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EVOLUTION OF TWO-DIMENSIONAL CELLULAR AUTOMATA.

NEW FORMS OF PRESENTATION

The paper considers cellular automata and forms of reflection of their evolution. Forms of evolution of elementary cellular
automata are known and widely used, which allowed specialists to model different dynamic processes and behavior of systems in
different directions. In the context of the easy construction of the form of evolution of elementary cellular automata, difficulties
arise in representing the form of evolution of two-dimensional cellular automata, both synchronous and asynchronous. The evo-
lution of two-dimensional cellular automata is represented by a set of states of two-dimensional forms of cellular automata,
which complicates the perception and determination of the dynamics of state change. The aim of this work is to solve the prob-
lem of a fixed mapping of the evolution of a two-dimensional cellular automaton in the form of a three-dimensional representati-
on, which is displayed in different colors on a two-dimensional image The paper proposes the evolution of two-dimensional cel-
lular automata in the form of arrays of binary codes for each cell of the field. Each time step of the state change is determined by
the state of the logical "1" or "0". Moreover, each subsequent state is determined by increasing the binary digit by one. The resul-
ting binary code identifies the color code that is assigned to the corresponding cell at each step of the evolution iteration. As a re-
sult of such coding, a two-dimensional color matrix (color image) is formed, which in its color structure indicates the evolution
of a two-dimensional cellular automaton. To represent evolution, Wolfram coding was used, which increases the number of rules
for a two-dimensional cellular automaton. The rules were used for the von Neumann neighborhood without taking into account
the own state of the analyzed cell. In accordance with the obtained two-dimensional array of codes, a discrete color image is for-
med. The color of each pixel of such an image is encoded by the obtained evolution code of the corresponding cell of the two-di-
mensional cellular automaton with the same coordinates. The bitness of the code depends on the number of time steps of evoluti-
on. The proposed approach allows us to trace the behavior of the cellular automaton in time depending on its initial states. Expe-
rimental analysis of various rules for the von Neumann neighborhood made it possible to determine various rules that allow the
shift of an image in different directions, as well as various affine transformations over images. Using this approach, it is possible
to describe various dynamic processes and natural phenomena.

Keywords: Cellular automata; image; cell neighborhood; evolution.

Introduction

We dont really know how we think. Sometimes soluti-
ons to long-standing tasks come to us unexpectedly. We of-
ten forget about them, but the brain works and works on its
own. Cellular automata will help us to understand these
processes.

Today, the development of scientific research in the fi-
eld of information technology, as well as scientific experi-
ments using modeling, is increasingly being implemented
on the basis of cellular automata (CA), which are built on
new paradigms and models of their representation [2], [3],
[71,19], [15], [17]. CAs are a physical space of discrete ele-
ments that change their states in time, and, therefore, the
state of the entire CA (the entire discrete physical space)
changes in time. Such changes in CA states in time enable
researchers to simulate various dynamic processes, as well
as achieve and predict system states based on various initial
settings [2], [9], [16], [24]. One of these works, considering
the primitive behavior of cell colonies, is the Game of Life,
which was proposed by Conway [16]. This work examines
the evolution of various colonies formed from different ini-
tial forms of "living" cells. The formation of new forms of
colonies, the movement of colonies and their death are con-
sidered. However, at the final time of the evolution of the
colony, only the final form of such evolution is recorded,
and intermediate forms are lost. In this case, it is impossible

to recreate a clear picture of the change process. You need
to repeat all over again. The Game of Life is still being re-
searched in many publications [2], [16].

Research objectives. Due to the fact that the representa-
tion of the evolution of two-dimensional CAs in the form of
a set of two-dimensional arrays with different states often
leads to the construction of false models of dynamic proces-
ses, the paper solves the problem of representing the evolu-
tion of two-dimensional cellular automata in the form of a
single two-dimensional picture. This representation of evo-
lution allows you to efficiently simulate dynamic processes
and effectively solve image processing problems.

The object of study — the process of presenting the evo-
lution of two-dimensional cellular automata.

Subject of research — methods for constructing the evo-
Iution of two-dimensional cellular automata based on
Wolfram coding and presenting them as a two-dimensional
color image to display the process of changing the states of
cellular automata over time.

The purpose of research — the aim of this work is to sol-
ve the problem of a fixed display of the two-dimensional
cellular automata evolution in the form of a three-dimensi-
onal representation, which is displayed in different colors
on a two-dimensional image, which makes it possible to ef-
ficiently process and recognize images.

