machme, rather than on a basis of measurement, as in the Bush
differential analyzer.

2. That these hani which are ially switching devices,
should depend on electronic tubes rather than on gears or mechanical
relays, in order to secure quicker action.

3. That, in accordance with the policy adopted in some existing
apparatus of the Bell Telephone Laboratories, it would probably be
more economical in apparatus to adopt the scale of two for addition
and multiplication, rather than the scale of ten.

4. That the entire sequence of operations be laid out on the
machine itself so that there should be no human intervention from
the time the data were entered until the final results should be taken
off, and that all logical decisions necessary for this should be built
into the machine itself.

5. That the machine contain an apparatus for the storage of data
which should record them quickly, hold them firmly until erasure,
read them quickly, erase them quickly, and then be immediately
available for the storage of new material.

These dati her with ative suggestions for
the means of realizing them were sent in to Dr. Vannevar Bush for
their possible use in a war. At that stage of the preparations
for war, they did not seem to have sufficiently high priority to make
immediate work on them worth while. Nevertheless, they all
represent ideas which have been incorporated into the modern
ultra-rapid computing machine. These notions were all very much
in the spirit of the thought of the time, and I do not for a moment
wish to claim anything like the sole responsibility for their introduec-
tion. Nevertheless, they have proved useful, and it is my hope
that my memorandum had some effect in popularizing them among
engineers. At any rate, as we shall see in the body of the book, they
are all ideas which are of interest in connection with the study of the
nervous system.



6 CYBERNETICS

Moreover, an aviator under the strain of combat conditions is
scarcely in a mood to engage in any very complicated and untram-
meled voluntary behavior, and is quite likely to follow out the pattern
of activity in which he has been trained.

All this made an investigation of the problem of the curvilinear
prediction of flight worth while, whether the results should prove
favorable or unfavorable for the actual use of a control apparatus
involving such curvilinear prediction. To predict the future of a
curve is to carry out a certain operation on its past. The true
prediction operator cannot be realized by any constructible apparatus;
but there are certain operators which bear it a certain resemblance
and are, in fact, realizable by apparatus which we can build. I
suggested to Professor Samuel Caldwell of the Massachusetts Institute
of Technology that these operators seemed worth trying, and he
immediately suggested that we try them out on Dr. Bush’s differential
analyzer, using this as a ready-made model of the desired fire-
control apparatus. We did so, with results which will be discussed
in the body of this book. At any rate, I found myself engaged in a
war project, in which Mr. julian H. Bigelow and myself were partners
in the investigation of the theory of prediction and of the construction
of apparatus to embody these theories.

It will be seen that for the second time I had become engaged in
the study of a mechanico-electrical system which was designed to
usurp a speclﬁcally human function—in the first case, the execution
of a i d pattern of ) ion, and in the second, the
forecasting of the future. In this second case, we should not avoid
the discussion of the performance of certain human functions. In
some fire-control apparatus, it is true, the original impulse to point
comes in directly by radar, but in the more usual case, there is a
human gun-pointer or a gun-trainer or both coupled into the fire-
control system, and acting as an essential part of it. It is essential to
know their characteristics, in order to incorporate them mathe-
matically into the machines they control. Moreover, their target,
the plane, is also humanly controlled, and it is desirable to know its
performance characteristics.

Mr. Bigelow and I came to the conclusion that an extremely
important factor in voluntary activity is what the control engineers
term feedback. I shall discuss this in considerable detail in the
appropriate chapters. It is enough to say here that when we
desire a motion to follow a given pattern the difference between this
pattern and the actually performed motion is used as a new input to
cause the part regulated to move in such a way as to bring its
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in a state of what is known as ataxia. An ataxia of this type is
familiar in the form of syphilis of the central nervous system known
as tabes dorsalis, where the kinesthetic sense conveyed by the spinal
nerves is more or less destroyed.

However, an excessive feedback is likely to be as serious a handicap
to organized activity as a defective feedback. In view of this
possibility, Mr. Bigelow and myself approached Dr. Rosenblueth
with a very specific question. Is there any pathological condition
in which the patient, in trying to perform some voluntary act like
picking up a pencil, overshoots the mark and goes into an uncontrol-
lable oscillation? Dr. R blueth diately answered us that
there is such a well-known condition, that it is called purpose tremor,
and that it is often associated with injury to the cerebellum.

