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Errata

L.
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page 30, line Z: "The MOT function" should read "The NOR
function",

page 31, line 1: chapter should be labeled VII, not VI.

page 11, third line from bottom: "on time" should be "of time".
page 36, third line from bottom: "Similarly the clock, HOT
function and WOR fumction can be constructed.”" This sentence
is not exactly correct. True, the c¢lock and NOT can be construc-
tec as in chapter 6. However, due to the one unit delay of the
junction when only a single input is present, the OR as shown
there will not work. Although this can be corrected by another
configuration, we will correct it by adding twe more transition
tules, namely (12xZx2) and (212001). The new rules cause the
two=input/two-cutput property of the junction to hold even if
one of the inputs is delaved by cne time unit. ALl other com=
ponents operate as before. The new OR function is shown below.
Its operation can be verified by tracing through its operation
and remembering that curves (junctions with twe dead-ends) also

have a delay of one unit.
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INFORMATION PROCESSING AND TRAMSMISSIOM IN CELLULAR AUTOMATA®

Abstract

A cellular automaton s an iterative array of very simple
identical information processing machines called cells., Each cell
can communicate with neighboring cells. At discrete moments of
time the cells can change from one state to another as a function
af the states of the cell and its neighbors. Thus on a glebal basis,
the collection of cells is characterized by some type of behavior,

The goal of this investigation was to determine just how simple
the individual cells could be while the global behavior achieved some
specified criterion of complexity -- wsually the ability to perform a
computation or to reproduce some pattern.

The chief result described in this thesis is that an array of
identical square cells (in two dimensions), each cell of which com-
municates directly with only its four nearest edge neighbors and
each of which can exist in only two states, can perform any compu-
tation, This computation proceeds in a straight forward way.

A configuration is a specification of the states of all the
calls in zome area of the iterative array. Ancther result described
in this thesis is the existence of a self-reproducing configuration
in an array of four-state cells, a reduction of four states from the
previously known eight=-state case.

The technigue of information processing in cellular arrays in-
volves the synthesis of some basic components., Then the desired be-
haviors are obtained by the interconnection of these components. A
chapter on components describes some sets of basic components.

Possible applications of the results of this investigation, de-
scriptions of some interesting phenomena (for vanishingly small cells),
and suggestions for further study are given later.

*This report reproduces a thesis of the same title submitted to
the Department of Mechanical Enginearing, Massachusetts Institute
aof Technology, In partial fulfillment of the requirements for the
degree of Doctor of Philosophy, January 15, 1971,
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I. IRTRODUCTION

Juscification and Goels of this Research.

In the future I expect to see the development of a new, highly
interdisciplinary field of study in this branch of automata theory
known as cellular sutomata. Applications are apparent, of course,
to parallel processing computers. Codd (1965)% menticns the benefits
of mass production dus to homogeneity of components, the ability to
incrementally add computaticn power, and self-organizing machlnes.
Zuse (1969) and cthers have discussed cellular models of physical
phenomena and of physics itself. Von Neumann was plenning a neuren-
like "excitation=threshold-fatigue” model af his cellular automatoen
in connection with the nervous system. These are just & few areas
of application.

The uvsefulness of a cellular model of something often will
depend on the simplicity and upiformity of the cells. Similarly,
our models of pature appear more useful when they consist of large
numbers of simple basic components instead of the opposite. For
example, phvsicists were once happy to believe the universe to be
composed of an enormous number of juat three basic compeonents: protons,
electrons and meutrons. Their search for the quark is an attempt to
return to this condition. Riological cella are another example.

The geal of this investigation was to determine how simple the
cells could be while the global behavior of the cellular array achieved
spacified degrees of complexity as measured by various capacities for
universality. (This term is discussed later.) Im particular, we
have sought universal cells with as few states and neighbors as

possible.

* heferences are listed by author and date.



Results.

The chief result was the discovery of a two-dimensional array
of two-state cella, each of which could communicate witcth its four
edge-neighbors (forming a [ive-cell neighborhood), which possessed
the ability to perform any computation (thus forming a universal
gomputer *)}. This result was obtained by showing that the differemt
parts of the array could corrvespond to the parts of a digitsl com-
puter with infinite memory capacity and also te a Turing machine.
However, the method involved an initial configuratiom of states with
an infinite number of cells in each state.

The undesirable requirement of an infinite initial configuration
was eliminated in ancther cellular avtomaton by allowing another
state per cell. This three-state universal computer¥* peeded only a
finite initial configuration. Increases in information storage space
were obtained by the configuration's "growing" into the surrounding

ﬂulﬁﬂiﬂ&ﬂ L Space.
Ancther successful approach te the finite universal computer

was by the enlargement of the neighborhood by allowing the four
corner=neighbors te also communicate with each cell. The resulting
two-state, nine-neighbor sutomaton functioned similarly to the above by
growing inte the surrounding space.

A classical endeavor in this aresa is to find &8 configuration in
an array of simple cells which can reproduce itself by growing a
construction=-arm inte the area surrounding the configuration. BSuch
a configuration is usually also regquired to be a universal computer.
A four=state, five-neighbor self-reproducing universal computer was
found and described--a reduction from the previgusly known eight-state

cagea.

% In this chapter underlined terms are defined in the Glossary.

#% The use of such terms as "three-state universal computer" shoold
be interpreted as "universal computer in an array of three-state cells"
Obvioualy the total array cen have an infinite number of astates.



Definition of Some Terms.

At this point the reader can consider cellular automata to be
large, two-dimensional iterative arrays of simple, finite-state
machines , each of which communicates with i1ts four neareat neigh-
bore. These finite-state machines are called cellas. In the fol-

lowing illustration, small numbers represent the state of each cell.

alz2lolajofojojolo
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A& Portion of a Cellular Array at Tima T

At discrote moments of time ...,t, t+l, t+2, ... the cells are

allowad to change state according to a set of state transition rules.

A typical such rule is illustrated and explained below.

1

e
1

& Typical Transition Rule

The above rule states that every cell in state "0 when sur-
rounded by cells in atates "1", "I", "1™ and "2" will assume state
"3" during the next time period. MNotice that the state of a cell
at time T+l depends only on the states of the cell and of its four
neighbora at time T. A set of such transition vules defimes the
cellular space. Also, if a cell ever exists in a locel atate con-
figuration not covered by a tramsition rule, them the cell does not
change state during the next time step. This convention allows us
to not list the non-transition rules.

Since the cellular spaces discumsed in this thesis are isotropic,
the following four transition rules imply each other. RKetice that

1 2 1 1
102—3 1 0 1l—x3 20 1—»3 L0 1—>»3
L 1 1 2

Equivalent Transition Reles



&

the left hand slde of each rule is merely a reotated image of the

others implying & rotation-symmetry, one degree of isotropv.



II. PREVIOUS WORK

John wvon Neumsnn snd E. F. Codd have been the chief investigators
of this area. Their books deal with the notions of computation
universality and construction universality. The former motiom
applies to cellular configurations which can perform any computable
computation. The reaults of a computation are interpreted from the
cellular configuration. Construction Is & term for configurations that
can ''construct" other conmfigurations. G§ince Moore's Garden-of-Eden
theorem (Moore 1961} implies the non-constructability of some con-
figurations, we will not require the ability to comstruct any con-
figuration. Rather, the term universal will apply if there exists
gome comfiguration which can comstruct & new configuration, this new
configuration being able to compute any specified computation. Such
8 universal constructor must also be able to construct & copy of itself.

Von Weumann's primarvy interest was in finding &8 computation
universal cellular space with self-reproducing configurations (von
Neumann 1966). His particular solution functioned by growing an
arm which could construct & new passive comfiguration. An activation
gignal sent along the arm started the new configuration operating.

His set of transition rules involved a five-neighbor neighborhood
with twenty-nine states per cell. The set of transition rules was
net isotropic.

E. F. Codd (1968) reduced the required number of states teo
cnly eight for the same task. Although his rules possessed no pre-
ferred direction, they did possess 8 preferred rotation. To explain,
his rules allowed the automaton to send a symmetric signal down &
straight arm with the result that when the signal reached the end of
an arm, a right-hand corner would appear--i.e. the arm bent to the
right.

Both von Neumann and Codd worked with the follewing requirements:
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1 The cellular machines are initially configured in a finite region
of the cellular space. In other words, only 8 fimite number of
non=gquiescent (see Glossary) cells existed im the initial configu-
rabion.

2 Construction of new configurations by a configuration is per-
formed inte an initially guiescent region of space. This re-
quirement rules cut construction by the assembling of parts.

Codd (1968% has alsc shown that two states are sufficient for
universality 1if the neighborhood is allowed to be greatly increased.
In particular, he has shown that an array of two-state cells with
eightv=-five neighbors each can simulate his universal eight-state
cells.

Although it is often true that the process of simplification
{here the sesrch for cells with small state count) vields some
other aspect becoming more complex as in the case of trying to
find minimal Turing machines, here the opposite is true. The
automats described here are built arcund a very small mumber
of configurations (including the universal legic function). Also
the two-state automaton described later, for example, has only
three trensition rules in comparison to the hundreds of rules for
the Codd sutomaton using eight-state cells.

Smith {1968, 1969} has discovered some interesting theorems
concerning the simulations of Turing machines by cellular automata.
Although a thirteen-state, five-neighbor aspace described by him is
five more states than used by Codd, it can simulate a Turing machine
in only twe rows of the array. In one dimension, with p representing
the neighborhood size snd g the number of states per cell, Smith has
found the following one-dimensional computation universal p x q spaces:
2x40, 3x13, &x7, x5, 9xbd, 12x3, and l4xd. MNotice the existence

of a universal space with only two-neighbor cells.
Shoup (1970) has considered the design of integrated eireuita for

use in cellular arrays. Kot concerning himself with universality, he

was more interested in efficient implementations of practical operations.
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Hennie (1961} and Moore {1961} hawve studied the limitations and
capabilities of cellular arrays without regard to the particular
functicn., Amorcsc, Leiblien and Yamada (1969 have attempted the
definition of a mathematical framewcrk for the fermulation of ques-
tions concernlng uniform arrays of finite-state machines.