The scientific novelty of the obtained research results —
to study new forms of representation of the evolution of
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two-dimensional cellular automata using Wolfram coding,
which allowed image processing using typical logical
functions from several arguments.

The practical significance of the research results — that
the obtained results allow to build a structure for the
description and processing of images in the grayscale and
color images. Research makes it possible to define functi-
ons based on cellular automata to perform various affine
image transformations.

Analysis of literary sources. One-dimensional CA,
which are also called elementary CA (ECA), play a huge
role in the formation of the picture of the display of evoluti-
on. They are detailed by Stephen Wolframs in work [24]. In
this work, S. Wolfram considered all possible functions of
cell transitions at each time step. Functions of two argu-
ments are considered, which are signals of the states of two
nearest neighboring cells. On the basis of ECA, a two-di-
mensional picture of evolution is well formed. ECA are
used to solve many problems in various areas of human life
[1], [17].

At the same time, a large volume of problems in science
and technology is solved using two-dimensional CA
(TDCA). In this case, the evolution of a TDCA can only be
represented by forming a set of two-dimensional images of
the CA at fixed times. This approach complicates the
analysis of the general picture, in which the dynamics of
changes in the states of the CA is recorded (memorized) du-
ring a given set of time steps.

In modern literature, the evolution of two-dimensional
cellular automata is represented by a sequence of two-di-
mensional arrays, which complicates the analysis of the
dynamics of changes in the CA states over time [1], [2], [9],
[7], [17]. Behavioral schemes in modeling the dynamics of
changes in the states of various systems and the interaction
of elements of such systems are mainly considered. On the
basis of field two-dimensional pictures in CA modeling of
dynamics of behavior of objects is carried out. This appro-
ach often gives a misconception about the behavior of the
system [1], [13], [19], [22], [25]. Therefore, new effective
forms of representing the evolution of two-dimensional cel-
lular automata are now being sought [7], [9].

There are also various approaches to the representation
of evolution that use genetic algorithms and instructions
[11], [18], [21], based on conditionally appropriate rules [4]
based on routine evolution for complex CAs [5], evolution
based on neural networks [12], [14]. There are also works
devoted to the comparison of different types of evolution
[6]. However, all considered evolutions show two-dimensi-
onal paintings as a sequence of two-dimensional arrays,
which complicates the process of analyzing evolution for
modeling various two-dimensional dynamic processes. Es-
pecially well-known approaches do not give qualitative re-
sults in the implementation of image processing methods.

Research results and their discussion

Display of ECA evolution. ECA is one-dimensional
and represents a line of cells, each of which can be in one
of two states: logical "1" or logical "0". For each cell, a rule
is defined, according to which the state of the cell is deter-
mined at the next time step [23], [24]. The states of the con-
sidered cell and the states of its neighbors at the current ti-
me step are taken into account.

Since only three cells are used, 2° = 8 possible combina-
tions of the state of a cell and its two neighbors can be used
to implement all the rules. For the two nearest neighboring
cells (right and left), Stephen Wolfram established the order
of using 256 rules for the transition of the cell state at the
next time step [24]. Each rule sequence number defines a
rule number as well as a binary transition code. This means
that the cell can go to one of eight states, determined by the
binary code of the rule. For example, the rule
184,,=10111000,. Each digit from right to left is indicated
by a three-bit binary code, as shown in Table 1 for rule 184.

Table 1. Transition rule 184 for ECA

Cells The state of the cell a;(z + 1) at
a1 () ai(f) o) the next time step
0 0 0 0
0 0 1 0
0 1 0 0
0 1 1 1
1 0 0 1
1 0 1 1
1 1 0 0
1 1 1 1

What are the rules set up for?

These rules allow you to analyze the evolution of ECA
behavior and determine the possible application of each ru-
le. So rule 110 leads to a complete automaton (according to
Turing), and rule 90 can be used to construct a pseudo-ran-
dom number generator.

The analysis of Wolfram rules for ECA is carried out by
constructing the evolution of ECA behavior in time. In this
case, the initial states of ECA cells are taken into account.
The evolution of ECA behavior is presented in the form of
a two-dimensional picture, which is represented by a matrix
of size KxT (where K — ECA cell count, T — number of ti-
me steps of evolution). An example of evolution for rule
184 by one cell, which has a state of logical "1", is shown
in Fig. 1.

cl|lo|o|eo|o|e|e

ol|lo|lo|lo|o|eo|e|e
col|lo|lo|o|o|o|e|e

Figure 1. Evolution of ECA behavior for rule 184. There is only
one cell in the initial state, which has a state of logical "'1"

As can be seen from Figure 1, rule 184 for ECA with
one ones cell implements the shift of the unit state to the
right. If we use a different initial state of ECA, which con-
tains more single cells, then the evolution of ECA will have
a different picture. An example of such evolution on Fig. 2
is shown.