We thus found a most signifi ion of our hypoth
concerning the nature of at least some voluntary activity. It will
be noted that our point of view considerably transcended that current
among neurophysiologists. The central nervous system no longer
appears as a self-contained organ, receiving inputs from the senses
and discharging into the muscles. On the contrary, some of its
most characteristic activities are explicable only as circular processes,
emerging from the nervous system into the muscles, and re-entering
the nervous system through the sense organs, whether they be
proprioceptors or organs of the special senses. This seemed to us to
mark a new step in the study of that part of neurophysiology which
concerns not solely the elementary processes of nerves and synapses
but the performance of the nervous system as an integrated whole.

The three of us felt that this new point of view merited a paper,
which we wrote up and published.! Dr. Rosenblueth and I foresaw
that this paper could be only a statement of program for a large
body of experimental work, and we decided that if we could ever
bring our plan for an interscientific institute to fruition, this topic
would furnish an almost ideal center for our activity.

On the communication engineering plane, it had already become
clear to Mr. Bigelow and myself that the problems of control engineer-
ing and of n ing were inseparable, and that
they centered not around the technique of electrical g but
around the much more fundamental notion of the message whether
this should be transmitted by electrical, mechanical, or nervous
means. The message is a discrete or continuous sequence of measur-
able events distributed in time—precisely what is called a time series

1 Rosenblueth, A., N. Wiener, and J. Bigelow, * Behavior, Purpose, and Teleology,”
Philosophy of Science, 10, 18-24 (1943).
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by the statisticians. The prediction of the future of a message is
done by some sort of operator on lts past, whether this operator is
realized by a scheme of mat} putation, or by a i
cal or electrical apparatus. In this connection, we found that the
ideal prediction mechanisms which we had at first contemplated were
beset by two types of error, of a roughly antagonistic nature.
While the prediction apparatus which we at first designed could be
made to anticipate an extremely smooth curve to any desired degree
of approximation, this refinement of behavior was always attained
at the cost of an increasing sensitivity. The better the apparatus
was for smooth waves, the more it would be set into oscillation by
small departures from smoothness, and the longer it would be before
such oscillations would die out. Thus the good prediction of a
smooth wave seemed to require a more delicate and sensitive appara-
tus than the best possible prediction of a rough curve, and the
choice of the particular apparatus to be used in a specific case was
dependent on the statistical nature of the phenomenon to be pre-
dicted. This interacting pair of types of error seemed to have
something in with the bl of the
of position and of momentum to be found in the Heisenberg quantum
mechanics, as described according to his Principle of Uncertainty.
Once we had clearly grasped that the solution of the problem of
optimum prediction was only to be obtained by an appeal to the
statistics of the time series to be predicted, it was not difficult to
make what had originally seemed to be a difficulty in the theory of
prediction into what was actually an efficient tool for solving the

problem of predi ing the istics of a time series, it
became posslble to derive an explicit expression for the mean square
error of prediction by a given technique and for a given lead. Once

we had this, we could translate the problem of optimum prediction to
the determination of a specific operator which should reduce to a
minimum a specific positive quantity dependent on this operator.
Minimization problems of this type belong to a recognized branch of
mathematics, the calculus of variations, and this branch has a
recognized technique. With the aid of this technique, we were able
to obtain an explicit best solution of the problem of predicting the
future of a time series, given its statistical nature, and even further,
to achieve a physical realization of this solution by a constructible
apparatus.

Once we had done this, at least one problem of engineering
design took on a completely new aspect. In general, engineering
design has been held to be an art rather than a science. By reducing
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a problem of this sort to a minimizati inciple, we had established
the subject on a far more scientific basis. It occurred to us that this
was not an isolated case, but that there was a whole region of
engineering work in which similar design problems could be solved by
the methods of the calculus of variations.

We attacked and solved other similar problems by the same
methods. Among these was the problem of the design of wave
filters. We often find a d by ex
disturbances which we cali background noise. We then face the
problem of restoring the original message, or the message under a
given lead, or the message modified by a given lag, by an operator
applied to the corrupted message. The optimum design of this
operator and of the apparatus by which it is realized depends on the
statistical nature of the message and the noise, singly and jointly.
We thus have replaced in the design of wave filters processes which
were formerly of an empmcal and ra.ther ha.phazurd nature by

with a th

“In doing this, we have made of communication engineering design
a statistical science, a branch of statistical mechanics. The notion
of statistical mechanics has indeed been encroaching on every
bmnch of science for more than a century. We shall see that this

d of 1 hanics in modern physics has a very vital
for the interp ion of the nature of time. In the

case of ion ﬂ‘ ing, h , the signi of the
1 element is i diately app The ission of
information is i ible save as a ission of al ives. If
only one i is to be itted, then it may be sent most

efficiently and with the least trouble by sending no message at all.
The telegraph and the telephone can perform their function only if
the they it are continually varied in a manner not
completely determined by their past, and can be designed effectively
only if the variation of these messages conforms to some sort of
statistical regularity.