Comway (1970) has invented a game called Life which emploves a
nina=-neighbor, two-state cellular space. His game is described in the
mathematical games section of a recent issue of the Scientific
American. William Gosper of MIT has shown the computation universality
of this space. Beyer (L969) has studied the use of cellular arrays
for pattern recognition. Minsky's and Papert's perceptroms (L1969) are
related to this area. Zuse (1969) has considered the modeling of the
laws of phvsics with cellular automata. Smith (1970} has related
formal languages and cellular awtomsata.

Considering self-reproducing patterns apart from computation
universality, Edward Fredkin of MIT has described the following
interesting cellular gpace. If the states are 0 and 1 and 1f the
result state is obtainad by taking the sum of the neighbors, module 2,
then every initial configuration will reproduce copies of itself about
the initial configuration. Terry Winegrad (1970) generalized this
result showing that any neighborhood, net just the four nearest
neighbors, and any number of dimensions still yields the same results.
Further, he has shown that if there are p states O, 1, 2, ..., p=1L
where p is a prime number, then the sum of the neighbors modulo p,
is a rule that will assure self-replicaticn of the pattern in a finite
number of time steps.

Further discussion of some of these areas will follow later.
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III. COMPONENTS AND TECHNIQUES

Information Transmission.

The process of computation requires the capacity to move or
transmit information. Ome type of transmission is the zelf-
propagating signal. For example, in the following figure, a signal
made up of three cells in states 1 and 2 will propagate to the

right given a suitable set of transitiocn rules.

1

3
4

Sdgnal Propagation

We will use the convention of letting both the blank snd zero
represent a cell in the guiescent state. For the above aignal to
move to the right, the cells ahead of the signal must becoms non-
gquisscent and the cells currently covered by the signal must become
gquiescent. Thus the following transition rules sre needed for the

propagation to cccur. (A five-neighborhood is agssumed.)

o 0 4] 0
02 0=—>0 01 0 =—>x0 1L O (1 200=—>2
L] 0 2 0
Fules for Destruction of Signal Bules for Crestion of Mew Signals

A disadvantage of this type of informstion trensmisaicon is that
any two-state, five-neighbor wersion of this "wirelesa" signal will
necegaarily propagate to the sides also, due to the necessity of the
following transition rule. The reason for this is that if a zerc in

o

00l—>1
0

A Recessary Transition Bule

front of the signal is to become a one, then this rule is needed.
However, this same rule alse causes zeros adjacent to the sides and
back of the signal to becoms ones.

* The left=hand side of any rule can be rotated 90, 180 or 270 degrees

or mirror=reflected and rotsted giving ancther valild rule due to the
assumed isotropy of all automata described herein.
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This disadvantage does not exist for wired propasgations. The wire
ig thus cne of the components of each of cur cellular automata. The
following wire configuration is the one actually used for an infinitely
configured universal computer described later.

DR NERRRRRR
L1l T11111L1
"1 1'1’'1 111111111

1
4 Two-state Wire and Sipnal

The gap in the wire is the signal. For this signal to propagate to
the right the following transition rules are reguired.

0 1 0
011l—>0 10 1—21 101—>1

1 1 1

Create New Gap Fill old Gap

The General Technigque.

To ghow that a get of transition rules is computation universal
we will illustrate that we can embed a general purpose computation
gystem in the array. That ig, there i some configuration of states
which can simulate the computer system. The direct approach is
used. Since a computation system can be physically built out of
wires, transistors, etc, it will be sufficient to show that there are
configurations (initial assigmnments of states to the cella) that act
like wires, etec., which can be interconmected to form the computatiom
eyetem. (This same approsch was wsed by wvon Meumsnn and Codd.) In
the cases of those cellular sutomata whose initial configuration
ig finite, we must algo provide for extending the information capacity
by an arbitrary amount.

[It was claimed by A. M. Turing and is now generslly accepted
that 8 particular very simple computer with an unlimited supply of
tape to write on and read from can compute any computatiom that is
effectively computable. This mschine iz called & Turing machine. It

has been demonstrated that today's general purpose computers can
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gimulate the operation of the Turing wachine Lf their memory capscity

is wnlimited. Thus we will onlv need to show the ability to simelate
an extensible general purpose computer in the cellular array.]

A complete configuration will not be shown. We will only show
that a sufficient set of basic components, such as the above mentioned
wire, can be configured. In the case of the universal constructer,

a moveable construction arm will alsc be needed.

Three bagic elements are needed in most cases, the two-state
case being the exception. These three elements are the fanout junc-
tion, the dead-end wire and the extensible tape. The junction is
gimply the intersection of a vertieal wire with a horizontal wire.
The junction will allow the duplicating or fanning-out of signals--i.e.
a signal entering any leg of the junction will fan out the other
three legs. The junction will also serve as a universal logic function.
This requirement iz met if either two or three simultaneous inputs
(signals) vields no output while some other configuration of simul-
taneous inputs does yield an output. This is werified in each case.

The dead=-end is another basic element. By using the dead-end
on two legs of the junction, the curve is obtained. The diode, or
one-way gate, is created from basic elements as is the crossover.

The logic element (analogous to the transistor), used in great
numbers connected by wires, curves and crossovers now allows the
configuration on the array of & large computation system. The
extension of information capacity is discussed later.

The next chapter is an example of the application of these

technigues.
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IV. AN EARLY THREE-STATE UNIVERSAL COMEUTER

In this chapter it will be shown that a three-state, five
neighbor cellular space is computation universal. Although it is
shown in the next chapter that two states are sufficient, the three-sta
callular space was found earlier and well illustrates the techniques
emp loyed .

The three states will be represented by the symbols 2, 1 and
blank space or zerc. The first of several needed useful elements
is the wire. & special junction or fanout element and & dead-end for
the wire will allow the attainment of our geal. The motivation for
creating these elements is the desire to maintain an analogy to the
phygical wiring up of finite state machines with wires, transistors,
gtc. The need for & crossover results from our working in two dimen-

BLONE .

(22 2 2/2[2 l12/2(2]22]2[2]2
[ T

!
1 1 : LI 1 1 T T

4 Wire in a Three State Space

For the "10" signal to propagate te the right, the following transition

rules are needed.

0 0 ]
22 1—1 Z1o—0 l02—>2
1] 0 K]

Propagation Transition Bules

It will often be necessary to have a branching wire in ocrder to
send a signal to more than one place. The junction has the property
that an entering signal will exit from the other three legs of the

configuration.
2 2
2 Tl
: |
—_— 2 2 =
2212 L2222 2 i 222 122
2 2 !
2 |
§ é symbol
time = t time = t-b

Fanning Out of Signal in the Junction Element
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Three more rules must be added to obtain this action.

i 2 1
122 —31 012 —=0 20 1—n2
2 2 1

Fanout Transition Bules

The reader should understand that as rules are added to create
new elements, they must not conflict with previcus rules--either stated
transition rules or implied non-tramnsition rules.

An interesting phenomenon in the search for universal cellular
automata isg thé:n:plicgtgig m;?fgegfwea, In all cases the need for a
gimple curve was elrcumvented by the use of the previous fanout element
with two of the cutput wires dead-ended.

The dead-end is simply a truncated wire. A signal reaching the
end of the wire dies without changlng the length of the wire. The
dead=end requires the following rule to be added.

i

20—
i

A Transition Rule Neceasary for Operation of the Dead-end

cycle O
222212 Lz2

cycle 1
22222282 1 2

cvele 2
222212212 12

cycle 3
222222222
Simulation of the Dead-end Jire

Observing what happens to the junction element when three inputs
arrive simultaneously, it ia seen that the three inputs are mutuslly
anihilated. This results from transition rules slready written. What
happens when two lnputs arrive simultanecusly cam still be specified.
The following right angled, two-input/two-output operation can be



7

achieved by adding three sdditional rules.

1 Q 2
12 22—l 012—=0 20 1l—7
2 2 1

Fules HMecessary to Cause Two-Input/Two-Output Operation

2 2
2 2
l ¥
1 2
2222221 222 221 222221272
2 o 2
2
2 '
2 2
time = ¢ time = £ 4 &

The Two-Input/Two-0utput Element

If one had a diode (a cne-way gate} then the above two-input)
two-output would be an OR function. The diodes would be used to prevent
signals from traveling out the inputs. This function is illustrated
later. If wires are represented by lines, curves by right angles, and

dead=ends by small circles, then the dicde iz configured as follows.

. T

aymbol

L=

The Diode

The reason for the odd shape is explained by tracing through

i1ts operaticn. Conslder first a signal entering from the right., It
fans out three ways, one way being dead-ended and one further fanming
out. Fimally all three resulting signals simultanecusly arrive at the
left-moat junction and are mutually anihilated as previously digseussed.
However, a signal entering from the left succeedsin getting through
since at most two signals arrive at any junctiecn at once. How with
the dicde, the DR can be configured.
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|s

LH AorB_
b

The OR Punctlon

Another uvseful configuration is the clock or periodic emitter of
signals. A signal circling in a loop will send a signal out the side

wire each time around. o

(.--b

—_—

The Clock

Mow with two clocks and a diode, the WOT functiom {or invertor)

A

can be configured.

