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Abstract

The goal of this work is to create a tool based on a translation automaton that supports
artists by offering a structured approach to visual art. As a result of this work, a web based
application, now accessible online, was developed with the use of React framework. The
tool implements translation rules using cellular automaton, providing artists with variety
of creative transformations that enable them to envision potential changes in their existing
work and discover new possibilities for post-production image editing.

Abstrakt

Cilem této prace je vytvorit nastroj zalozeny na prekladovém automatu, ktery podporuje
umélce poskytnutim strukturovaného piistupu k vytvarnému uméni. Vysledkem této prace
je webova aplikace dostupnd online, kterd byla vyvinuta s vyuzitim frameworku React.
Nastroj implementuje prekladové pravidla pomoci celuldrniho automatu a poskytuje umél-
cum rizné kreativni transformace, které jim umoznuji predstavit si potencidlni zmény jejich
stavajicich dél a objevit nové moznosti postprodukénich tprav obrazu.
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Rozsireny abstrakt

Vizualni uméni je vykonny komunika¢ni prostiedek, ktery prekracuje hranice bézného
jazyka a zprostifedkovava slozité pribéhy a emoce. Umélci vyuzivaji prvky jako barvu, tvar a
texturu k vytvareni poutavych zazitkt. Formalizace struktury umeéni jako jazyka umoznuje
jeho reprezentaci prostrednictvim konecného stavového automatu, coz nabizi novy zpusob
interpretace a zpracovani vizudlniho uméni.

Hlavnim cilem této préace je vytvorit néstroj zalozeny na prekladovém automatu, ktery
poslouzi umélctim pri tvorbé. Nastroj je inspirovan abstraktnimi a geometrickymi olejo-
malbami z pocatku 20. stoleti a kombinuje tyto umeélecké styly s moderni estetikou a
generativnimi algoritmickymi umeéleckymi technikami. Takovy nastroj muze slouzit jako
postprodukéni pomtcka nebo zdroj inspirace, pomaha umélcim vizualizovat mozné trans-
formace a otevird nové cesty v jejich tvarcéim procesu.

P1i zkoumani moderniho umeéni se studium zaméiuje na abstraktni a geometrické styly,
jako je orfismus, suprematismus a neoplasticismus, snazi se pochopit a zachovat jejich vyz-
namné techniky a charakteristiky v ramci aplikace. Piehled teoretickych zdkladu prekladovych
a bunéénych automatti poskytuje podklad pro implementaci systému. Nasledny vyvoj a ar-
chitektura aplikace, véetné komplikaci, které se vyskytly a byly vyfeseny, jsou podrobné
popsany v ramci celé prace. Praci uzavird uceleny prehled vSech integrovanych pravidel a
nékolik prikladt pouziti aplikace, a také nékteré navrhy na budouci vylepseni.

Propojenim teoretickych poznatki s praktickou aplikaci vznikd systém, ktery pod-
nécuje uzivatele k tviréimu experimentovani s transformaci obrazu. Architektura postavend
na frameworku React podporuje zpracovani a dpravy obrazk prostrednictvim rtznych
vlastnich komponent. Kromé manipulace s obrazem a unikatnich vizualnich transformaci
fizenych pravidly celularniho automatu obsahuje aplikace také kvantizaci barev, automat-
ické generovani pravidel a metriky umeélecké kvality.
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Chapter 1

Introduction

Visual art serves as a sophisticated form of communication that surpasses the conventional
boundaries of language to convey intricate ideas and narratives. Artists leverage imagery,
harnessing elements such as color, form, and texture to create experiences that engage the
viewer’s senses and emotions. By formalizing the structure of art, we establish it as a formal
language. Representing this formal language can be achieved through the application of a
finite state automaton, which provides a structured approach to interpreting and processing
the elements of visual art.

The main goal of this work is to create a tool suitable for artistic purposes, that is
based on translation automaton. The application is designed with abstract and geometric
oil paintings from the early twentieth century in mind and aims to integrate them with
the precise aesthetics and generative algorithmic art techniques available today. Such tool
can serve as a post-production resource or as a source of inspiration, enabling artists to
visualize potential future transformations and discover previously unexplored possibilities
in their creative process.

Chapter 2 begins with a brief study of the key features of modern art, focusing specif-
ically on abstract and geometric styles such as orphism, suprematism, and neoplasticism.
This chapter examines the significant techniques and characteristics of these art movements,
aiming to understand, preserve, and celebrate them in the application. In Chapter 3, the
theoretical foundations of translation automaton and cellular automaton are explored, pro-
viding a solid basis for subsequent implementation. The next chapter includes explanation
of the application’s architecture and the framework used in its development. It also discusses
additional features, the complexities encountered and resolved during implementation, and
other technical details (Chapter 4). The work culminates in Chapter 5, which offers an
overview of all the integrated rules and a demonstration of the application’s usage and
capabilities. Finally, in Chapter 6, the achievements are summarized, and suggestions for
future improvements to the developed application are proposed.