To cover this aspect of communication engineering, we had to
develop a statistical theory of the amount of information, in which the
unit amount of information was that transmitted as a single decision
between equally probable alternatives. This idea occurred at about
the same time to several writers, among them the statistician R. A.
Fisher, Dr. Shannon of the Bell Telephone Laboratories, and the
author. Fisher’s motive in studying this subject is to be found in
classical statistical theory; that of Shannon in the problem of coding
information; and that of the author in the problem of noise and
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message in electrical filters. Let it be remarked parenthetically that
some of my speculations in this direction attach themselves to the
earlier work of Kolmogoroff! in Russia, although a considerable part
of my work was done before my attention was called to the work of
the Russian school.

The notion of the amount of information attaches itself very
naturally to a classical notion in statistical mechanics: that of
entropy. Just as the amount of information in a system is a measure
of its degree of organization, so the entropy of a system is a measure
of its degree of disorganization; and the one is simply the negative of
the other. This point of view leads us to a number of considerations
concerning the second law of thermodynamics, and to a study of the
possibility of the so-called Maxwell demons. Such questions arise
independently in the study of enzymes and other catalysts, and their
study is essential for the proper understanding of such fundamental
phenomena of living matter as metabolism and reproduction. The
third fundamental phenomenon of life, that of irritability, belongs to
the domain of communication theory and falls under the group of
ideas we have just been discussing.?

Thus, as far back as four years ago, the group of scientists about
Dr. Rosenblueth and myself had already become aware of the
essential unity of the set of problems centering about communication,
control, and statistical mechanics, whether in the machine or in
living tissue. On the other hand, we were seriously hampered by the
lack of unity of the literature concerning these problems, and by
the absence of any common terminology, or even of a single name for
the field. After much consideration, we have come to the conclusion
that all the existing terminology has too heavy a bias to one side or
another to serve the future development of the field as well as it
should; and as happens so often to scientists, we have been forced to
coin at least one artificial neo-Greek expression to fill the gap. We
have decided to call the entire field of control and communication
theory, whether in the machine or in the animal, by the name
Cybernetics, which we form from the Greek yvBepmirys or steersman.
In choosing this term, we wish to recognize that the first significant
paper on feedback mechanisms is an article on governors, which
was published by Clerk Maxwell in 18683 and that governor is

1K f, AN, 1 und E von
Folgen,” Bull. Acad. Sci. U.S.8.R., Ser. Math. 5, 3-14 (1941).

2 Schrodinger, Erwin, What is Life?, Cambridge University Press, Cembridge,
England, 1945.

3 Maxwell, J. C., Proc. Roy. Soc. (London), 16, 270-283, (1868).
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through a reference to the concept of infinity, which can itself be
stated in finite terms. In short, it has become quite evident, both to
the nominalists like Hilbert and to the intuitionists like Weyl, that
the develoy of a h ico-logical theory is subject to the
same sort of restrictions as those that limit the performance of a
computing machine. As we shall see later, it is even possible to
interpret in this way the paradoxes of Cantor and of Russell.

I am myself a former student of Russell and owe much to his
influence. Dr. Shannon took for his doctor’s thesis at the Massa-

Institute of Technology the application of the techniques of
the classical Boolean algebra of classes to the study of switching
systems in electrical engineering. Turing, who is perhaps first among
those who have studied the logical possibilities of the machine as an
intellectual experiment, served the British government during the
war as a worker in electronics, and is now in charge of the program
which the National Physical Laboratory at Teddington has under-
taken for the development of computing machines of the modern
type.

Another young migrant from the field of mathematical logic to
cybernetics is Walter Pitts. He had been a student of Carnap at
Chicago and had also been in contact with Professor Rashevsky and
his school of biophysicists. Let it be remarked in passing that this
group has contributed much to directing the attention of the mathe-
matically minded to the possibilities of the biological sciences,
although it may seem to some of us that they are too dominated by

bl of energy and p ial and the methods of classical physics
to do the best possible work in the study of systems like the nervous
system, which are very far from being closed energetically.

Mr. Pitts had the good fortune to fall under MeCulloch’s influence,
and the two began to work quite early on problems concerning the
union of nerve fibers by synapses into systems with given over-all
properties. Independently of Shannon, they had used the technique
of mathematical logic for the discussion of what were after all
switching problems. They added elements which were not prominent
in Shannon’s earlier work, although they are certainly suggested by
the ideas of Turing: the use of the time as a parameter, the considera-
tion of nets containing cycles, and of synaptic and other delays.!

