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CELLULAR AUTOMATA

Cellular automata (CA) are collections of identical, inter-
acting, finite-state machines. CA were originally proposed by
John von Neumann as models of self-reproduction. Since
then, CA have been most extensively studied in the context
of complex systems modeling where the evolutionary behavior
of a complex system is modeled through a large number of
simple, identical, interacting cells.

John Conway’s game of Life (1) is perhaps the best known
example of a CA. Life, which became popular in the early 70s,
is a computer program that models the evolutionary interac-
tions among a population of organisms. Each organism is
identical to the others. The life and death of an organism at
any time is based on some simple rules about the other organ-
isms in its vicinity. Life delighted people around the world by
exhibiting complex population wide propagative and ex-
tinctive behavior based on simple rules of engagement be-
tween an organism and its neighbors.

CELLULAR AUTOMATA EXAMPLES

Consider a one-dimensional array of cells where each cell as-
sumes a value of either zero or one. Values in the cells change
over discrete time steps. We assume that the cells wrap
around so that every cell has exactly two neighbors. The
neighborhood of a cell consists of itself and its two neighbors.
The new value of a cell is computed using the current values
of the cells in its neighborhood. New values of all cells are
simultaneously computed using the present values of all the
cells and using the same rule for each cell. Consider the fol-
lowing rules:

1. The new value of a cell is one only if exactly one cell in
its neighborhood currently has a value of one.

2. The new value of the cell is one only if exactly one cell
in its neighborhood currently has a value of one or the
cell itself has a zero but both of its neighboring cells
have values of one.

Figure 1 shows the evolution of values in 200 cells over
200 time steps when the above rules are used to update the
values in the cells in each time step. The first rule, called
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Evolution of a simple linear cellular

Rule 22 with random initialization of the cells. (b)
Rule 22 with only one cell initialized to one. (c)
Rule 54 with random initialization. (d) Rule 54
with only one cell initialized to one. These figures
are generated using the CA animations accessible
on the

automaton with 200 cells over 200 time steps. (a)

Figure 1.

/!

web at URL http

world wide

alife.santafe.edu:80/alife/topics/ca/caweb.

the local configuration ob-

’

— 8. This

constructed from the

{R — S}is

—

ions

i1zat

tic Cellular Automata. Specification of the lo-

inis

R
A R,
B s
....ﬂ.}f.. .t._._.. tr..._..a........‘..{...{..._...:\.&ﬁ ...; Aﬁ..._
.:...... IRERY :.............I..:...I:
it ) Wy a}.: Rl
R

A
e
]

o

A
A ..
n) .‘ ) A
) ._......u u .. u;n..;...:‘a..\...ﬂ..‘a;
B R R A A AR
;AA;;..AAA._A;A..a.f..aa‘Aa.‘aAa..;A..L..AAA_A.‘A..A..A..........A.‘A..A.‘AA_A..AA_A..;a...h.;..a‘..;a......
..._A.t.f..._ ..A._ k) AA..A;A....A.f....A....a;;......a;......;..f‘......‘ ..A..A_a..ﬁ_.‘..;‘f .. ..LA..A.... .
L T ._A.A..:A_..fa._f TR )
AA._..Ar{........ﬁa_._‘.r.rt..,......,.e_.r..ﬁ,. .. A .. A .. A ; ....A_......h..‘.....‘..,.....e_.... A....A..
A
AA A, . ..A.AaaAAAA;..AaaAA A Ao
NI g “A‘u‘“‘“.“ﬁ?‘“‘uﬁ.“‘u.“‘“‘u‘u‘u&u&
A R A A
..“““““u.ul““uﬁ“xu“ﬁ“uu“uw.““u“u“u“xu““uuuuuuuuu““u“““ﬁu“%A“‘“Au““u.u“u“““u&
W .....{ i
A .‘
; . A . ‘. ..
a

(b)

R )

hhhhhhhhhhhhhhhih
‘.....:uf_

Hhhhhbh
..&u:..A.:..‘..:......ﬁ;:.r..A..._..‘..._A..:.:.r&...ﬁ....ﬁ..}}.:._ﬁ.;
HE R

hhhhhhh hh hhhAhhhh
A.“ﬁ..,...a..,...;.....;.,...}‘._....u._.:t,t........;.._..ft.....:é.:.......A.._.u....._.rt.: i
hnhhhhhhh
RN A_ﬂ‘.ru..“._._uAA‘?..‘....‘.‘_‘“..{;....:A..t..A..\..{...:..\.te.{?ﬁ&..}..
I...uuﬁ._uﬁ._ﬂ?;._...;ﬁﬁ..;ﬁ..{.ﬁﬁﬁ..‘ﬁ..tr.._A..fu‘fu..“ﬁ}..._r‘ﬁu
(e
D L L AL
i e G
s
)
A A e ey
L
Linaneindnindndnniadan
e
K ﬁ.?‘....h.......{ﬁ.r..&...‘A_hﬁ._.:t.{;...?z.‘
G
hihh hhhh AR R
R R RN
hahhh IR bl i
R RRER R
G A

