Cybernetics and Fublic Urier

Bredericlhk D. dood

Cubernetice is defined as the scicnce of communication
and control in the organisn and the nachine. There are two
small books giving elementary revicws of cybernetics from
different viewpoints., G.T. Guilbawl in his book, What Is

, 1 . . ,
Cybe netics? gives an elementary cxplanatiion of cybernciics

starting from a circuit or internul jfunctioning viewpoint,

Neville ioray in his book, quernetics,g deals more with

the external behavior of ciybernetic systems and with some
of the potential psychological and philosophical implications.

In considering "public order”, thisz paper will discuss
the relevance ojf techniques from engyineering cybernetics
when useld in appropriate molels to help us maintzin a bulance
between hunan FEEOOM and spypoten SUTARILITY iIn cccicl and
economnic life.

The problems of hwnan freedom have traditionally bheen
studied more deeply by the writers, poets, philosophers and
religious lexders, while the problens of stability have keen
studied nore thoreugnly by enzineers, political scientists,
econonists and military leaiers.s Lhe intense specialization
o/ our more conplex socicty has led to a gap beiween the
specialists on problems of hAuman freedom closzely relited to
the humanities and the specialists in systemn stability nore
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closely related to the application of the physical sciences.,
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of the sciences. Firdt, many engineers could cast snall
threads across the gap by reviewing the impact of their own
work. A second more powerful anproach lies on the horizon,
namely the extenied use of analogies from cybernetics and
information theory to bridge the gap between the humanitics
and the sciences anid to bridre the gaps between the speciol
fields within science. <he first metind promotes "inter-
disciplinary” rcsearch, wnile the second is closer to

initiating "multi-disciplinary” researci,s

4 Perspective of Cybernetic Zlodels and Zechnologies

‘What is cybernetics? If we are to juioe jrom ifiener's
book, It includes at lexzst information theoru, with which we
are now reqsconadly JSunJ2iiry Scactiiiny Uheeo miduniy € Cahied

- < smoothing, [filtering, detection and prediiction treory, w:ich
deals with Jzndzng the presence of and aredzctznj the Future
value of sighals, usually in the presence of noz*c, and nega-
tive feedback ahd servomechanisas theory, wiich Jiener traces
back to an early treatise on the governor (tue device that
keeps the zpeed of a steam eigine constant) puojzoﬂed by James
Clerk laowell in 1868, e must, I think, also include another
Jield which may be dezcribed as automata and comnlicated
machines. This includes the design and programming of digital
machines.

Finally, we must include any phenomena of 1life which
resemble anytning in this 1i3t or which eabody similar processes.
This brinys tomind at once certain benavioral and regulotory
Junctions of the boiy, but /iener goes mucha jurther. In hisz
second aqutobiographicazl volunec, I An g athematician, he says
that socieclogy and anthropology are primarily sciences of
comnunication and therefore fall unier tne general head of

cybernetics, and he incluldes, as o 3pecial branch 0 sociologzy,
economics az well.*

Now the specialists in each field of scienze s3uch az
information theory, servomechanisms, cutomatic control, compu-
ters, socliology and economics do not generally accept Norbert

Wiener's Inclusion of thcir special fieli as a part of the
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gencral field of eybernctics., Il is my position that in our
more bowplex society with its exnonentially growing output of
scientific and éngineerﬁng reports, we need an integrating
philosophy around which to organize a framework for classify-
ing the output and organizing the cooperation of the various
specialists in the interdisciplinary work that the complexity
of our civilization regiires. Also we willi need more "multi-
disciplinary” scientiszts to help organize our scientific
ventures o/ the future. In connection with these problems I
would like to mention a 1ittle book by Hichirds and Gibson,

Enalish Throuah Pictures, especially the seciions on the

processes of going from the whole to the party the concepts
of feedback; the pefspective o/ the growing éomplexity of
civilization and the exponential rise of related functions
such as populuaiion and eneirgy production.j:

To start from the whole domain of cybernetics and work
down to the specijfic models and technologies that can help
us with the problem of public order, let ws first examine
a three-dinensional chart of cybernetic technologies and
models shown as Fig. 1.

