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We aim to search for cellular automata candidates using an automatic
system for the demonstration of collision-based universality. Some of
these candidates are able to simulate Turing machines in their space-time
dynamics using gliders and glider guns.

In this paper, we present an evolutionary algorithm that searches for
the simulation of a logic gate by cellular automata. Different parameters
are tried and other search techniques are also presented to provide a
benchmark.

Results show how a large number of simulations of logic gates were
found.

1. Introduction

The emergence of computation in complex systems with simple com-
ponents is a hot topic in the science of complexity [1]. A uniform
framework to study emergent computation in complex systems are cel-
lular automata [2]. They are discrete systems in which an array of cells
evolves from generation to generation on the basis of local transition
rules [3].

The well-established problems of emergent computation and univer-
sality in cellular automata have been tackled by a number of people in
the past 30 years [4–8] and remains an area where amazing phenomena
at the edge of theoretical computer science and nonlinear science can be
discovered.

The best-known universal automaton is the Game of Life [9]. It was
shown to be universal by Conway in [10] who simulated logic gates by
the Game of Life. He employed gliders and glider guns for this simu-
lation. Gliders are mobile self-localized patterns of nonresting states,
and glider guns are patterns which, when evolving alone, periodically
recover their original shape after emitting some gliders.

We aim to construct an automatic system for the discovery of compu-
tationally universal cellular automata, spatially. We are interested in the
automatic construction of AND gates simulated by cellular automata.
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An evolutionary algorithm is used to modify the cellular automata tran-
sition rules in order to simulate AND gates. Tabu search and Monte
Carlo methods are used as benchmarks.

The paper is arranged as follows: section 2 describes previous related
work, section 3 sets out the characteristics of the search methods, and
then the simulations of AND gates are described in section 4. The last
section summarizes the presented results and discusses directions for
future research.

2. Previous work

2.1 Game of Life

In 1970, Conway discovered a special cellular automaton (that he called
the Game of Life) that was later popularized by Gardner [9]. Conway,
Berlekamp, and Guy showed that the Game of Life can implement any
function calculable by a Turing machine. Their proof of the universality
of the Game of Life uses gliders and glider guns [10]. A glider gun is
a pattern that emits a stream of gliders (used to carry information). It
is possible to combine glider guns in order to simulate logic gates and
circuits.

An AND gate is simulated in Figure 1 with two inputs streams A
and B.

Data streams are encoded by glider streams (i.e., the absence of gliders
represents the value 0 and the presence of gliders represents the value
1). A glider gun that emits a new glider every 30 generations is used by

Figure 1. AND gate simulated by the Game of Life [10].
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Figure 2. Collision between two streams of gliders.

this simulation. The glider gun creates a glider stream that “crashes”
stream A. If a glider is present in stream A the two gliders are destroyed,
otherwise the glider emitted by the gun continues its run. The stream
resulting from this first collision, at a right angle to stream A, is not(A).
This stream crashes stream B producing a stream aligned with the stream
B, which is the result of the operation A and B. The synchronization
and the position of the different components are critical to the proper
function of the simulation. This simulation is possible because the
collision of two gliders destroys them both, letting the other gliders
continue their runs as shown in Figure 2.

2.2 Cellular automata

In [11], Wolfram studies the space � of two-dimensional isotropic cel-
lular automata, with rectangular eight-cell neighborhoods: if two cells
have the same neighborhood states by rotations and symmetries, then
these two cells take the same state at the next generation. There are
512 different rectangular eight-cell neighborhood states as shown in
Figure 3.

The neighborhood states can be divided into two subsets of 256
neighborhood states. The neighborhood states with the central cell in
state zero are in the first subset and the others are in the second subset.
All these neighborhood states can be put into 102 subsets of isotropic
neighborhood states as shown in Figure 4 for the first subset of 256
neighborhood states.

The first element of each subset of isotropic neighborhood states is
used to represent a rule of I as shown in Figure 5 to determine what
will become of a cell in the next generation, depending on its subset of
isotropic neighborhood states.

There are 102 subsets of isotropic neighborhood states, meaning that
there are 2102 different cellular automata in �.