The latest version of the application developed in scope of this work is available online
on the following link:
https://dionysusbacchus.github.io/Art_CA/


https://dionysusbacchus.github.io/Art_CA/

Chapter 2

Brief Review of Modern Art
Aesthetics

To develop a useful artistic tool, one must understand various artistic methods. Though
numerous art styles and movements exist, the focus will be on a select few. In this chapter,
examining art movements from the avant-garde period — recognized for their streamlined
shapes, abstract themes, and vibrant use of color — provides insight into their influence
and applications in contemporary artistic practice.

Premise in Technological Change

Historically, painting has been closely linked to realistic themes and objects, with the pri-
mary genres being portraiture, landscape, and still life. Art served as a representation
and depiction of the world around the painter. Capturing real-life objects accurately is a
complex task, requiring understanding of the proper projection of the three-dimensional
world onto two dimensions of a canvas. Achieving precise matches in color, shades, and
forms demands significant skill, knowledge, and effort. Despite these challenges, traditional
painting was one of the few methods available to represent subjects and people. This made
skilled painters essential for tasks such as creating family portraits or depicting biblical
scenes in church interiors, making realistic painting an important and relatively profitable
profession. This persisted until the advent of photography.

Exploration in photography began as early as the 18th century but did not gain signif-
icant success until the mid-19th century [38]. Initially, it was a pursuit for skilled chemists
rather than the general public. Even after the development of daguerreotype photography,
which brought to market family photos as an alternative to painted portraits, the process
involved long exposures and inconsistent quality, illustrated in Figure 2.1. The turning
point came in 1884 when George Eastman introduced photographic film as an alternative
to photographic plates. His Kodak camera, released in 1888, brought amateur photography
to life.

With this advancement, anyone could capture a realistic image of a beautiful tree, their
child, or even create a self-portrait quickly and easily with a ready to use simple box. No
longer were painting skills, oils, or knowledge of anatomy and color theory required. This
new creative tool fulfilled the representational purpose of imagery, effectively undermining
the main aspect of oil painting and causing a major upheaval in visual art. Artists world-
wide had to reconsider their motivations and question traditional methods and constraints,
leading to the emergence of modern art movements.



PUNCH’S ALMANACK FOR 1855.

INTERESTING GROUP POSED FOR A DAGUERREOTYPE
BY A FRIEND OF THE FAMILY.

INTERESTING AND VALUABLE RESULT. I

Figure 2.1: An 1855 Punch cartoon satire about daguerreotype photography



Comparing the technological progress in photography described above with the recent
rise of deep learning text-to-image models presents an intriguing mind exercise. While
this new generative tool has gained popularity among the general public, it faces resistance
within the art community. Digital artists, in particular, express significant concern, distaste,
and apprehension regarding Al-generated creative images. One can only speculate about
the new styles this crisis might spawn. This situation highlights the need to develop a
creative, artist-friendly, and partially generative application.

Philosophy of Modern Art

The early 20th century witnessed significant changes and advances in scientific, technolog-
ical, and sociological areas. As artists no longer felt the need to precisely replicate reality
in their work, they began exploring themes such as emotions, abstractions, and dreams.
This period marked an era of experimentation with traditional rules and conventions, often
breaking or dramatically altering them. Instead of striving for realistic color perception,
artists embraced bold and vibrant colors, low contrast, monochrome, or even entirely color-
less works. Similarly, rather than adhering to the rules of optics and physics, artists began
to deconstruct reality, distort dimensions, and play with shapes and symbols to create visual
illusions and simplify subjects.

The upcoming sections of this chapter will examine several selected artists in the context
of their respective art movements. Their works will serve as crucial testing data for the
application developed later in this thesis.

Abstract Art of Wassily Kandinsky [12] Wassily Kandinsky’s work marked the be-
ginning of a new era in art, where the intangible and ineffable found tangible form on the
canvas. His approach to abstract art invited viewers to interpret and engage with his pieces
on a deeply personal level, moving beyond literal interpretation to tap into the subconscious
and spiritual realms. In his book ,,Concerning the Spiritual in Art“[19] he writes:

Color is the keyboard, the eyes are the hammers, the soul is the piano with
many strings. The artist is the hand that plays, touching one key or another,
to cause vibrations in the soul.

Kandinsky sought to liberate artistic expression from the constraints of recognizable
subject matter, instead focusing on evoking emotion and spirituality through form and
color. His own experience with synesthesia, a condition where one sense is perceived in
terms of another, played a key role in his artistic vision, as he often heard colors and
saw sounds. This allowed him to explore the synthesis of color, line, and shape to convey
profound inner experiences and universal truths, offering viewers a unique and immersive
experience in his work. The main features of this style are:

e Dynamic non-representational forms
e Vibrant color palette
¢ Rhythmic and harmonious composition

Examples of Kandinsky’s artworks can be seen in Figure 2.2.