From left to right we show the degree of gquantization
JSrom fine tb coarse. The vertical scale is the degree of
complexity. The figure is cut inte Lhree plates; the back
one is for émall, the middle one for mediwn, and the front
one iz for large systerns. To develop a general perspective
I shall review briefly tre cybernetic technelogies and
cybernetic models shown in Fig, 1. Then I shall go into
more Jdetail on the particular cnes that we can make prdctical

use of In the immediate [future.

Nos, 725 & 154D
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Firgt I sholl review the cybernciic technologies shown in
Fig. Ia,and thén review the cybernetic moﬁe%s shown in tn
e f%guré&go
(1) Negative feedback Circuits

The feeiback amnlifiers o) electronic engincering hive
anzlogous counterparts in mecianical and thernal systens wivd
alse in biclogical and socizl Jyétems. A hlock dicgrem repres=
senting a negative feedback anplifier is shown as section 1 in
the small systen plone in #ig. 1. Consider the anplifier
represented by the bloch which amnlifies a small input
voltage to produce a large output volizzre. If we take part
of the output voltage and feed it baci to the input as
indicated bg the Iower line, the behavior of the circull
will be changed. 1f the outpul voltare adds te the inpul
vnltage (positive Feedback), the amnlifier nroiutes a eti]l
larger output voltage. This results in the circuit going into
oscillation in which the output voltajye increases on each
cjcle, making an unsiable system unless seme limiting conirols
are introduced. If we design the feeldback loon so that part
0/ the outpul signal is coupnled back o the input so that it
subtracts from the input voltage (negmiiue JFeedheok), the
armount of amplification s reduced but the aqunliier is made
stable., 4An example of electronic anniifiers ani jeedback
annlifiers iz given by Sluckin,®

The excmnle dizecussed so far is Jdrawn from the field of
electrical engineering. There are nciative jJeelback circuits

in mechanical and heating systems having the sance functions.

»
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The governof on a stear engine has a 3@& o/ weights which are
pulled away jfrom the center of o rotating shaft as the speed
increases. Iﬁﬁse weights operate fovers waich close the stean
valve as the steum engine goes faster go that the cnpine will
be slowed down to the desired specd., ITllustrations of heating
systemns and steam governors are i(llustrated in the Jeoientific
Americon Books.”

(2) Complex Servomechanisns

Here we hove a block diagram showing an equivaleni circuiil
of a mechanism and the control circuits that control the move-
ment of the access arm in a magnetic dizi file. JStariting from
the left the jeuzrei angle is set by the control logic by
setting the dGquCd tap on a pobcntaomefer. fnis results in
an error veoltage into the amplifier, the jirst block (4). 1his
applies a voltage to the clutch, second block (¢)y, which develops
a torque which rotates the capétan () trreugh an angle toward
the desired position. CF the two elements in the feedback loop
one represents the tachémeter (i) which inlicates how fist thne
arm snoving, and the ond represzents the potentiometer (P)
which shows how close the qrm isc to the desired position.g
(3) Homeostat

The homeostatl is o combination of feedbzch 1oops, adding
circuits, read-only memory, ani switching circuits which have
the property of being ultrastoble,

An electronechanic:l homenstat has hoen designed anild
demonstrated by /. Ross dshby.g Similarliy an electronic homec-
stat has been duilt by nrl J. Elﬁﬁskg,zg and howeostetas can
be Simulated Ly comoublcr progmeis, dAsasy's wodel sicwa in

i

Section 3 haz four maogrnciic co’l wmeters: in whiich o siogral



proporiional to the pointer position of each i3 connected to
the—oﬁher coils. 4 desired ranye of meter pointer position
ig défined as the range of stability. The switching circuits
sample the meters every few seconds. When anl mcters are
putside the desirel ranje, the swiicihing circuits toke the
next random numbers from the read-only memory to chanjye the
coupling between the meters, and repezt uniil oll meter
pointers are within the stable range.

