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The origin of complex patterns developed by natural 
systems can be investigated by using mathematical 
models termed 'cellular automata'. Each consists of 
many simple identical components, together capable of 
complex behaviour. (See page 419.) 

OPINION 
Mr Gromyko and Mr Reagan 
Another culprit 

397 

NEWS-
399 

400 

401 

European synchrotron source 
Marinov 
Canadian science 
Looking south 
Microscope acquired 
European pollution 
Lead and pollution 
Weinberg etal. threat from animal lib 
ICSU 402 
Visas denied 
Drugs in athletics 
Heavy-ion research 403 
Japanese research 404 
Virus diseases 
Australian science 405 
US election 

-CORRESPONDENCE-
Peer review/Brazilian science/ 
Era of bio companies/etc. 406 

—NEWS AND VIEWS— 
Jumping the smoking gun 
Stephen Budiansky 407 

Making fuel for inertially confined 
fusion reactors 
Robert WCahn 408 
Seismic reflections of the continental 
crust Simon L Klemperer 409 
Regulation by anti-sense RNA 
Andrew Travers 410 
Control of dolomite formation 
M Kastner 410 
Meteorites from Mars 
David W Hughes 411 
Forest history from pollen 
Peter D Moore 412 
Aurora seen in daylight 
Alan Johnstone 413 
Plant molecular studies forge ahead 
John Ingle 413 
The epidermal growth factor receptor 
gene and its product 
Tony Hunter 414 

- SCIENTIFIC CORRESPONDENCE-
Malignant cell lines — why use 
APUDoma? G E Moore 417 
Mechanism for heritability of intelligence 
T E Reed 
Atmospheric humidity and the nuclear 
winter J Katz 
DNA can be a selfish parasite 
D A Hickey 
Primroses and self fertilization 
J G Piper, B Charlesworth 
& D Charlesworth 418 
Herpes simplex transforming fragments 
E Zuckerkandl 
Chinese sources no guide to Geminga 
F Verbunt 

— B O O K REVIEWS— 
Strong Medicine 
by A Hailey John Treherne 489 
Chemical Ecology of Insects 
W J Bell and R TCarde, eds 
C T David 
Development and the Environmental 
Crisis: Red or Green Alternatives? 
byMRedclift 
Stephen Cotgrove 490 
Late-Quaternary Environments of the 
United State, 2 vols 
S C Porter and H E Wright Jr, eds 
D Q Bowen 
Physics of Bioenergetic Processes 
by L A Blumenfeld 
Hans V Westerhoff 491 
Conceptual Issues in Evolutionary 
Biology: An Anthology 
E Sober, ed. Mark Ridley 
Matter at Low Temperatures 
byP V E McClintock, D J Meredith and 
J K Wigmore H M Rosenberg 492 

—REVIEW ARTICLE-
Cellular automata as models 
of complexity 
S Wolfram 

-ARTICLES-

419 

Orientation of in situ stresses 
in the oceanic crust 
R L Newmark, M D Zoback 
& R N Anderson 424 

Mantle upflow under North America 
and plate dynamics 
D I Gough 428 

Stimulation of 3T3 cells induces 
transcription of the 
c-fos proto-oncogene 
M E Greenberg & E B Ziff 433 

Differentiation of F9 teratocarcinoma 
stem cells after transfer 
of c-fos proto-oncogenes 
R Miiller & E F Wagner 438 

-LETTERS TO NATURE-
Accretion disk limit cycle mechanism 
in twin-degenerate interacting binaries 
J K Cannizzo 443 

Boltzmann's ultraviolet cut off 
and Nekhoroshev's theorem 
on Arnold diffusion 
G Benettin, L Galgani 
& A Giorgilli 444 

Maximum entropy signal processing 
in practical NMR spectroscopy 
S Sibisi, J Skilling, R G Brereton, 
E D Laue & J Staunton 446 

High 3He/4He ratio 
in ocean sediments 
M Ozima, M Takayanagi, S Zashu 
& S Amari 448 

Occurrence of subtidal dolomite in 
a hypersaline lagoon, Kuwait 
A Gunatilaka, A Saleh, 
A Al-Temeemi & N Nassar 450 

Cobalt in pore waters 
of marine sediments 
D Heggie & T Lewis 453 

Contribution of gaseous sulphur 
from salt marshes 
to the global sulphur cycle 
P A Steudler & B J Peterson 455 

Contents continued overleaf 

Nature (ISSN 0028-0836) is published weekly on Thursday, except the last week in December, by Macmillan Journals Ltd and includes the Annual Index (mailed in February). Annual subscription for 
USA and Canada US $230 (for subscription prices elsewhere, see next page). USA and Canadian orders only to: Nature, Subscription Dcpt, PO Box 1018, Manasquan, New Jersey 08736, USA. All other 
orders 10 Nature, Brunei Road, Basingstoke, Hants RG21 2XS, UK. Second class postage paid at New York, NY lOOIOand additional mailing offices. Authorization to photocopy material for internal 
or personal use, or the internal or personal use of specific clients, is granted by Nature to libraries and other users registered with the Copyright Clearance Center (CCC) Transactional Reporting Service, 
provided that the base fee of II.00 per copy plus M.lOper page is paid directly to CCC, 21 Congress Street, Salem, Massachusetts 01970, USA. The identification code for Natureis002i-0836/84$!.00 
+ $0.10. US Postmaster send form 3579 to: Nature, 15 East 26 Street, New York, NY 10010. Published in Japan by Macmillan Shuppan K.K., 5th Floor Eikow Building, 1-10-9 Hongo, Bunkyo-ku, 
Tokyo, Japan. © 1984 Macmillan Journals Ltd. 