In the summer of 1943, I met Dr. J. Lettvin of the Boston City
Hospital, who was very much interested in matters concerning

! Turing, A. M., ““On Computable Numbers, with an Application to the Entschei-
dungsproblem,” Proceedings of the London Mathematical Society, Ser. 2, 42, 230
265 (1936).
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from the mechanical relay to the electrical relay, from humanly
directed operation to automatically directed operation; and in
short, each new machine more than the last was in conformity with
the memorandum I had sent Dr. Bush. There was a continual
going and coming of those interested in these fields. We had an
opportunity to communicate our ideas to our colleagues, in particular
to Dr. Aiken of Harvard, Dr. von Neumann of the Institute for
Advanced Study, and Dr. Goldstine of the Eniac and Edvac
machines at the University of Pennsylvania. Everywhere we met
with a sympathetic hearing, and the vocabulary of the engineers
soon became contaminated with the terms of the neurophysiologist
and the psychologist.

At this stage of the proceedings, Dr. von Neumann and myself felt
it desirable to hold a joint meeting of all those interested in what we
now call cybernetics, and this meeting took place at Princeton in the
late winter of 1943-1944. Engineers, physiologists, and mathe-
maticians were all represented. It was impossible to have Dr.
Rosenblueth among us, as he had just accepted an invitation to act
as Head of the laboratories of physiology of the Instituto Nacional
de Cardiologfa in Mexico, but Dr. McCulloch and Dr. Lorente de N6
of the Rockefeller Institute represented the physiologists. Dr.
Aiken was unable to be present; however, Dr. Goldstine was one of a
group of several computing-machine designers who participated in
the meeting, while Dr. von Neumann, Mr. Pitts, and myself were the
mathematicians. The physiologists gave a joint presentation of
cybernetic problems from their point of view; similarly, the comput-
ing-machine designers presented their methods and objectives. At
the end of the meeting, it had become clear to all that there was a
substantial common basis of ideas between the workers in the different
fields, that people in each group could already use notions which had
been better developed by the others, and that some attempt should
be made to achieve a common vocabulary.

A considerable period before this, the war research group conducted
by Dr. Warren Weaver had published a document, first secret and
later restricted, covering the work of Mr. Bigelow and myself on
predictors and wave filters. It was found that the conditions of
anti-aircraft fire did not justify the design of special apparatus for
curvilinear prediction, but the principles proved to be sound and
practical, and have been used by the government for smoothing
purposes, and in several fields of related work. In particular, the
type of integral equation to which the calculus of variations problem
reduces itself has been shown to emerge in wave-guide problems and
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in many other problems of an applied mathematical interest. Thus
in one way or another, the end of the war saw the ldeas of predlctxon
theory and of the statistical approach to

already familiar to a large part of the statisticians and communica-
tion engineers of the United States and Great Britain. It also saw
my government document, now out of print, and a considerable
number of expository papers by Levinson,! Wallman, Daniell,
Phillips, and others written to fill the gap. I myself have had a long
mathematical expository paper under way for several years to put
the work I have done on permanent record, but circumstances not
completely under my control have prevented its prompt publication.
Finally, after a joint meeting at the American Mathematical Society
and the Institute of Mathematical Statistics held in New York in
the spring of 1947, and devoted to the study of stochastic processes
from a point of view closely allied to cybernetics, I have passed on
what I have already written of my manuscript to Professor Doob of
the University of Illinois, to be developed in his notation and accord-
ing to his ideas as a book for the Mathematical Surveys series of the
American Mathematical Society. I had already developed part of
my work in a course of lectures in the mathematics department of
M.LT. in the summer of 1945. Since then, my old student and
collaborator,2 Dr. Y. W. Lee, has returned from China. He is
giving a course on the new methods for the design of wave filters and
similar apparatus in the M.LT. electrical engineering department in
the fall of 1947, and has plans to work the material of these lectures
up into a book. At the same time, the out-of-print government
document is to be reprinted.?

As I have said, Dr. Rosenblueth returned to Mexico about the
beginning of 1944. In the spring of 1945, I received an invitation
from the Mexican Mathematical Society to participate in a meeting
to be held in Guadalajara that June. This invitation was reinforced
by the Comision Instigadora y Coordinadora de la Investigacién
Cientifica, under the leadership of Dr. Manuel Sandoval Vallarta, of
whom I have already spoken. Dr. Rosenblueth invited me to share
some scientific research with him, and the Instituto Nacional de
Cardiologia, under its director Dr. Ignacio Chdvez, extended me its
hospitality.

