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Abstract This paper deals with the spontaneous emergence of glider guns in cellular
automata. An evolutionary search for glider guns with different parameters is described
and other search techniques are also presented to provide a benchmark. We demonstrate
the spontaneous emergence of an important number of novel glider guns discovered by an
evolutionary algorithm. An automatic process to identify guns leads to a classification of
glider guns that takes into account the number of emitted gliders of a specific type. We also
show it is possible to discover guns for many other types of gliders. Significantly, all the
found automata can be candidate to an automatic search for collision-based universal
cellular automata simulating Turing machines in their space-time dynamics using gliders
and glider guns.

Keywords Emergence of complexity - Evolutionary algorithm - Universality -
Cellular automata - Glider gun - Classification
1 Introduction

The emergence of computation in complex systems with simple components is a hot topic
in the science of complexity (Wolfram 2002). Uniform frameworks to study emergent
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computation in complex systems are cellular automata (Von Neumann 1966). They are
discrete systems in which an array of cells evolves from generation to generation on the
basis of local transition rules (Wolfram 1984).

The well-established problems of emergent computation and universality in cellular
automata has been tackled by a number of people in the last 30 years (Banks 1971;
Margolus 1984; Lindgren and Nordahl 1990; Morita et al. 2002; Adamatzky 1998) and
remains an area where amazing phenomena at the edge of theoretical computer science and
non-linear science can be discovered.

We aim to construct an automatic system for the discovery of computationally universal
cellular automata. A link between universality and the presence of mobiles self-localized
patterns of non-resting states, called gliders, have been shown by Conway and his colle-
gues (1982). To prove the universality of an automaton called the Game of Life, they
employed gliders and their generators called glider guns which, when evolving alone,
periodically recover their original shape after emitting a number of gliders. Here, we are
interested in the emergence of glider guns.

The search for gliders was notably explored by Adamatzky and his collegues with a
phenomenological search (2006), Wuensche who used his Z-parameter and entropy (Wu-
ensche 2005) and Eppstein.1 Lohn and Reggia (1997), Ventrella (2006) and Sapin et al.
(2004a, b, 2006) have searched for gliders using genetic algorithms (10). In this work,
automated search methods are used to search for glider guns for different types of glider.

Starting with the afore mentioned searches, three search methods for glider guns are
compared. The results of the used methods are discussed, the guns are fully described using
an automatic classification scheme. The same approach is then applied to search for other
types of gliders. The paper is arranged as follows: Sect. 2 describes other related works.
Section 3 sets out the characteristics of the search methods. Then the characteristics of the
guns that were found, are described in Sects. 4 and 5 sets out the classification of the glider
guns. Section 6 considers other guns then the last section summarizes the presented results
and discusses directions for future research.

2 Previous work

In this section, some previous works dealing with cellular automata are presented. Brief
descriptions of some search methods are given. Then some previous works about evolu-
tionary approaches to search for automata are presented. To finish, An evolutionary
discovered automaton is presented.

2.1 Cellular automata

In Wolfram and Packard (1985), Wolfram studied £, a space of two-state 2D automata
with a transition rule that takes into account the eight neighbours of a cell in order to
determine its state in the next generation. Sapin et al. (in press) have studied the
appearance of gliders in this space but the discovered gliders were unidirectional. The
scheme of demonstration of universality of the Game of Life requires isotropic gliders. As
our aim is the discovery of computationally universal cellular automata, the considered
cellular automata are the isotropic ones: if two cells have the same neighbourhood states by
rotations and symmetries, then these two cells take the same state in the next generation.

! http://www.ics.uci.edu/ ~ eppstein/ca/.
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Fig. 1 Neighbourhood states that are the same by rotations and symmetries

There are 512 different rectangular 9-cell neighbourhood states (including the central
cell) as shown in Fig. 1.

The neighbourhood states can be divided in two subsets of 256 neighbourhood states.
The neighbourhood states with the central cell in state zero are in the first subset and the
others are in the second subset. All these neighbourhood states can be put in 102 subsets of
isotropic neighbourhood states as shown Fig. 2 for the first subset of 256 neighbourhood
states.