41

g dag i e dtidddiisay
N I

:A...u r...:....: BRCRVNRRAI

R X 2y
u P .A_: a4 .._ . ..m
x_._; , ﬁ.. d

e DR
] .‘..u..:_.__._...t:h_._ f m.__“‘“_:ﬂu_t:._&.ﬁ:“_u: 144

G g A eal.:e ‘ R R R Ehh L

T AT S e N 4 TErhiNy ..‘.A‘_.&._._..H.n}u‘ ?:...ﬁ.“n_.uu._.{._.: ) 1}?‘}

A
“._w_u MM AR o] TR

hav KR
Ln ..‘... ) fade Au dad ....Aﬁ._t,t ...... d .‘._uAA_._..:.{.A

4. :.....
o, g AT I ) A A

R :.}__u_h .: sl d : L .n._m....m;._é._‘..“.u._.?{: .2:“ u._r::}:t.

e iy . Yy ....L a \_._.....“_ YEH HEFDEL, GGl Pk R

AT A_ .._ ._.u.. 2 . EN ,............I.I..... .I.I.:. T

..%. SR AR R ‘.A R R R
yh 2 T4 3,0 o4 T L._.I.I AR

MGGl P._ u_...u....._._.._A_.L.:. .__.u.rﬂ. :._ IARRRRINY .‘.ﬁ e

i\. L
Y, PR AR AR
2] e, L HHERRI BTN
:?i“..uﬁzs FEREREER R RERRERRR)
.?A..u:: t.:._:...u i .....:..:...:.1:._._..:
L T
gy : I HPRAR LR B .A:ﬂ_fu...::ﬁu AR
H ‘:u .u..‘_.«_::._._..“ .u::.._u. i \.._:._..:.....1..:::“:
._.u ..:..... LR RS R .r::a.:f:i
.:: .u G ._}._ﬁ._n ARRHR
R KRR RRE R R R R
.. PR .:. HH A_f_:::._: .:..f_._ AR
FE RN ) y
W ......_“t.....:._.. HEhEhERE AL R RRh] o “m‘.mh“u._.r..h.‘?u.u e

: 4
::. “_: T .:
“ A.;.f.:.u:

tedddaciad il SR

._.._ A ) ”_} ......m ‘ ...,“.L..“‘......:A....& il .:.n._.:.....}.....::A.._._..........
.... g A_‘ t..:f.f.::f.:....:::
kgl i .u r.._ A i)
(90040 2 LY, k) G
Daphy ._ \_ G ._...ﬂ RREHE “...‘u_..fum._u..u..u...ﬁ.i :.. L ._.A

g B
O ::. ..4_.._ i,
ikl it b} :..u .ﬁ.: r‘:._“ ‘._:_u AR
L i o par g .ﬁ_ SEEri

R IR .‘.._ : A_.:. .a._.; i 7_.

.L L_:. Hhah ._.::.. 3
R ..w.. i el .“.?.u.“ i ..ﬁw dd

R ....‘. A B .u 1 R B ERY i “...u_% A
) ..r.“ d ....‘ .u...u Qg 13 A0 A el 4 .. 5 tﬂ_ 41 ......ru.u..uﬁ. ..‘..“A... Hhhh . e
A g _u AL YELR RS REEEKEREY T .ﬂ&uﬁuﬁm EELEEERLY

i L: ..A “A.E n ‘_.u »_“....‘_“» W phh B R nr)) Y ..; .L n“__u.“

D :::: ;. e
. ) G AAHEN
u ._ m I ...{._“ﬂ..... m“__“._“._h“““tu ¥)
das .ﬁ:ﬂ T.:ﬁﬁt:._.
) iy
..... ........_..“A.. i ...n““ﬁt....“ “._..n X
A .Lu m A ERRVEY) {...“ ERER)
g el

u_-u ...u
, A, . ... 4%, o

cu A4 ,a“u.“.“._ : _L.m_ .&a it .._:; u‘. " .. i u.& m. ) .&
b Gl el

'y = a.r... o
NN 4 ) 4%
AN 4 ...u b 413 .. &..... 2

Let {N — S} denote the set of all possible local configura-
tions of the neighborhood of a cell. The state-transition func-
tion of a cell is specified as a mapping f: {N — S}