Cubism of Paul Klee [2] Cubism emerged as a revolutionary art movement pioneered
by Pablo Picasso and Georges Braque. It radically departed from traditional artistic con-
ventions by depicting objects from multiple perspectives simultaneously, challenging the
viewer’s perception of space and form. The main features of this style are:

e Geometric shapes
o Fragmented forms

e Deconstruction of subjects into their component elements

Paul Klee’s diverse artistic elements cannot be claimed strictly cubist, but are rather of
a style that is distinctly his own. However, despite absence of cubists’ analytical tendencies,
there is a clear influence of this art movement in his work. His geometrical compositions
have a unique blend of abstraction and whimsy, and are marked by a distinctive playfulness
and vibrant color palette. Examples of Klee’s artworks can be seen in Figure 2.3.

Neoplasticism of Piet Mondrian [4] Neoplasticism asserts that even the most realistic
art styles fail to capture reality in its purest form. Every artist manipulates and refines
their subject to render it aesthetically pleasing, engaging, and balanced. Striving to distill
art to its purest form, aiming to achieve a universal harmony, neoplasticism artists are using
the least to achieve the most.

The main features of this style are:

e Use of only primary colors: red, blue and yellow
e Only straight lines

e Non-representational compositions

Being the pioneer of the art movement, Mondrian’s works exemplify this aesthetic. The
key aspect is the balance between form, space and color. The goal is to evoke a sense
of equilibrium and order through visual language of squares, rectangles, and straight lines.
Just as any book can be represented by the alphabet, Mondrian’s compositions in red, blue,
and yellow encapsulate the essence of any oil painting. Examples of Mondrian’s artworks
can be seen in Figure 2.4.

Orphism of Robert Delaunay [14] Orphism, cofounded by Robert Delaunay and his
wife, Sonia, was a short-lived movement that brought a fresh perspective to the artistic
world. His artistic journey began with roots in Cubism, but he gradually shifted away from
its monochromatic palette and angular forms towards a more vibrant and fluid approach.
The main features of this style are:

o Bold overlapping shapes
e Dynamic compositions
e Interplay of light and movement

His works feature circular forms and vivid color gradients that create a sense of rhythm
and energy, emphasizing the emotional impact of color and its ability to generate depth.
Combining the structural aspects of Cubism with the rich hues of Fauvism, Delaunay’s art
is filled with musicality and dynamism. Examples of Delaunay’s artworks can be seen in
Figure 2.5.



Suprematism of Kazimir Malevich [34] Suprematism, founded by Kazimir Malevich

in 1913 with a series of artworks sharing the same name, was a revolutionary movement

that emphasized the supremacy of feeling and perception through non-objective forms.
The main features of this style are:

e Basic geometric shapes
e Limited range of colors
e Simplicity and reduction

Malevich’s distinctive style features simple, abstract shapes such as squares, rectangles,
and circles, often arranged in a seemingly floating, asymmetrical manner on the canvas.
These geometric forms are rendered in a limited color palette, creating a striking visual
impact that emphasises form and composition. The level of abstraction suggest movement
and depth, creating a sense of weightlessness and dynamic balance. The forms and colors
exist in a non-Euclidean space, allowing the paintings to be hung in any orientation, which
elevates the focus from representational art to pure feeling and perception, leaving room
for viewers to interpret and engage with the work on a personal level.

Examples of Malevich’s artworks can be seen in Figure 2.6.
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Chapter 3

Two-Dimensional Automata

This chapter will provide formal definition and examples of translation automata and cel-
lular automata, discuss their similarities, differences and potential use in context of visual
art.

Translation Automaton

Translation Automaton (TA), also known as Finite Transducer or Finite Automaton with
Output is a mathematical model of computation similar to Finite Automaton [29]. It is
an abstraction of a machine that can be in exactly one state at a time and can transition
from one state to another in response to input. Apart from classical Finite Automata, a
Translation Automaton not only has an input, but also an output tape. Formally, it can
be described as follows:

Definition 1. Translation automaton is a quintuple M = (Q, s, F, 3, R), where
e () is a finite set of states
e s € (Q is the start state
e FFCQ isa set of final states

e X is an alphabet such that XNQ = 0 and ¥ = X1 UXo, where X1 is an input alphabet
and Yo is an output alphabet

e RCQ(XErU{e}) x QX is a finite set of transition rules, denoted as (pa,qz) € R for
P,q € Q,a€XrU{e},ze Xy

To better illustrate the principle of TA, consider the following example. Imagine an
automaton M that is designed to remove redundant unary operators of negation. That is,
for an even number of negation operators (ex. =—a) automaton output is a and for an odd
number the output is —a. Set of states is then defined as @ = {s,q, f}, where s is a start
state and f € F. The alphabet ¥ = {—,a e} where € is an empty symbol and ¥; = {—, a}
while ¥p = 3. Computation begins in the state s, which corresponds to an even number
of read negation symbols (treating zero as an even number), while ¢ corresponds to an odd
number of read — and f corresponds to read a. The rule set is then:

14



R=1{1,2,3,4}
1: (sa, fa)

2: (s, qe)

3: (g, se)

4: (qa, f-a)

Meaning, that if symbol « is read in s state, M moves to state f and writes a to output.
If symbol — is read, M moves to state ¢. Note that when — symbol is read, no symbol, or
formally €, is written to output. This holds true also in case of state ¢, where symbol —
moves M back to state s. If a is read in ¢, the state is changed to f and sequence —a is
written.

