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Introdustion

The purpese of this repert &s to dlscuss the properties of robots and the properties
of Uving beings, and to outline how to construct robots made out of hordwsss which
will have the essentlal behevior of livips bedngs, Part IT of the report

catlines the circuits by means of whisk bahswlor ssp be programmed in robots,

We.do mot expect that all resders will ap-ae with the viows sebt Forth in this re-
port. Some will agree with the Eneyelepcdia Britsnndea, apd will say that life ia
the activity pesuliar to protoplass, snd therefore something made of hardware, no
matter how many,wonderful,er 1ifelike,dta properties may be, will never Mve, Bat
we are cenvinced that, with the great current developmeat of rabots and nutesatis
computing machinery, it is importent and worthwhile to bring up snd discuss the mub-
Jeet of living robatsa.

We hope this discussion, and the circuits here glven, will encourage other investi-
gaters and sgerimenters to try to tuild liwing robots, as we are seeking to do;
and wo shall be glad te try to help anybedy to the extent that we can,
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THE CONSTRUCTION OF LIVING ROBOTS

Part I -- Mdscusaien

One after another the barriers te the construction of living rebots ars breaking
down, It would seem reassnable to expeet that befors & dozen more years ge by,
dutomatic nachines (i.e., robots) that possess the essential properties of 1ife
will be "in existonce” -- or should we say, Halive"s Certainly much mors than half
the distance to the construetion of living robots has been travelled.

How these statements are by no means ovident om their faco, 5o let us take n slose
logk at the definitions, the fasts, and the prospecta.  And the first definition
we need to pin down is robet. What 13 a rebot?

1. The Hature of Robota

The word “robot" comes from a Ozech word mosming "gompulsory aervice®. The root
"robot-" in the Slavic languages means "work", And a robot 18 basically n mashine
that is able to work by itself, an automaton,

In thiz sense; a ¢leck would be & rabet, and se would be an sutomstic screw miching, ==
whnieh 18 sble to perform aix eperaticns sutonstically one after amother on contimzous
retal bar steck fed through 1t; and a0 would e & traffic 1ight that changes from
greon to red and back to green again depending on messured tinme enly and withoat

any regard for the particular traffis conditions &t the time,

But all these machines have Just cne program, which thay carry out over and over and
ever, And in the way that we think of robots thess days, we roecuirs them to be a littls
more versatile il they are to bs anlled proper robota., To be & proper robot, the
machine should have at least two programs, and be able ko change from cne program to
some ather depending on sonditions dn its envirorment. The traffic light which re-
spords to metor ears rolling over-a pressure plate in the road s a propar robot.

In fact, Ltmmalxwdclnnlmk-t.nrobotnrtadu, & proper robot, we aan
come to the conclusion that it is an sutomatic machine with senaing ergans, thinking
organa, and meting organs. It is 4 machine that can adapt itself to some extent to
its enviromment, doing different things depending en different conditions,

4 good example of & rebet is a dewiee, fsmiliar to ¢dl refinery man, called an "auto-
matic controller”. Suppose wo want to keep the level of ligquid stationary in a
coartain tank in the refinery. In the wall of the tank we pat a deviee contaiming a
fleat, which can move up or dosn over a certain ranse, The movement of the flaat
up or desn for varylng distances changes the preassure of compressed alr in & small
Pipe which runs from the flaat to & "blesk box", There the transmitted warlations
of préssure are ugéd to control the pressure in ansther, bat much larger, pipeline
containing compressed air running from the "black bex" to a chamber over the stem
of & valve. The valve can rise or desgond varying the amount of opendng in a third
pipe, through which liquid flows inte the refinery tank. and the compressed aip

in the chomber above the stem of the valve, working against a strong spring, varies
the pesiticn of the valve. As fluid flows theeugh the last pipe inte the tank, the
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float in the liguld meter is affected, and the "loop™ of "nerative fesdback" is com=
pleded; d.e., evory displacement of the float sets into motion & foree to return it
te its previous pesition, In this robot, the sensing ergan is the flosty the
thinking crgan is the "black bex"; the ssting crgan ia the valve; and the comproased
air pige 1ines are the narves and moscles.

How elover i3 this robet? Bow muck of & thinking organ enn be bullt inte an subts-
ratic contrslles? Wa can imagine that it =dght take s mirute or two for the 1iquid
lewel in the tank to chonge as & result of the signal from the fleat, especially if
the distances were long. Yet Lf we were designers, we may want a wery even control
of the liguid level, with quick, adequate response to & small change B3 soon &8 4t
atarts to happen. To meet this need, several kinds of response can 811 be built
inte an automatlc contreller. One of them iz called "properticnal response™: the
roazponse of the valve is proportionmal to the change of the liquid lewel. Another
is palled "pate responze®: the response of the valve is proportional to the rate
of change of the liguid level. There are other kinds of response ns well. Exsellent
mitomatic control in fact can be obtained, mach better than If you eollared a human
belng and told him to watch for dear 1ife the liguid level resding, srd move the
valve agcording to atated rles.