NATURE VOL.311 4 OCTOBER 1984 

Index 

Comprehensive annual 
indexes of subject and 
author are available for all 
issues of Nature from 
1971 to 1983. 

Prices and address for 
orders are set out below. 

Annual Subscription Prices 
UK & Irish Republic 
USA & Canada 
Australia & NZ Airspeed 
Continental Europe Airspeed 
India Airspeed 
Japan Airspeed 
Rest of World* Surface 
Rest of World* Airmail 

£98 
US$230 

£150 
£120 
£115 

Y85OO0 
£120 
£180 

"(not USA, Canada, Europe & Japan) 
Orders (with remittance) to: 
USA & Canada UK & Rest of World 
Nature Nature 
Subscription Dept Circulation Dept 
PO Box 1018 Brunei Road 
Manasquan Basingstoke 
NJ 08736 Hants RG21 2XS, UK 
USA Tel: 0256 29242 
(The addresses of Nature's editorial offices are 
shown facing the first editorial page) 

Japanese subscription enquiries to: 
Japan Publications Trading Company Ltd 
2-1 Sarugaku-cho 1-chome 
Chiyoda-ku, Tokyo, Japan 
Tel: (03) 292 3755 
Personal subscription rates 
These are available in some countries to 
subscribers paying by personal cheque or credit 
card. Details from: 
USA & Canada UK & Europe 
Nature Felicity Parker, Nature 
15 East 26 Street Brunei Road 
New York, Basingstoke 
NY 10010, USA Hants RG21 2XS, UK 
Tel: (212) 689-5900 Tel: 0256 29242 
Credit card orders only (in USA): 
Call toll-free: (800) 824-7888 (Operator 246) 
In California: (800) 852-7777 (Operator 246) 
Back issues 
UK, £2.50; USA & Canada, US$6.00 (surface), 
US$9.00 (air); Rest of World, £3.00 (surface), 
£4.00 (air) 
Binders 
Single Binders: UK, £5.25; Rest of World, £7.75 
Set of 3 Binders; UK, £14.00; Rest of World, £21.00 
Annual indexes (1971-1983) 
UK, £5.00 each; Rest of World, $10.00 
Nature First Issue Facsimile 
UK, 75p; Rest of World (surface), $1.50; 
(air) $2.00 
Nature in microform 
For Information: 
University Microfilms International, 300 North 
Zeeb Road, Ann Arbor, MI 48106, USA 

CONTENTS 

Functional neuronal replacement 
by grafted striatal 
neurones in the ibotenic 
acid-lesioned rat striatum 
O Isacson, P Brundin, P A T Kelly, 
F H Gage & A Bjorklund 458 

The neostriatal mosaic: 
compartmentalization of corticostriatal 
input and striatonigral output systems 
C R Gerfen 461 

Intraneuronal generation of a 
pyridinium metabolite may 
cause drug-induced parkinsonism 
5 P Markey, J N Johannessen 
C C Chiurh, R S Burns & 
M A Herkenham 464 

Protection against the dopaminergic 
neurotoxicity of l-methyl-4-phenyl-
1,2,5,6-tetrahydropyridine by 
monoamine oxidase inhibitors 
R E Heikkila, L Manzino, F S Cabbat 
6 R C Duvoisin 467 

Monoclonal antibodies against 
carbohydrate differentiation 
antigens identify subsets 
of primary sensory neurones 
J Dodd, D Sorter & T M Jessel 469 

Pattern of presynaptic nerve 
activity can determine the 
type of neurotransmitter 
regulating a postsynaptic event 
N Y Ip & R E Zigmond 472 

Giant synaptosomes 
J A Umbach, C B Gundersen 
& P F Baker 474 

42,000-molecular weight EGF 
receptor has protein kinase activity 
M Basu, R Biswas & M Das 477 

Protein kinase C phosphorylation of the 
EGF receptor at a threonine 
residue close to the cytoplasmic 
face of the plasma membrane 
T Hunter, N Ling & J A Cooper 480 

Autophosphorylation sites on the 
epidermal growth factor receptor 
J Downward, P Parker 
& M D Waterfield 483 

Isolation of the closed circular form 
of the transposable element 
Tc/ in Caenorhabditis elegans 
A M Rose & T P Snutch 485 

MISCELLANY-
Product review: Neurosciences 491 

-NATURE CLASSIFIED-
Professional appointments — Research 
posts — Studentships — Fellowships — 
Conferences — Courses — Seminars — 
Symposia: Back pages 

Next week in Nature: 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Axion dark matter 

Laser particle accelerators 

Meteoritic interstellar dust 

Magnetic field reversing patterns 

Nucleosome particle structure 

Ca channel regulation 

Colonic ras gene expression 

Vaccinia immunogenicity 

Left-handed RNA helices 

-GUIDE TO AUTHORS-
Authors should be aware of the diversity of Nature's 
readership and should strive to be as widely understood 
as possible. 
Review articles should be accessible to the whole 
readership. Most are commissioned, but unsolicited 
reviews are welcome (in which case prior consultation 
with the office is desirable). 