I have mentioned the homeostet because thre elementary
Seedback loops are purely deterministic mechanisns. They keep
a system moving toward an externally Jdetermined goal when
negative feedback is employed, and lecad to an uhnstable systenm
going dangerously éut of control wien positive jeedback alone
is employed, The added jeature of the homeostal iz that
there are a nunber of alterrnaitive states satisfying the
condition of stability. 4dnis ha 3 imnlication for more complex
application to social ani economic systems, in that it suggests
that freedom of chvice bétwccn a numnber of alternativea is
possible under fixed goals For the system,

(42) Computer Logic and Comnuter Progfams

Sectiqn 4 of Fig. 1 represents the flow diagram of a

computer program. /e rejfer to the nrogram or instructions

as "software”, while we cull the nhysical switching circuits,

logical clements, adders, shift regfaters, and memory units
"hardware.” The software, or progric, consists of a sect ofF
logical instructions speci/ying at exch step in the calculation

how the different zets of logical elcuenis are to be coanceted

and when to go to the nexl sitep in iie progrim. Elementary

o
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paperbaci books on cbmﬁuters have been. written by Irving Adler,:

by Stanley Englebardt, and by D.J. thacy.ll
Computers nive us an example of one ojf the objectives of

general Systems resexrch - the search for simplification of

our understanding of nature and machines through the finding

of forms that are isomorphic between dijfferent phenomena and

levels of organization. The basic negative feedback circuit of

Section 7 aprears in the computer hardware as cathode follower

circuits and error checkiﬁg routines built into the logic and

also on the next level in the software usz feedback paths in

the program logic flow diagram.

(5) RADAR and Prediction Theory

switching our attention to mediunm-size systems in Fig. 1,

e - . P - <

wo examine the rolc of BADAR mnd Predistion Theory ehoim in
Section 5. Radar equipment may be used to detect wnhere an
aircraft is. By coupling a small computer to the radar and
employing prediction theory cne may conpute the projected

path of the aircraft and in turn the anticipated direction

in which anti=aircraft guns should be jired to shoot down

the aircraft. This combination of radar, the computer, and
anti-aircreft guns is an example of a set of negative feedback
loops to geecomplish a specific purpose. IThis process of linear
prediction is explained briefly by J.R. Pierce in his chapter
on cybernetics.lg The early history of radar development is
described by Dr. Page of the aval Research Laboratory, and

the development of microwave radar in Jorld ilar II is swanarized

. . o~ ;- . I . . I} ?
tn Vole I of the J,I.7, Radiaticn Laboratory Series, i3



(6) Computing Systems

The diagram in Jection 6 represents a modern electronic
digital computer, The oval-shaped units represent input and
output devices such as card readers, keyboard, card punches,
and printers. The squure boxes represent the logic swiiching
circuits and working memorys the rectangular box represents
the multi-plexing units, and the circles represent magnietic
tape units. When given an appropriate program or set of
instructions, these computers can golve probiems involving
methenatical calculations and logical tests in a.few minutes'
time., These problems would take hundreds cof hours to solve
on the early relay computer of WVorld War II, and would take
many man=years to hand calculate.

To keep up with the current developments in computing,
any one of the following journals is very helpful: (Coemputers

and Automation, Datanation, and Jata LProcessing iarazinee.

(7) Mational Telephone Switching Network

The diagram in Sectfon 7 represents the U.J. telephone
network. The sqguare blocks represent switciing centersy the
lines between them fapresent telephone cables and microwzve
lines, and‘the circles narked represent individuagl subscriber
telephones. The nationul telephone network in the U.s s is one
0/ the largest man-made systems in the world. There are 72
million telephones in the system. Any one telephone in the
system can be connected to any one of the other 72 million
telephones. Over haly of the ﬁelephoncs cin be switched
automztically through direct diziince diiling. One can keep

up=tv-date with new deveiopments in the telephone rnetwork by

Jollowing the Bell Laboratories ecord.
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Bag&%ﬁ, this time

We shall now go over the chart of Fﬁg; 1
focusing on the cybvernetic models which are analogous te the
circuits, systems, and programs oy cybernetic technology.
These models are classed as "cybernetic” in the sense defined
by Norbert Wiener, in that the structure 0/ sociological
systems is composed o) a complex set of feedback Ioops
analogous to the more elementary feedback loops of the
electrical and mechanical systems. IThey are also "cybernetic”
in a second sense, in tnat the parameters of the sociological
systems which we are able to analyse are either calculated
or are simulated by use of the analog circuits, or digital
computers, and in more elaborate cases the data is collected
over the telephone swiiching network.