Thir automratic controller kind of robot is partly responsible for the fast thet gaso-
lene sells today st about 25 cents & gallon, Just sbout its pries twenty years ago,
although nearly all prices have more than doubled, And sutomatic controllers are
useful not only in odl refindng but in making chemicals, psper, and perfopming many
other industrial progesses invelving continuous flows,

2. The Versatility of Robota

At work im the world today, and all of them alavea in the servics of men, are pro-
bably hundreds of specles of robots; and millieons of individual robots,

Mmost any kind of sclentific lnstrument can be used for the detection of information,
These instruments csn beceme the sensing crgans for robots.

Rlmost amy kind of machine == lathe, shovel, valve, motor, wheel, drill, sorew, or
other device -- ean be used for malding ahanges in the physical world. A1l of them
can become the acting ergans for robots.

A variety of different devices can be used for trapsmitiing information between the
different parts of a rebot: cempressed air through pipes, slectriec currents aleng
wires, mechanical parts in motlon, cables running through pulleys, etec. These be-
come the nerves and museles of robots.

A large varisty of devices may be used for ressonable cperations on information:
electronic tubes, relsys, cams, compressed alr, feelers, latches etc. These become
the thinking ergans of robots. In fect, some mechanical or elsctricsl robots --
like the automatic dial telephone central office with subscriber stations, or the
glant autematic electrenic digital corputers == display the development of hardware
thinking ergans te & prodigious extent.

Bt how elese 1s a collection of these devices, integrated together into & robot,
"Mving"t What iz "living"?



3. The Hature of Life

Hawve you ever in your fmagination walked on the surface of Mars, and wondered how
you would tell Af some THING you saw there wore "living", or not? A short tour

on Mars will help us aee what propertles an Earth robet sheuld have in order that

it should be called living. 1In some cases, while you were wallking on Mars, 1t might
be easy to tell that some THING was aliwve, If the THING could spparently detect your
presence; and either move awsy from you, apparently to avold you, or meve toward yoa,
m-rr;tl:.r to attask you, you would at once Jusp te the comclusion that the THIKD
wia alive.

On Hars, you might be right. On Earth, robots of this general nature, which no one
claims are living, have already been made.

ne of them iz Sques, the Robot Squirrel, made in 1951 by the writer apd his assocl-
ates and described in Radic Electronics Dec. 1951 and P$1lr Sclence July 1952,
Soquee is about 21 inches lnTg, e EEM- high, and E inches iy waighs aboat

16 pounds; it pells aver the floor, hunts for & "nut" (& golf ball), plcks it up in
its "hands" (a metal scoop in two halves), takes it over to its "nest" (& metal plate),
there leaves it, snd then starts bunting for more muta. Squee has four sensing
OrEens: two "oyes® - 'p'lmfbug.&!.l&; a "tongue" == a :lritch; a "foot" with tug "Lo62" ==
two probes. Sques has three scting organs: & driving wheel, a stesring gear, and a
soosp for "hands”. And finally, Squee has & small bradn; of a dezen relays and tubes,
Bat in spite of thia astive behavior, and more than esnine doellity, no one says that
Sques 15 alive,

But how about the difficult cases, in your tour on Mara, when the erdinary clues
that Eaxrth beings use simply could not be relied on?

In regard to shape and strocture, for exesple, the Mars THIKG would not have to be
constructed with any resesblance to either an animsl or & plant of the Earth. In
fact, in view of gur present lmowledge, it seems urmecessary and unlikely that the
THIMD cculd be made of the same chemicals in the same proporticons ss Earth proto-
plasm, In fact, the cxygen-less atmesphere and low temperatures of Mars would make
Earth proteplasm distinctly uncomfortable.

Even on Earth, the shape and structure problem may be far from simple. One and the
same living entity may be first an ogg, then o enterpillar, then n chrysalis, then a
butbarfly. Some son animals may have more than ndne larval or nyrphsl metamorphoses,
f.0e, similar changes from infant to adult state.