Scientific articles are research reports whose 
conclusions are of general interest or which represent 
substantial advances of understanding. The text should 
not exceed 3,000 words and six displayed items (figures 
plus tables). The article should include an abstract of 
about 50 words. 

Letters to Nature are ordinarily 1,000 words long with 
no more than four displayed items. The first paragraph 
(not exceeding 150 words) should say what the letter is 
about, why the study it reports was undertaken and 
what the conclusions are. 

Matters arising are brief comments (up to 500 words) on 
articles and letters recently published in Nature. The 
originator of a Matters Arising contribution should 
initially send his manuscript to the author of the original 
paper and both parties should, wherever possible, agree 
on what is to be submitted. 

Manuscripts may be submitted either to London or 
Washington (decisions being made only in London). 
Manuscripts should be typed (double spacing) on one 
side of the paper only. Three copies are required, each 
accompanied by copies of lettered artwork. No title 
should exceed 80 characters in length. Reference lists, 
figure legends, etc. should be on separate sheets, all of 
which should be numbered. Abbreviations, symbols, 
units, etc. should be identified on one copy of the 
manuscript at their first appearance. 
References should appear sequentially indicated by 
superscripts in the text and should be abbreviated 
according to the World List of Scientific Periodicals, 
fourth edition (Butterworth 1963-65). The first and last 
page numbers of each reference should be cited. 
References to books should clearly indicate the 
publisher and the date and place of publication. 
Unpublished articles should not be formally referred to 
unless accepted or submitted for publication, but may 
be mentioned in the text. 

Each piece of artwork should be clearly marked with the 
author's name and the figure number. Original artwork 
should be unlettered. Suggestions for cover illustrations 
are welcome. Original artwork (and one copy of the 
manuscript) will be returned when manuscripts cannot 
be published. 

Requests for permission to reproduce material from 
Nature should be accompanied by a self-addressed 
(and, in the case of the United Kingdom and United 
States, stamped) envelope. 



NATURE VOL. 311 4 OCTOBER 19 REVIEW ARTICLE 
419 

Cellular automata as models of complexity 
Stephen Wolfram 

The Institute for Advanced Study, Princeton, New Jersey 08510, USA 

Natural systems from snowflakes to mollusc shells show a great diversity of complex patterns. The 
origins of such complexity can be investigated through mathematical models termed 'cellular automata^. 
Cellular automata consist of many identical components, each simple, but together capable of complex 
behaviour. They are analysed both as discrete dynamical systems, and as information-processing 
systems. Here some of their universal features are discussed, and some general principles are suggested. 

IT is common in nature to find systems whose overall behaviour 
is extremely complex, yet whose fundamental component parts 
are each very simple. The complexity is generated by the cooper­
ative effect of many simple identical components. Much has 
been discovered about the nature of the components in physical 
and biological systems; little is known about the mechanisms 
by which these components act together to give the overall 
complexity observed. What is now needed is a general math­
ematical theory to describe the nature and generation of com-, 
plexity. / 

Cellular automata are examples of mathematical systems con­
structed from many identical components, each simple, but 
together capable of complex behaviour. From their analysis, 
one may, on the one hand, develop specific models for particular 
systems, and, on the other hand, hope to abstract general 
principles applicable to a wide variety of complex systems. 
Some recent results on cellular automata will now be out­
lined; more extensive accounts and references may be found in 
refs 1-4. 

Cellular automata 
A one-dimensional cellular automaton consists of a line of sites, 
with each site carrying a value 0 or 1 (or in general 0 , . . . , k - 1). 
The value a, of the site at each position i is updated in discrete 
time steps according to an identical deterministic rule depending 
on a neighbourhood of sites around it: 

a) 
« + D . 4>[a\ <') „(<> «Wr] (1) 

Even with k = 2 and r = 1 or 2, the overall behaviour of cellular 
automata constructed in this simple way can be extremely 
complex. 

Consider first the patterns generated by cellular automata 
evolving from simple 'seeds' consisting of a few non-zero sites. 
Some local rules 4> give rise to simple behaviour; others produce 
complicated patterns. An extensive empirical study suggests that 
the patterns take on four qualitative forms, illustrated in Fig. 1: 

(1) disappears with time; 
(2) evolves to a fixed finite size; 
(3) grows indefinitely at a fixed speed; 
(4) grows and contracts irregularly. 