Such an automaton is capable to accept any number of negation symbols and provide
correct output. For example, to accept string =——a, M applies the following rule sequence:
2,3,2,1. For an even number of negation symbols the sequence would be 2,3,2,...,3,4,
always oscillating between states s and ¢ until a symbol is read.

The use of translation automaton in artistic applications holds significant potential. The
creation of an artwork can be conceptualized within the formal framework of TA. Initially,
each piece begins in a start state, typically a blank canvas, and then transitions through
various states, sometimes reverting to earlier states by undoing progress—either digitally
or physically through erasing, covering, or using a new canvas. The input alphabet can
be understood as the colors employed, while the output alphabet encompasses the shape,
placement, and quantity of color in the artwork. The artist’s vision and style serve as the
mapping rules from input to output. Finally, the set of final states represents the diverse
range of variations that an artist is capable of producing.

The variety of potential outcomes that can be generated by an artist with a blank canvas
is virtually limitless. For instance, Bob Ross, a well-known television artist, demonstrated
remarkable productivity in his series ,,The Joy of Painting.“ Over the course of 11 years, he
created 403 unique landscape, seascape, and winter scene paintings—one for each episode.
This equates to roughly 36 paintings per year or three paintings per month, showcasing
a significant amount of dedication and creativity. Although an advanced translation au-
tomaton could theoretically surpass these production rates and generate numerous artworks
at once, the objective of this research is not to replace artists, but rather to support and
enhance their creative process.

The previous discussion has focused on one-dimensional translation automaton. How-
ever, since the thesis aims to apply automaton theory to images, a two-dimensional ap-
proach is more suitable. The extension of one-dimensional translation automaton to two
dimensions involves adding directionality to the transition rules. Rather than working with
an input string that allows movement only from left to right, the automaton processes an
input matrix, which permits movement in four directions. Each transition rule specifies a
direction for the input head movement after the rule is applied. Formally, transition rule
set can be defined as follows:

RCQ(EU{e}) x QEp{e, =, 1,1}

To better illustrate principle of 2D translation automaton, consider following example.
A two dimensional automaton M, that is designed to call Czech Republic police number

15



(158) on a standard three by three phone number layout regardless of the starting position
of the input head. The state set is defined as @ = {s,a,b, f}, where s is a start state and
f € F. The input alphabet consists of numbers from 1 to 9, and the output alphabet is
the same but extended with empty symbol. To simplify the notation of the rules, if the
same rule is applicable for several input symbols, all accepted symbols are listed in set, for
example (s{1,2,3}, fe ]). The rule set is then defined as follows:

R=1{A,B,C,D,E,F,G,H,I,JK,L}
: (s{2,3,5,6,8,91, se )
: (s{4,7},s€ 1)

: (sl,al —)
:(a{1,4,7}, ae —)

: (a{3,6,9}, ae <)

(a2, ae )

: (a8, ae 1)

: (ab,b5 —)

1 (b{1,2,3,4,5,6},be ])

: (b7, be —)

: (b9, be <)

: (b8, £8)

S A s o TS B S B oV S

The input matrix looks as follows:

1
4
7

oo Ut N
O O W

Consider the starting position to be at the right bottom corner. The input symbol is
9 and the state is s. According to the rule set, My is going to apply rules in sequence
A A B, B,C,F,H, 1, K, L and will end up with the string ,,158“ on the output successfully.
This simple example is very specific to showcases the principle of the rule application and
have a strictly specified input by design. Other use cases are more general, for example
pattern recognition or edge detection are possible.

By choosing an appropriate design, an art processing 2D translation automaton can be
constructed. Another possibility is the use of a similar concept, a cellular automaton, which
offers a more practical application of automaton theory in two dimensions. This method
provides a smooth transition to the study of automata in image processing and aligns well
with the goals of the thesis, as further explained in the next section.

Cellular Automaton

Cellular automaton (CA) is a discrete computational model inspired by the functioning
and communication of living cells. It consists of cells organized in a lattice, where each
cell can be in one of several possible states. The state of all cells at a particular moment is
referred to as the CA configuration. Computation takes place in discrete steps, known as

16



iterations, where a cell’s new state depends on the states of nearby cells. The specific set
of surrounding cells that influences the computation is called the neighborhood, defined by
the position of cells relative to the active cell. The relation between the configuration of
the neighborhood and the resulting state is known as the CA rule.

By applying the rules, new states are computed simultaneously for each cell, and the
updated configuration is assigned to the cellular automaton with each iteration. Significant
variations arise from differences in the size of the state set, specific rules, and various types
of lattices. Lattices can be finite or infinite, uniform or non-uniform, and exist in one, two,
or higher dimensions. The lattice properties influence the shape of the cells, which in turn
determines the potential neighborhood configurations. Commonly used lattices include
uniform ones, sometimes with triangular[40] or hexagonal[41] shapes, but most frequently
using square tessellations. A square cell can have up to eight immediate neighbors, with the
most common neighborhood types being Moore and Von Neumann, as seen in Figure 3.1.
Both of these are static, but there are also dynamic neighborhoods such as the Margolus
neighborhood 3.2, which alternates at each step.