In regard to size of the Lndividual, the Mars THING would rot have to have any given
or stated size, in advance of cbaervations made on Mars. On Barth the smallest in-
dividuals sppear to be particles of & virus, about ene hundred thousandth of an lnch
in dismeter, The largest animal i3 either the vhale, length LS or SO fest, or the
fossil dinossar, ealled Glgentosaurus, whose foot print was about four feet in dif-
meter, and whose length may kove besn as much as sixty feet. The largest plant is
the sequola or redwood, which, trunk and root together, may be over 500 feet in
length,

In regard to speed of living, the speed with which the Mara THING lived eould be goite
unrelated to the speed of living of animals or plants on Earth. Ewen cn Earth, the
range of speed of living ia great. Onats do not hesitate to fly when raindrops Are
falling; presumably their nerveus syatem hes no trouble dedging raindrops in a time
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of the order of 'a hundredth or B thousandth of & ssesmd. And the normal tespo for &
response of & hunan bodng secms to be abeut 1/5 fo 1/10 of 4 second. At the other
end of the senle, npparently, iz & lotus soed: In m Washington greenhouse, sclentlsts
have regently sprouted twe lotus seeds taken from a Manchurien fossdl peat deposit,
where they have apparently rested dermant in their tough hard seed cases for at least
a thousand yesrs apd perbaps five thousand.

in regard to envirorment, the Mars THIRG eculd have & nacrew or broad ene. On Earth,
we heve feund so far upwards of three million species of living things; thedr environ=
ment ranges from broad to narrow. Some species are relatdwely 1ndugeut5mt nnd are at
home in the alr, en land, on sea, and some of the time in the ses, 1fke gulla. Other
specles have an intensely narcow ervirenment, like a kind of mushreom cultivated for
food by sertasin ants in their anthills, and growing nowhers else.

In fact, the more we think over the variatiens mmong living things on Earth, the more
difficult we can imagine the problea to be of recopnizing liviag things on Mara,
espeeially if there were only & fow species, minute, aleow moving, 1n narrow esviren—
ments, with few enemies, and very limited sdaptetions.

li. The Essemtial Froperties of Life
what, then, are the preperties of 1ife? When 4o we consider that a thing is Iiving?

Thers &5 no easy answer that covers sll the extreme cases thad we kmow about on Earth.,
Even supposing we could arrive at a definition that spplied to Earth life, it stdll
might not fit Martian life. Bat we can make s short list of apparently essential
proparties that would be suffieient on Hars as well as Earth for a thing to be
Miiving®. 'We emmnat slmim that these properties are all necessary, for there are
many living things that do not have one or mere of these properties.

It is I think ressonsble to say that if & thing has the following preperties, then
it is living:

1. Self. Tt has & persisting, separate, individuality or entity. It
conziats of matter, It has 4 center. In other words, it hes a self.

2. Senssticn and Ae &. At some stages of its exlstenae, it has the
capag sEnEE ‘orent changes in its ordinery enviromment, snd
make different responses to thea,

3. Death. If it is Foroibly divided through ita center, it loses its
Trdividuality and all it sspacity for sensations and response. In
other words, it dies,

e Self-Creservation, Its erdinary respensas to its ordimary environment
Tand To avold death.

Ss Self-Haintenance. At some stages of its existence, it hes the capacity
o take stufl out of its ordinary environnent and uae it for maintaining
and pepalring 1t= self.

4. Beoroduction. At some stages of its exlstence, it has the eapacity,
Er 1ts ordl

sovironment, of making or constructing other complets
things like itself and having the same six properties as 1tself.
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fhore are twe properties left out of this list which deserve some disenssion, The
first opg is Sex. We are all fasdliar with & great many species of BEarth life in
dhieh Andividials (in whele or in part) oceur in twoe warieties, male and female,
Ath familiar propertics for most specied. Some people may be inclined to asy that
sex i3 ap essentlal property of life.

Letually, in plants, separate male and female flowers can be found on the shme plant,
1% in cucurber vines. Or male and female organs, stamens and pistils, can be found
right next to apsh other in the same flewer, as in ldlies. In fact, in seme flowsra,
=pgss-fertilization for seeds is impoasible, as in the bottle gentlan which never
spens its buds, In a few animals, such as Aphids, many generationa ean take pliace
involving anly femalos.

But there are specles of living things on Barth, such &3 h=ebss, besterin, snd wiruses,
in which ne separation into male and female sexes can be found at all. Surely on

Hars we would not rogquire the diseowvery of tus [or perhéps more)} sexes before we would
say that a Mars THING waz living. In the same way with robots, we need not require
the presence of Sex before we will say that a robot is living.

The other proparty is Bveluticn. Socme people may e inslined to say that Lif the
Mars THING canpot ewslve, them it i not living, For, as far as we can tall, the races
af living beings on Earth are all of them capable of evolving, through mutitlons,
genes, shromesomes, and all the rest of the wonderful mechanisms of inheritance.

Astaally, of course; people hawe not observed much evolutden happening in many
spacies, even after & century of sclentific observetion. So, to say that a thing
must be capable of evolving before the thing can be ealled living 1s to zet down &
requirement that ean hardly even be cbaervationally applied; &nd a¢ it is reascnable
to disregard BEvolutdon.