Patterns of type 3 are often found to be self-similar or scale 
invariant. Parts of such patterns, when magnified, are indistin­
guishable from the whole. The patterns are characterized by a 
fractal dimension5; the value log2 3 = 1.59 is the most common. 
Many of the self-similar patterns seen in natural systems may, 
in fact, be generated by cellular automaton evolution. 

Figure 3 shows the evolution of cellular automata from initial 
states where each site is assigned each of its k possible values 
with an independent equal probability. Self-organization is seen: 
ordered structure is generated from these disordered initial 
states, and in some cases considerable complexity is evident. 

Different initial states with a particular cellular automaton 
rule yield patterns that differ in detail, but are similar in form 
and statistical properties. Different cellular automaton rules 
yield very different patterns. An empirical study, nevertheless, 
suggests that four qualitative classes may be identified, yielding 
four characteristic limiting forms: 

(1) spatially homogeneous state; 
(2) sequence of simple stable or periodic structures; 
(3) chaotic aperiodic behaviour; 
(4) complicated localized structures, some propagating. 
All cellular automata within each class, regardless of the 

details of their construction and evolution rules, exhibit qualita­
tively similar behaviour. Such universality should make general 
results on these classes applicable to a wide variety of systems 
modelled by cellular automata. 

Applications 
Current mathematical models of natural systems are usually 
based on differential equations which describe the smooth vari­
ation of one parameter as a function of a few others. Cellular 
automata provide alternative and in some respects complemen-

Fig. 1 Classes of patterns generated by the evolution of cellular automata from simple 'seeds'. Successive rows correspond to successive 
time steps in the cellular automaton evolution. Each site is updated at each time step according to equation (1) by cellular automaton rules 
that depend on the values of a neighbourhood of sites at the previous time step. Sites with values 0 and 1 are represented by white and black 
squares, respectively. Despite the simplicity of their construction, patterns of some complexity are seen to be generated. The rules shown 
exemplify the four classes of behaviour found. (The first three are k = 2, r= 1 rules with rule numbers' 128, 4 and 126, respectively; the fourth 

is a k = 2, r = 2 rule with totalistic code2 52.) In the third case, a self similar pattern is formed. 
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Fig. 2 Evolution of small initial perturbations in cellular automata, as shown by the difference (modulo two) between patterns generated 
from two disordered initial states differing in the value of a single site. The examples shown illustrate the four classes of behaviour found. 
Information on changes in the initial state almost always propagates only a finite distance in the first two classes, but may propagate an 

arbitrary distance in the third and fourth classes. 

tary models, describing the discrete evolution of many (iden­
tical) components. Models based on cellular automata are typi­
cally most appropriate in highly nonlinear regimes of physical 
systems, and in chemical and biological systems where discrete 
thresholds occur. Cellular automata are particularly suitable as 
models when growth inhibition effects are important. 

As one example, cellular automata provide global models for 
the growth of dendritic crystals (such as snowflakes)6. Starting 
from a simple seed, sites with values representing the solid phase 
are aggregated according to a two-dimensional rule that 
accounts for the inhibition of growth near newly-aggregated 
sites, resulting in a fractal pattern of growth. Nonlinear chemical 
reaction-diffusion systems give another example7'8: a simple 
cellular automaton rule with growth inhibition captures the 
essential features of the usual partial differential equations, and 
reproduces the spatial patterns seen. Turbulent fluids may also 
potentially be modelled as cellular automata with local interac­
tions between discrete vortices on lattice sites. 

If probabilistic noise is added to the time evolution rule (1), 
then cellular automata may be identified as generalized Ising 
models9,10. Phase transitions may occur if d> retains some deter­
ministic components, or in more than one dimension. 

Cellular automata may serve as suitable models for a wide 
variety of biological systems. In particular, they may suggest 
mechanisms for biological pattern formation. For example, the 
patterns of pigmentation found on many mollusc shells bear a 
striking resemblance to patterns generated by class 2 and 3 
cellular automata (see refs 11,12), and cellular automaton 
models for the growth of some pigmentation patterns have been 
constructed13. 

Mathematical approaches 
Rather than describing specific applications of cellular 
automata, this article concentrates on general mathematical 
features of their behaviour. Two complementary approaches 
provide characterizations of the four classes of behaviour seen 
in Fig. 3. 

In the first approach2, cellular automata are viewed as discrete 
dynamical systems (see ref. 14), or discrete idealizations of 
partial differential equations. The set of possible (infinite) con­
figurations of a cellular automaton forms a Cantor set; cellular 
automaton evolution may be viewed as a continuous mapping 
on this Cantor set. Quantities such as entropies, dimensions and 
Lyapunov exponents may then be considered for cellular 
automata. 

In the second approach3, cellular automata are instead con­
sidered as information-processing systems (see ref. 15), or 
parallel-processing computers of simple construction. Informa­
tion represented by the initial configuration is processed by the 
evolution of the cellular automaton. The results of this informa­
tion processing may then be characterized in terms of the types 
of formal languages generated. (Note that the mechanisms for 
information processing in natural system appear to be much 
closer to those in cellular automata than in conventional serial-
processing computers: cellular automata may, therefore, provide 
efficient media for practical simulations of many natural 
systems.) 