Figure 2 shows two evolutions for different initial con-
ditions. The analysis of evolution showed that rule 184 le-
ads to the complete establishment of all cells in the state of
logical "0". Analysis of the dynamics of state change allows
us to determine the possibility of choosing rule 184 to solve
the specified problem.

Now such rules are used to solve problems in various fi-
elds. Research continues at the present time. The results of
these studies are published in many publications. Various
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forms of neighborhoods are used, and hybrid ECAs with in-
homogeneous cells are being investigated. The ability to
clearly and visually represent evolution makes such ECAs
very popular in scientific research.

Figure 2. Evolution of ECA behavior for rule 184. There are se-
veral cells in the initial ones state

TDCA evolution. TDCA are used to solve a large num-
ber of tasks [1], [17]. Specialists pay a lot of attention to
solving problems of a behavioral nature [9]. An effective
application of TDCAs was found in the problems of infor-
mation security [7] and image recognition [8]. In TDCA
studies, evolution is represented as a set of two-dimensional
pictures, which complicates the analysis of the evolution of
transitions and the description of two-dimensional changes
in states [7], [8], [9].

Neighborhood cells can be any neighboring cells of
each cell. In two-dimensional space, adjacent cells form
different shapes. In this case, the geometric shapes of the
neighborhoods are taken into account. The most commonly
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used TDCAs based on orthogonal, hexagonal, and triangu-
lar coatings. Hexagonal and triangular coverage is difficult
to implement in modern computing systems. Therefore,
they are rarely used. The most popular today is the orthogo-
nal coverage.

In a TDCA with orthogonal coverage, the most popular
are the von Neumann neighborhood (4 nearest neighborho-
od cells) and Moore (8 nearest neighborhood cells). In a
von Neumann neighborhood, neighboring cells are cells
that have common sides with the cell under consideration.
In Moores neighborhood, four neighboring cells have one
side in common (two vertically and two horizontally) and
the remaining four cells have common vertices (diago-
nally).

Logical functions are most often used to implement
TDCA transitions. The evolution of the TDCA for the logi-
cal function XOR and the von Neumann neighborhood in
Fig. 3 is shown.

An example of the evolution of a TDCA with a hexago-
nal covering and an implemented XOR function (the ne-
ighborhood cells have common sides with the cell under
consideration) in Fig. 4 is shown. In this example, the hexa-
gonal covering on rectangular cells is organized. All odd li-
nes are shifted on half a cell to the right or left. Thus, it is
possible to represent the hexagonal coverage based on
orthogonal shapes. Such a coating is presented in detail in
the works [10], [20].
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Figure 3. An example of the evolution of a TDCA with an orthogonal coverage. Implemented XOR function based on von Neumann
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Figure 5. An example of three-dimensional evolution of a TDCA
Fig. 3

For a large number of time steps of evolution, it is very
difficult to trace any dependence in the dynamics of the
TDCA behavior. Therefore, in this work, a three-dimensi-
onal construction of the evolution of behavior is proposed,
which is considered as a depth-of-depth process with color
display of the results, or in the form of a two-dimensional
array of numbers. An example of the evolution of a TDCA
according to the proposed forms in Fig. 5 is shown. Three-
dimensional evolution is described for the example shown
in Fig. 3.

In the presented example (Fig. 5), at each time step, an
increase in the code width for each cell of the TDCA is
displayed. The size of the cell code reflects the third coordi-
nate of three-dimensional evolution. The first TDCA repre-
sents the decimal value of the evolution of each cell, and
the last TDCA represents this evolution by colors for each
cell. An example of 3D evolution is presented for one logi-
cal function. For every other logical function, evolution is
represented by a different set and arrangement of numbers.

As for the functions proposed by Wolfram, a set of
functions with the same encoding for different forms of ne-
ighborhoods can also be implemented for TDCAs. Accor-
dingly, the number of such functions will be greater. Seve-
ral examples for several functions in Table 2 are presented.
Four cells of the von Neumann neighborhood are used wit-
hout taking into account the own state.