Figure 3.1: Neighborhood models of Von Neumann (left) and Moore (right)

n - [

Figure 3.2: Margolus neighborhood, also known as block cellular automaton

Closely connected to the neighborhood aspect of the CA is the boundary condition. In
a finite lattice, there is always a subset of cells at the border that lack at least one defined
neighbor. To calculate a new state for these cells, certain constraints must be applied.
Options include assigning a constant state to the undefined cell, duplicating the value of
the active cell, or leaving the border cell unchanged and only using it as a neighbor. A
particularly beneficial option is the periodic boundary, where undefined neighbor beyond
the border is assigned with the value of the border cell from the opposite side. This can
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be topologically perceived as creating a loop for a 1D lattice or a torus for a 2D lattice. A
visual representation of this boundary condition is shown in the figure 3.3.

! ! !

Figure 3.3: Periodic boundary graphic representation in 2D

The size of the neighborhood and the range of possible cell states are the primary
factors influencing the complexity of cellular automata. The simplest form of CA is known
as Wolfram’s CA, which features a 1D configuration with square cells, two possible states,
and a neighborhood consisting of three cells: an active cell and its right and left neighbors.
This setup results in eight possible neighborhood configurations (23) and consequently
allows for 256 potential rules (28). As the complexity of the automaton increases, the
number of possible rules rises exponentially. For instance, by modifying Wolfram’s CA to
use three states, the possible rules would increase to 19,683 (3%). Additionally, increasing
the neighborhood size to include five cells results in a total of 232 possible rules.

Even with such a simple automaton the creative potential is apparent. Given the rel-
atively small number of possible rules, Wolfram’s CA has been extensively studied and its
rules have been classified by Wolfram himself into the Four Classes of Behavior[39]. By
stacking configurations from successive iterations one below the other, distinct patterns
emerge. The rule is classified based on the pattern it produces: Class One for uniform final
patterns, Class Two for alternating patterns, Class Three for random patterns, and Class
Four for a combination of the characteristics from Classes Two and Three. Examples of
each class can be found in Figure 3.4. From a creative perspective, Class Four rules are
arguably the most valuable due to their blend of order and complexity in the patterns they
generate.

class 1 class 2 lass 3 class 4
Figure 3.4: Example of the Wolfram’s Four Classes of Behavior
Exploration of an iteration stacking technique naturally transitions from pure one di-
mensional to actual two dimensional cellular automata. The most well-known and widely

studied 2D automaton is Conway’s Game of Life (GoL) [10], which features an infinite
square lattice, two states (,live“ and ,dead“), and the Moore neighborhood. The rules in
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GoL depend solely on the total number of living cells in the neighborhood, which is why
they are often referred to as totalistic rules. The rules govern state transitions: a change
from a dead to a living cell is called birth, while a change from a living to a dead cell is
called death. When a cell remains alive in the next iteration, it is referred to as survival.
The rules are as follows:

o Birth: Exactly three neighbors must be alive.
e Survive: Two or three neighbors must be alive.

e Death: Less then two or more then three neighbors are alive.

By adjusting the numbers of required living cells in the GoL rules, a whole spectrum
of related automata, often called Life-like automata, can be explored. Experimenting with
Life-like automata is a field of study with its own notation and terminology. The Life-like
rule is expressed using a notation called rulestring, with the most common format being
birth/survival in the form of B{number list}/S{number list}. According to this notation,
the original GoL rules can be described by the rulestring B3/S23. The application of
totalistic rules can generate a vast array of captivating patterns depending on the initial
configuration. These patterns, which may be oscillating, moving, or static, are known as
ashes.

41
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(d) Maze (e) Vote (f) Land Rush

Figure 3.5: Static examples of selected totalistic rules.

The most visually appealing totalistic rules, from the perspective of generating stable
images, are those categorized as stable or exploding, some are shown in Figure 3.5. These
rules often produce satisfying static results even from random initial configurations. For
chaotic rules and oscilating ashes, compelling visuals can be achieved by adding an envelope,
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which highlights cells that were alive in at least one iteration. Additionally, many of the
oscillating ashes feature intriguing shapes and may exhibit symmetries, evoking natural
patterns or even slavic ornaments.

Using the Moore neighborhood and two cell states, there are 512 (2°) possible neigh-
borhood configurations for Life-like cellular automata, resulting in 262,144 (5122) possible
rules. Although some rules are essentially identical, the creative potential of totalistic rules
is clear, and only a small portion of them have been thoroughly studied. However, total-
istic 2D cellular automata represent just a subset of possible CA variations. Expanding
the scope by incorporating more states, altering the neighborhood, or changing the shape
of cells adds greater diversity and increases the potential to discover more valuable rules
exponentially.

An intriguing example of an alternative cellular automaton is the Single Rotation (SR)
rule, introduced by Dmitry Shintyakov [35]. This 2D automaton uses the Margolus neigh-
borhood and operates with two states. Its block transition rule is straightforward:

Rotate clockwise by 90° every block with exactly one live cell.