Entropies and dimensions 
Most cellular automaton rules have the important feature of 
irreversibility: several different configurations may evolve to a 
single configuration, and, with time, a contracting subset of all 
possible configurations appears. Starting from all possible initial 
configurations, the cellular automaton evolution may generate 
only special 'organized' configurations, and 'self-organization' 
may occur. 

For class 1 cellular automata, essentially all initial configur­
ations evolve to a single final configuration, analogous to a limit 
point in a continuous dynamical system. Class 2 cellular 
automata evolve to limit sets containing essentially only periodic 
configurations, analogous to limit cycles. Class 3 cellular 
automata yield chaotic aperiodic limit sets, containing analogues 
of chaotic or 'strange' attractors. 

Entropies and dimensions give a generalized measure of the 
density of the configurations generated by cellular automaton 
evolution. The (set) dimension or limiting (topological) entropy 
for a set of cellular automaton configurations is defined as 
(compare ref. 14) 

dM = l i m ^ l o g k N ( X ) 
X-»<x> A 

(2) 

where N(X) gives the number of distinct sequences of X site 
values that appear. For the set of possible initial configurations, 
dM = 1. For a limit set containing only a finite total number of 
configurations, dM = 0. For most class 3 cellular automata, dM 

decreases with time, giving, 0 < d ( x ) < 1, and suggesting that a 
fractal subset of all possible configurations occurs. 

A dimension or limiting entropy du) corresponding to the 
time series of values of a single site may be defined in analogy 
with equation (2). (The analogue of equation (2) for a sufficiently 
wide patch of sites yields a topologically-invariant entropy for 
the cellular automaton mapping.) d{,) = 0 for periodic sets of 
configurations. 

d^ and d(t) may be modified to account for the probabilities 
of configurations by defining 

1 
dM-- -lim 

X-»oo A 

k* 
(3) 

and its analogue, where pt are probabilities for possible length 
X sequences. These measure dimensions may be used to 
delineate the large time behaviour of the different classes of 
cellular automata: 

(1) d ^ - d ^ - 0 

(2) dP>0, <4° = o 
(3) d^>0, d j i 'X) 

As discussed below, dimensions are usually undefined for class 
4 cellular automata. 

Information propagation 
Cellular automata may also be characterized by the stability or 
predictability of their behaviour under small perturbations in 
initial configurations. Figure 2 shows differences in patterns 
generated by cellular automata resulting from a change in a 
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Fig. 3 Evolution of various cellular automata from disordered initial states. In many cases, ordered structure is seen to be generated. The 
first row of pictures show examples of the four qualitative classes of behaviour found. (The rules shown are the same as in Fig. 1.) The lower 
two rows show examples of cellular automata with k = 5 (five possible values for each site) and r = 1 (nearest neighbour rules). Site values 0 
to 4 are represented by white, red, green, blue and yellow squares, respectively. (The rules shown have totalistic codes 10175, 566780, 570090, 

580020, 583330, 672900, 5694390, 59123000.) The 'orange' discoloration is a background, not part of the pattern. 

Fig. 4 Evolution of multiple phases in cellular automata. Pairs 
of sites are shown combined: 00 is represented by white, 01 by 
red, 10 by green and 11 by blue. Alternate time steps are shown. 
Both rules simulate an additive rule (number 90) under a blocking 
transformation. In the first rule (TTtrmber 18), the simulation is 
attractive: starting from a disordered initial state, the domains 
grow with time. In the second rule (number 94), the simulation is 
repulsive: only evolution from a special initial state yields additive 
rule behaviour; a defect is seen to grow, and attractive simulation 

of the identity rule takes over. 

Fig. 5 Examples of the evolution of a typical class 4 cellular 
automaton from disordered initial states. This and other class 4 
cellular automata are conjectured to be capable of arbitrary infor­
mation processing, or universal computation. The rule shown has 
k = 3, r = 1, and takes the value of a site to be 1 if the sum of the 
values of the sites in its three-site neighbourhood is 2 or 6, to be 2 

if the sum is 3, and to zero otherwise (totalistic code 792). 

I 
t 

Fig. 6 Persistent structures generated in the evolution of the class 
4 cellular automaton of Fig. 5. The first four structures shown 
have periods 1, 20, 16 and 12 respectively; the last four structures 
(and their reflections) propagate: the first has period 32, the next 
three period 3, and the last period 6. These structures are some of 

the elements'required to support universal computation. 
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Fig. 7 Evolution of some cellular automata with reverisble rules. Each configuration is a unique function of the two previous configurations. 
(Rule numbers 4, 22, 90 and 126 are shown.) As initial conditio'ns, each site in two successive configurations is chosen to have value 1 with 

probability 0.1. 

single initial site value. Such perturbations have characteristic 
effects on the four classes of cellular automata: 