Since 2* = 16 possible combinations can be realized for
four cells of the von Neumann neighborhood, the number
of Wolfram coding rules is 2'® = 65236. Table 2 uses co-
ding in accordance with Fig. 6.

a

!
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!
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A
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v

az az

Figure 6. Coding of the cells of the von Neumann neighborhood

with an orthogonal coverage according to the evolution shown in

Table 2. 1000, 7000 and 55555 encoding rules

The state of the cell ay(z + 1)
Cells at the next time step
a) | a® | a0 | a0 | "0 | o0 | “sssss
0 0 0 0 0 0 1
0 0 0 1 0 0 1
0 0 1 0 0 0 0
0 0 1 1 1 1 0
0 1 0 0 0 1 0
0 1 0 1 1 0 0
0 1 1 0 1 1 0
0 1 1 1 1 0 0
1 0 0 0 1 1 1
1 0 0 1 1 1 0
1 0 1 0 0 0 0
1 0 1 1 0 1 1
1 1 0 0 0 1 1
1 1 0 1 0 0 0
1 1 1 0 0 0 1
1 1 1 1 0 0 1

The evolution of a TDCA is represented by a three-di-
mensional structure (Fig. 7), in which the time steps of evo-
lution are displayed along the vertical axis. The states of the
TDCA at the previous time step are the initial states for the
transition of the TDCA to the next state.

The cells of all TDCAs located on the same vertical in
evolution form a binary code, the least significant bit of
which is the cell of the first TDCA(#) in evolution, and the
highest bit is the corresponding cell along the selected verti-
cal of the last TDCA(z,,).

TOCA(t;)
TDCA(t)

Color TDCA

TDCA(t)

Evolution

TDCA(ta)

Figure 7. Formation of TDCA evolution

In accordance with the obtained two-dimensional array
of codes, a discrete color image is formed. The color of
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each pixel of such an image is encoded by the obtained evo-
lutionary code of the corresponding TDCA cell with the sa-
me coordinates. Examples of TDCA evolutions for the rules
presented in Table 2 are shown in Fig. 8.

Rule
1000

Rule
7000

" Rule
55555

Flguré 8 Eiaﬁiples bf TDCA evolutions for rules 1000, 7000
and 55555. Only four cells of the von Neumann neighborho-
od are used

In the examples (Fig. 8), TDCAs with a size of 30x30
cells are used. The number of evolution steps corresponds
to 24 time steps. The examples show different color images
from which the initial TDCA rule can be determined. It is
possible with the help of such rules to carry out various
operations. For example, using rule 1 shifts the image up,
and using rule 2 shifts the image to the right. Other image
processing operations are also implemented. Research in
this direction are continued.

Discussion of research results. The studies were carried
out for different formats of color coding in pixels (CA
cells). RGB coding format is used. A variant of the long-
term evolution of the CA was also considered, consisting of
the number of steps that exceeds the number of bits enco-
ding the colors of each pixel. The resulting binary code of
each pixel of the CA was converted into a decimal number,
which was converted into color for the corresponding pixel.
In this case, the number of evolutionary steps increased. In
modern elementary cellular automata, it is possible to simu-
late dynamic processes in which each step of evolution is
characterized by the states of a small number of cells at the
previous step. The limited states and the linear representati-
on of evolution do not allow modeling many complex pro-
cesses. The number of possible options increases with the
use of 2D cellular automata. The consistent use of various
rules allows one to describe any two-dimensional process in
dynamics. Modern methods for describing the dynamics of
transitions in a CA do not give a complete picture of the
states at various previous time steps, therefore, it is impos-

sible to describe the dynamics of behavior or predict states
at subsequent steps without displaying the complete picture
of evolution, as it is displayed in the evolutions of elemen-
tary CA. Only the initial state in a two-dimensional CA and
the final state are described, which leads to false predictions
of various events. The use of this approach to research in
CA with active cells has made it possible to obtain signifi-
cant results in the study of the trajectories of moving ob-
jects.