All cells in the CA use the same neighborhood definition
and the same local rule and make state transitions synchro-
nously. A global state-transition function, also called the

Nondeterm
cal rule as a relationship instead of a function leads to the

f{., ). Given the local rule, the CA evolves synchronously
It is possible to generalize the definition of the basic CA in
nondeterministic CA in which each cell selects one among sev-

many different ways. Some of these generalizations are men-

tioned here.
eral possible next states nondeterministically. In a probabilis-

served by a cell at position p € R is denoted by /., and is
mapping is called the local rule or the evolution rule of the CA.
tic CA, the next state is chosen from among a set of possible
states based on probabilities (4). In asynchronous cellular au-

given by [.,(n) = c(p + n), for all n € N.
local rule as follows: F(c;) = ¢, where for all p € R, cy(p)

CA is in a global configuration

Variations and General

such that

>

Z?, where Z denotes the set of integers. Each cell

is a finite-state machine with a set of states S. The global

iniuons

Given a configuration c, the next configuration of the CA

is determined by simultaneously determining the new state of
each cell. The new state of a cell is determined by its current
state and the states of some neighboring cells. The neighbor-
hood of a cell is identified by a finite set N C Z¢

A mapping I: N — S denotes the configuration of the neigh-

state, also called the configuration, of the CA is completely from configuration to configuration in discrete time steps.
borhood of a cell and is called a local configuration. When the

characterized by the individual states of its cells. The global

fied by their integral positions in a d-dimensional Euclidean global rule, F: {R — S}
configuration is specified by a mapping c: R — S.

Rule 22, is an example of a chaotic rule, and the second rule,
called Rule 54, is an example of a complex rule. Both types of
rules are discussed later. Statistical properties of these cellu-
lar of automata have been extensively studied (2).

A cellular automaton (3) is a collection of identical cells identi-
ceives as its inputs the states of the cells at positions p + n

boring cells. By this convention, a cell at position p € R re-
for all n € N.

the elements of N denote the relative coordinates of the neigh-

CELLULAR AUTOMATA THEORY
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tomata (5), a variation of the nondeterministic CA, each cell
makes an arbitrary choice whether its state should be up-
dated in an evolution step.

Tessellation Automata. Specification of a set of rules, one of
which may be chosen as the local rule to use at any time step,
leads to tessellation automata (6). The choice of the rule may
be arbitrary or may depend on the time step. Another varia-
tion allows the possibility of different cells using different
rules leading to hAybrid CA.

Arrangement of Cells. The common practice is to consider
finite lattice structures for the arrangement of the CA cells.
Both wraparound (periodic-boundary CA) and nonwrap-
around (null-boundary CA) structures have been studied.
Nonlattice structures considered include tori, trees, and
trellises.

Classification

Wolfram (7) categorized cellular automata into four classes.
Although not formally defined, this classification continues to
provide an informal way to discuss properties of cellular au-
tomata.

1. Class 1, Homogeneous CA: Evolution in Class 1 CA leads
to a unique homogeneous configuration where all cells
enter and remain in the same state. Initial state infor-
mation is completely lost upon reaching this homoge-
neous state.

2. Class 2, Filtering CA: Evolution in Class 2 CA leads to
separated, simple, persistent structures from particular
initial-state sequences. The evolved simple structure
may be stable or periodic, typically with a small period.

3. Class 3, Chaotic CA: After a finite number of time steps,
Class 3 CA exhibit chaotic or aperiodic patterns. Some
chaotic CA may evolve into highly regular fractal pat-
terns and others exhibit irregular pseudorandom con-
figurational sequences.

4. Class 4, Complex CA: Class 4 automata exhibit compli-
cated localized and propagating configurations. Al-
though most cells reach a stable “death” state, gliding
periodic structures emerge in some localities. Class 4
CA are universal computing machines, capable of exhib-
iting arbitrary algorithmic behavior when correctly pro-
grammed with suitable initial configurations.

Problems Studied

Local and Global Properties. Global properties are proper-
ties of the global rule F. Exploring the relationships between
local rules and global properties has been a major area of CA
studies. Because CA exhibit complicated overall behavior
based on simple local interactions, determination of whether
a global property is a consequence of a local rule (forward or
analysis problem) and discovery of a local property to ensure
a global property (backward or synthesis problem) are both
important CA topics.