The first element of each subset of isotropic neighbourhood states is used to represent a
rule of Z as shown Fig. 3 by telling what will become of a cell in the next generation,
depending on its subset of isotropic neighbourhood states.

There are 102 subsets of isotropic neighbourhood states, meaning that there are 2'*
different automata in 7 including the Game of Life that is outer totalistic i.e. the state of its
cell in the next generation is determined by its state in current generation and the sum of
the states of its eight neighbours. The subset of Z of outer totalistic automata is composed
by only 2° = 262,144 elements. The elements of this set have been studied in detail and
only the Game of Life has been proven computationally universal (Wolfram 1985, 2002;
Heudin 1996).

2.2 Search methods

In order to search for universal automata, we have examined the search methods such as
Monte Carlo, tabu search (Golver 1986) and evolutionary algorithms (EAs) (Holland
1975), as briefly described here.

The Monte Carlo method consists solely of generating random solutions and testing
them.
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Fig. 3 The squares are the 102 neighbourhood states describing an automaton of Z. A black cell on the
right of the neighbourhood state indicates a future central cell
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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.

The class of computer search techniques known as EAs is being increasingly used in the
design of complex systems. Populations of computer data structures encoding solutions to a
given problem are manipulated using genetics-inspired mechanisms, under the influence of a
selection pressure, to search for “fit” solutions. Example applications include data mining,
time series analysis, scheduling, process control, robotics and electronic circuit design. EAs
can be used for the design of computational resources in a way that offers substantial promise
for application in complex systems since the algorithms are almost independent of the
medium in which the computation occurs. Importantly, they do not need to directly
manipulate the material to facilitate learning and hence the task itself can be defined in a
fairly unsupervised manner. In contrast, most traditional learning algorithms use techniques
that require detailed knowledge of and control over the computing substrate involved. In this
paper we demonstrate the utility of EAs to discover glider guns within cellular automata.

2.3 Evolving cellular automata

Previously, several good results from the evolution of cellular automaton rules to perform
some useful tasks have been published. After Packard (1988), Mitchell et al. (1993, 1994,
Hordijk et al. 1998; Das et al. 1995) have investigated the use of evolutionary computing to
learn the rules of uniform one-dimensional, binary cellular automata. Here a Genetic
Algorithm produces the entries in the update table used by each cell, candidate solutions being
evaluated with regard to their degree of success for the given task—density and synchroni-
zation. More recently, these tasks were also studied by Wolz and de Oliveira (2008).

Sipper (1997) has presented a related approach, which produces non-uniform solutions.
Each cell of a one or two-dimensional cellular automata is viewed as a genetic algorithm
population member, mating only with its lattice neighbours and receiving an individual
fitness. Sipper shows an increase in performance over Mitchell et al.’s work, exploiting the
potential for spatial heterogeneity in the tasks. Koza and his collegues (1999) have also
repeated Mitchell et al.’s work, using Genetic Programming (Koza 1992) to evolve update
rules. They report similar results.

2.4 Evolutionary discovered automaton

In Sapin et al. (2004a, b), in order to find computationally universal automaton, Sapin et al.
used an evolutionary algorithm to find in Z a subset of automata accepting gliders. One of
the most commonly found gliders, named G, is shown in Fig. 4.

This glider can be used for collision based computing (Sapin et al. 2004a, b) as logic
gates can be simulated thanks to collisions of this glider.

Another glider, exhibited by the automaton of Fig. 3 called R, is emitted by a gun shown
in Fig. 5.