5. Bebot Life

A rock 1iks Plymouth Bock, & structure Like the Oolden Gate Bridpe, & clock like
Biz Den == thess satisfy Properties.l and 3; each has 4 self, each can be destroyed --
and posts celebrate them,

The three robots we mentioned above -- the intelligent traffic light, the sutemstie
goptroller, and Sques -- aatisfy Property 2; ocach can sense and act agcordingly.

But the putting of properties L, 5, and & == self-preservation; self-maintenance,

and reprodustion — into matter that is mot protoplasm has, so far as we know, not
yet happened. Unless, of course, it has happened in the atemie energy installations,
and is shrouded in unsclentific secrecy.

In fact, men have not yeb seen any great need to do 20. A rebot guided by a man can
evasily preserve 1tself, 1like an autosobile with a driver. Why take the trouble to
equip the robot to preserve itself? A robet can emsily be maintained and repaired
by men in = serviee station == why take the treuble to make the machine able to take
care of 1tself? More robots of any desired type can sasily be made In a Factery ==
why take the trouble to fix the michines 8o that they can make themselves? Ra e
rezalt; men become marses for robots.

There are however no inherent difficulties in the way of building thess three proper-
ties into objects. For these properties deseribe rather sisple programming (behavier)
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for robota. Indeed, LI thers is any conciusicn te be drawn out of monis orosd ex-
perdence with rebots te date, it is this: you Qan, Profies & rooot to have almost

ary kind of rather simple behsvier that you fancy., In fast, many problems of warfare
Like the control of the fire of guns, or spprepriate plleting of aircraft or gaided
migsils, can only be solved by building intricate and complicated behavier inte
robots, and those problems have been solved,

. Cholees in Constructing Robot Life

hiow thmn ahall we go about building self-preservation, self-maintenance, and repro-
dueticn into ebjects? What chodees shall we make in erder to consuruct robot 1ife?
Even LT there are no inhersnt difficulties, there are plenty of technical opes.

The [irst decision we shall make is to avold protoplasm, the baslc stuff of Earth

life so far. On the ome hend, there is no puarantes that living beings on Kars

would require protoplass. And om the other hand, protoplasam 1=z & mighty complicated
atull, organized én an extremely small scale, and men still know wery little about

ity and men will contirue to know little until many mere instruments arve developed.
Certalnly we should not complicate our problem by trying to use this materlal. Instead,
let uz use the ordinary hardware nowsdéys used for making mechanieal and elestrienl
systems, In fact, hardunre i3 a kind of material that men have had exporience with

for some two handred years; and we are beglnning to be sble to do some rather resark-
able things with it.

The second declsion thet we shall make i3 thet rebot life at 1ts outast is gedng to
be a parasive on proteplasm life. In much the same way, animal life iz & parasite

on plant 1ife, Amimal 1ife appropristes the products that plant 1ife marufactures;
and robot 1ife, at its outset, i= going to appropriate the products that protopless
AUfe manafactures.

For example robot life can appropriste electronic tubes, without being asble itself to
muke them nor understond their naking. In the same way, animsl 1ife sppropristes the
products of photosynthesis in plant life, without being able itsslf ta make stiarch
from water, carbon diexide, ard sunlight, nor even beirg able to understand (yet] how
plants cap do 1t

And the finsl deciszlon thet we shall make is that we can design the sedinary environ-
ment or home envirenment of the robot in such a way that our problems will be siepli-
fied. living things have &1l of them an environment in which they live, and to
lrmerse thes Lnts another usually kills them gquiekly.

T. Robot Self-Preservation
If & robot is to bo able to preserve itself, it has to have a certsin amount of
progresing Which connects responses with sensations in such & wiy that it is pre-

aarved.

suppoat lar example our robot life speclos was 4 snall robot on wheels like a tey
futomobile, Thoere are several requirenents;

(1) 1t should mvoid raseing into cbstacles, sinse that might damage itp

(2) 4t should rat roll tos fer swsy, Tor then it mipht get too far from its
heme envircnments



{3) it should ecme back to the home bage from time to time swhen 1t was
in need of repalr apd malntenancd.

atsele-sensing buttens, together with slow speed, could ba the sensing CTERR for
e first pequiresment. A 1ight-intensity sensing device, topether with a light an
wome bage, eould be the senaing orgen for the =zeceryl requirement., A time ralay,
.ogether with the system of periodic maintenance, sould be the sensing orgin for the
shipd requiresent. The sonsatlons would be converted inte yes-no indicatisns arwd
mpressed in relays for oximple, and appropriste sotion could be esslly arranged,
including heming on the light beam to return to its home bose. The Fechanigal
furtie of W. Grey Walter, the pritish sclentist, deseribed in the Scientific
pmorlean for May, 1950, had the eapacity of returning to it "hoteh™ Tor recharging
Thon the slsctric power of its wet battery got wedk .