Conclusion

The use of a three-dimensional representation of the
evolution of two-dimensional cellular automata made it
possible to describe images using the technology proposed
by Stephen Wolfram using various rules. To date, an insig-
nificant set of such rules that are of greatest interest have
been investigated. In further research, it is planned to con-
tinue studying the transition rules in order to find useful
properties for image processing.
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Jepocasnuii ynieepcumem inghpacmpykmypu ma mexronozii, m. Kuie, Yxpaina

EBOJIIOLIA IBOBUMIPHUX KNIITUHHUX ABTOMATIB. HOBI ®OPMU I10IAHHA

Po3rnsHyTO KITiTHHHI aBTOMaTH Ta POPMH BioOpaskeHHs iX eBoJoLil. Binomo i mmupoko BUKOPUCTOBYIOTECS (POPMU €BOJTIO-
i1 eIeMEHTAPHUX KJIITUHHUX aBTOMATIB, 10 JIaJio 3MOT'y (paxiBIsIM MOJICTIOBATH Pi3Hi TUHAMIYHI MPOLIECH Ta TIOBEIIHKY CUCTEM
pi3HOrO cCripsiMyBaHHS. B KOHTeKCTi Jerkoi moOya0Bu (GOpMHU €BOJIOLIT €lIeMEHTApPHUX KJIITHHHUX aBTOMATiB TPYAHOILI BUHUKA-
I0Th Y MPEJCTaBICHHI (OpPMU €BOIIONIT TBOMIPHUX KJIITHHHHUX aBTOMATIB SIK CUHXPOHHMX TaK i acCMHXpOHHUX. EBomoiis aBo-
MipHUX KJIITUHHUX aBTOMATiB MOJA€ThCS MHOXKHMHOIO CTaHiB JBOMipHUX ()OPM KIIITHHHUX aBTOMATIB, IO YCKJIQIHIOE CIIPUMHST-
TS Ta BU3HAYCHHS TMHAMIKU 3MiHM CTaHiB. B CTaTTi 3anponoHOBaHO MOJaHHS €BOJIOLIT ABOMIpHUX KJIITHHHHAX aBTOMATIB y BHT-
TSI MAacHBIB JBiKOBUX KOMIB ISl KOXKHOI KIITHHM 1M0Js1. KOXXKHMIT 4acOBUil TakT 3MiHM CTaHIB BU3HAYAETHCS CTAHOM JIOTTYHOT
"1" a6o "0". TlpruoMy KOKHWI HACTYMHWM CTaH BU3HAYAETHCS 30iIBIICHHSAM JBIHKOBOTO po3psay Ha oauHUIO. TodTo dop-
MYETBCSI IBIKOBHIT KOl B CTOPOHY CTapIIuX po3psaiB. OTpuMaHuMit IBiKOBHIT KOl BU3HAYAE KO KOJIBOPY, KUl MPU3HAYAETHCS
BIJIMIOBIIHIM KJTITHHI HAa KOKHOMY Kpolli iTeparii eBostorlii. BHACTiIOK Takoro KoxyBaHHS (OPMYETHCS JBOMipHA MaTpHIIs
KOJILOPiB (KOJIBOPOBE 300paKEHHS), SIKA 32 CBOEIO KOJIHOPOBOIO CTPYKTYPOO (pO3TalllyBaHHS KOJILOPIB HAa JABOMiPHOMY MacHBi)
yKa3ye Ha €BOJIIOIIiI0 JBOMiPHOT0 KIITUHHOTO aBToMaTy. J[jis mpeacTaBieHHs eBOJOLIT Oy10 BUKOPUCTaHO KoayBaHHs Bondpa-
Ma, sike 3011bIIy€E KiJIbKICTh MPaBWII AJIS1 IBOBUMIPHOTO KIIITHHHOTO aBToMara. [IpaBuia BUKOPUCTOBYBAIUCH 1JIs CycincTBa (hoH
Heiimana 6e3 ypaxyBaHHs BJIaCHOTO CTaHy aHaji30BaHOi KJIITHMHHU. BiJMOBiZHO 10 OTpUMaHOro JBOBMMIPHOIO MAacHBY KOJiB
(OpPMYETBCST TUCKPETHE KONMBOpoBe 300paskeHHs. Komip KOKHOTO MiKceNs Takoro 300pakeHHs KOJYEThCS OTPUMAHHMM €BOJIIO-
LiHAM KOJIOM BiJIOBiTHOT KJIITHHU JBOMIPHOT'O KJIITHHHOTO aBTOMATy 3 TUMM K KOOpPJAWHATaMU. 3alpOIIOHOBAHUM TiIXif da€e
3MOTY MPOCTEKYBATH MTOBEIIHKY KJIITHHHOTO aBTOMATy B Yaci 3aJIe)KHO BiJ] HOTO MTOYAaTKOBHUX CTaHIB.

Knwouosi cnoga: xnitiHHMT aBTOMAT; 300payKEHHSI; OKOJMILS KIIITHH; SBOJIIOLLISI.
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