This automaton is chosen on which attempts are made to demonstrate its universality.
A combination of guns allow the simulation of a NAND by this automaton. The ability to
create and assemble NAND gates into any logic circuit is then used to simulate a cell of the
Game of Life as shown Fig. 6.
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Fig. 6 Simulation of a cell of the Game of Life

The simulation of the Game of Life is then shown by carrying out a tilling of a surface
with the identical simulation of cells as a proof that R is universal in the Turing sense, since
the Game of Life was shown to be able to implement registers (Berlekamp et al. 1982).
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3 Search methods for glider guns comparison

This section describes the search for glider guns. To compare the parameters of the search
methods, glider guns that emitting the glider G shown Fig. 4 are searched for. The first
search method is an evolutionary algorithm. Monte Carlo algorithm and tabu search are
also used as benchmark.

3.1 Evolutionary algorithm

The parameters of the evolutionary algorithm are described here:

Fitness function. The choice of the fitness function is perhaps the greatest difficulty with
this problem. Lohn and Reggia (1997) have chosen a multiobjective function, Ventrella
(2006) employed a particle swarm (Kennedy and Eberhart 1995) interacting with the
cellular automata and Sapin et al. (in press) used an image-filtering to detect structures
for measuring fitness.

To find guns, the fitness function can evaluate the configuration of cells or the transition
rule of automata. Cellular automata are highly sensitive to initial configuration of cells
(Urfas et al. 1997) so the configuration of cells has been considered too difficult to
evaluate by a fitness function. Thus the fitness function evaluates only the transition rule
of each automata. To evaluate the transition rule, inspired by Sapin et al. (in press), a
random configuration of cells is evolved by the tested automaton. The idea is to optimize
the number of gliders and to prevent the configuration of cells from expanding. Then two
fitness functions have been tried:

— First fitness function
After the evolution of the configuration of cells, the presence of gliders G is checked
by scanning the result of the configuration of the cells. The value of the fitness
function is the number of gliders that appeared divided by the total number of cells.
— Second fitness function
After the evolution of the configuration of cells, the presence of gliders G is checked
by scanning the result of the configuration of the cells. The size of the biggest square
S without cells in the evolved configuration of cells is computed. The value of the
fitness function is the multiplication of the number of gliders that appeared by the
size of the square S.

Initialization. The search space is the set Z described in Sect. 2. Cell-state transition
table can describe an automaton of this space. An individual is an automaton coded as a
bit string of 102 Booleans representing the values of a cell at the next generation for
each neighbourhood state. The 102 bits of an automaton are divided into two subsets.
The first subset, called the invarious subset, is the neighbourhood states used by the
glider G and their values are determined by the evolution of this glider. The process that
determines these neighbourhood states is detailed for the glider G in the Fig. 7. The
other neighbourhood states are in the second subset, called the unused subset, and are
initialised at random. The population size is 100 individuals.

Genetic operators. The mutation function simply consists of mutating one bit among the
second subset of the 102 bits. The rates 1, 5 and 10% are tried, together with three
Crossover operators.
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Fig. 7 Detail of the construction
of set of neighbourhood states
that are used by a glider
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— No crossover
The genetic 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
A last 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 half of population is kept and a
non-elitist strategy in which the new population is made of only children are tried.
Stopping criterion. The presence of a glider gun is continuously checked. The test is
inspired by Bays’ test (1987) and also used in Sapin et al. (2003). After the evolution of
the random configuration of cells, each pattern is isolated and tested in an empty
universe. If a pattern P reappears at the same place with gliders around then the pattern P
is a glider gun. When a glider gun is found the algorithm stops.

The value of the fitness function and the generation of the best rule are memorized. If
after 10 new generations the algorithm has not found a better rule the algorithm stops.
Thanks to these stopping criteria, an execution of the algorithm stops after an average of
38 generations.

3.2 Monte Carlo method

In 1 million randomly generated automata, the presence of glider guns after the evolution of
a random configuration of cells has been tested. The test is the one used for the stopping
criterion of the algorithm described in Sect. 3.1. There are not any guns found by this method.

3.3 Tabu search

The two fitness functions of the evolutionary algorithm are tried for this algorithm.

A random automaton A is generated, the fitness function measures the performance of
this automaton.