I stayed some ten weeks in Mexico at that time. Dr. Rosenblueth

1 Levinson, N.
2 Lee, Y. W

J. Math. and Physics, 25, 261-278; 26, 110-119 (1947).

J. Math. and Physics, 11, 261278 (1932).

3 Wiener, N., i -polation, and ing of Stationary Time
Series, Technology Press and Wiley, New York, 1949.
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and I decided to continue a line of work which we had already dis-
cussed with Dr. Walter B. Cannon, who was also with Dr. Rosen-
blueth, on a visit which unfortunately proved to be his last. This
work had to do with the relation between, on the one hand, the tonic,
clonic, and phasic contractions in epilepsy and, on the other hand,
the tonic spasm, beat, and fibrillation of the heart. We felt that
heart muscle represented an irritable tissue as useful for the investiga-
tion of conduction mechanisms as nerve tissue, and furthermore,
that the oses and d ions of the heart le fibers
presented us with a simpler phenomenon than the problem of the
nervous synapse. We were also deeply grateful to Dr. Chévez for
his unquestioning hospitality, and, while it has never been the pollcy
of the Instituto to restrict Dr. Rosenblueth to the investi of
the heart, we were grateful to have an opportunity to contribute to
its principal purpose.

Our investigation took two directions: the study of phenomena
of conductivity and latency in uniform conducting media of two or
more dimensions, and the statistical study of the conducting proper-
ties of random nets of conducting fibers. The first led us to the
rudiments of a theory of heart flutter, the latter to a certain possible
understanding of fibrillation. Both lines of work were developed in
a paper,! published by us, and, although in both cases our earlier
results have shown the need of a considerable amount of revision and
of supplementation, the work on flutter is being revised by Mr.
Oliver G. Selfridge of the Massachusetts Institute of Technology,
while the statistical technique used in the study of heart-muscle nets
has been extended to the treatment of neuronal nets by Mr. Walter
Pitts, now a Fellow of the John Simon Guggenheim Foundation.
The experimental work is being carried on by Dr. Rosenblueth with
the aid of Dr. F. Garcfa Ramos of the Instituto Nacional de Car-
diologia and the Mexican Army Medical School.

At the Guadalajara meeting of the Mexican Mathematical Society,
Dr. Rosenblueth and I presented some of our results. We had
already come to the conclusion that our earlier plans of collaboration
had shown themselves to be practicable. We were fortunate
enough to have a chance to present our results to a larger audience.
In the spring of 1946, Dr. McCulloch had made arrangements with
the Josiah Macy Foundation for the first of a series of meetings to be
held in New York and to be devoted to the problems of feedback.

1 Wiener, N., and A. “The i ion of the Problem
of Conduction of Impulses in a Network of Connected Excitable Elements, Specifically
in Cardiac Muscle,” Arch. Inst. Cardiol. Méz., 16, 205-265 (1946).
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These ings have teen d d in the traditional Macy way,
worked out most efficiently by Dr. Frank Fremont-Smith, who
organized them on behalf of the Foundation. The idea has been to
get together a group of modest size, not exceeding some twenty in
number, of workers in various related fields, and to hold them to-
gether for two successive days in all-day series of informal papers,
discussions, and meals together, until they had had the opportunity
to thresh out their differences and to make progress in thinking along
the same lines. The nucleus of our meetings has been the group that
had assembled in Princeton in 1944, but Drs. McCulloch and Fre-
mont-Smith have rightly seen the psychological and sociological
implications of the sub)ect and have co-opted into the group a
number of leading psych logi: and antkh
The need of including psychologists had indeed been obvious from
the beginning. He who studies the nervous system cannot forget the
mind, and he who studies the mind cannot forget the nervous system.
Much of the psychology of the past has proved to be really nothing
more than the physiology of the organs of special sense; and the
whole weight of the body of ideas which cybernetics is introducing
into psychology concerns the physiology and anatomy of the highly
specialized cortical areas connecting with these organs of special
sense. From the beginning, we have anticipated that the probl
of the perception of Gestalt, or of the perceptual formation of uni-
versals, would prove to be of this nature. What is the mechanism by
which we recognize a square as a square, irrespective of its position,
its size, and its orientation? To assist us in such matters and to
inform them of whatever use might be made of our concepts for their
assistance, we had among us such psychologists as Professor Kliiver
of the University of Chicago, the late Dr. Kurt Lewin of the Mas-
L Institute of Technology, and Dr. M. Ericsson of New York.
As to sociology and anthropology, n is mamfest that the im-
portance of information and com as of
organization proceeds beyond the individual into the community.
On the one hand, it is compietely impossible to understand social
communities such as those of ants without a thorough investigation
of their means of communication, and we were fortunate enough to
have the aid of Dr. Schneirla in this matter. For the similar prob-
lems of human organization, we sought help from the anthropologists
Drs. Bateson and Margaret Mead; while Dr. Morgenstern of the
Institute for Advanced Study was our adviser in the significant
field of social ization belonging to ic theory. His very
important joint book on games with Dr. von Neumann, by the way,
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book on servomechanisms. This is not the place to discuss the full
significance of our results, which we are now repeating and preparing
to write up for publication. However, the following statements are
either established or very probable: that the frequency of clonic
oscillation is much less sensitive to changes of the loading conditions
than we had expected, and that it is much more nearly determined
by the constants of the closed arc (efferent-nerve)-muscle—(kines-
thetic-end-body )-(afferent-nerve )—(central-synapse )-(efferent-nerve)
than by anything else. This circuit is not even approximately a
cireuit of linear operators if we take as our base of linearity the num-
ber of impulses transmitted by the efferent nerve per second, but
seems to become much more nearly so if we replace the number of
impulses by its logarithm. This corresponds to the fact that the
form of the envelope of stimulation of the efferent nerve is not nearly
sinusoidal, but that the logarithm of this curve is much more nearly
sinusaidal; while in a linear oscillating system with constant energy
level, the form of the curve of stimulation must be sinusoidal in all
except a set of cases of zero probability. Again, the notions of
facilitation and inhibition are much more nearly multiplicative than
additive in nature. For example, a complete inhibition means a
multiplication by zero, and a partial inhibition means a multiplica-
tion by a small quantity. It is these notions of inhibition and
facilitation which have been used! in the discussion of the reflex are.
Furthermore, the synapse is a coincid der, and the outgoing
fiber is stimulated only if the number of incoming impulses in a small
summation time exceeds a certain threshold. If this threshold is
low enough in comparison with the full number of incoming synapses,
the synaptic mechanism serves to multiply probabilities, and that it
can be even an approximately linear link is possible only in a
logarithmic system. This approximate logarithmicity of the synapse
mechanism is certainly allied to the approximate logarithmicity of
the Weber-Fechner law of sensation intensity, even though this law
is only a first approximation.