(1) no change in final state; 
(2) changes only in a finite region; 
(3) changes over an ever-increasing region; 
(4) irregular changes. 
In class 1 and 2 cellular automata, information associated 

with site values in the initial state propagates only a finite 
distance; in class 3 cellular automata, it propagates an infinite 
distance at a fixed speed, while in class 4 cellular automata, it 
propagates irregularly, but over an infinite range. The speed of 
information propagation is related to the Lyapunov exponent 
for the cellular automaton evolution, and measures the degree 
of sensitivity to initial conditions (see ref. 16). It leads to different 
degrees of predictability for the outcome of cellular automaton 
evolution: 

(1) entirely predictable, independent of initial state; 
(2) local behaviour predictable from local initial state; 
(3) behaviour depends on an ever-increasing initial region; 
(4) behaviour effectively unpredictable. 
Information propagation is particularly simple for the special 

class of additive cellular automata (whose local rule function 
(j> is linear modulo fc), in which patterns generated from arbitrary 
initial states may be obtained by superposition of patterns gener­
ated by evolution of simple initial states containing a single 
non-zero site. A rather complete algebraic analysis of such 
cellular automata may be given17. Most cellular automata are 
not additive; however, with special initial configurations it is 
often possible for them to behave just like additive rules. Thus, 
for example, the evolution of an initial configuration consisting 
of a sequence of 00 and 01 digrams under one rule may be 
identical to the evolution of the corresponding 'blocked' con­
figuration consisting of 0 and 1 under another rule. In this way, 
one rule may simulate another under a blocking transformation 
(analogous to a renormalization group transformation). Evo­
lution from an arbitrary initial state may be attracted to (or 
repelled from) the special set of configurations for which such 
a simulation occurs. Often several phases exist, corresponding 
to different blocking transformations: sometimes phase boun­
daries move at constant speed, and one phase rapidly takes 
over; in other cases, phase boundaries execute random walks, 
annihilating in pairs, and leading to a slow increase in the 
average domain size, as illustrated in Fig. 4. Many rules appear 
to follow attractive simulation paths to additive rules, which 
correspond to fixed points of blocking transformations, and thus 
exhibit self similarity. The behaviour of many rules at large 
times, and on large spatial scales, is therefore determined by 
the behaviour of additive rules. 

Thermodynamics 
Decreases with time in the spatial entropies and dimensions of 
equations (2) and (3) signal irreversibility in cellular automaton 
evolution. Some cellular automaton rules are, however, revers­
ible, so that each and every configuration has a unique pre­
decessor in the evolution, and the spatial entropy and dimension 
of equations (2) and (3) remain constant with time. Figure 7 
shows some examples of the evolution of such rules, constructed 
by adding a term —a\'~l) to equation (1) (ref. 20 and E. Fredkin, 
personal communication). Again, there are analogues of the 

four classes of behaviour seen in Fig. 3, distinguished by the 
range and speed of information propagation. 

Conventional thermodynamics gives a general description of 
systems whose microscopic evolution is reversible; it may, there­
fore, be applied to reversible cellular automata such as those 
of Fig. 4. As usual, the 'fine-grained' entropy for sets (ensembles) 
of configurations, computed as in equation (3) with perfect 
knowledge of each site value, remains constant in time. The 
'coarse-grained' entropy for configurations is, nevertheless, 
almost always non-decreasing with time, as required by the 
second law of thermodynamics. Coarse graining emulates the 
imprecision of practical measurements, and may be imple­
mented by applying almost any contractive mapping to the 
configurations (a few iterations of an irreversible cellular 
automaton rule suffice). For example, coarse-grained entropy 
might be computed by applying equation (3) to every fifth site 
value. In an ensemble with low coarse-grained entropy, the 
values of every fifth site would be highly constrained, but 
arbitrary values for the intervening sites would be allowed. Then 
in the evolution of a class 3 or 4 cellular automaton the disorder 
of the intervening site values would 'mix' with the fifth-site 
values, and the coarse-grained entropy would tend towards its 
maximum value. Signs of self-organization in such systems must 
be sought in temporal correlations, often manifest in 'fluctu­
ations' or metastable 'pockets' of order. 

While all fundamental physical laws appear to be reversible, 
macroscopic systems often behave irreversibly, and are 
appropriately described by irreversible laws. Thus, for example, 
although the microscopic molecular dynamics of fluids is revers­
ible, the relevant macroscopic velocity field obeys the irreversible 
Navier-Stokes equations. Conventional thermodynamics does 
not apply to such intrinsically irreversible systems: new general 
principles must be found. Thus, for cellular automata with 
irreversible evolution rules, coarse-grained entropy typically 
increases for a short time, but then decreases to follow the 
fine-grained entropy. Measures of the structure generated by 
self-organization in the large time limit are usually affected very 
little by coarse graining. 

Formal language theory 
Quantities such as entropy and dimension, suggested by infor­
mation theory, give only rough characterizations of cellular 
automaton behaviour. Computation theory suggests more com­
plete descriptions of self-organization in cellular automata (and 
other systems). Sets of cellular automaton configurations may 
be viewed as formal languages, consisting of sequences of sym­
bols (site values) forming words according to definite gram­
matical rules. 