All the automata obtained by mutating one bit among the unused subset, as described
Sect. 3.1, are tested by the fitness function. The best one who is not in a list L of the last
chosen automaton is chosen to become the new automaton A. The sizes of 10, 100 and 1000
are tried for the list L. The presence of glider guns is checked in all the tested automata.

The algorithm stops when the best automaton, among the automata obtained by
mutation, that is not included in the list L is not better than the current automaton. With this
stopping criterion, an execution of the algorithm stops after an average of 49, 42 and 35
generations depending on the size of the list L.

3.4 Discussion

For each of the values of the parameters, the number of executions which find a gun are
shown in Table 1.

The best parameters for the evolutionary algorithm, among the tested ones, are a
mutation rate of 1, a non elitist strategy, a tournament selection, a central crossover and the
second fitness function.
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Fig. 8 Average variation of the 5000
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The good results of the central crossover can be explained by the fact that the first 51
neighbourhood states determine the birth of cells, while the other 51 determine how they
survive or die. The elitist strategy that kept half of the population is worse than the non-
elitist strategy. An elitist strategy that just kept one parent could however be tried.

The results of a Monte Carlo algorithm and tabu search, presented as benchmarks, are
not as good as the evolutionary approach. The results of the EAs without crossover are
about the same as the tabu search.

With the best parameters, as noted above, the average variation of the best value of the
fitness function for 100 executions is shown Fig. 8.

The evolutionary algorithm with these parameters has been chosen to obtain the glider
guns described in the next sections.

4 Best algorithm results

The results of the evolutionary algorithm for the glider G shown in Fig. 4 are described
here as the number of glider guns that were found is set out.

In order to determine how many different glider guns were found, an automatic system
that determines if a gun is new is required. At least two criteria can be used:

— Shapes of guns.
— Sets of used neighbourhood states.

The shapes of guns are not taken into account because there are an infinite number of
guns with different shapes, as shown by the gun of Fig. 9 for which the central line can be
arbitrary long.

So, in order to determine if a gun is new, the set of neighbourhood states used by the
given gun are compared to the ones of the other guns. For each gun and each neigh-
bourhood state, three cases exist:

— The neighbourhood state is not used by this gun.

— The neighbourhood state is used by this gun and the value of the central cell in the next
generation is 0.

— The neighbourhood state is used by this gun and the value of the central cell in the next
generation is 1.
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Fig. 10 Evolution of the percentage of new guns among 1,000 different found guns

Two guns are different iff at least one neighbourhood state is not in the same case for
the two guns.

Thanks to this qualification of different guns, through the experimentations, 20383
different glider guns were discovered. All these guns have emerged spontaneously from
random configurations of cells. The 20383 guns can be found in Sapin (2007) in Life
format.

The total number of different guns that could be found by this algorithm is unknown but
the evolution of the percentage of new guns among the last 1000 different found guns is
given by the Fig. 10.

Suppose each gun has the same probability to be found.

Let N be the total number of guns that could be found by this algorithm. The probability
of a gun found by the algorithm to be new would be 1—20383/N. The number of new guns
among the last 1000 different found guns is 755. So the total number of guns that could be
found by the algorithm could be estimated by N = 20383 * 1000/245 about 83196.

5 Classification

The first step to classify the glider guns is to determine the period of each gun. An
automatic process, described in the first subsection, is required. The number of streams
emitted during their period, used by the classification, is studied in a second subsection.
The last subsection describes guns that have been found that emit one, two, three, four, six,
eight, 12 and 14 gliders.
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5.1 Period of guns

The period of a gun is the number of generations before the gun returns to its first shape
after having emitted a number of gliders. To find the period of each gun the shape of the
gun in the first generation is memorized and compared to the shape throughout the fol-
lowing generations. When the shape of the first generation is recovered, the algorithm
checks if the other cells represent gliders. The period is found if the other cells only
represent gliders.

The distribution of the periods of the found guns is shown Fig. 11.