For conciseness and readability, the following convention has been
adopted for the cellular automaton presentation. Each neighborhood
state is referred to by the number of cells from 0 to 8 among it and a
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Figure 3. 512 Moore neighborhood states.

Figure 4. Subset of isotropic neighborhood states.
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Figure 5. The squares are the 102 neighborhood states describing a cellular
automaton of �. A black cell on the right of the neighborhood state indicates a
future central cell.

Figure 6. Neighborhood states.

letter, as shown in Figure 6. In the convention, the neighborhood states
that allow the central cell to survive is noted in the first part after the
letter s of the cellular automaton notation and the neighborhood states
that allow the central cell to be born is noted in the second part after the
letter b. For example, the notation s2iv3a8 / b4i8 means a cell survives
for the neighborhood states 2i, 2v, 3a, and 8.

2.3 Search methods

In order to find simulations of AND gates, we examined search methods
such as Monte Carlo, Tabu [12], and an evolutionary algorithm [13],
as briefly described next.

The Monte Carlo method consists solely of generating random solu-
tions and testing them.

Complex Systems, 17 (2008) 321–338
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Tabu search traverses the solution space by testing mutations of an
individual solution. Tabu search generates many mutated solutions and
moves to the best solution of those generated. In order to prevent cycling
and encourage greater movement through the solution space, a tabu list
is maintained of partial or complete solutions. It is forbidden to move
to a solution that contains elements of the tabu list, which is updated as
the solution traverses the solution space.

Evolutionary algorithms incorporate aspects of natural selection or
survival of the fittest. A population of structures is maintained (usu-
ally initially generated at random) that evolves according to rules of
selection, recombination, mutation, and survival referred to as genetic
operators. A shared environment is used to determine the fitness or per-
formance of each individual in the population. The fittest individuals
are more likely to be selected for reproduction through recombination
and mutation, in order to obtain potentially superior ones.

2.4 Evolving cellular automata

Several good results using the evolution of cellular automaton rules to
perform useful tasks have been published. After Packard [14], Mitchell
et al. [15–18] investigated the use of evolutionary computing to learn the
rules of uniform one-dimensional, binary cellular automata. A genetic
algorithm [13] produces the entries in the update table used by each
cell and candidate solutions are evaluated with regard to their degree of
success for the given tasks of density and synchronization.

Sipper [19] presented a related approach, which produces nonuni-
form solutions. Each cell of a one- or two-dimensional cellular au-
tomaton is viewed as a genetic algorithm population member, mating
only with its geographical neighbors and receiving an individual fitness.
Sipper shows an increase in performance over the work of Mitchell et
al., exploiting the potential for spatial heterogeneity in the tasks. Koza
et al. [20] have also repeated the work of Mitchell et al., using genetic
programming [21] to evolve update rules. They report similar results.

The manual search for gliders in cellular automata has been described
by Wuensche who used his Z-parameter and entropy [22], Adamatzky
et al. with a phenomenological search [23], and Eppstein [24]. Sapin
et al. [25], Ventrella [26], and Lohn et al. [27] have considered the
emergence of glider-based universality in cellular automata via machine
learning.

Sapin et al. proposed an evolutionary approach in the search for
complex glider guns [25, 28–31]. In [32], a glider gun is presented and
used to build an AND gate. In this paper, the simulation of the AND
gate of Conway was manually reproduced with this glider gun as shown
in Figure 7.
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Figure 7. An AND gate manually built from the simulation scheme of an AND
gate in the Game of Life.

Figure 8. Glider.

In [33], 751 glider guns were found emitting the glider shown in
Figure 8. These guns were classified depending on the number of emitted
gliders. The period of the gun was automatically determined.

3. Characteristics of the search methods

The next subsection describes the main idea of the search methods
used. The search space is determined in the second subsection, and the
remaining subsections describe the search methods used to modify the
cellular automata transition rules.

3.1 Idea of the search methods

The idea of the search methods is to focus on an existing gun, named G
of period p, and try to find a simulation of an AND gate using this gun.
Each search method was tried for all of the 751 glider guns in [33].