(8} Differential Eguations

The diagram in Jection & of Fig. 1 illustrates a more
complicated situation than in Sections 1, 2 or 3. This more
general system in which there are n variables, with n x n
relationships between these n variables may hecorne too
conplicated to show clearly by sinple feedback loops. We
will have made substantial progress in understanding the
complex system if we can specify a set of differential equations
representing the system. FZven if we do not have solutions to
the dijfferential equations, we can learn something about the
conditions for stibility by using Liapuncov's second or dfrect
method. 14
(9) Canonical #Feedback Circuits

section 2 of Fig. IBrepresents thne special case where the
set oy differential eguations representing a2 multivariable

3ystern can be grouped into related sets of eguations which



are separable into matrix relationshins which look like more
élementzrg'feedback circults.e Mihajo esarovic has dejfined

a set of struclures for taree categories of linexr systems 1D
The blvck diagram of Section 9 represents an H-canonical
structure or mixed systen in which the upper block i3 a
P-canonical structure in which the output is dependent only

on the input, and the Iower two blochis togetiner constitute a
Vecanonical structure in which euch output is dependeni upon
one in»ut plus feedback jrom all the other ouiputs. This
 Vwcanonical feedback muitrix system has the advantage of being
separable into parts which are symmetric and skewsymmetric

such as the components of an electromagnetic field, or a
hydraul ic system separable into compressible and incompresgsible
Jluid matrix components. For a small number of multiple loops
it may be simpler to usc the direct methods outlined by
Professor O.J.0 . Smith.lé

(10) Analog Multi-Sectorsystenm

The feedback circuits of Section 10 of Fig; 1 represent an

analog muliti-sector system such as an elementury model of an
economic system in which the four elements going diagonally
down are (1) wige-earner, (2)!p;oduction oS good3s (3) distriputio
of goods, o and (4) investment. This set of multiple
Jeedback locrs corresponis to a cybernetic model of the economy
described by D.A4. Be11,17 rearrangel to show more simply the
relationshins between different cybernetic moielz. Some more

sophisticated models can be found in lMicroonalizisz 0F J0Cio-

economiz JSusten hy Orcutt and by otiers, LI
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This economic analog m:. .-3ector systen iz a slowly
varying system. e may be able to reduce if to a static mnodel
by integrating the flow in ecch path jor a fixed weriod like a
year. If we do this sinplification, the resulis can be repre-
sented as a matrix of sixteen rnumbers, arrancel as shown in
Section 104 of #ig. 1. The coeff{cienﬁs aij in the matrix of
section 104 corréspond to the positive cnd negative feedback
loops between the different paris of the networi in Jeciion 10.
This illustrates the transition Jrom a feedbac: loop representa-
tion used in simple cases to the mathewatical matrix representa-
tion used in more complicated problens. df we increase the
number of elements from four to 35 (the zectors used by the
7.5, Dept.oflcommerce) and add six more c¢lements jfor final
demani, we have a mulili-gector model which would be too compli-
cated to represent by an eguivalent circuit, but is eusy/ to
represent by a matrix of 9z by‘92 elements A9 ile mave now
arrived at the “eonticf matrix, which wxs developed independently
long bejfore the developmént of cybernetics. <his puth of
developnent through the perspective of cydernetic models and
technologres.gives us a hetier iidea of how difife-ent elenents
0/ cybernetic theory are relaied.
(11) Leon*icy Input=OQutput <atrix

Professor “eontief of ‘arvird dewecloved vver a number of
years a system of studying the interrelationanis between.the
different sectors of the economy.ga The sgquare marked 4 in
secticn 11 jor the 1950 i3, data would be a matrix of 85 columns
and 35 rows. The wxlues of tre el et of this nirt of the matrix

represent the valuc oy the geods produced in given -iniustries



N

in the row and purchased b; the induciries in tne coliing.

Mor examnle, the coefficient in row 20 represcnts the

G074
products jrom industrial sector 20 (lumber) supplied io scctor
74 (research).