Suppose there wore “dangerous hazards® in 1ts environment, like holes in the [loor
for exsople. Then edther the robots would all die by £31ling in, or else they would
nged to be designed with a sensing fepler which would report "no flser” in the Larward
dirsction ond so provide informatien leading ta ¢hange in the direstion of metden of
the robot.

8, Rabot Self-Malntenance

If & robot iz to be sble to repair spd madrtadn 1taelf, it will need access toa
supply of the items of hardeare that composes itaelf, and some kind of programming
{behaviar) by means of which it can excharge old items, which it has partially or
completely used up, [or new Liens,

Kearly all items of hardware these days are prepared in forms that are easy for

mon to positdon. For axmmple, nuts and bolts come in separate packages. In pasesbling
then, a man will plek up and orient the mut, set the nmut against the bottem of the

bokt, fesling gently urtdil the threads match, wind the mit up the bolt, ond then tighten
it in place with a wronch, For a man with his pereralized, highly evolved and well-
trained body, and his capagity o recognize shapes and legutlons with his eyes, this
process is very efficient.

But these opermtions are seriously Aifficult for all presnt-day robots and for all
protoplasm life except human beinga, A& good "hand” nade of harduare, and a good shape-
recopnizing sensing dewlce made of hardwics llke an "eye®, mAy sti1l be years in the
futura.

In fact, the problem that delayed wa longest in the design and comstructlon of aur
robat gquirrel Sguee was the pair of "hards", or the sesop. In our final design,

the hands are Joined at the wrists, arvl are both opensd or closed by goy wires running
to & drun turned elther Wiy by a motor. Here was one simple picking-up and putiing-
down motion == and 1t took us menihs R0 desipn it and make it work propecly, while it
took only a few doys to design the whole brain of Sques. A great deal of work and
mutght 15 needed to develop items of hepdware in forms that are easy for robots Lo
pasltion.

Undoubtedly, the easiest presont wiy to solve the robot maintenance problesm is nok
the plan of having the robat {fzelf detost cach part that mey need repsir, and itaelf
. resere 11 and insert o mew part. Inatead, the robot when reeding repair will be able
to find soreshers in its ordinary emvirarmént & "fesding and repair atatien™ or "re-
canditioning berth® er "drydeck® or "hospital®, 1ike the "hutch® of the Heghanical
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Turtls, Hers, o counter-part robot, or matehing autematlc nachine, will test each
item in the robot, repalr or maintain any item that requires it, and refuel the robet.
This counter-part robot or ®maintenance fastory” will at first be thereughly depen-
dont on human 1ife, in the same way as a parasite in many of its life stages is the-
reughly dependent on its host, Positioning of the rebet will be done ence and for
all, when it resches the entrance of the maintenance factory.

Later, &8 more experience with "living" robots is gained, spare itema can be stored in
or on the robet, and whenever needed can be shifted imto place. The easiest items in
this cless of course are ligquids. Isbricating oll, for exisple, could be in a 1ittle
reserveir on the robot and arranged to coze out when needed. Then at much longer
intervals the rebot will visit its reconditioning berth and 411 wp with a new supply
of lubricating odl.

For 211 living bedngs, the main repair process ie internal and irvoluntary. Froto-
plasm 1ife has the capseity to heal many kinds of damage to itself, though nat &11,
by its internal processes which cemvert raw materlals such as food, alr, water, inmto
the right kind of henlins stuff. But internal healing w11l ot be true for robet
1ife at the start; it will be for some time & parasite on human 1life. The rdniman
gelf-mnintenance requiresont for robot 1ife &5 that when it senses that it needs
repalr, or refueling, it ean go and get repaired or refusled.

9. Aobot Reproductlicn

if & pobot is to be able te reproduse itself, then again it has te have a certain
smount of progrosedng (bebavior) such that A3 o result of its own Actiona, from time
to Lima, more robots like itaelf are reproduced.

We shall centirue to keep the problem simple. We shall assume & rebot "birth
factory" -- located in some part of the robot's ordinary environment. The rebat
birth Factory weuld be like some rocky islands in the sea where ceriain specles of
sea birds always come to nest, where they won't be distarbed by any other life forma
(except men).

The robot birth fastory, like the rabet maintenance factory, will be a counter=part
robot, or matehing automatic maghine. The supply of each item for the robot 11fe
gpecies will be in a feed line; the feed lines together will bo positismsd and
oriented in the most convendent wayp snd thers will be an assembly belt running by
the end ef each Leed line ope after another.

Mow when 4 robot is stimolated in the aporopriate way, what will happen? It will
elther return to the robot birth factory and press a button,or 1t will transmit an
impulse. The robot bdrth factery will thereupon assemble and issue a new robot.