The synchronization and position of the different components, crit-
ical in simulating an AND gate, depend on the period of G. For con-
ciseness and readability, the search for simulations of AND is presented

Complex Systems, 17 (2008) 321–338
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Figure 9. Distribution of the period of the discovered glider gun in [33].

Figure 10. Detail of constructing an AND gate.

only for even period guns as less than three percent of the guns found
in [33] have an odd period, as shown in Figure 9.

The schema of an AND gate as shown in Figure 10 is built for all
guns and the search method modifies the transition rules of the cellular
automata that exhibit the gun in order to find the transition rule that
makes simulating the AND gate possible.

After 2p generations, the first glider emitted by the gun, named G1,
and the first glider of the first stream, named A1, collide. This collision
must result in the destruction of these two gliders before the second
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glider G2 emitted by the gun and the second glider A2 of the first
stream arrives. So, after 3p � 6 generations, the gliders G1 and A1
must have disappeared and the schema of Figure 10 has to evolve to the
schema of Figure 11. In this case the AND gate can be simulated.

3.2 Search space

The search space depends on the choice of the glider gun G. The set of
cellular automata that exhibit glider gun G is the search space.

This set is determined by the neighborhood states used by G. We use
the same process to determine the neighborhood states used by a gun
that was developed in [33] to determine the neighborhood states used
by a glider. The method is shown in Figure 12 for the glider of Figure 8.
This process was applied to the 751 glider guns in [33]. The distribution
of the numbers of used neighborhood states of these guns is shown in
Figure 13. The minimum and maximum numbers of used neighborhood
states are 29 and 83. The average number of used neighborhood states
is 44.

Let N be the number of used neighborhood states of the gun G. The
existence of the glider gun G does not depend on the value associated
with the neighborhood that is not used by G. The total number of
neighborhood states is 102, so the number of cellular automata that
exhibit G is 2102�N.

Figure 11. Detail of constructing an AND gate.
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Figure 12. Detail of constructing the set of neighborhood states that are used by
a glider.
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Figure 13. Distribution of the number of neighborhoods the discovered glider
guns in [33] used.

The smaller search space has 5.24�105 elements and the bigger search
space has 9.45�1021. The average size of the search space is 1.94�1020.

3.3 Evolutionary algorithm

Initialization. The search space is the set, described in the previous
section, of cellular automata exhibiting the glider gun G. A cellular au-
tomaton of this space can be described by a cell-state transition table. An
individual is a cellular automaton coded as a bit string of 102 Booleans
representing the values of a cell at the next generation for each neighbor-
hood state. The bits of the neighborhood state that are used by the gun G
are determined by the evolution of G. The bits of the neighborhood state
that are not used by the gun G are initialized at random. The population
size is 100 individuals.

Fitness function. The idea of the fitness function is to build the schema
of an AND gate as shown in Figure 10 and to check how close the
simulation is to the behavior of an AND gate. The schema of Figure 10
evolves during 3p � 6 generations by the transition rule of the tested
cellular automaton in a configuration named F. The fitness function is
the number of cells that are in the same state between configuration F
and the schema of Figure 11.

Genetic operators. The mutation function simply consists of mutating
one bit among the bits corresponding to neighborhood states not used by
the glider gun G. The rates 1, 5, and 10 percent are tried, together with
three crossover operators.

Complex Systems, 17 (2008) 321–338
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– No crossover. The evolutionary algorithm is tried without crossover.

– Central point. A single point crossover with a locus situated exactly
on the middle of the genotype is tried.

– Random point. Another kind of recombination is tried with a single
point crossover with a locus randomly situated.

A linear ranking selection and a binary tournament selection of size 2 are
tried.

Evolution engine. An elitist strategy in which the best individual of a
population is kept and a nonelitist strategy in which the new population
is made of only children are tried.

Stopping criterion. The value of the fitness function and the generation
of the best rule are stored. If after 10 new generations the evolutionary
algorithm has not found a better rule it will stop.

With this stopping criterion, an execution of the evolutionary algorithm
stops after an average of 24 generations.