7

A
= ] —

A

The MOT Functlon

When & signal enters at A, there is no exiting signal due to the
three input amihilation property of the junction, but in the absence
of a signal the two ¢locks will generate an oubput, now due o the
two-inputs ftwo-outputs property of the junction. Of course the clocks
pust be synchronized with the times allowable for signals te be at

the junction.
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The O and KOT functions form & universal palr of logic elements.
There is only one remaining element, therefore, and that is the
erossover. Then the logie can be "wired".

T Bnut

Ain out [

|—|— symbol

Pin

!

The Crossover

The purpose of the excessive curving inside each block of the
crossover is to form a delay. Thus signal B entering from the
bottom would fanm out three waye. But the three paths to the & exit
are equal forcing an anfhilation of signala here due to the three
gimultaneous input anihilscion property of the juncticn.

The cressing requires that the A and B inputa never arrive simul-
taneously. If one assumes a minimum signal apacing of sufficient

gize, then the following configuration can alwavs be used to assure
non-gimultaneity of inputs.

Avoiding Simultaneouws Arrivals

Qur goal has been to be able to configure in a finite apace any
finite state machine with these elements. In particular, since we can
transmit a binarv signal (presence of signal indicates one state,
abgence of signal indicates other state) from any area of space to any
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other, and since signals can be combined by a universal leogic function
guch as the ROE (meaning neither input present), it is clear that all
the components necessary Lo construct any general purpose computer
are present within configurations of states in the array. A simple way
to show this universality is to show that a one-dimensional array of
n=ftate machines can be configured for amy finite value of n. When
n is suitably large, & linear array can simulate the Turing machine.
This is possible, for example, if each of the similated n-state machines
repregents a square of the Turing machine's tape, but also containing
the finite-state machine part of the Turing machine.

Alternately, the finite eight-state cells of Codd or the twenty-
nine=-state cells of von Weumann could be simulated. Then an array of
simulated Codd cells could perform as described by him.

Several other infinitely configured three-state universsal cellular
spaces were discovered. Common elements include & universal logic
element, a wire, a dead-end and a erossover. Some had fewer transition
rules. Different diode and crossover configpurations, of cowwse, had to
be obtained since the properties of the junction were not identical to
the case described here.



21

V. THE INFIMITELY COMFLGURED TWO-STATE UNIVERSAL CELLULAE SPACE
One of several methods of illustrating universality is o
show that two-state cells in the proper configuration can simulate

any n=state cell--in particular the twenty-nine state von Neumann
or eight-state Codd cells, or the three-state cells of the previous
chapter. However, following a similar approach as with the three-
state cellular gpace, it will be sufficient to show the sbility to
arbitrarily connect universal logic elements to create arbitrary
finite-state machines. Then an infinite one-dimensional array of
these finite-state machines can sisulate any Turing machine (by
the same argument as before) and is therefere universal.

If the two stcates are represented by 1 and blank space {or 0},

three transition rules can be written to define this cellular space.

1 0 1
01 1—>20 101—31 101—31
0 1 1

Fules for the Two-State Computation Universal Cellular Space
The first of these rules requires cormers to diaappear. The
other two assure that gaps (zeroes) surrounded by three or four ones
will be filled in. In the following illustration of a signal pro-
pagating aleng the wire, the zerce or quiescent state £5 also dencted
by the blank. —

11111111 1111111

1111111 11111111

11111111t 11tL11111
Wire and Signal

Mote that the signal travels on one side of the wire. The wire
will be symbolizad by a seraight line with an arrow used to indicate
the side of the wire on which the signal is traveling. It should be
clearly understood that the blank area above the wire represents cells
in the zero state and not the absence of cells. Appendix I containg
computer simulationa of the abowve wire and also the other elements
shown below. The reader should probably check this appendixz now to
gee exactly how this signal propagates.
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The dead-end is used to eliminate signals traveling along

truncaced wires.

—_— 1
I1111111 1111111
111111 11111111
l11l1l1111111111¢1

1
Tha Desd=ond

The junction or fan-out is used to create new aignals. A signal
entering the fan-out from the input side leaves from the other three
atmé. This element will also be uged with the above dead-end to

produce the curve.

I11
111
L1 IJT
L11
— L1l
111111111111 —
l1111111111111111111
111111111 11111111
11 11111111
11 111
1111 \l 111
111
L1l
111

The Junction

This junction is not bilateral. A signal entering sny of the side
outputs dies. MNotlee that by using two dead-ends on btwo outputs, the
diode (one-way gate) is cbtained. However the diode L5 not needed
in this cellular space.

A whole famlly of curves must be created since the signal is
on one glde of the wire. We need inside-to-inside, inside-to-outaide,
outside-to-outslde and outside-to-inside curves. Two of these curves
can be obtained directly from the fanout with dead-ends on two oukEput

wires. The inside-to-inside curve must be synthesized.
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111
111
11 ll
111
1111
111
111
1111 1
1111111 —_—
l1111111111111111
1 111111111
111111111
1

The Inside-to=Inside Curve

The outside-to-ocutside curve can now be made from the above curves.

— =

The Outside=-to-0Outside Curve

Recall that the arrows indicate which side of the wire carries the
gignal.

A universal logic element will be used with a clock (described
later) to build the remaining neaded elements. The following con-
figuration will compute the legie function "B and NOT A".
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A1L 111
111
L1 TREUTH TABLE
1111 A
B 111
— 111
1111111111 — 0 0
1111111111111111111 B
1111111 111111111
11 111111111 1 0
11 1
1111

The Logic Elemant

I1f the B input is from a clock (l.e. a periodic emitter of signals)
then this logic element becomes a WOT function. Thus a clock is
needed .

1
1111111111
1 L1 1111111
Lrt1111111 11111111
1111111 1
1
The Clock

This clock has a pericd of sixteen time steps. Almest any even
period is obtainable by different configurations.

The operation of the logic element requires that the signals
be synchronized. The clock defines an interacticn time and 2ll wires
are constructed to maintain the synchronization of sipgnala. The
consEruction of the crossover is achieved by the following logical
configuration. However it is required that only ome signal arpive
at once. By moving the location of the crossover alightly, as in the
three state automaton of the previous chapter, non-simultaneous
arrivals can be assured. The HNOR function used in this diagram can
be constructed from the logic element with a MOT function feeding

inte cthe B input.
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El::|1.|.1‘_'
Ain ﬂﬂut
— HOR HQEJ
A
B:Ln

The Crossover

A mich more efficient crossover can be constructed.

The extension to three dimensions and seven neighbors (six face-
neighbors plus the cell itaself) is straight-forward. The same three
rules apply assuming the other two neighbors are in the zero state.
The abowve automaton can exist in a plane of this space, if desired,
but turms out of the plane can be inserted at any point of origin of

gignals in the wire.

e
[

.

el el
ol el
[l
[l ol o
=
——
Ll el
—

1
1
1
Part of the Inside-to=Inside Curve

The enclesed part of this curve can be rotated ninety degrees about
the dashed line. Subsequent turns will now be out of the plane.

These elements are sufficient for wmiversality. The wire and
crogaover allow moving of signals from poimt to point. The legic
function with the MOT function added to its B input gives the universal
HOR functiom. (Minsky 19670 Thus we can wire up any function. {Delays
can be built with a few extra curves.) Specifically, the twenty-nine
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state von Neumann or eight-state Codd cells could be simulaced
gchieving both computation and comgtruction universality except that
sn infinite number of simulated cells must exist, i.a. it takes
geveral of these cells to simulate one of the Codd cells even 1if it

g merely in the zers or gquiescent state.
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V1. THE THREE-STATE FINITE UNIVERSAL COMPUTER

The undesirable requirement of an initial configuration
invelving an infinite number of cells can be eliminated by adding
ancther scate. (If it is assumed that the cellular computer
ig not allowed to continue growing without bound after the compu-
tation is complete, then three is the minimum npumber of states
for this behavior. The reason for this is tha &t the ability to
grow more memory with two-astate cella, as required by a finite
initial configuraction, necesaitates the following tramsition rule.

0
IR — |

0

But this rule will cause an unboundable propagation from some
edges of the sutomaten. Thus this and the previous automsaton
are each minimal for their respective tvpes of behavier.)

Since a computation may require an arbitrary amount of
memory space, some method must exist for increasing the information
storage by arbitrarily large amounts. The method is to use an
arbitrarily extensible special wire or tape with the property
that & signal sent out this wire will lengthen the wire by a
constant amount with a reflection or echo signal returned back
down the wire. Four of these special wirea will allow simularion
of Minsky's two register machime (Minsky L967). A brief descrip-
tion of the operation of this machine is necessary.

The two register machine operates om two infinite capacity
regigters. This is a program machine with the two operations
l. add one to a register and 2. subtract ome from a reglster and
if the result is zero, branch to a specified operation. Since
addition and subtraction are operations that reguire only a finite
state machine to carry them out (as opposed to muletiplication), only
the ability Eo add and subtract one from the registers and to test

for zero in the registers is needed. Two of the special extensible
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wires are used for each register. The difference in length rep-
resents the number contained in the register. To add one, a signal
is sent oub one of these wires extending it. The echo ia ignored or
destroved by meeting another signal sent dovm the wire before the
echo returns. (Two meeting signals will be snihilated.) The zero
test is achiewved by comparing two echo signels for aimultanecous
return and subtraction is done by lengthening the shorter wire. Te
prevent "almest simultaneous" returns, the extending of wires can be
done several times so that the length changes only by increments of
gufficient amount.

The Appendiz conteins the computer simulations of these elements
and a listing of the transitionm rules. The states are 2, 1, and the
quiescent state 0 or blank space.