Gardens of Eden. A Garden of Eden of a CA is a configura-
tion which the CA never reach except as the initial configura-
tion. Garden of Eden states exist when the global rule is sur-

jective. Given a local rule, deciding whether a Garden of Eden
state exists for the CA is a well-studied decision problem.
This problem is decidable for one-dimensional CA and unde-
cidable for two-dimensional CA.

Reversibility. A CA is said to be reversible if for any con-
figuration it is possible to determine correctly and uniquely
what the previous configuration was. Not all CA are revers-
ible. For example, the one-dimensional automata discussed
earlier are not generally reversible. However, reversible au-
tomata are important models of computation because revers-
ible machines avoid the fundamental lower bounds on power
dissipation associated with irreversibility of conventional
logic. For this reason reversible CA received special atten-
tion (8).

Self-Reproduction. CA were originally proposed (9) as mod-
els of self-replicating machines. One common way of studying
self-reproduction is to observe whether the initial configura-
tion repeats itself after a finite number of evolutionary steps.
Another way is to observe whether certain local patterns re-
peat themselves infinitely often. For example, if the states of
a cell are represented by integers modulo % for some prime
number 2 and module-k addition of the neighborhood states
is used as the local rule, then any finite pattern of nonzero
integers embedded in a “sea” of zeros repeats itself after k™
steps for some large m (10).

Universality. A computing device is said to be universal if
it can be programmed to compute any arbitrary computable
function including reproducing itself. Some cellular automata
are universal computing devices and are equivalent to Turing
machines. For example, Conway’s game of Life CA have the
property of computational universality. A very simple two-
dimensional CA with two states and nine neighborhood cells
is shown to be universal in Ref. 11.

Algorithms and Complexity. One of the original themes of
CA research has been to study CA as models for analyzing
computability. Can a CA implement an algorithm for a com-
putable function and how much time/space does CA require
to solve a problem? These questions have been studied exten-
sively, especially in the area of formal language recognition
using CA (12,13).

APPLICATIONS OF CELLULAR AUTOMATA

CA have been studied extensively in numerous application
domains ranging from biological evolution to computer arith-
metic. Some of these application areas are reviewed here.

Complex Systems Modeling

Modeling complex dynamical systems through a large number
of simple interacting agents continues to be one of the most
important applications of CA (14,15). For example, CA have
been used to model urban development and ecological sys-
tems. In Ref. 16, the effect of forest fires and dispersal on
spatial patterns is modeled. In Ref. 17, a CA model of compe-
tition between species of grass is modeled.



Image Processing

Two-dimensional cellular automata have been used for image
processing applications (18,19). Class 2 CA are considered
suitable for filtering applications in digital signal processing.
Several picture processing applications are described in Ref.
20. Many CA-motivated array processing computers were de-
veloped over the years. Notable among these are the Cellular
Logic Image Processor (21), Massively Parallel Processor (22),
and the Connection Machine (23). Many systolic architec-
tures—a class of VLSI architectures with regular structure—
are also inspired by the CA (24).

Biology

Cellular automata have become an indispensable tool in
studying biology (25). Growth and behavior of various organ-
isms have been modeled using CA. For example, vertebrate
skin patterns (26), heart fibrillation (27), tumor growth (28),
pigmentation patterns on shells (29), and the dynamics of
task-switching in ants (30) are among the topics studied us-
ing CA.

Fluid Flow and Diffusion

Lattice gas automata (LGA) are a class of probabilistic CA
used to study viscous fluid flow (31). Reaction diffusion sys-
tems modeling is discussed in Ref. 32. Lattice gas models
show that it is possible to effectively model continuous behav-
ior, traditionally expressed by partial differential equations,
by using discrete evolutionary structures.

VLSI Hardware Design and Test

CA have been extensively studied in the context of VLSI test-
ing. Test pattern generation (pseudorandom, pseudoexhaus-
tive, and deterministic test patterns), signature analysis, test-
able logic synthesis have all been tackled using CA. Ref. 33
gives an in-depth study and survey of cellular automata for
VLSI testing and related applications. With the advent of
field-programmable gate arrays (FPGA) suitable for imple-
menting evolving computations, new interest in implement-
ing CA in hardware is emerging (34).

TRENDS IN CELLULAR AUTOMATA STUDIES

Study of the relationships between cellular automata and
other models of computation such as neural networks, fractals
(35), systolic architectures and genetic algorithms is becoming
an important aspect of CA studies. There is growing interest
in using CA models to implement evolvable hardware (34).
CA also are being used as one of the basic tools in studying
artificial life.
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