The most common period is 18. The odd periods are the most common because most of
the guns found recover a symmetric of their original shape after half of their period has
ellapsed. The lowest found gun period is seven, a seven period gun is shown in Fig. 13. A
lower gun period can not be found because the gliders of a stream emitted by a six period
gun would not be sufficiently spaced. The gun found with the highest period, shown
Fig. 29, emits 14 gliders during a period of 243 generations.

5.2 Number of emitted gliders
In order to know the number of emitted gliders for each gun, the following process is

applied:

10000

4518 5065

1690 1800 1747

1000

229

&

Number of guns

10

Period of guns

Fig. 11 Distribution of the period of the found guns. Three other guns of period 62,74 and 243 are not
shown on the graphic
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— The given glider gun evolves during its period.
— The cells of the glider gun are turned to 0.
— The number of gliders is counted.

The cells of the given glider gun are turned to 0 because gliders can be recognized
in the shape of some guns as in the synchronous not lined up two-stream gun of
Fig. 14.

The distribution of the number of guns found emitting n gliders during a period is shown
Fig. 12.

Guns that emit one, two, three, four, six, eight, 12 and 14 gliders were found. The most
common number of emitted gliders is two. Most of this kind of guns recover a symmetric
of their original shape after half of their period has ellapsed, after having emitted a glider.
The guns emitting an odd number of gliders are not common as only guns emitting one and
three gliders were found.

5.3 One stream guns

Two different types of streams can be emitted by a gun. If the period of the gun is a
multiple of the period of the glider, the emitted gliders are in the same state during a
generation of the automaton. If not the glider is not in the same state.

The period of the glider G is 2, so if the period of the gun is even, the gliders of
the stream are in the same states. This kind of gun will be called Phased One Stream
Gun or POS Gun and if the period is odd the gun is called Dephased One Stream Gun
or DOS Gun. The two following subsections describe these two kinds of discovered
guns.
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Fig. 13 A POS gun and a DOS [

gun |

5.3.1 POS gun

Figure 13 shows a POS gun with a emitted glider. The period of this gun is 10. The number
of POS gun is 1,123 so 95% of one stream guns found are POS guns.

5.3.2 DOS gun

Among the 20383 discovered guns, there are 59 DOS Guns. Figure 13 shows a DOS gun of
period 7.

5.4 Two stream guns

Two streams emitted by a discovered gun can be orthogonal or parallel. If the streams are
parallel then they can be lined up or not lined up. So, there can be three cases:

— Orthogonal.
— Lined up.
— Not lined up.

During the period of a discovered gun, two streams can be emitted at the same time
during the period of the gun or at different times; the terms asynchronous and synchronous
streams will be used. At a given generation, two asynchronous streams can be in the same
state, so these two streams are called phased streams, or in different states so they are
called dephased streams. Three cases exist:

— Synchronous.
— Phased.
— Dephased.

The discovered guns that emit two streams can be classified in nine categories. Fig-
ures 14, 15 and 16 show one found glider gun of each category.

The numbers of two stream guns found by the algorithm of each type are shown in
Table 2.
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Fig. 14 From left to right: synchronous orthogonal two-stream gun, synchronous lined up two-stream gun,
synchronous not lined up two-stream gun
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Fig. 15 From left to right: phased orthogonal two-stream gun, phased lined up two-stream gun, phased not
lined up two-stream gun

5.5 Three stream guns
The three streams emitted by a discovered gun can be directed toward two cardinal
directions or toward three cardinal directions.

The three emitted gliders can be in the same phase or in two different phases. The three
streams are called phased streams or dephased streams.
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Fig. 16 From left to right: dephased orthogonal two-stream gun, dephased lined up two-stream gun,
dephased not lined up two-stream gun

Table 2 Number of two stream guns of each type

Syncronous Asynchronous Asynchronous Sum
and phased and dephased
Orthogonal 69 110 105 284
Parallel and lined up 1461 2499 9692 13652
Parallel and not lined up 112 286 301 699
Sum 1642 2895 10098 14635

During the period of a discovered gun, three streams can be emitted at the same time
during the period of the gun, at two different times or at three different times, the following
terms are used respectively:

— Asynchronous.
— Semi-asynchronous.
— Synchronous.