The wire is composed of 2's wicth the signal represented by a

ocne-gerc train.

222z eir22z2il
22222222 L2 2222212
22222222222 2222212

Wire (Propagation to che Righe)

The following junctionm comstruction has the properties 1. a
single signal entering any arm exits from the cther three arms,
2. two signals entering simultaneously at right angles will exit the
other two arms, and J. three signals entering simultanecusly are
anihilated. Im each case the junctlon ls restored te its previcus

condition before the arrival of a signal or signals.

222

222

21
2222232222
222222222
22222221022

222

222

222

The Junctlion
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The dead-end is simplyv & truncated wire. However, Lf an extra 2

is placed at the end of the dead-end wire as shown, then the signal

22222222222 222122
222212122 1222212212
222122222222 22212

The Special Extensible Wire

will reflect from the right end {(above) with the special wire being
lengthened by two cell edge lengths.

We now Lllustrace that the above components form a universal
get of elements. The curve is obtained froem a junction with two
dead-ends .  Ancther element needed is the dicde. Representing wires

by lines, dead-ends by circles and curves as right angles, we hawve;
L=

= EESEE

symbo L

The Dicde (Signal Will Pass Omly from Left to Right)

The clock is simply a signal circling in a loop with an exit.
a

-~ s

The Clock

The dicde and the clock can be used to make a BOT function.

I a
P ¥

n
—

The MOT Punction
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The OR function is just & junction with diodes on the inputs.
1LJ\

S

[=
The OF Function

The HOT function can be cbtained from the OR with fts oubput
fed imnto the input of a HOT. The HOR can be used as in the two-
atate case Co form 4 CrOBSOVEL.

The reception of echo signals, the program logic necessary to
bulld a [inite-state machine, ete., are now achieved by straight
forward constructions. Thus the finitely configured three-state

universal cellular automaton canm be built.

F-S IHI

x ¥

Tha Two Reglster Machine
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VI. THE FINITE UNIVERSAL COMPUTER WITH NINE-NELGHBOR CELLS

An alternate approach to achieving universality with a fimite
initial configuration is to increase the neighborhood aize over the
earlier five-neighbor cells. Including the four cormer-neighbors of
a call is perhaps the simplest way to do this. Thua thia chapter
iz going to describe a finite univeraal computer of two-state, nine-
neighbor cellas.

There appears to be another universal array of two=state, nine-
neighbor cells, besides the one described im thias chapter. William
Gosper and others of Project MAC at MIT have recently demonstrated
a large mumber of behavioras achievable by comfigurations of Comway's
"Life" cells. It ia believed that this array is also universal,
but the description is lengthy. In this avtomaton, the basic signal
iz a self-propagating "glider". These resules will probably be
docuwmmented by him at a later date.

In parallel with the description of the previous chapter, the
automaton of this chapter will employ three basic components: the
dead-epnd, the junction and the special extensible wire. Computer
gimulactions of these components and a list of the transition rules
appear in the Appendix. The approach will be identical te that im
the previcus chapter--Minsky's two register machine is to be simulated

with two extemsible wires representing each register.

1 1
1
111 11111111 1111 1111111
r111 11111 11111 1111
111 11111 1111 1111
1 1 1
1 L
time = t time = £ 4 1

Wire and Signal and Dead-end

The signal is shown at two instances on time since its form alternates
between these two formse. (This introduces a new problem=-the con=

gideration of the phase of a signal. A fourth element, the phase
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convertor, will insure the correct phase of the signal for the
desired operations. Any signal passing through the phase convertor
will exit with a phase determined by the location of the comvertor
regardless of entering phase. (The two extra l's merely strip the
gignal's 1's from it as it passes. When the signal is out of range
of these 1's, the signal can reform ite 1's.)

1
11111111111
11r1r11rr1111t1l
11111111111

1

The Fhase Convertor

The junction has the following properties: 1 one input will
fan out the other three wires, 2 two inputs not at right angles
are sutually anihilated, and 3 three simultanecus inputs are also
anihilated.

111
111
1 111 1
111
11111111111
11111111111
11111111111
111
L 111 1
111
111

The Junction

The clock, as previcusly, is simply a signal circling in a loop
with an exit. Using two cleocks and three other junctions as in the
following figure, the diode can ba obtained.
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_—

The Diode

How can this symmetrical component allow passage of signals in
only ene direction? It can due to the synchronous operatiom of all
these cellular automata. The clocks are synchronized so that a
signal entering from the right arrives at the center junction simul-
taneous ly with the twe clock signals, thus being anihilated. A
signal entering from the left, however, fana out with ome signal
getting through and the two others dying at the other two junctions
by the two-input anihilation property.

The crossover and WOR logic element are shown. (The reader is
urged to verify the operation of these components from the junction
propertics.)

t8

A ——P
= a0 A,
— A wl:fm'l:
P—T o
F.
T .
e

s : 2 0 2

The Crossover The HOR Fumction
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The remaining component is the extensible wire. The extra one
at the right end of this segment causes a signal to "bounce" off

the end, generating an echo and lengthening the wire.

[ S S}
=
I R |

1
1
1

L ]
e
= Em

1
1
1

[ e p—
i i S
SR
SR
i

The Extensible Wire

The design of this automaton now corresponds te that of the

previous chapter.

* John H. Conway has also shown the Life cells to be universal
independently of William Gosper's work except that he used the
"glider gun" (a configuration that periodically emits a self-
propagating signal) discovered by Gosper. Future issues of the
Scientific American magazine will have a description of both
Gosper's and Conway's worka as well as a brief mention of the
author's work. Meither Gosper nor Conway have published their
work as far as is known by the auvthor.
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WIII. THE SELF-REPRODUCING UMIVERSAL COMPUTER, UNIVERSAL CONSTRUCTOR

The four-state univeraal computer, universal constructor is
considerably more complex than the previous three sutomats. HNot only
must this automaton be capable of computing any (computsble) computation
but it must alsc be capable of constructing into quiescent, empty space
an automaton also capable of computing any computable function. In
particular, it should be capable of reproducing a copy of itself. (For
A discussion of how swch effspring can evolve and improve, see von
Keumann L966.)

This automaton will have the same type logic elements as the
previous machines, but in addicion, it muwat have an arm that can
reach out into the construction space to build the new machine. The
growth and operetion of this arm is quite complicated. After the
new machine is constructed, it must be activated, since we plan to
have the automaton construct a passive configuration. The explanation
of how an unbending arm can construct a new machine of larger asize
than the constructing machine is then explained.

Simulations of the components and a listing of the transition
rules are given in the Appendix. The states are represented by
blank {(and 0), 1, 2, and the leccer x.

Let us begin with the wire and signal, and the dead-end.

XX KX XXX XXXXXX

21 x
¥ EHEEEEXEXEXXXKEX X

The Wire and Signal and the Dead-end

The wire and all other components are comstructed from state x.
Constructions consisting of only atate x are very ateble, the only

transition being the following.
®

x 0 x-—-{} 1
x

None of the components, while passive, will contain this local

configuration. Therefore, any construction consisting of the
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compenents to be described, will remain passive until activated.

The junction has the same properties as had the threa-state
automaton, namely 1. a single entering signal fans out the other
three legs, 2. two inputs at a right angle give two outputs on the
other two wires, and 3. three simultaneous input signals are mutually
anihilated.

R
HoEoMoE A

XXX

HX XX

L
HE R =B =

The Junction

In each case the junction is restored to its original position. Im
the case of the fanout, the useful phenomencn of an extra delay of one
time unit occurs. Also if two signals arrive oppos ite each other, they
will be mutually anihilated, a property not possessed by the thres
state avtomaton., These properties are verified in the computer
simulations.

The curve ia obtained from the junction with dead-enda on two of
the output legs. The diode is obtained as previcusly, or by the
following alternate configuration.

The Diode

Similarly the clock, NWOT function amd NOR function cam be constructed.
Howewer the previous crossover is unacceptable becsuse 1t lonvolved

the use of the WOR function which is built with & clock. The reason
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for this unacceptability is that we only want to construct a passive
copnfiguration and to use a single activation aignzl to introduce
a signal into all wires and clocks to "start" the newly constructed

machine. With a passive crossover this problem is avoided.

Elln...['
A in | HD_J A ot

The Passive Crosgsaver

A slgnal entering at B above would not be able to exit at the A
exit due to the above mentioned property of the junction, namely
that Ewo signals entering opposite sach other camcel.

The logic operstioms of this sutomston are now completed. The

operation of the arm ia illuatrated now.

- e ~ R T S e miE S emm — = w e

Parent
Machine \ R

constructing arm

Configuracion

Conatruction Region

Conatrucclon

The horizomtal arm can move vertically within a fixed ranga, but
can extend arbitrarily far imto & comatruction region. The construc-
tion of sutomats which do not fit within this space (e.g. self-
reproducing automata in the same orientation as the parent) is
achieved by comatructing a preliminary sutomaten of arbitrary lemgth

which grows a vertical arm into the surrounding space to construct

the desired automatomn.
The arm consists of a row of cells in scate x. The arm is

attached to another row of cells called the body,



is

x

x
body g e 8T

x
XXX XXX XXX X

Attachment of Arm to Body

The operation of construction proceeds as follows:

L.

b.

7.

Two apecial signals {called single wings) sent from each end of
the body collide at a location determined by the timing of signal
crigination.

The collosion produces an arm bud.

Further pairs of single wings colliding at this lecation cause

the arm bud to grow longer.

. Dnce the arm has reached a length of three x's, further growth is

accompanied by an echo signal from the end of the arm. When the
gcho returns to the body, it is harmlessly anihilated umlesa,

if the eche signal is properly timed with another pair of colliding
gingle wings, & new signal called the erasing wing propagates out
the wire, destroving the wire as it goes--i.e. it leaves guiescent
cells behind it.