Despite its simplicity, this rule can produce images of remarkable complexity when
visualised correctly, as seen in Figure 3.6. By interpolating the movement trajectories of
live cells and differentiating cells with distinct colors, abstract geometric patterns emerge
that resemble the artistic style of Pollock. This allows for the creation of intricate and
visually captivating designs.

(a) Two dimensional SR, taken from [36]  (b) Three dimensional SR, taken from [37]

Figure 3.6: Visualisation of Single Rotation rule with frame interpolation

Application Opportunities

When designing the application, various aspects must be considered. Cellular automata
have already seen widespread use in image processing tasks such as noise reduction, edge
detection, and texture recognition, with numerous effective CA rules described in the litera-
ture. Reusing and extending these rules can simplify the implementation process. Transla-
tion Automaton can be equated with Cellular Automaton by treating a CA configuration as
a state of the TA. In this context, the input alphabet consists of all possible neighborhood
configurations, and the output alphabet aligns with the set of cell states. This mapping
allows for a direct correlation between CA and TA rules.

Combining different CA rules can significantly expand the range of possibilities and
provide users with insightful and inspiring ideas. Allowing the user to choose the number
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of iterations and other parameters ensures interactivity and variation in the results. In the
future, this manual element can be automated through metadata randomization and the
application of evolutionary algorithms.

In the context of cellular automata research, evolutionary algorithms are commonly
employed to optimize a given task by encoding and mutating CA rules. This approach can
be taken a step further by not just searching for one optimal rule but instead exploring
combinations, orders, and parameters that yield the most visually appealing outcomes.
These aspects will be further detailed in the following chapter.
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Chapter 4

Architecture and Features

In Chapter 2, significant features of geometric and abstract art were explored. In Chapter 3,
the principle of translation cellular automata and their potential utilization were examined.
This chapter aims to apply this knowledge in the future development of an application that
supports and promotes creative flow and experimentation for users.

Structure of the App

The expected workflow for the potential user involves the following steps: uploading an
image, experimenting with various rules and additional features, and then downloading
the final result. Consequently, the interface must offer clear options for uploading and
downloading images, as well as a section dedicated to rule addition and parameterization.
It is also beneficial to provide the user with the ability to undo their most recent action. To
enhance the user experience, the application should include several built-in default images.

The React framework was utilized for the implementation due to its ease of access,
deployment, and development capabilities. The application’s main components include
the Canvas, which facilitates image upload, download, and display; Quantization, which
is discussed in detail later; and the Transformer, responsible for the actual image editing
process.

To effectively combine different rules, a RuleList component is introduced as part of the
Transformer. This component enables adding, deleting, and disabling rules and allows users
to clear the list using a single ,delete all rules“ button. A dedicated Rule component
handles rule customization. The layout of each rule is determined by its type, with a
customized representation based on the specific parameters required for the rule to operate.
Rule metadata includes a complete flag indicating whether all parameters have been set
for the rule. This flag is hidden from the user and serves to exclude unfinished rules during
the transformation process.

The RuleList state, along with a default palette and a list of available rule types, are
stored in local storage for persistent state management. Upon completing each transfor-
mation, the outcome is recorded in history with the help of a custom useHistory hook,
enabling users to perform undo and redo actions.

Although the rules’ representation and the transformation process are integrated within
the Transformer component, they are kept logically and structurally distinct. Communica-
tion between these parts is handled via rule metadata. This separation allows the transfor-
mation logic to be completely isolated and potentially reimplemented for specific hardware
configurations.
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Automatic Rule Generation

As briefly discussed in 3, stochastic generation of rules can be added to the application
not only to promote creativity and exploratory nature of art, but also as a base for future
implementation of an evolutionary algorithm.

Given the predefined list of available rule types and their corresponding parameters,
it is feasible to generate rules at random. The most straightforward approach involves
setting all possible parameters, regardless of the rule type. With this approach, simply
adding new rules to the RuleList is enough for proper display in the user interface, as rule
representation is based solely on the rule metadata. Furthermore, when employed as a
genome in an evolutionary algorithm, such rules are easy to modify through crossover and
mutation. While this method of rule generation is generally effective, it may become less
manageable if the list of possible parameters becomes too extensive, in which case a more
advanced approach may be required.

Aesthetic Quality Metrics

Providing artists with aesthetic metrics for the final image, whether generated or manually
adjusted, can aid in evaluating the quality of the outcome. Additionally, these metrics could
later serve as fitness functions in an evolutionary algorithm. The most common metric for
assessing artistic quality is the balance between redundancy and entropy, also known in
literature as the contrast between unity and variety, or order and complexity.