The cross~hztched section of the matrix on the right
rapresents.théﬂfinal demarid part of the economy representing
consumption, capital formation, exports, anli government

L

purchazes. The lower cross-hatched section of the matrix
represents the ad;ed value in manujocturing from labor (wages),
profits, taxes, and imports. The detuils of the sectors will
be shouwn later in Fig. 4. Leontief's matrix representation
of the interdqpendgnce of the different indusirics in a
country makes it possible to explore the interaciion througnout
the economy of proposed chinges in one sector. Teontief hg2
also developed methods of relating capital and lahor reguirements
to the cocfficients in the inpul-oulpui matrix.
(12) FPolding Matrix

The Russians hove added a feature to the Leontief maitrix,
which they call a folding matrix.2! They have converted some
of Leontief's mathenatical extensions into a simole display
table. The black sectors added in Secction 12 represent
additiongj.matrixes showing in the unner part the capital goods
required tov susport the different scctions of the economnyy and
on the left the amount per sector and the rate at which this
capital Is used to encble tiie sector to functioun properly,

The total picture of the fusscian folding matrix helps one
get a perspective of the whole nizture pf the interindustry
relationsnips ans requirenents for o specificl rate of ccononic

growtih.



(13) Inverse <utrix

" The Lebnticf matrixlof ~ection 11 can bhe used to trace the
effect throughbut the economy of any proposed chinye in one
sector. The inverse matrix of chtioﬁ 13 of #ig. 1 reprecsents
a method also developed by Leontief for sivplifying the use
of the data in studying the economy. By usze of a high speed
electronic comruier, the identity matrfx minus the Leontiers
technologicul matrix (bij) is inverted, giving the inverse
matrix (bij). A row in the inverse matrix gives the coniri=-
butien from each industry identijfied at the top of the colwin,
required for one dollar final demand in the inlduziry named at
the left of the row.
(14) Analog Socio-Political Systems

It is sozsible to represent the relationship between

dijfferent part:z of an ccenomic and pelitical systen by analog
computing systems. JW.D. Howard, some years ago, set up an
aralog computer for the development of an undeveloned country.22
For national benavior Howzrd set up the differential equation
on the basis o/ Rishevsry's work in mathematical biophysics.23
Then he connected an analoy compuler as shown in Jection 14 of
Mg, 1 to exnlore how the various factors interacted in the
deuelopmenﬁ of industrial production within a colonial socio-
economic system. References to the growing volume of coaputer

simulation stulies, most of which are now digital comvouter

simulztion, can be found in the journal Behivioral Science.,



wlf -

Furl W Jeutsch has.sumnorized the state of progress in
apnlying concents of cybernetics to a theory of national and

. . . . . » =, Y - P 1?‘-
international politics in his book, Thec Nerves of CGovernmenk. 4

(15) raissez-Faire Eeononic lodel (Xalecki iivdel of Capnitulist
rroduction)

The block diagram in Jection 15 of Fijg. 1 shows the relation
between production and the investor collecting his profits and
reinvesting to moke more profits. This model of the capitalis?
eéconomic systen is based on Kalecini's maithenatical model of a
natural feedback system. It has now grown more complex as the
time delay between production and distribution of profits is
such that additiongl Jeedback Iloops are needed so that correciions
car be applied Lo keep the system stable.

In 1951 0.J.0, Smith buiit an electronic analog of the
capitalist production systesn following fzlecki's model, 5o that
the auwplifiers were scaled forbthe interest rates and production

time lags of the dmerican econony. He found the circuit went
into oscillation correséonding to a period cf about 10 jears,
which roughly corresponis to the period between different
depressions and recessions in our eéonawic sgstem.gﬁ’ Since

then with adjustrient of the interest rate by the Federal Reserve
Board and fhe increase and decrease of defense spending and
other government wrojects, the system is partly compensated,
30 thgiﬁﬁe no longer need to hauekdepressions. However, there
i3 « nrospect tnat the dussians may chullenge us on the economic
Jront if thney arc successful in their conputer-comnunication
siusten wnd sianletion of their economy to make thelr socialist

A 2{
econus: ¢ aore ciiicient.<v
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klé).centrally f&unnei Ebomamy

The diagram of Jection 15 represents a modlel aeveloped
by the FPolish Acudenmy of Jciences SJor-illustrating how a
gsocialist planned economy could substitute a plan and injormaa-
tion-collecting network in place of the market and empioy
goveriment centrols to direct the economy.27