When the erasing wing reaches the end of the amm, a single x is
deposited into the cell just beyond the end of where the arm was.
This depositing succeeds even if there are other x's surrounding
the position of the new x on one or two sides.

A new arm is growm to deposit other x's and the process is iterated
until the construction is completed. Then an activation process
takes place.

The above operation description requires some new components.

First the aingle wing signal is illustrated.

1
KEXxxxx lxxxxx

Single Wing Signal
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Two meeting single wings leave the following arm bud.
®
%

K XKHKHRNEX XXX
Arm Bud

Another collision fills im the gap at the bazae of the arm bud
forming an arm of length three. 8till another collision gives the

following configuration,
X
X
X
HE X E XX XX XXX

Arm with Gap

Again the gap is filled by another collision. Subsequent collisions
give the following double wing signal propagating out the arm.
X
X
T L
=zl

X
HEX XXX XA A XXX XX

Double Wing Signal

This double wing adds an x to the end of the wire and sends the

following echo signal back down the wire.
—

¥ x o xxxl XN K XX
Echo Signal

This echce leaves a gap between the arm and the body which 1s Filled
in as before. However, 1f the echo coincides with another collision
of single wings, the erasing wing is produced.

X

Tll 1

EX XHEXXXXHXAXXEXIEXX

—
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The different cases of the erasing wing reaching the end of the
wire are illustrated in the computer simulations of the Appendix. By
consbructing the new aewtomaton column by column and top te bottem in
a raster pattern, the arm will need to consider only local configura-
tions in which there are no x's already there (at the end of the arm)
or one x on the previous colummn or beside Lt in the current column
or there may be two x's already there in these two positions. (See the
Appendix for further detail.) Im particular, the srm will meot have to
fill an % between two existing x's.

So far we have not described how the single wing signals are
generated. The following configuration will cranaform all entering

logic type signals into single wing signals.

o x e
XX XXX HEXXX 1
21 xxxx Ll xxxx
XXMM MNMENX
%

Single Wings Being Generated

Logic type signals entering from the left will exit from the
right as single wing signals.
Activation is achieved by the activation mechanism.

=
XX X
I XX XXX X XXX XXNXXK

ITX XXX XXX XX XXX
T XX
x

Aeotivation Configuration

An erasing wing entering the above element would generate a
"12" type logic signal. This activation signal would now travel by
fanouts and crossovers co every place where it is desired to have
a wire or clock initialized with a signal. After an erasing wing
has entered, it is lefc in the following condition eamd must ba

"gleaned wp" for subsequent use. Of course, if no further communicas=
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tion fs desired, this garbage could be left in place.

x
XXX
n A XAXXEXXEIXEIX EZEX X XX
X X X X XN XX X X X X X XXX
£ XX
X

After Receiving Activation Sigmal, Two X's Block Entrance

The two x's can be removed by adding more x's by the usual construc-

tion method te form the following configuracion.

X
X X X
X XX XXX XXX XEXXXXXX
XXEX X X XEXZXEXEXXXXXXXEEREEXE
x X XX
=

Cleaning Up the Activation Element

Mow if an arm growing outward, bumps into the projection
added to this element, it joins. Then an erasing wing will utterly
destroy the garbage, added x's and all, restoring the element to
its original receptive state.

The following simple configuration allows the introduction of
initialization signals into wires during the sctivation process.

Wotice that the wire maintaina a two-way propagation capacity.

hetivation Signal
3

Introduction of a Right=Moving Signal
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If someé initial signals are desired to be within junctions or
other elements, they could have been introduced earlier into the input
wires.

Kow that by cleaning up the activation mechanism, communication
is possible from the parent to the offspring. To allow information
to flow in the opposite direction, the following special construction
region is added to the offspring so that it cam construct the “relay

gtation™,

N —

Parent Offspring

! g___.l-—-—ﬂsla}.r Station
|

i
Special i

Cons truction ——0 ! I
Region [ i

Two-Way Communication

Banks (1970) describes another four atate universal constructor
that has only a one-shot asctivation mechanism--it is not reusuable.
This paper describes how sufficient information can be communicated
in this caze. It also illustrates how a permanent two-way wire can

be constructed to connect the parent with offspring.
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IE. UNIVERSAL OHE DIMENS IOMAL CELLULAR SPACE

The two-state universal cellular automaton of chapter V can
be constructed in a finite width of the twe-dimensicnal space. By
cons idering an infinite one dimensional tape made up of slices of
the bwoe state machine configured in two dimensions (see diagram),
as pointed out by Fredkin, it is at once a universal computer with
two states and five neighbors if two of the neighbors of a cell are
its nearest neighbora and two others are some distance away, namely
the width of the slices. The [ifth neighbor is the cell itself.
Thus each cell has the same five neighbors as in the two dimensional

space and operatiom cam be identical.

N

A

Forming a One Dimensilonal Space from the Two Dimensional Space



X. DISCUSSTION

Starting and Halting.

The starting and halting of Turing machine computations are well
doefined operations. Similar operations must be described for the
universal cellular avtomata.

In the same sense that the input to a universal Turing machine
iz initislly configured on its tape, representing the computation
to be executad, the initial configuration of a eellular automaton
contains the description of the computation.

Halting of a cellular automaton can be defined in several ways.
Probably the simplest is to define a computation as having ended when
a specified cell [lrst changes state.

The Continuous Space.

The location of any cell of dimensions dx and dv can be measured
by the eoordinatea x and v. If 8(x,y,t) represents the state of this
cell at time t, it can take on valuea 0 and 1 for the universal twe-
state cells of chapter V. The value of Six,v,t+t), where dt is
the duration of the time steps, thua depends on S{x,v,t), 5{=Hdx,v,L),
8 (x-dx,v,t), 5(x,y4dy,t), and 8 (x,y-dy,t) according to the set of
transition rules. Following normal practice, spatial second deriva-
tives can be defined.

Y
A 35£x.g,t1 o limgp Slebdx.y.E) 4 S(x-dx,y,t) -2 S(x,y,t)
Ex 2 dx=3 0 dx®

and similarly for S.y. The two values 5 __ and EFF can take on valuas

0, +1, =1, #2, and =2. Interestingly, S{x,v,t4+dt) can be expressed as
a functionm of only 5, Exx’ and & y? if the transition rules of the two-
state space are applied. Defining this function as F and letting dt

dpproach zero, ong gebs:

o5
?t L F [Sj E:I'.:ﬁj E}ry ]

or explicitly for these transition rules as:
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l1if 8 =0 and &8 -8 =2 ar &
35 L 1if 1 T ag
~ = = 5 = and Exx E?? = =1

0 otherwise
Some readers may recognize the above function form as a type of
wave equaticn--i.e. a second order differential equation with first
order time differentiaction. This result is more interesting in three
dimensions. (Recall from chapter V that the two-state space is still
universal in three dimensions.) It is still possible to express the
future state of a cell a8 & function of only second derivatives and of

its own currenmt state, hence:

28

at G [ 8, Exx' Eyy' saz I

although the explicit form is now more complex. Now if § iz allowed
to vary continuously, rather than disecretely, this equation defines

a gort of universal continuous cellular space.

Other Applications of Cellular Automata Theory.

Smith (1970) and others are interested in applying cellular auto-
mata theory te bioclogical phenomena. The study of DMA interactions,
conaisting supposedly of a set of four "symbols" inside the spiral
helix, is one interesting area.

Another possibility is the design of electrical eircuits with
self-wiring capability. An LSI circuit forming a large array of cells
could contain an initial configuration with construction power. When
activated, it would proceed to wire up any desired cireuwit, (as indicated
by information built into the configuration or sent inte it after
activation) detecting and ignoring bad cells. Such a circuit could
perhaps be a complete parallel digital computer om one slice. Variocus
reglong of the slice could have different transition rules if, for
example, one type cell proved more efficient for memory and another for
legic functions. WVariations include having ne initial configuration

wired im, but sending inputs in to build s constructing mechanism.



46
The main point is that by allowing bad areas to appear cn the slice
without destroying the total slice, much cheaper, more complex, and
more variable circuitry could be uwsed. Shoup (1970) has consldered
the design of integrated circuits used as cellular arrays. HNot con-
cerning himself with universality in particuler, he was more interested

in efficient implementations of practical cperations.
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KI. SUGGESTIONS FOR FURTHER STUDY

The following list of questions and comments can be interprated
as suggestions for further investigation.

l. Are there other two-state, five-neighbor infinitely configured
universal cellular sutomata? If we restrict ourselves ta isotrople
cells (as defined in the Glossary) them there are only twelve
tranaition rules that can be written, one of these being specified
(the quiescent non-transition requirement). Thus there are only 211
automabta in this class in all.

One other has been found. If the present automaton is embedd ed
in a region of cells in state zero which is in turn embedded in an
infinite reglon of state 1 cells, then the same machine can be
considered since state 1 matches the quiescent rule form. Netice
that this is not just swapping the names of the states.

2. The two-state five-neighbor, three-state five-neighbor, and twa-
State nine-neighbor cells are minimal in the number of states re-
quired for achieving their respective types of universality. Is the
four-state universal constructor alsc minimal?

3. Are there much simpler spaces in the sense of having many fewer
transition rules?

4. How large are the total configurations? The author has not yet
seen it worthwhile to construct a complete, detailed computer. Such
an effort would require a large amount of rescurses te show something
already known.