The redundancy metric is calculated based on the informational value of the image,
which is determined by the proportional representation of individual colors [13]. Given
an image with m colors and N pixels, the sum of pixels for each color can be calculated,
resulting in a set of sums:

m
{n1,...,nm} where n < N and an =N (4.1)
i=1
The individual probability for each color is calculated as follows:
]DZ' =Ny / N (4.2)

Given the probability P; of each color i in the image, the entropy of the color can be
calculated using the following formula:

To calculate the overall entropy of an image, a weighted sum of the entropies of its individual
colors is computed:

m
H= Z P, x H; (4.4)
=1

To calculate redundancy, the maximum entropy must first be determined. Maximum en-
tropy occurs when each color in the image has an equal probability:

Hmax = - pri/N X logQ(ppi/N) (458‘)
=1
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m
where pp; = round(N/m) so that pri =N (4.5b)
=1
To calculate redundancy, divide the actual entropy by the maximum entropy, and then

subtract this value from one.
R=1-(H/Hpaz) (4.6)

This only works if the value of H,,,; is not equal to zero, as it can happen if there is only
one color. If the max entropy is zero, the value of redundancy automatically equals to one.

A redundancy value closer to zero indicates that the image is maximizing the informa-
tion it can contain. This could manifest as white noise or a perfectly balanced two-tone
image. Conversely, a redundancy value closer to one implies minimal information content.
Examples include a single pixel-thick black circle on a white background or a simple vector
image of a plant.

The pixel positioning is irrelevant in this context; only the colors and their distribution
are assessed. Evaluation of the used dataset suggests that aesthetically pleasing images
generally have redundancy values in the range of 0.3 to 0.7.

This algorithm is not dependent on the image’s palette; however, it is important to
note that color quantization, which involves reducing the number of colors in an image, can
significantly impact the outcome of this metric.

While redundancy is an intriguing theoretical concept and can be somewhat useful in
practice, it alone is insufficient to fully assess the artistic quality of an image. Important
traditional metrics such as color harmony, composition, symmetry, negative space, and
line of action play crucial roles in evaluating the visual appeal of an image and may be
considered for inclusion in future versions.

In subsequent developments, combining rule generation with artistic metrics could facil-
itate the implementation of a genetic algorithm that automatically produces various edited
versions of an image. Ideally, this generative process would optimize results based on se-
lected metrics while simultaneously preserving the value of other metrics.

Utilization of Cellular Automaton

Before performing any transformations, the cellular automaton must be conceptualized.
This is achieved in the application through the following mapping:

e The finite grid is represented by the image uploaded by the user.
e The cell corresponds to a pixel within the image.
e The cell’s state is defined as the color of the respective pixel.

Several considerations need to be addressed before adopting this model, one of which
concerns the boundary condition of the finite grid. As discussed in 3, there are several
options available, but the most appropriate for this application is the periodic boundary
condition due to its minimal restrictions and suitability for this context.

The next consideration is the cell’s state. Since computations are inherently discrete, it
is preferable to have a discrete state space for the cell. However, because the cell’s state is
determined by its color and the color space is continuous, the state space is continuous as
well. The most common digital color representation is RGB coding, which uses 8 bits per
channel. Although this discretization provides 2562 possible colors (or cell states), equating
to over 16 million different shades, the human eye cannot differentiate all of them. Thus, it
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is feasible to use approximation to reduce the number of states and simplify computations
without significant perceptual loss.

To achieve this, the application uses the K-means algorithm as part of the Quantization
component. This algorithm is chosen for its widespread use in color quantization. In future
versions of the app, alternative algorithms, ideally non-parametric ones, may be explored.
To integrate K-means into the application, the ,ml-kmeans“ npm package [1] was used.
Since the data from the Canvas component is formatted differently from the required input
array of [r, g, b], the data must first be rearranged. Once the data is formatted, it is
processed by the library, which returns clusters and centroids. The clusters represent the
colors for the resulting imagePalette data structure, which is then displayed to the user as
the outcome of the quantization process. This approach provides the user with a ready-to-
use palette, enhancing productivity and supporting a smooth workflow.

Even though quantization reduces the initial number of states, the transformation pro-
cess may introduce new colors and shades. It can be helpful to compare colors based on
their similarity. To achieve this, the application uses the Manhattan distance metric. Also
known as the city block metric, Manhattan distance is a specific case of the Minkowski
distance metric [24], defined as follows:

M(p,a,5) = (3 lai — bif?) /7 (4.7)
=1

In the case of Manhattan distance, the Minkowski distance parameter p is set to one.
This metric measures the distance between two points in a grid-like path, moving at right
angles. It is chosen for its simplicity, as it avoids the need to calculate powers or roots,
which would be required if the p parameter were greater than one. The formal definition
of Manhattan distance is as follows:

n
M(1,a,b) =) |a; — bil (4.8)
i=1
Where a, b are points in the color space and n = 3 as we have three parts of the color
coding.

Adding Cellular Automaton Rules

The final task is to determine the rule set itself. This involves choosing which rules to
implement, their order of execution, and how they interact with each other and with user
inputs. By carefully selecting and combining rules, the application can achieve a wide
range of creative transformations while maintaining user control and customization options.
The following chapter will delve into addressing these challenges, exploring potential rule
combinations and their effects on image processing and artistic outcomes.
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Chapter 5

Experimenting with the Rule Set

In Chapter 4, a cellular automaton for the application was established, addressing various
challenges and incorporating several useful additional features. This chapter focuses on
selecting, adapting and creating specific cellular automaton rules, combining and experi-
menting with them to produce visually appealing results.