The set of all possible initial configurations corresponds to a 
trivial formal language. The set of configurations obtained after 
any finite number of time steps are found to form a regular 
language3. The words in a regular language correspond to the 
possible paths through a finite graph representing a finite state 
machine. It can be shown that a unique smallest finite graph 
reproduces any given regular language (see ref. 15). Examples 
of such graphs are shown in Fig. 8. These graphs give complete 
specifications for sets of cellular automaton configurations 
(ignoring probabilities). The number of nodes S in the smallest 
graph corresponding to a particular set of configurations may 
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Fig. 8 Graphs representing the sets of configurations generated in the first few time steps of evolution according to a typical class 3 cellular 
automaton rule (k = 2, r= 1, rule number 126). Possible configurations correspond to possible paths through the graphs, beginning at the 
encircled node. At (= 0, all possible configurations are allowed. With time, a contracting subset of configurations are generated. (After one 
time step, for example, no configuration containing the sequence of site value 101 can appear.) At each time step, the complete set of possible 
configurations forms a regular formal language: the graph gives a minimal complete specification of it. The number of nodes in the graph 
gives a measure of the complexity S of the set, viewed as a regular language. As for other class 3 cellular automata, the complexity of the 

sets grows rapidly with time; for t = 3, E = 107, and 1 = 4, S = 2,867. 

be defined as the 'regular language complexity' of the set. It 
specifies the size of the minimal description of the set in terms 
of regular languages. Larger S correspond to more complicated 
sets. (Note that the topological entropy of a set is given by the 
logarithm of the algebraic integer obtained as the largest root 
of the characteristic polynomial for the incidence matrix of the 
corresponding graph. The characteristic polynomials for the 
graphs in Fig. 7 are 2 -A (Amax = 2), 1 - A + 2 A 2 - A 3 (Amax = 
1.755) and - 1 +A - A2+2A3-4A4 + A 5 +3A 6 -5A 7 +3A 8 -3A 9 + 
5A 1 0 -6A n +4A 1 2 -A 1 3 (A m „= 1.732), respectively.) 

The regular language complexity S for sets generated by 
cellular automaton evolution almost always seems to be non-
decreasing with time. Increasing S signals increasing self-
organization. S may thus represent a fundamental property of 
self-organizing systems, complementary to entropy. It may, in 
principle, be extracted from experimental data. 

Cellular automata that exhibit only class 1 and 2 behaviour 
always appear to yields sets that correspond to regular languages 
in the large time limit. Class 3 and 4 behaviour typically gives 
rise, however, to a rapid increase of 3 with time, presumably 
leading to limiting sets not described by regular languages. 

Formal languages are recognized or generated by idealized 
computers with a 'central processing unit' containing a fixed 
finite number of internal states, together with a 'memory'. Four 
types of formal languages are conventionally identified, corre­
sponding to four types of computer: 

• Regular languages: no memory required. 
• Context-free languages: memory arranged as a last-in, first-

out stack. 
• Context-sensitive languages: memory as large as input word 

required. 
• Unrestricted languages: arbitrarily large memory required 

(general Turing machine). 
Examples are known of cellular automata whose limiting sets 
correspond to all four types of language (L. Hurd, in prepar­
ation). Arguments can be given that the limit sets for class 3 
cellular automata typically form context-sensitive languages, 
while those for class 4 cellular automata correspond to unrestric­
ted languages. (Note that while a minimal specification for any 
regular language may always be found, there is no finite pro­
cedure to obtain a minimal form for more complicated formal 
languages: no generalization of the regular language complexity 
3 may thus be given.) 

Computation theory 
While dynamical systems theory concepts suffice to define class 
1, 2 and 3 cellular automata, computation theory is apparently 
required for class 4 cellular automata. Examples of the evolution 
of a typical class 4 cellular automaton are shown in Fig. 5. 
Varied and complicated behaviour, involving many different 
time scales is evident. Persistent structures are often generated; 
the smallest few are illustrated in Fig. 6, and are seen to allow 
both storage and transmission of information. It seems that the 
structures supported by this and other class 4 cellular automata 
rule may be combined to implement arbitrary information pro­
cessing operations. Class 4 cellular automata would then be 
capable of universal computation: with particular initial states, 
their evolution could implement any finite algorithm. (Universal 
computation has been proved for a k = 18, r = 1 rule22, and for 
two-dimensional cellular automata such as the 'Game of 
Life'22,23.) A few per cent of cellular automaton rules with k > 2 
or r > 1 are found to exhibit class 4 behaviour: all these would 
then, in fact, be capable of arbitrarily complicated behaviour. 
This capability precludes a smooth infinite size limit for entropy 
or other quantities: as the size of cellular automaton considered 
increases, more and more complicated phenomena may appear. 