If the robet species s of the type that has tapes fer pregramaing to be recorded
in them, there will be no propramuing yet reconded im the tapes of the new robot.,
5o it can be provided that the sdult robot will connect ita tapes to the new robot,
and resord in the latter's tapes all the informaticn which was recorded in its own
tapes, tepether with such changes as it may have scquired from its experience.

Here we can ses & posaible great advantage of robot 1lfe; aexperlence and learning
peruired by an old individual son be transmitted direetly to new individuals --
whereas protoplasa 1ife has to go about the process in & much mere indirect way.



Even at the present time Lt would be possible to set up means of cocrminfcation
betwesn the glant electric brains. The pregramming worked out for or by one can be
made avallable to others.

But what iz "stimolation Lin the appropriate woy™ that e mentioned above? Many
spegles of protoplasm Life have Juat ene simple tendency, to multiply. Thery pro-
dute new individusls of the species, as many and as fast s the environsent and
their oun stage of development will permit. A plague of ecaterpillars in Minnesots
rectiitly was so thick that locomotives and motor cars ecould hardly get through them.
Frotoplasm 1ife often presses on its means of subsistence.

Bt robot 1ife, a parasite, has to adapt itsell to its host, human beings; and human
beings cannct alfferd to have robot life multiplying indefinitely. Why mobt then pre=
vida that the mumber of individuals of a robot species i3 to resain constant? ;
Suppose that each pobot individusl contimually signals the robot birth factery. Then,
if any rebot indiwidoal "dies®, it stops signaling the robst bivih feetory, whersupon
the robot birth fastery prospily issues a new robot.

The minisum repreduction requirvenent for robot 1ife 1s that when an individunl or
sotiety of rebots reports the need for apother individual rebot of the specles,
another such robet is reproduced.

Part II == Qutline [for Conatmucting Robot Life
Haowy how do We go abeut constructing rebot 1ife?

Corresponding to the three parts of a robot, there are three sides to the problem
of construsting robot 1ife, These are: the construction of sensing organs; the
construction of thinking organs; and the construction of asting organs.

The constractlen of sensing organs for rebot 1ife is neither theoretically nor practi-
cally difficult. For sight, we can have phototubes that ssnse light, For sound, we
c&n have disphragms that respond to melesular vibrations. For touch, we can have
buttons or resds that sense pressupe, For taste asd smell, we can have chemical
detection apparatos that can easily sense at loast seme kinds of matter. For many
tenses that human beings de not pessess, there exist selentific detection inatrumenta
thak could be employed.

The constraction of asting organs for robot 1ife is not theoretiezlly difficult but
practloslly it is. The example mentiened above, a harduare "hand® equivalent to the
fuman hamd, 18 8 gosd Lllustraticn. Even 3o, thare are suny sissle kinds of mecha-
nical devices that can be employed for the soting organs for robot life: whesls
on which they can rell, scoops by means of which they csm pick up things, ete,

The conatruction of thinking organs for robot 1ife, the organs guiding its behavier,
iz a problem which may appear to be theorstically difffeulty but setuslly its solu=
tion is not difficult. This ia the probles which we shall discuss hers &t length.



1. Robot Life Jpecies Mo, 1

To make our dlscussion conerets, let us assums a 8imple speciez of "robot life", and
its homs enviromment, & ®robot world'. Sse Flgore 1.

’a Obatacle  Fobot 1

l:lbgbtt. Calor of I-J.Eht
Raba R | 3‘- 4 | I ]

Food Storehouse 05, o
Hiintenanoe Sh [+r)
Blrth Feetory nane

Figure 1 -- The Hebat World
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In this robot world, we ses repragantad;
1. Four small rebots; they roll on thres wheela, have a pair of photetubs

Tayes", have a =sseon for "handa", and have on thelr backs a light; tha
lights are of four different colors {eelors 1, - T )]

-

2. Food Aress, lighted with a pambar of lizhta, &1l of the same color
(caler 513 hera "foed" may be Tound,

3o A Storshoude, where the robota bring feed {light of color &),
e A Repair Shop, shere a robot ean ba ropaired (1ight of eoler T),
S. A Birth Factory, hawing a rotating chototubs which scans the robot
world; here new robots ean be prodused.
2. Behawior
What kind of behawier do we pesd for sach of the beings in the robot world?
1. Storehouse: Stors fond when brought to it
2, Repalr Shep: Repalr a rebot when ons eomas.