The most striking point is that on this logarithmic basis, and with
data obtained from the conduction of single pulses through the
various elements of the neuromuscular arc, we were able to obtain
very fair approximations to the actual periods of clonic vibration,
using the technique already developed by the servo engineers for the
determination of the frequencies of hunting oscillations in feedback
systems which have broken down. We obtained theoretical oscilla-

1 Unpublished articles on clonus from the Instituto Nacional de Cardiologia,
Mexico.
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of a long-time scientific collaboration, in order to carry on our
program at a more leisurely and healthy pace. In this we were
enthusiastically backed by our respective institutions. Dr. George
Harrison, Dean of Science, was the chief representative of the
Massachusetts Institute of Technology during these negotiations,
while Dr. Ignacio Chévez spoke for his institution, the Instituto
Nacional de Cardiologia. During the negotiations, it became clear
that the laboratory center of the joint activity should be at the
Instituto, both in order to avoid the duplication of laboratory
equipment and to further the very real interest the Rockefeller
Foundation has shown in the establishment of scientific centers in
Latin America. The plan finally adopted was for five years, during
which I should spend six months of every other year at the Instituto,
while Dr. Rosenblueth would spend six months of the intervening
years at the Institute. The time at the Instituto is to be devoted to
the obtaining and eiucidation of experimental data pertaining to

i ics, while the i fiate years are to be devoted to more
theorehcal research and, above all, to the very difficult problem of
devising, for people wishing to go into this new field, a scheme of
training which will secure for them both the necessary mathematical,
physical, and engmeermg background and the proper acquaintance
with biol hological, and medical tect

In the spring of 1947, Dr. McCulloch and Mr. Pitts did a piece of
work of considerable cybernetic importance. Dr. McCulloch had
been given the problem of designing an apparatus to enable the blind
to read the printed page by ear. The production of variable tones
by type through the agency of a photocell is an old story, and can be
effected by any number of methods; the difficult point is to make the
pattern of the sound substantially the same when the pattern of the
letters is given, whatever the size. This is a definite analogue of
the problem of the perception of form, of Gestalt, which allows us to
recognize a square as a square through a large number of changes of
size and of orientation. Dr. McCulloch’s device involved a selective
reading of the type imprint for a set of different magnifications.
Such a selective reading can be performed automatically as a
scanning process. This ing, to allow a parison b a
figure and a given standard figure of fixed but different size, was a
device which I had already suggested at one of the Macy meetings.
A diagram of the apparatus by which the selective reading was done
came to the attention of Dr. von Bonin, who immediately asked, “Is
this a diagram of the fourth layer of the visual cortex of the brain?”
Acting on this suggestion, Dr. McCulloch, with the assistance of
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Mr. Pitts, produced a theory tying up the anatomy and the physi-
ology of the visual cortex, and in this theory the operation of scanning
over a set of transformations plays an important part. This was
presented in the spring of 1947, both at the Macy meeting and at a
meeting of the New York Academy of Sciences. Finally, this
scanning process involves a certain periodic time, which corresponds
to what we call the ““time of sweep” in ordinary television. There
are various anatomic clues to this time in the length of the chain of
consecutive synapses necessary to run around one cycle of perform-
ance. These yield a time of the order of a tenth of a second for a
complete performance of the cycle of operations, and this is the
approximate period of the so-called ““alpha rhythm” of the brain.
Finally, the alpha rhythm, on quite other evidence, has already been
conjectured to be of visual origin and to be important in the process
of form perception.