3.4 Tabu search

A random cellular automaton A that exhibits the glider gun G is gener-
ated, the same fitness function of the evolutionary algorithm measures
the performance of this cellular automaton. All the cellular automata
obtained by mutating one bit corresponding to neighborhood states not
used by the glider gun G, are tested by the fitness function. The best one
not in a list L of the last chosen cellular automaton is chosen to become
the new cellular automaton A. Sizes of 10, 100, and 1000 are tried
for the list L. The algorithm stops when the best cellular automaton,
among those obtained by mutation, that is not in list L is not better than
the current cellular automaton.

With this stopping criterion, an execution of the algorithm stops after
an average of 25, 20, and 19 generations depending on the size of the
list L.

3.5 Monte Carlo method

For all guns, one million randomly generated cellular automata are
tested. A simulation of an AND gate is found for 13 percent of the
glider guns using this method.

4. Results

4.1 Best parameters

In order to determine the best parameters, a simulation of an AND gate
was searched for within the 751 guns using the evolutionary algorithm
and Tabu search with each of the values of the parameters.
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Table 1. Number of executions that find an AND gate simulation under a given
combination of parameters or operators.

For each of the values of the parameters, the number of executions
which find the simulation of an AND gate are shown in Table 1.

The best parameters, among those tested, are a mutation rate of 1, an
elitist strategy, tournament selection, and central crossover. The good
results of the central crossover can be explained by the fact that the first
51 neighborhood states determine the birth of cells, while the other 51

Complex Systems, 17 (2008) 321–338

https://doi.org/10.25088/ComplexSystems.17.4.321



334 E. Sapin and L. Bull

determine how they survive or die. The elitist strategy that kept the best
individual of the population is better than the nonelitist strategy.

4.2 AND gate

With the best parameters, 279 simulations of an AND gate were found
using one of the guns found in [33]. 38 percent of these guns provide
the simulation of an AND gate.

The simulation of an AND gate is shown in Figure 14, generation af-
ter generation with two input streams representing the data streams �11�

and �10�. The collision between the first glider emitted by the gun and the
first glider of the first input stream begin at generation 5 and finish at gen-
eration 12 in which the rest of this collision has disappeared. A second
collision begins at generation 15 and finishes at generation 22. The out-
put stream �10�, which is the result of the operation 11 and 10, is emitted.

5. Synthesis and perspectives

This paper deals with the emergence of computation in complex sys-
tems with local interactions. An evolutionary algorithm searching for
collision-based computing in cellular automata has been presented. Sim-
ulations of AND gates have been inspired by the simulation of an AND
gate by the Game of Life and uses a given gun among those presented
in [33].

An evolutionary algorithm is used to modify the transition rules of
cellular automata in order to find the simulation of an AND gate. Dif-
ferent evolution strategies and different types of selection, crossover,
and mutation operators were explored for this evolutionary algorithm.
With the best parameters, the evolutionary algorithm finds a simulation
of an AND gate for 38 percent of the guns found in [33]. The automatic
simulation of an AND gate represents a significant contribution to the
area of complex systems that considers computational theory.

All cellular automata that exhibit a simulation of an AND gate may
be potential candidates for being universal cellular automata. Further
goals are now to develop an automatic system for the simulation of
a NAND gate and the demonstration of universal cellular automata.
Then, another domain that seems worth exploring is how this approach
could be extended to cellular automata with more than two states.

Future work could also evaluate all discovered cellular automata and
calculate for each of them some rule-based parameters, for example,
Langton’s lamda [34]. All cellular automata simulating an AND gate
may have similar values for these parameters that could lead to answer-
ing the question: Where are the edges of computational universality?
Knowing this may lead to a better understanding of the emergence of
computation in complex systems with local interactions.

Complex Systems, 17 (2008) 321–338
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Figure 14. Simulation of an AND gate generation after generation. The tran-
sition rule of the cellular automata that exhibit this gate can be denoted as:
s1e2aiv3jreqk4akrjze5kyqv6eca / b2ck3ayqrk4yiwkrtj5yqjvai6vi7c.
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