3. Birth Factery: 4f the light af sy robot goss cut, issus a new robot
of the asme type (i.e., with the sams color 1ight),

s Bach Robot:
A. Hunt for feed, 4if well.
Ba Plok up food £f found mnd take 1t to the stershouse, if well,
C. Fat down feod, if it 13 well, when 1t reaches the storshcuss, and
if it bacomes sick, anywhere) and then baock up & little and go for-
ward in & new direction (te sweld rumning swer the food),
D. G0 ta the repsir shep, if it is slek.
E. Oat repaired in the repair shop.
F. If it hita an ctataele, batk up & 1ittle, mad then go forward 4n &
new direction.
3o Sohematio Diagrams for the Counter-Part Robota
What are the schematic disgrams of the programming circuita? 'We shall agaume, for
this part of this ssction, that the reader understands slecktrical switeh and ralay
wiring diagrasa.
Stershcuse: The schematie for the Storshouss 19 ecaparstively simple. See Flgure 2.
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£ Ss.

Switch contact
reporting sick
robot arrived

Eepairing
Aetiona

L

=

Figurs 2 Figure 3
Schematic for Stershouss Schamatic for Repalr Shep

g&?y The schematic fer the Repair Shop 18 also comparatively simple. Ses
gare .

Birth Faz 1 The achsmatics related to the bahavioer of the blrth factory are &
8 more compllcated,

ist ua suppeas that the birth fastory has two gycles of speraticn. Daring Cyele 1,
the phototube turms areund completely, 1ike a radar antenna, detecting light frem all
directions, During that complats clrcle of 360 degrees, if all robots are "aliwe",
then their lights will be detected and the birth factery will plek up sach of the
colors 1, 2, 3, L, not necesanrily of courss in that sequence. low 1f by the end of
that eyele, the birth factery should obassrve the abssnce of any particular robot light,
then the birth factsry may well eonelude that robot has “died”, and 1t should issus &
new robot of that type. The Schamatiec is shesm in Figure L.
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light light light 1ight
seen u'm Hrﬂ *

4& 2{; 4_4- v TR contacts
a
-

i 2 c3 ch
Produce Robot Produce Fobob Proface Robot Froduce
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d 1 L 1

=3 = = =y

=

Figure i —- Schematis for the Birth Fastory

As to the robot, the light should go out only 4f 4t "disa”. For exsepls, one such
sondition would ba that the robot could not move any mers. Of courss, meat undesir-
able condition® on the robot will be #ignaled before they bLecoms o critical that

1t "diss": the rebot will then be sick and will go to the repalr shop and get repaired.
But IF seessthing really sericus shewld po wreng, then the 1ight on the robot should

ge out. ‘This can be previded for by means of & eircuit such as shown in Figurs 5,
whers it is assumed that there are six conditions the failurs of mny cme of which
maans "death™,

gENER)MENENE -

Figure 5 == Schematic for Cireudt Reperting Robot'a "Dexth®

o
"C_“'J%

The Robot's Ligh
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L. Schomatic Disgrams for the Fobota
We coms now to the schematic diagrams for the behavier of any of the four robots.

Firat, the needed sensas of the robot are thesas:

Fo. Sense Enl
o T Ses 1ight with its left eye 11
2 See 1ight with its right aye 52
¥ Detect the light of the food {color 5) 5
L Datect the light of the storshouse {ecler &) 5,
5 Dotsct the light of the repair shop {(color 7) S5
& Detast the presancs of faod in 1ts sseop S
7 Dotect an chstacle 5
] Detact the antrance of the storehouss ]
o Detoct the entrance of the repalr shop 59
10 Raallize that it has becoms sick T
1 fealizs that it has become well S
In kesping with the cutline nstars of this repert, we ahsll sasums that thefs Sensss

may be contrived in hardware falrly easily and will result in the pleking up of re-
lays, one for esach ssnss. We should comment on the last twe senses, howewer, since
they are essentlally compound sensea, That ia to say, 1S there were, B8y, Saven
eenditiona such that the failure of any one of them weuld mean "sickness"; then there
would be & ciroult oo the robot of the type showm in Figure &, plekdng up the Syg
relay that reports "becoming sick".

AN

raporting

alick

Figure 6 =- Schematic Ddagram for Ciroult Repsrting Sdimeas
af ths Robot

Second, the nesded motiona of the robot will be: driving forward or bagkward, or
stopping; steering to the right or the left, or not steering; clesing the seecp or
cpendng the Sgoop. These sctions it happens are the ssme &3 the sctions of Squos.

B¢ they may be contriwed in hardware by referring to the published plans for Sques.
Alzo, converting the sight of the left and the right eyss inte sdeguats homing be-
havier == "photetropic®, liks a moth to & candle - 13 & problem thit has been Sclwed
and pablished for Sques.