J. Is there a simple cellular model of physics?

6. Is there a line between the sutomatic type of self-replicating
cells of Fredkin and Winograd (See chapter II) and those of the
universal construction type of self-reproduction? {(Minsky)

7. What are the characteristics of configurations on different shaped

calls such as hexagona, triangles, spheres, etc., or in higher dimension?
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f. How much more powerful are cells with asymmatric tranaition

rules? The answer to this question could be quite useful to the

goal of building practical cellular automata on integrated circults.
For instance, information can now be densely packed in wires gince

the length of signal can new be only one cell.

9. How complex must the cells be in order for a universal construc-
tor to also be able to erase a configuration? 1If the configuration

ig not actively defending itself, it seems that the cells of this
thesis meet this requirement since a 1 introduced inte the edge

of a wire tends to propagate by devourlng the wire. This action
should be verified for all types of local configuratien that could

be encountered.

10. What other useful measures of complexity of behavier are there other
than universal computation (finite and infinite initial configurations)
and universal construction?
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Table of Results.

This table is drawn for infinite two-dimenaiocnal arrays of

Square cells.

2
States

per
Cell

3

&

i

13

249

Weighbors per Cell

5

9

It gives results, discoverer and other information.

B5

Univeraal Computer

Infinite initial

configuration regq'd
[author]

Iniversal Computer
Finite initial
configuration.
[author; &lso Wm.
Gosper of MIT has
shown Conway's Life
cells are upniversal]

Universal
Congtbructor
[Codd]
The cells were
shown capable of
simulating Codd's
B-atate cells.

Universal Computer
Finite initial
configuration is
geufficient,
[author]

Iniversal Con=
gtructor

[author]

Universal Constructor

Thias was the first
reduction of won
Neuwsann"s cells.
[Codd]

Universal Computer
These cells req'd
only two rows of
the array.
[Smith]

Universal Constr'tr
[von Heumann] This
was the firac
cellular sutomaton
shown te be universal
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GLOSSARY

Activation, the process by which a universal cemstructor causes a
new passive construction to hecome ackive orf operative, by the
introduction of & signal.

Automaton, a finite or infinite-state machine. A property is the
discreteness (versus continucus) of values fer logic levels , ete.

cell, a finite-state automaton in an Llterative array. Every cell
has & set of neighboring cells with which it communicates. AL
digcrete moments of time the cell assumes & state, this new
atate depending on the old states of the cell and its neighboring
cells according to a set of prescribed state-transiticn rules.

Cellular Automaton, an array, usually infimite and two-dimenaional,
of identical interconnected cells which simultaneously undergo
state Cransitions at discrete moments of time (see Cell}.

gellular Space, refers to the entire collection of cells of a cellular
automaton: it is defimed by a set of transition rules, the
shape of the cells (e.g. square), the dimensionality, and the
neighborhood function (how the cells are interconnected).

Computation Universal Cellular Space, a cellular space capable of
supporting a universal computer, l.e. there are initial configu-
rations of states that can perform any compubation. (see Univer-
gal Computer)

fenfiguration, an assignment of states to the cells of an area of
the array at some time.

Construction, the process by which a universal constructor creates
a new, disjoint configuration by growlng an arm inCo an ared of
gquiescent cells and changing the states of these cells to the
desired configuraticon.

Construction Universal Cellular Space, a cellular space capable of
supporting a universal constructor. It must also be a computation

universal cellular space. (see Universal Comstructor)
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Finite Universal Computer, a universal computer which can begin
operation with only a finite non-quiescent initial ecomfigurationm,
f.e. only a finite region of the infinite array has cells in
the non-zero or non-quieacent atate.

Garden-of-Eden Conflguracion, a configuration with no preceeding
configuration which would yield ic. A Garden=of=Eden configu-
ration can therefore exist only in an initial configuration.
Fractically all interesting cellular spaces have Garden-of-

Eden configurations.

Initial Configuration, the initial assignment of states to the cells
ef an area of the array.

Isctropic Cellular Space, a cellular aspace with symetrical tramsition
rules. If completely isotropic there 18 no preferred direction.
Also a mirror image configuratiom will always maintain its
reflection symmetry with the real configuration.

Iterative Array, a regular arrangement of cells such that any regiom
of the array looks exactly like every cther except for the states
cf the cells in the region, and except for boundary regions of
the array if it is finite in extent.

Heighbor Cell, a cell which contributes its state informacion directly
to another cell, thereby influencing the next state of that caell.
Usually a cell ig considered as one of its own neighbors.

Heighborhood, the set of neighboring cells on which the next astate
transition of a cell may depend. All cells, if identical, hawve
the same geometrical shape of their meighborheods.

Quiescent Cell, a cell in the quiescent atate. (see Quiescent State)

Juiescent Space,; a reglon of the cellular array consisting of
quiescent cells.

Quiescent State, a distinguished state, denoted by 0 or blank, which
obeya the following transition rule.

o
00 Q=0
0
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Passive Configuration, & configuration which remains unchanged
during a time step.

Self-reproducing Automaton, a cellular sutomaton which can support
an iniclal configurstion which has the property that after a
finite time there are two or more configurations identical to
the original configuration.

Transition Bules, the set of rules specifying the new state of =
ecell a3 a function of the present state of the cell's neighbors.
A typical tramsition rule has the form

]

WCE—>R
5

where the latters stand for Current state, Result state, North,
East, South and West neighbor's atates.

Universal Computer, a c¢éllular array yhose configurations at different
times may be interpreted as performing any computation.

Iniversal Constructor, a configuration capable of constructing inte
quiescent space, another configuration which may be of arbitrary
gize and may itself be capable of universal computation and
universal construction. (The existence of Garden-of-Eden con-
figurations may preclude the construction of arbitrary configu-

rations; hence this definition.)
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APPENDICES

These appendices are reproduced direectly from the computer
simulation printout except for reformating so that each cell appears

to have equal height and length, since the computer printout did
not allow equal vertical and horizontal spacing.

Appendix I contains the aimulations of the components of the
universal computer configured in an array of two-state, five-neighbor
cells.

Appendices II, III and IV contain rule listings and simulations
of the components of the three-state finitely configpured universsl
computer, the twyo-state nine-neighbor finitely confipured universal

computer and the four-state universal constructor, respectively.

The computer simulation program was writben to run on the Multics
time-sharing system and is available on file at Project MAC. Another
version of the program was written in LISP to run on the ITS time-

sharing system. (Actually such simulation programs are easy to write.)
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COMPUTER STMULATION OF THE FANDUT.

The aignal entering from the left will lfanouwt the other three

Dead-enda are uwsed to kill these signals in

this simulation--normally cthey would proceed to mare useful elements.

arma of thisz element.
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These mext three cyvcles of simulation show the signal moving to the

underside of the junctiom.
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In cycle B the signal i3 just beginning to start out the exit wires.
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fanout; however there is still a spurious signal in the shore leg

In these three cycles, the signals have begun their exit from the
which muat be anihilated later.
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Hote alsc the destruction of the signal im

1

In fact, the upward moving one encounters the dead-end and
11111
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In these three final cwveles the exiting signals are well clear of the
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l1111111111111111

l1111111
111111111

junction.
cye le
cvele

1
1
1
1
1
1
1
1

1
1
1
1

¥

QN [ (|

11111111
1
1
1 1

11111
L
1

1111
1111
1
1
1
1
1

—~ o~
e o o e = = = o o
— — o — -] — o~

1
1

—_— e — gt el

L
L
1111

1
1
1
14

— ]

l1111111111111111

1

1

1

1
1111111111

cyela
L1
11
L1l

—_—
———]

—

(ERD )



Bl
This simulation will show how the dowvmward-moving signal will

become a right-moving signal, both signals being on the inside side

of the curve,

COMPUTER SIMULATION OF THE INSIDE-TO-INSIDE CURVE
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Motice also the peculiar
This type propagation

Bl
was the basic type propagation for another veraion of two-state automaton.

Notice in cycles 6 and 7 that a spurious signal tries to return back

up the input but it is halted by the extra 1.

type propagation in the section of width two.
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In these final cycles the signal reaches the output wire.
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Thus

othing should

put only.

B AND NOT A

"B and not A" has the truth value false for A inm
0

the signal moving downward should be destroyed and n

reach the exit wire on tha right.

THE LOGIC FUNCTION:

Case I, & input only.
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The signal is truly destroyed in these three cycles and the logic

e¢lement is left in its original position.
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Note the resemblence to the fanout element.
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These first three cycles show the signals entering the

Again the truth value of this function should be false orF no
0

THE LOGIC FUNCTION B AND NOT A
Case II, A and B Both Input.
logie function element.
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introduction of the spurious signal into the short leg which must
3

These three cycles show the meeting of the two signals.
lLater disappear.
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These last three cycles show the anihilation of the spuricus signal

Thus no signal resulted in the output wire and

returned to its original state.

in the short leg.
the logic element
B
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THE LOGIC FUNCTION B AND HOT A

Case IIIL, B Input Omly.

This 18 the one case in which a signal should reach the cutput
wire. The operation is exactly parallel to the fanout operation except
that the signal trylng to get out the A input is anihilated by the
extra 1 on the right side of the A input wire. Only selected cycles
are shown.
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Cycles 7, B, and 9 show the signal reaching the output wire and the

spurious signal starting up the A input wire.
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The spurious signal laft

70
Cycles 10, 11, and 12 show the destruction of the spurious signal

in the shoert leg will anihilate itself two cyc

and the putput reaching the result wire.
% (not shown).
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THE CILOCE

Clocks with

This clock, however, has

These cycles represent one full pericd of a elock.

other periods can also be constructed.

a period of eight cycles.