Among the 12 possible categories, guns were discovered in only four of them. Figure 17
shows one gun of these categories.

The numbers of three stream guns found by the algorithm of each type are shown in
Table 3.

5.6 Four stream guns
The four streams emitted by a discovered gun can be directed toward the four cardinal
directions or toward two cardinal directions. If the streams are directed toward the four

cardinal directions then they can be lined up 2 by 2 or not lined up. So, there are three
cases:
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Fig. 17 From left to right: dephased, asynchronous and directed toward two directions three-stream gun,
phased, asynchronous and directed toward two directions three-stream gun, phased, synchronous and
directed toward three directions three-stream gun, phased, semi-asynchronous and directed toward three
directions three-stream gun. The block of four cells in the shape of the last gun is an eater found by accident
for this gun

Table 3 Number of three stream guns of each type

Directed toward: Sum
Two cardinal Three cardinal Two cardinal Three cardinal
directions and directions and directions and directions and
phased Phased dephased dephased
Asynchronous 4 12 0 16
Semi-asynchronous 0 0 0
Synchronous 0 0 0
Sum 4 13 12 0 29

— Directed toward two cardinal directions.
— Directed toward four cardinal directions and lined up.
— Directed toward four cardinal directions and not lined up.

During the period of a discovered gun, four streams can be emitted at the same time, at
two different times or at four different times, the following terms are used respectively:

— Asynchronous.
— Semi-asynchronous.
— Synchronous streams.

At a given generation, four streams can be in the same state or in two different states.
The four streams are called phased streams or dephased streams.
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Figures 18, 19, 20, 21, 22 and 23 show a gun from each of the 16 categories for which
guns were found among the 18 possible categories of gun emitting four gliders.

The numbers of four-stream guns found by the algorithm of each type are shown in
Table 4.

5.7 Six stream guns

Thirty eight 6-stream guns were found. These guns can be put in four types described
below and shown Fig. 24.

.I.

e
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Perjod Period
e ] -"ﬁ
A = T
HH | ‘ :
il it i mmaag
Fua® s mam ) i -4 -

s T B | .

I\?I : | I [

i w0 HEH Sl
=\?= v I 3 H

Fig. 18 Phased and asynchronous four-stream guns. From left to right: directed toward two directions, four
directions lined up and four directions not lined up

Fig. 19 Phased and semi-asynchronous four-stream gun. From left to right: directed toward two directions,
directed toward four directions lined up and directed toward four directions not lined up
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Fig. 20 Phased and synchronous four-stream guns. From left to right: directed toward two directions, four
directions lined up and four directions not lined up
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Fig. 21 Dephased and asynchronous four-stream guns. From left to right: directed toward two directions,
directed toward four directions lined up and directed toward four directions not lined up

First type. The six gliders can be emitted at four different times and toward six
directions. Two couples of gliders are lined up as shown Fig. 24 for one of the 10 guns
of this type.

Second type. The six gliders can be emitted at three different times. The six gliders are
emitted two by two toward four directions. As shown Fig. 24 for one of the two guns of
this type, four gliders are lined up.
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Fig. 22 Dephased, semi-asynchronous four-stream gun. From left to right: directed toward two directions,
directed toward four directions lined up and directed toward four directions not lined up

Table 4 Number of four stream guns of each type

Asynchronous  Semi-asynchronous Synchronous Sum

Phased
Directed toward
Two cardinal directions 16 73 1 90
Four cardinal directions and lined up 10 591 2306 2907
Four cardinal directions and not lined up 90 67 50 207
Sum 116 731 2357 3204
Dephased
Directed toward
Two cardinal directions 440 109 0 549
Four cardinal directions and lined up 15 531 12 558
Four cardinal directions and not lined up 94 72 0 166
Sum 549 712 12 1273
Sum

Directed toward

Two cardinal directions 456 182 1 638
Four cardinal directions and lined up 25 1122 2318 3465
Four cardinal directions and not lined up 184 139 50 373
Sum 665 1443 2369 3348

Third type. The six gliders can be emitted at two different times. For the 13 found guns
of this type, a first group of three gliders are emitted at half of the period and the three
other gliders at the end of the period. The six gliders are emitted three by three toward
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Fig. 23 Dephased, synchronous i
and directed toward four
directions lined up four-stream

gun
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Fig. 24 From left to right: one six-stream guns of each four discovered types

six directions. As shown Fig. 24 for one of these guns, two couples of gliders are lined
up.