Cellular automaton evolution may be viewed as a computa­
tion. Effective preidiction of the outcome of cellular automaton 
evolution requires a short-cut that allows a more efficient compu­
tation than the evolution itself. For class 1 and 2 cellular 
automata, such short cuts are clearly possible: simple computa­
tions suffice to predict their complete future. The computational 
capabilities of class 3 and 4 cellular automata may, however, 
be sufficiently great that, in general, they allow no short-cuts. 
The only effective way to determine their evolution from a given 
initial state would then be by explicit observation or simulation: 
no finite formulae for their general behaviour could be given. 
(If class 4 cellular automata are indeed capable of universal 
computation, then the variety of their possible behaviour would 
preclude general prediction, and make explicit observation or 
simulation necessary.) Their infinite time limiting behaviour 
could then not, in general, be determined by any finite computa­
tional process, and many of their limiting properties would be 
formally undecidable. Thus, for example, the 'halting problem' 
of determining whether a class 4 cellular automaton with a given 
finite initial configuration ever evolves to the null configuration 
would be undecidable. An explicit simulation could determine 
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only whether halting occurred before some fixed time, and not 
whether it occurred after an arbitrarily long time. 

For class 4 cellular automata, the outcome of evolution from 
almost all initial configurations can probably be determined 
only by explicit simulation, while for class 3 cellular automata 
this is the case for only a small fraction of initial states. Neverthe­
less, this possibility suggests that the occurrence of particular 
site value sequences in the infinite time limit is in general 
undecidable. The large time limit of the entropy for class 3 and 
4 cellular automata would then, in general, be non-computable: 
bounds on it could be given, but there could be no finite 
procedure to compute it to arbitrary precision. (This would be 
the case if the limit sets for class 3 and 4 cellular automata 
formed at least context-sensitive languages.) 

While the occurrence of a particular length n site value 
sequence in the infinite time limit may be undecidable, its 
occurrence after any finite time t can, in principle, be determined 
by considering all length n0 = n +2rt initial sequences that could 
evolve to it. For increasing n or t this procedure would, neverthe-
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less, involve exponentially-growing computational resources, so 
that it would rapidly become computationally intractable. It 
seems likely that the identification of possible sequences gener­
ated by class 3 and 4 cellular automata is, in general, an NP-
complete problem (see ref. 15). It can, therefore, presumably 
not be solved in any time polynomial in n or t, and essentially 
requires explicit simulation of all possibilities. 

Undecidability and intractability are common in problems of 
mathematics and computation. They may well afflict all but the 
simplest cellular automata. One may speculate that they are 
widespread in natural systems, perhaps occurring almost 
whenever nonlinearity is present. No simple formulae for the 
behaviour of many natural systems could then be given; the 
consequences of their evolution could be found effectively only 
by direct simulation or observation. 
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Orientation of in situ stresses in the oceanic crust 
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Two in situ measurements of principal stress directions have been made in DSDP Holes 504B, south of the Costa Rica 
Rift on the Nazca plate, and 597C, west of the East Pacific Rise on the Pacific plate. In both cases, the orientations of 
in situ principal stresses determined from borehole breakouts are consistent with the stress directions inferred from intraplate 
earthquakes located near the sites. 

WELLBORE breakouts are intervals of borehole elongation 
which are caused by preferential spalling in a zone where the 
circumferential compressive stress is greatest1, and in which the 
average azimuth of the long dimension is consistent in a given 
well or field2,3. Stress-induced wellbore breakouts form at an 
azimuth perpendicular to the maximum horizontal principal 
stress direction1. Wellbore breakouts have been reported in wells 
from several parts of North America2"15 but there have been 
problems in their identification (see ref. 16). There now seems 
to be ample evidence that breakouts can be used as a reliable 
indicator of the orientation of the horizontal principal stresses. 
Here, we use specially processed borehole televiewer data to 
study the detailed shape of breakouts (see ref. 1). 

Borehole televiewer reflectivity records have previously been 
used in the study of fractures intersecting wellbores at depth 
(see ref. 17), for identifying lithostratigraphical features in deep 
ocean boreholes (see refs 18, 19), and in identifying zones of 
borehole breakout1,20,21. 

Experimental data 
Evidence of the orientation of the contemporary in situ stress 
field can be found at two DSDP (Deep Sea Drilling Project) 
sites in the oceanic crust (Fig. 1). DSDP Site 504 is located 
200 km due south of the Costa Rica Rift and about 350 km 
north-west of the Peru-Chile Trench. DSDP Site 597 is located 
about 1,800 km west of the East Pacific Rise and 2,000 km east 
of Tahiti. 

During DSDP Leg 83, the DV Glomar Challenger completed 
drilling Hole 504B to a depth of 1,350 m, 1,000 m of which was 
into basement22 (Fig. 1). The upper 100 m of basement19 is 
composed mainly of pillow basalts and thin flow units of seismic 
layer 2A. The next 550 m of pillows, breccias and flows is a site 
of intense fracturing, and contains extensive secondary alter­
ation; it is thought to be seismic layer 2B. The bottom 350 m of 
the hole is composed mainly of massive, 'welded' units, or 
sheeted dykes, and is the upper part of seismic layer 2C. 