In the dicyran in Section 16 the top cross-hatched blocks
represent the ccononic plan and the reports on what has
happened jfor comparison. The left celwnn represenfs the
producer goeds industry, the center consumer goods, and.the
right column the conswners and labor force. The botiom row
(s0lid black) represents production, the next row up exchunge,
and the upper rows (white) represent information collection.
(17) Decoupled or "Indicatine’ Planninny

The diagran of JSection 1/ represents a combination of
central planning and planning by individual sectors of
industrial enterprises. .Iﬁe'arrows wiich go through the four
blocks on the left represent a series of iterations., ZEither
a government planning agency or the central office of a
corperation reguesits the iﬁiividual sectors or divizions to
make plans which they send in to the central ofrices which then
checi:a theﬁ For consistency.and sends them back for jfurther
revision, .Jhen they are compatible, this resulis in a
natioral plan without the central éouernment interferingy with
the deinils of the indiviluzl industries. Thiz iz called
indicutive planning, because the plan "iniicotes" how a certain
objective might be obtainds. This nrocess i3 related to the
"legcninozition nrinqiple"_ieueloped by Zeorge B. Dantzig of

HAND orooration In Operations‘researchsé%
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(18) Negentrony ioiels of Socioloyical Systesns

Section 15 of Fig. 1 illustrates o method of anclysing
certain properties of o spciologyicul 3ys$em Jor which social
scienti§t3 have not yet succeeded in defining a detalled feced-
back loop model. Therefore the fecdbackh loops here are shown
as dotted line> on accounti of the uncertainty. o tle right
of this feedbacl: model « probability distribution of political
ideas of a hypotretical country is plotted. The rectangular
blocks represent the membershin or participation in the
politicol groups., The labels A through D range from lhe
conservative right to the radical left. The dotted bell-
shaped curve below represents a theoretically ideul diztribu~
tion curve for a couniry with an ideal baliance between freedonm
nd slubilivy wppropriice 6o its marrviculsr stage of industriol
developnent.

The telegraph wirés in the lower left indicate that where
nuncrical data such as party membership statistics are available,
we cain use an analogy jfrom elecirical comrunication theory.
ife use the continuous channel nolel of information thecry and
consider the probabiliiies that pevpnle belong to or believe in
different political parties as anuzlogous to the set of probabili-
ties that a set of messages will be sent over a telegraph line.
Comnuting the average negatiﬁe entrepy o) the telegrani messages
gives us a relative measure o/ the efficicncy of the coding of .
the telegraph mcésayes. Applying the sane formula by analogy
to the probobilities of membérjhin in political rarties gives
@ valuc of nerentropy to compare wiitn an ilecl walue comoutled

Jrom the ideal distributions
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“Now that we have examined the ra de of cyberretic nodelis,
let us consider in greater detail a nodel which can be adjusted
to represent various economic systems. Then we shall exanine
how we can integrate the effect of the complex feedback loops
over a period of years tc reduce the level of quantization to
the level of accessible data on the economic systen to obtain
Leontief Innut-Output Hatrices jSor use in understanding economic
systems, whether they be free-enterprise, indicative-planned,
or centrally-planned,

To make a bridge between the broad hrush view o the jull
range of the cybernetic models ani technologies applicaoble to
social and economic problems, [ have selected two cversimplified
models, one a model representing a capitalist economic sysiei,
and the second representing a socialist centrallu nlanned encnpmo,

Modelling sconomic 3Systens

Pig. 2 is a macrodynanic production analog representing the
more significaont features oj the laissez-faire econonic model of
Section 15 of #ig. 1. This diagram represents an electronic
analogue that was built and demonstrated in 1951 by 0,J,25. sSmith
and .7 Erdley.30 Here the elements have been shifited for easier
comparison with other systems. It is baszed upon the mathematical
model of M} HaIccki.31 Although this model is too cversimplijfied
to Dbe useld to aid in policy making, its demonstration of business
cycles is a useful educational tosol.

In this model the "investor maximizes profit,” block I in
Fig., 2, receives information on the ndtional‘income (B) and the
total inilustrial equipment (i7). The investor ié 2asumed to

increase his investment in proiuction focilities with increasing