In the spring of 1947, I received an invitation to participate in a
mathematical conference in Nancy on problems arising from har-
monic analysis. I accepted and, on my voyage there and back,
spent a total of three weeks in England, chiefly as a guest of my old
friend Professor J. B. S. Haldane. I had an excellent chance to
meet most of those doing work on ultra-rapid computing machines,
especially at Manchester and at the National Physical Laboratories
at Teddington, and above all to talk over the fundamental ideas of
cybernetics with Mr. Turing at Teddington. I also visited the
Psychological Laboratory at Cambridge, and had a very good chance
to discuss the work that Professor F. C. Bartlett and his staff were
doing on the human element in control processes involving such an
element. I found the interest in cybernetics about as great and well
informed in England as in the United States, and the engineering
work excellent, though of course limited by the smaller funds
available. I found much interest and understanding of its possibility
in many quarters, and Professors Haldane, H. Levy, and Bernal
certainly regarded it as one of the most urgent problems on the
agenda of science and scientific philosophy. I did not find, however,
that as much progress had been made in unifying the subject and in
pulling the various threads of research together as we had made at
home in the States.

In France, the meeting at Nancy on harmonic analysis contained a
number of papers uniting statistical ideas and ideas from com-
munication engineering in a manner wholly in conformity with
the point of view of cybernetics. Here I must mention especially
the names of M. Blanc-Lapierre and M. Loéve. I found also a
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considerable interest in the subject on the part of mathematicians,
physiologists, and physical chemists, particularly with regard to its
thermodynamic aspects in so far as they touch the more general
problem of the nature of life itself. Indeed, I had discussed that
subject in Boston, before my departure, with Professor Szent-
Gybrgyi, the Hungarian biochemist, and had found his ideas con-
cordant with my own.

One event during my French visit is particularly worth while
noting here. My colleague, Professor G. de Santillana of M.LT.,
introduced me to M. Freymann, of the firm of Hermann et Cie, and
he requested of me the present book. I am particularly glad to
receive his invitation, as M. Freymann is a Mexican, and the writing
of the present book, as well as a good deal of the research leading up
to it, has been done in Mexico.

As I have already hinted, one of the directions of work which the
realm of ideas of the Macy meetings has suggested concerns the
importance of the notion and the technique of communication in
the social system. It is certainly true that the social system is an
organization like the individual, that it is bound together by a system
of communication, and that it has a dynamics in which circular
processes of a feedback nature play an important part. This is true,
both in the general fields of anthropology and of sociology and in the
more specific field of economics; and the very important work, which
we have already ioned, of von N and M on the
theory of games enters into fhis range of ideas. On this basis, Drs.
Gregory Bateson and Margaret Mead have urged me, in view of the
intensely pressing nature of the sociological and economic problems
of the present age of confusion, to devote a large part of my energies
to the discussion of this side of cybernetics.