Fourth type. The six gliders can be emitted at the same time. For the four guns of this
type, the six gliders are emitted toward six directions. As shown Fig. 24 for one of these
guns, two couples of gliders are lined up.

The numbers of six-stream guns found by the algorithm of each type are shown in
Table 5.

Table 5 Number of six stream guns of each type

Emitted at: Sum
The same Two different Three different Four different
time times times times
Directed toward
Four directions 0 0 4 0 4
Six directions 4 21 0 11 36
Sum 4 21 4 11 40
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5.8 Eight stream guns

Sixty four 8-stream guns were found. These guns can be put in five types described below
and shown figs 25 and 26.

First type. The eight gliders can be emitted at six different times and toward six
directions. Two couples of gliders are lined up as shown Fig. 25 for the only gun of this
type.

Second type. The eight gliders can be emitted at two different times, toward four
different directions and all in the same phase. As shown Fig. 25 for one of the sixteen
found guns of this type, there are two groups of four lined up gliders.

L) .I=I -==.
Aftera After a Aftera
Period Period Period

: |

\ frrh. R HH

nin — /N\ - ailn

Y A
I‘\ | l‘\ =L=
. - I B g
<—:E | E:—> <'J.! = = j.!. ® !:> - ) -
i i e feis

= e T
- ! v

! |

Fig. 25 From left to right: one eight-stream guns of the three first discovered types

Fig. 26 From left to right: one
eight-stream guns of the two last
discovered types
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Third type. For the five guns of this type, The eight gliders are emitted at two different
times, toward eight different directions and four in the same phase as shown Fig. 25.
Fourth type. The eight gliders can be emitted at four different times. The eight gliders
are emitted toward four directions with two gliders by directions. One of the eight guns
of this type is shown 25.

Fifth type. The thirty four guns of this type are like the guns of the second type but only
four gliders are in the same phase as shown Fig. 25 for one of the thirty four guns found
of this type.

The numbers of eight-stream guns found by the algorithm of each type are shown in
Table 6.

5.9 Twelve stream guns

Guns that emit 12 streams during their period are not very common among the 20383 guns
discovered. There are only two types of these guns called 12-stream guns.

The first 12-stream gun, shown in Fig. 27, emits four gliders at generations 10, 21 and
26 and its period is 38.

The second 12-stream gun, shown in Fig. 28, emits four gliders at generations 4, 14 and
38 and its period is 39.

Table 6 Number of eight stream guns of each type

Emitted at: Sum
Two different Four different Six different
times times times
Phased
Directed toward
Four directions 21 0 0 21
Six directions 0 0 2 2
Eight directions 12 0 0 12
Sum 33 0 2 35
Dephased
Directed toward
Four directions 54 10 0 64
Six directions 0 0 0 0
Eight directions 0 0 0 0
Sum 54 10 0 64
Sum
Directed toward
Four directions 75 10 0 85
Six directions 0 0 2 2
Eight directions 12 0 0 12
Sum 87 10 2 99
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Fig. 27 A gun that emits 12
streams during its period
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Fig. 28 Discovered gun that
emits 12 streams during its period
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5.10 Fourteen stream guns

Only one 14-stream gun, shown Fig. 29 has been found. The period of this gun is 266 and
two gliders are emitted toward two opposite directions at each of the four following
generations: 23, 133, 156 and 266. In the first other direction one glider is emitted at
generations 89, 122, and 266 and to finish in the last direction one glider is emitted at
generations 133, 222 and 225.