The output is fed into a dead-end to destroy

the signal, for the sake of this simulation only.
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Hotice the equivalence of cycles

eight and zero.
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APPENDTIX II: THE FINITELY CONFIGURED THREE-STATE UNIVERSAL COMPUTER
The Transition Rules.

These rules are listed in the form "(CHESWR)" where C represents
the current state of the cell, N the state of the North neighbor,
East, Socuth and West neighbors similarly abbreviated, and finally R
represents the result state. Omly transition rules are listed,

i.e. 0 is different from R. Also, since the rules are isotropic,
only one rule of each family is listed--the rocations and reflections
posaible with the neighbors N, E, $, and W are not all shown. (The
quiescent atate is denoted by blank.)

1 2)

{ 11122}

( 112 2)

(12 2)

( 12 22)

( 12222)

( 222 1)

{ 22222)

(21 12)

(1L 23

(11222 )

(1222 )

(12z )

(2 L)

(21112 )

(211221}

(212221)
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Computer Simulation of the Wire with Signal and the Dead-end.

Hotice the disappearance of the signal in cveles 5 and 6.
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Simulation of the Fanout or Junctiom.

The signal entering from the left will be seen to leave from

the ather three wires im cycles 9 and 10.
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In these remaining cvcles, the signals exit the other three wires and

enter dead-end wires where they are anihilated.
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Simulaticn of the Two=Input/Two-Output Property of the Junetion

It is seen in these simulations that twe loputs at right angles

will result in two output signals on the other two wires, here dead-

endead .
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The Three=Input Anihilation Property of the Junction

In is geen in these computer simuelations that three signals

arriving simultaneously are mutually anihilated.

Cyele 5 is seen

to be the original junction configuratiom.
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Simulation of the Extensible Wire.

The signal seen propagating te the right in cycle 0 will reflect
from the end of this wire (dus to the extra "2" distinguishing this
wire from the dead-end configuration) generating an eche signal as seen
in eyeles 8 and 9. The wire is also lengthened by two cells.

eyela 0 cycle 6
22222212 222222212
222 1222 222221 2
22222212 22z 2222
evele 1 cyele 7
22222212 222222122
2222 122 22221 211
2222222 22222222
cycle 2 cycle B8
22222212 2222222212
222212 12 2221 22 212
2222222 2222222212
cycle 3 cyele 9
222222212 2222222212
222222 1 221 2222212
2222222 22222221212
cycle & eyela 10
2222222 2222222212
22222221 21 222221212
2222222 2222222212
cycle 5 (END)
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Simulation of the Meeting of Two Signals

meeting in phase with each other will mutually

Two signals seen
anihilate each other.
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APPENDIE III: THE TWO-STATE, WIME-WEILGHBOR FINITELY CONFIGURED
UNIVERSAL COMPUTER

The Tramsition Rules.

These rules are listed in the form " (CabcdefghR)" where
the letters "abedefgh" represent the neighborhood taken either
clockwise or counter=clockwise from any corner. See Appendix II
for further explanatiom.

(11111111 ) #
(11 11 y
( 1111 1 11}
(111 11%
(11 1)
( 1111 1 1)
( 111111 1)
(L1111)
(11 11 )
(11 1 )
{ 11 1 1 11)
(111 )
( 11111 1)
(1111 1 )
{11 1)
( 111 1)
(11 11 1 )
(1111 1)

f 111111111)
[ 11111111)
(111 11 )
(1111 1 )
( 11 11 11)
(1111 11 )
(111111 1 1}
(1111 11)
(111 11 )
(111 11 1 3
(1111 3
f 111 11 11}
{ 1111 11 1)
(111 111 1)

Le L e B it i i i it i b i e ke [0 D 00 @ M M B B B D R E & oET TS

* The letter after each transition rule indicates the purpose for
which the rule was created. P corresponda to signal propagstion,
g to echo and j for the junction properties.



al

Simulation of the Signal Entering the Dead-end.

The right-moving signal of cycle zero is seen to be anihilated
in cycle 3 of this dead-end wire.

cyvcle 0
1
111 111111
1111 111
111 111
1
1
cvele 1
1
1
1111 11111
11111 11
1111 11
1 1
1
cye le 2
1
111 1 L 111
11111111
11111 1
1
1
cycla 3
1
1111111111
11111111
1111111
1
1

(ENT)



generating an echo

Since the signal can reach the end of this wire in two

different phases, both cases are shown.

L]

eyele

8

The right-moving signal reaches the end of the extensible wire
a

with the results of extending the wire and of

gignal.

Simulation of the Extensible Wire.
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(END)
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Simulation of the Fanout Property of the Junction.

The signal seen entering the junction from the top wire is

seen to exit the other three wires.

For brewity, the sipnal is

shovn almogt into the junction in cycle 0.

11111111111

11111

11111111111
11111111111
11111111111

111

11

= ==
— —
— = —

— o~
—

o —

i
i ]
i |

— = = =
— o -

frm =i ==

evele

=
e
o o

h
—k
- = =l
= =
= = - —
il -
=]
o
-
[ H]

— o~

— -
—

—

—

—

e

—_— = =

—— o —_— —

— = —
— o

1

1

1
1111 1
11111 1

11111111111
1

11111

11111111111

— e ]

o
el e

et ] ] ]

— =
—
~

=t =
—

cyelae

—
= w=d

ocyole

= —
—
—

— —
=1
o

—

=

1111111 1

111111111

1

=l
=l =l

~ =l
—
—

—
—
—

—
=1~
—
=l
R
=i
— ]
—
— ]
—

— —

=
— =l
= —

1

I . |
o
e

(END )



84

Simulation of the Two-Input Anihilatiom Property of the Junction.

Two signals seen entering the junction in eyele 0 are mutually

anihilated in cycles 3 and 4.
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Simulaticen of the Three-Input Property of the Junction.
Three simultaneous inputs entering the junction are anihilated

as seen in cveles 3 to &.
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Here we illustrate

both cases of entry phase with one signal by putting the upper

half of the signal in enme phase (an extra 1) and the lower half

in

eyele 5

L1

's purpose is to make the phase of a

1]

The phase convertor

gignal uniform regardlesse of its phase on entry.

Simuilation of the Operation of the Phase Convertor Element.
the other.

cycle
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APPENDIX IV: THE FOUR-STATE UNIVERSAL COMSTRUCTOR

The Transition Rules.

These rules are listed in the form "(CNESWR)".

for further explanation.

{ xlx 1)
(lx2x 2)
(Zxlx )
{ lxxxl)
(x1 2)
2z 1)
(12 2)
{12332 )
(2111 x)
(2 Llxxx )
(Zmcx )
(xll 1)
(122 2}
(211 =)
(xl = 1}
(L )
(1= )
{11 1)
{(x1 2}
{2 x)
(2 )]
{ 121xl)
(1xx)
( =x2 x}
(2 xx)
{ 2% x)
{ 1xl 2}
(2= )

{ omeml)
(=l 1)
(Llx )
(12 1 1x)
(xlxlxd)
2x x 1)
{ Lxxxxx)
(lx x x)
{ 1lx 1)
(x21xll)
(lzx )
{ Llxlx=)
{ 111x2)
(=2 1 1)
(llx=x )
(lx=x =)
(12= =x)
(12 x x)
{ 21xx2)
(22 1)
(12 2 23}
(211 )
(21xx )
21 1)
(21xlx )
(x2 )
(22x2% )
(111

See Appendix II
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Computer Simulatien of the Signal in the Wire and the Dead-end.

The signal seen moving to the right is destroyed in Eynlea.ﬁ
and 5.

cycla O

(X3
[ =
P W=
k2 W E-
] L B ES

Bl
Ed

£
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The Simulation of the Fanout Property of the Junction.

The signal seen entering from the left in cyele O fans cut the
other three wires in eveles 7 and 5. Hotice the delay of cne cyele
in eyeles 3 and 4.

eycle O cycle 3 cycle B
X X S X X
X x X X X x
X 0x x = X X
X x x X %= 1=
XX XXX X HEXXHE XXXXX XXXX®E xxx=zzxl2zxxxx
21 % 2 2 %= 2 1
EXXEXEE XREEXEXE HEEXTXTXE ETEXEEXEEZXE X %% %%x2 %% % xx
¥ % X X x 1l x
X X x 4 x %
X x ® X = =
X X ¥ K = =
cycle 1 cycla & cycle 7
X x X X x =
X X X X X =
¥ 00X ® X xlx
¥ 00X x x x 2=
E X EHEE X EEXEXXE HEEXTXXY XXXXTX ETXXXXEX XEZ=EXEX
21 X 21 = 21
THX XXX XHHEHXEKEXK HE XXX XK X X X X XX X X X E R E XX
X x X X x =
X x X X x l=x
X x ® K x =
X X X X X X
cyele 2 cycle 5 cyele B
X X X X ¥ X
XX b x ¥l x
xr ox " x x?x
X x ¥ 0% b
XX XXX XXXXHXE HHExi®xlixxrtid XTETAXXLX EXEXEX
2 1= 21 X 21
KX XXX HXXXAXX HEXAXlELAAALAE XTAAXXX XHXLXEKX
X ox x = x X
= X x x x 2 %
= = x x ¥ L x
X X X x X X

(EXD )



In this case there

90
The two signals entering the junction at right angles are seen

exiting the other two wires in cycles & and 7.

Simulation of the Two-Input/Two=0Output Froperty of the Junctiom.
is no delav.