Much as I sympathize with their sense of the urgency of the situa-
tion, and much as I hope that they and other competent workers will
take up problems of this sort, which I shall discuss in a later chapter
of this book, I can share neither their feeling that this field has the
first claim on my i nor their hopeful that suffici
prog can be regi d in this direction to have an appreciable
therapeutic effect in the present diseases of society. To begin with,
the main quantities affecting society are not only statistical, but the
runs of statistics on which they are based are excessively short.
There is no great use in lumping under one head the economics of
steel industry before and after the introduction of the Bessemer
process, nor in comparing the statistics of rubber production before
and after the burgeoning of the automobile industry and the cultiva-
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tion of Hevea in Malaya. Neither is there any important point in
running statistics of the incidence of venereal disease in a single table
which covers both the period before and that after the introduction
of salvarsan, unless for the specific purpose of studying the effective-
ness of this drug. For a good statistic of society, we need long runs
under essentially constant conditions, just as for a good resolution of
light we need a lens with a large aperture. The effective aperture of
a lens is not appreciably increased by augmenting its nominal
aperture, unless the lens is made of a material so homogeneous that the
delay of light in different parts of the lens conforms to the proper
designed amount by less than a small part of a wavelength. Similarly,
the advantage of long runs of statistics under widely varying conditions
is specious and spurious. Thus the human sciences are very poor
testing-grounds for a new mathematical technique: as poor as the
statistical mechanics of a gas would be to a being of the order of size
of a molecule, to whom the fluctuations which we ignore from a
larger standpoint would be precisely the matters of greatest interest.
Moreover, in the absence of reasonably safe routine numerical
techniques, the element of the judgment of the expert in determining
the estimates to be made of sociological, anthropological, and
economic quantities is so great that it is no field for a newcomer who
has not yet had the bulk of experience which goes to make up the
expert. I may remark parenthetically that the modern apparatus of
the theory of small samples, once it goes beyond the determination of
its own specially defined parameters and becomes a method for
positive statistical inference in new cases, does not inspire me with
any confidence unless it is applied by a statistician by whom the
main elements of the dynamics of the situation are either explicitly
known or implicitly felt.

I have just spoken of a field in which my expectations of cybernetics
are definitely tempered by an und ding of the limitations of the
data which we may hope to obtain. There are two other fields where
I ultimately hope to accomplish something practical with the aid of
cybernetic ideas, but in which this hope must wait on further
developments. One of these is the matter of prostheses for lost or
paralyzed limbs. As we have seen in the discussion of Gestalt, the
ideas of communication engineering have already been applied by
McCulloch to the problem of the replacement of lost senses, in the
construction of an instrument to enable the blind to read print by
hearing. Here the instrument suggested by McCulloch takes over
quite explicitly some of the functions not only of the eye but of the
visual cortex. There is a manifest possibility of doing something
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solenoids. With the aid of strain gauges or similar agencies to read
the performance of these motor organs and to report, to “feed back,”
to the central control system as an artificial kinesthetic sense, we are
already in a position to construct artificial machines of almost any
degree of elaborateness of performance. Long before Nagasaki and
the public awareness of the atomic bomb, it had occurred to me that
we were here in the presence of another social potentiality of unheard-
of importance for good and for evil. The automatic factory and the
assembly line without human agents are only so far ahead of us as is
limited by our willingness to put such a degree of effort into their
engineering as was spent, for example, in the development of the
technique of radar in the Second World War.1

I have said that this new development has unbounded possibilities
for good and for evil. For one thing, it makes the metaphorical
dominance of the machines, as imagined by Samuel Butler, a most
immediate and non-metaphorical problem. It gives the human race
a new and most effective collection of mechanical slaves to perform
itslabor. Such mechanical labor has most of the economic properties
of slave labor, although, unlike slave labor, it does not involve the
direct demoralizing effects of human cruelty. However, any labor
that accepts the conditions of competition with slave labor accepts
the conditions of slave labor, and is essentially slave labor. The key
word of this statement is competition. It may very well be a good
thing for humanity to have the machine remove from it the need of
menial and disagreeable tasks, cr it may not. I do not know. It
cannot be good for these new potentialities to be assessed in the terms
of the market, of the money they save; and it is precisely the terms
of the open market, the “fifth freedom,” that have become the
shibboleth of the sector of American opinion represented by the
National Association of Manufacturers and the Saturday Evening
Post. I say American opinion, for as an American, I know it best,
but the hucksters recognize no national boundary.

Perhaps I may clarify the historical background of the present
situation if I say that the first industrial revolution, the revolution
of the “dark satanic mills,” was the devaluation of the human arm
by the competition of machinery. There is no rate of pay at which a
United States pick-and-shovel laborer can live which is low enough
to compete with the work of a steam shovel as an excavator. The
modern industrial revolution is similarly bound to devalue the
human brain, at least in its simpler and more routine decisions. Of
course, just as the skilled carpenter, the skilled mechanic, the skilled

1 Fortune, 32, 139-147 (October); 163-169 (November, 1945).
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those who hope that the good of a better understanding of man and
society which is offered by this new field of work may anticipate and
outweigh the incidental contribution we are making to the concentra-
tion of power (which is always concentrated, by its very conditions of
existence, in the hands of the most unscrupulous). I write in 1947,
and I am compelled to say that it is a very slight hope.

The author wishes to express his gratitude to Mr. Walter Pitts,
Mr. Oliver Selfridge, Mr. Georges Dubé, and Mr. Frederic Webster for
aid in correcting the manuscript and preparing the material for
publication.

Instituto Nacional de Cardiologia,

Ciudad de México
November, 1947
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