6 Glider gun emitting diverse gliders
Our approach has also been applied to search for guns emitting other types of gliders.

Using the same parameters as in the previous section, guns have been searching for the 100
gliders found by the algorithm described in Sapin et al. (2003, 2004a, b). Ten executions of
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Fig. 29 A gun that emits 14 streams during its period
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Fig. 30 Gliders of speed 1 for which guns have been searched for.
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around them are the one for which at least one gun has been found

The gliders with black line border

our evolutionary algorithm per glider allow us to find guns for 55 gliders as shown
Figs. 30, 31, 32 and 33.

The averages of guns found for diagonal gliders and orthogonal gliders of each speed
and each period are shown in Table 7.
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Fig. 31 Gliders of speed 1/2 for which guns have been searched for. The gliders with black line border
around them are the one for which at least one gun has been found
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Fig. 32 Gliders of speed 1/3, 1/4, 1/5, 2/7 and 1/9 for which guns have been searched for. The gliders with
black line border around them are the one for which at least one gun has been found

The highest average is for period 2 and speed 1/2 that is the same period and speed of

the glider G of Fig. 34.

The glider for which the most guns have been found is shown Fig. 7.
We can see some shape similarities between these gliders and the glider G.
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Fig. 33 Diagonal gliders for which guns have been searched for. The gliders with black line border around
them are the one for which at least one gun has been found

Table 7 The averages of guns found for diagonal and orthogonal gliders of each speed and each period

Orthogonal glider

Speed/period 1 2 3 4 5 6 7 10
1 0.69 1.36 0.67 1.25 - - - 1
172 - 2.71 - 1 - 1 - -
1/3 - - 0.6 - - - - -
1/4 - - - 0 - - - -
1/5 - - - - 0 - - -
2/7 - - - - - - 0 -

Diagonal glider

Period 2 3 4 6 7 9 24

Average of found guns 0 1 0.12 1 0 0 0

7 Synthesis and perspectives

This paper deals with the emergence of computation in complex systems with local
interactions. Different search methods are tried to find glider guns, building on previous
work shown in Sapin et al. (2003, 2004a, b).

In particular, the Monte Carlo method, the tabu search and the evolutionary algorithms
are explored with different parameters. The best results are found for an evolutionary
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Fig. 34 Gun emitting gliders for which the most guns have been found

algorithm. The experimentation showed that crossover in the evolutionary algorithm plays
a key role in the search process. Future work will consider other search techniques.

The algorithm succeeded in finding 20383 glider guns (Sapin 2007) for the glider of
Fig. 4 and found eaters in some cases by accident as shown in Fig. 17. A classification of
the guns is presented based on the number of emitted gliders. For 100 different gliders we
found 55 guns. For most of these gliders, no glider gun was known before.

The emergence of this number of glider guns is a very surprising result as Resnick et al.
claimed: ““You would be shocked to see something as large and organized as a glider gun
emerge spontaneously.”” (Resnick and Silverman 1996). The existence of so many dif-
ferent glider guns shows that they are far more easy to find than Wolfram has claimed
about glider guns “‘There are however indications that the required initial configuration is
quite large, and is very difficult to find.” (Wolfram 1984). Thus the discovery of the
emergence and existence of so many different glider guns represents a significant contri-
bution to the theory of cellular automata and complex systems that considers
computational theory.

Further goals can be to find all the glider guns the algorithm can find and to find fitness
functions in future which will discover the classes of missing of guns. All these automata
may be potential candidates for being shown universal automata thanks to an automatic
system for the demonstration of universal automata that can be developed. Then, another
domain that seems worth exploring is how this approach could be extended to automata
with more than two states (Wuensche and Adamatzky 2008).

Future work could also be to calculate for each automaton some rule-based parameters,
e.g., Langton’s lambda (1990). All automata exhibiting glider guns may have similar
values for these parameters that could lead to a better understanding of the link between the
rule transition and the emergence of computation in cellular automata and therefore the
emergence of computation in complex systems with simple components.
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