B L LS E ES HS
= L] LS E ES B
B L LS L kS £
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L g L £ ] e
L= ] = MMM OMOM - o MMM MM I
Mo L 4 " "
h o= x By M M M
ﬂ_ s e w.. o W_,_ M b
4} = E 5] T £ o Mo
) E L H ® £
= £ b ES t H
E L £ ES E b
= LS ES 3 £ w
MR B R A RN MMM MMM HMHH WM A Mo MW W M WMo H
o [ by el
- Mo M MM O OE M M~ E oM H MM WM M MM oMol M H MR
£ = = = Mo M
E = 4 dh_.._ S - .I_I_. £ b
.ﬁu.._.F = 4 w_.. » ] w.; ES ES
o) = L] 4} - W L ES -
LS b B ke £ £
L I L b4 ES ES
il Mood M ES B
E LS L Moo M
MoK oM MM E- MoEOHH M Mok oMM M oM oMM EA MMM MM
£y ES o = HE rd o~ M
I Mo oM oMM o MoM oM MM oMM B M oM HERRR WO MMM
E4 E3 g » b4 b4
.L..._. E E .m_ -4 bk _.m__ Ed .4
ﬂ = 4 wf e M m_ M M
[ o o o " " 5 M L

(END )
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Simulation of the Anihilation Properties of the Junetion

These two simulations illustrate that two signals entering
the junction, not at right angles, and that three entering signals
will be anihilated. The simulations begin with the signals almoat
in tha junction.

cwele a cyele o
® ® = x
x b = n
x b o n
x 2 x X2 x
xxxxx lxxxxx ¥ xxxx lxxxxzx
2 1x12 ®
XXX XE XTXAXXX xxxxx lxxxxx
x x ® 2 x
® n = X
x  ox ®
% x = x
cyecle 1 eyele 1
X x X X
x x ® 0=
® ® = =
w x = =
A N XX XXX xzxxxx
2 x x
XX XTXX XXIXXX EEXXXE? xx ¥ ¥ X
x X x x
X x ¥ %
X x ¥ %
= = X X
cyele 2 eyele 2
x X X x
X X X n
x X X x
X x X x
EKXXXX XXIXXX HX XXX X XXX
X b
XXX XX HEX X XX XX XX X XX X X X
k4 X x x
X 0x X x
X X X x
x X . n

(END) (END)
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Simulation of the Creation of Single Wing Signal from Logle Signal.

The "12" type logic signal entering this device in cycle O is
seen to become & single wing signal propagating out the skinny wire
in cycles 3 through 9.

cyvele ] cycle 5
% x
XXXXX xxxxx 1
21 X XXX E XX ¥ lzxxxx
EEHEXEX HEXEX
x ®
cvele 1 cycle b
H H
XK ELEXXX XX XXX 1
21 XHEEXXEXEXXE XX lxx==x
X KE X XX XX X X X
X X
eyvcle 2 cycle 7
= =
XE XXX XX XXX 1
2l xR EHLEEX xExxElenzx
X X X X X XXX XX
= =
cvele 3 cyele B
= X
xxxxl XXXXZX
2 lxxxxxxx xxxxx lxx
HEXX XX XXX XX
x x
eye la 4 cyela 9
n x
xxxxxl XX XXX 1
?x lxrxxxxx HEXX®HE L=
¥ EORKE M XXX xx
® x
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Simulation of the Creation of the Constructing Arm.

The eollision of two of the previous single wing
the arm bud shown in cycle B. Two more signals are
the gap at the arm's base.

glgnals creates
geen to [ill in

cyele O cyele ¥
X
1 1 1
xx lxxxlxx XX XXX XXX
cye le 1 evele g
x
"
1 1
EE®x lxlxxx lxxx=x=xxx 1
evele 2 cycle 9
x
x
1 I 1 1
XXX XXX XX Ll xxxxx lx
eyele 3 cycla 10
X
X
2 1 1
XXX X KX XXX ¥x lxx=xlxx
cyele & cyele 11
x
x =
X 0ox L 1
EKEXXEXEX XX xxxlxl=xxx
cycle 5 cycla 12
x
® x
x 1= 1 1
XX OE NN ENXX AAALAXXLXXX
cyela 6 cycle 13
X
2 ¥
1l x 1 x
XX XXX XXX EXXELXLELXEEX

(EKD )
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§imulation of the Lengthening of the Arm.

Two single-wing signals colliding at the arm's base cause a
double-wing signal to propagate out the arm. This double-wing
lengthens the arm and generates an echo signal.

eyele 0 cycle & cycle B

x ® x

x 1 X ¥

L x 1 ¥

XX HE XXX xx lxxx ¥xxrxxl =
1 x 1 x

®x 1 X x

x H %

eyele 1 cycle 3 cycle 9

x = =

® x =

x 1 = 1 x

XHEHXXX rxx lxx *xxxl =xx
x 1 x 1 x

x X X

= ® X

cyele 2 cycle 6 eyela 10

= x ®

X x =

X = 1 =
rZxxxx zxxx lx xxl = xx
¥ x L x

®x ® x

X X X

cycle 3 cycle 7 eyele 11

® x X

= x x

¥ X x 1 =

¥ lxxxx xTxxxx?2 xl =xx=x
% K = 1 =

x X x

® X ®
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The Process of Construction by Use of the Erasing-Wing Signal,

Normally the return of the echo signal as in the previous
simulation results in a gap left at the base of the arm. This gap
is filled as shown in an earlier simulation. However, if two more
single-wing signals are synchronized with the return of the echo as
shovm in these simulations, then the erasing-wing is created. When
this erasing wing reaches the arm's end, it deposits an x just beyond
the end of where the arm was.

cvele i cyele &4 eyele ]

x X %

x 1 x x

1 x 1 x 1

xE X x =1 x x X lxxxux=x x 1xx
1 xnl n 1

x 1 b 4

X X X

cycle 1 cycle 5 cycla 9

X X b4

X X X

x 1 ® 1 ® L
xxxxl xxx ® 2 lxxxxx x 1=
x 1l % 1 % 1

x ® ®

x x ®

eyele 2 cycle 6 cyvcle 10

X x x

X X x

X X 1 x 1
x2xl xxxx ® l % xxx x 2
x ® 1 X 1
x ¥ %

X X x

cycle 3 cycle 7 evele 11

x ® 4

x ® ®

x X = 1 x

xl1ll1l ®Exxx ® l xxx = =
XX % 1 x

X ® x

X X x
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Simulation of Three Cases of the Erasing-Wing Reaching the Arm's End.

Three cases are shown for the erasing-wing signal reaching the
end of the arm. These three cases correspond to the allowable
configurations of x's already in the construction zome. The case of
the arm's having to deposit an x between two existing x's never
CCLCUTE .

eyele O eyela O eycele O
1 1 x 1 x
lxzxxx % L xxxx lxxxx =x
1 1 1
cyele 1 cyele 1 cycle 1
1 1 4 L =
lxxx x lxx=x lxxx x
1 1 1
eyels 2 cyele 2 eyele 2
1 1 x 1 =
lx=x x 1xx lz=s =
1 1 1
cyele 3 cyele 3 eyele 3
1 1 x 1 ®
1x = 1x 1=z =
1 1 1
cycle &4 cycle & cyele &
1 1 = 1 =
2 0= 2 2 o
L 1 L
eycle 5 cycle 3 cycle 3
= X
X X X X X

(END) (END) (END)
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Simulation of the Actiwvation Element.

An erasing-wing signal seen entering this element in cvele O
is aseen to create a "12" type signal in cyeles 6, 7 and 8. The
garbage laft blocking the entrance after evele 11 can be remowved
(see a later simulation).

cycle O cvele 5 cycle 10
= n ®
EE X o KX
1 MM XXX X KXKEXXX XX ¥l xzxxxx
1= = 21 2
1 KX KX ¥ XXAXLXX ¥l xzxxxx
X M X X X E X X
X X X
cycle 1 cycle 6 evelas 11
X * x
XXX oK l ==
1 XXX XXX X XZEEXZXXX 2 XX XXX
L x 121 1
1 XX KX xX X XXX XXX 2 XXX XX
K x X xx lx=x
*® x X
cycle 2 cycla 7 cycle 12
= ® ®
X XX xx M ox
l xxxxxx ¥ lxxxxxx ¥ XE XXX
2 12 21
1l xxzxx=xx Ilx X ¥ % xx X XXX XX
XXX ¥ % 3
x ® ®
cyecle k! cyele g cycle 13
x x ®
1l xx X X X X
P EEE R KX l2Zxxxx=xx X XX XXX
= 2 1
ZXxXXEEX l? = xxxxx x® XEEZ XXX
lxx % x xx
x x x
cycle 4 cyele 9 (END)
X x
® X X x
XX ET R EX 2 HEHKE®EX
1 x 2 x 21
rxrxxxxx 2 X EHE XX
®x X x
x x

EEE-

]
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Simulation of the Process of Cleaning-up the Activation Element.

The process of activation in the preceeding simulation leaves
some garbage blocking the entrance te the activation element. By
the standard construction process discussed earlier, the dirty
activation element can be transformed inte the configuration in
cycle 0. Then an erasing-wing seen entering from the left will
destroy thias garbage.

cycle 0 cyele 5
x 4
X X = X
K XXX XX 1 XXX XA
1 1
lxxx EXX XXX 1 XXX XX
1 # ® X XX
x X
evele 1 cyela B
o4 =
xx % =
% X XHEXEXZXXX 1 XX XX XX
1
l xx XN L XX 1 XEXEXXZE
L ® XX xx
X x
cyele 2 cvcle 7
X x
X X XX
® X X EXXHKX ¥ LML XX
1 L
L = HEXXXAER XEEXXTX
1 x XX x XK
x X
eyele 3 cycle 8
X ®
x X =
K X HEHXLEXEX EEXTX XXX
1
1 A HHEX XX XX XX XX
1= XX ¥ X
= ¥
eyele & (END}
=
X X
1=x ¥ E XX KX
1
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