Third, we nesd to consider the programming of the robot, by means of which 1t will
bebave &3 we desire it to. This 18 A preblem in the organization of sequential relay
olreuits, Pat it can be quite sasily handled amd analysed using what we may call
Boolean caleulus, which 1s aqual to Boolean nlgebra extended by n new cperater shich
provides for dalay, l.e.; changess in tdme, "before” and "nfter”, statss and avents,
®e shall nssume for the remsining part of this section that the readsr undsratands
Baolean algebird and the applicstions of Boolean algebra to relay wiring eircuits. Ry
wiy of rewiew; howsver, ths key definitions are thesa:
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& (writtsn naxt ts & relay contact) the condition "the relay contact is
cloaed®; or, the truth valus of this
gendition, equal to 1 AT true and O

AL fulas

a {writtsn next to & relay cofl) the eondition that "the relsy coll is
mmargized®; or,the troth valus of this
erfidition

AT b 4 ar b or bothy or,a plus b mims (& times
bly Af &, b= g, 1

- b ; both & and bj or,a timea b if &, b= 0, 1

Ly not &) ar,l mirmis &, if a= 0, 1

L the condition equal to a but delayed k

te of timey or, if A= f{{), then

= g k).

These varlables may be thought of as time functions that hawe only the walues O and 1
such na shown in Figure 7.

1{?.’. 1
0 o e
|1.. = t 7T 8 23 1 8 7 10

yu g

Flgurs 7 == Delay of Tuo Daits of Tims

A3 an abbraviatisn Tfor l+l, wa shall often use & or a®,

Hew Buppese we want a relay to repressnt o state 5 that contimiea during soms paried.
Suppose that the stats S atarts with Event L and stepa with Event 2.

Topelogleally, we have:

Cotate s )
The relay sireuit will be:
?Ez—\ 5‘
B

B T

o



The Boolean enleulus equaticn will be:

s=(pvd " 5
The relay held contact marked ; has o lag ll!.#.lt.ly behind the cofl 5, We shall
assume that the lag i3 one undt of time, o one pulss time, Fhysleally, for many
relaya, the lag is often about 1/20 of a second, rnd is callsd the plick-up time.
For another example of & delay functlon, let us consider & time delay relay. This

hes tha property that it snargizes, say, five sgconds after the contast closss that
leads to it; ses Figure B.

Y

Five-ssceond thearmal element

=

Figare 8 -—- A Five-Second Delay Function
Here the Eolesy caleilus equation will be B= AV r 41 ws ume econds as units
of tims, B= A%~

We are pow roady to dj.ap],lg the crganization of the states, avents, and prograsming
of cur speoies of robot 1life. They are shown in Figare 9.
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Figure 9 -- Robot Life Species Koo 1 -- Pregramming -- Topelogy,

and Boolean Caloulus Squations
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Kow that we have the programs,it 18 quite eaay Lo findah the schesatis cireuitas. See

o To x|
';—‘l l‘—||
| |

ey

Drive motor directicn reglstared dn
i dﬂlﬂm R ik i lm-m-ﬁ | |_B.|shr|.rd |

By IFa \Fs
—

g Rl

)

L]

FMI licht ragistarsd in a
-

Rir

)

Sesop motor actlon reglstered in the
sepop alreait:

Figare 11 -- Aobot Life Species Mo. 1 -- Frograomming Correlated
with Astion

Fart II1 == Practical Concluslona

How 1s all this thesratisal? what uSs i3 it? Who in the world wants living robota
anghewt

Well, we dp, In our small ergandzation we are engaged in n small-scale program of
constructing brains and robots, We hawe findshed Simen, o minlaturs mechaniesl brain,
ardd Soues, the robot aquirrel; and we are at werk on other robota. We have in mind
the ecnstrustisn of atill other robots -- kinds that will handle ideas, or live, or
be companionabls. Why do All this? It 1= exciting to push back the frentler; it ia
fun to five pecple's imiglnaticn; and 1t seemd Lo b geod businesa.
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But entirely apart frem the interests of our cwn ssall srgandsatisn, thers is no
deubt that rebots which are able to preserve themselves, rapair thensslves, and re-
prodivte themdSelves, will as #lawes or colleagues of men, cpen up unheard-of, un-
imagined ways for human beings to pursue their goals,

For example, think of exploring the bottem of the ccean, er the intericr of wolcinces,
or the surface of the mporn; or the surfece of Mara, with a swarm of such robota,

Think of dealing with plagoes of catarpillars or locwsts by homles of amall flying ro=
tota abot two inches long, equipped te slaughtar sueh insects, Thay would be mach
more sconcmical and wersatile than rebsts that eculd nol pressrve o Fepdlr oF Fe-
predace thansalves. In fact, it 1a not beyond peasibility that such robots already
oxlat in pressnt-day stemlc ensrgy ar goided missile installations, hidden in un-
selentific secrecy. In facty in a mumber of envirerments hestile or impessible for
kzman belngs or oretoplasm 1ife, living rebots will in the future becoms useful,
practical, snd easential,