Color Change Changing colors is a fundamental function in image editing software. The
color change rule can be defined as follows:

If a cell’s state is A, change it to B; otherwise, keep the state unchanged.

Given the simplicity and frequent use of this rule, it may be included several times in
a rule list. Processing each color rule separately can lead to inefficiencies, as each pixel
must be tested repeatedly for each rule. Moreover, sequentially applying rules to swap
colors (e.g., from A to B and B to A) can cause unexpected behavior due to the order of

execution.

color hd D warmer v 45% hd D

o O color . change ~ .
color v .darken v | |4 v-

color v . change v-

<

(a) Quantified original [25] (b) Transformed version (c) Corresponding rule list
Figure 5.1: Color rule in practice
To address these issues, all color rules are applied in a single iteration, allowing each

pixel to be tested only once, regardless of the number of color rules. During the transfor-
mation step, all rules are processed before any changes are applied. Each rule’s original and
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transformed color pairs are stored in a JavaScript object, with the original color’s hex value
as the key and the transformed color as the value. After processing, the hex value of each
pixel is checked against the object; either the corresponding color is retrieved or the pixel
is left unchanged if no matching rule is found. This approach ensures that when multiple
rules use the same original color, only the most recent rule is applied for transformation.
An example of an application of several color rules is shown in Figure 5.1.

orrm ol color v .chan e v-
[color  ~ Booee -l (oo - oo -l O~ SHEITE T

[color v D change v D |color v D change VD (color v DMD

lcolor v [Jchange v  (coor + [ change ~ [color v/ DM.

(s o B B (oo - W vl (@~ W change ~ [l

|color v . change v . [color v . change V. [color v .M.

§ " “ "
Figure 5.2: Automated generation of recoloring rules from image palette

The user can specify an original color by selecting it from the default palette or from
the image’s existing palette. Alternatively, the ChromePicker tool within the user interface
allows users to select a custom color. Manually setting and experimenting with colors can
be complex and time-consuming. To streamline this process, there is a button labeled ,,Anti
Gray Scale“ located above the rules list, which, when activated, generates a recoloring map.

The algorithm works by converting each color in the current image palette from RGB to
HSL color space, then randomly altering the hue and saturation values while maintaining
a consistent lightness level. After these adjustments, the color is converted back to RGB.
This recoloring map is used to create new rules that user can modify before applying them
to the image, as illustrated in Figure 5.2.

Linear Translation The definition of the linear translation rule is sourced from [3]. In
this rule, boundary conditions are of significant importance. As discussed in Chapter 4,
periodic boundary condition is implemented in the cellular automaton. This effectively
extends the finite grid into an infinitely repeating space, enabling unrestricted movement
in any direction. As illustrated in Figure 5.3, for certain images, this transformation can
be nearly seamless. The definition of this rule is sourced from [3] and can be written as
follows:
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a) Quantified original [21] ) Left shift for 350 pixels
topleft top topRight
left X right
move  v| bottomlLeft bottom bottomRight

Number of iterations: |350 |

(c) Corresponding UT rule representation

Figure 5.3: Move rule in practice

Copy the state of the neighbor from the direction opposite to the one se-
lected.

While the rule may seem counterintuitive at first, it is quite simple in practice. Copying
the top neighbor’s state shifts the image downward, while copying the right neighbor’s state
shifts the image to the left, and so on. Consequently, the rule’s metadata contains two sets of
directions: one for visual representation and another for actual rule application. Adjusting
the direction is straightforward and user-friendly, enabling users to combine multiple move
rules to shift the image in any desired complex direction, as is illustrated in Figure 5.4.

Y w

/. P

(a) Quantified original [28] (b) Transformed image

Figure 5.4: Several move rules with different directions applied in sequence
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Zoom In and Zoom QOut This rule exemplifies a hybrid cellular automaton where
different rules apply to different cells. The image is virtually divided into four segments
using one vertical and one horizontal line, with the center point serving as the intersection
of these lines. The ,center point* can be either automatically computed or manually chosen
by the user. Depending on the sector to which a given cell belongs and the zoom mode (In
or Out), different rules are applied. The definition of this rule can be written as follows:

Determine the sector of the cell. If the mode is zoom in, move the cell in
the direction of the sector, thereby moving away from the center point. If the
mode is zoom out, move the cell in the direction opposite to the sector, thereby
moving towards the center point.

As described in 5, moving a pixel in any direction requires copying the value from the
opposite direction. This holds true for this rule as well. The rule can be further expanded
by either using diagonal lines in place of vertical and horizontal lines or by combining both
sets of dividing lines, which results in an increased number of sectors. It should be noted
that this rule underwent significant modifications during experiments and is not a literal
implementation of the original rule, which can be found in [3].

(a) Zoom In transformation (b) Quantified original [32] (c¢) Zoom Out transformation

Out v | Set Coordinates Point: 463, 534

Zoom hd

Number of iterations: |30

(d) User interface representation of the rule

Figure 5.5: Zoom rule in practice

The effect produced is not a perfect replication of zooming in the strict sense, though
it can resemble zooming for square-shaped objects, as seen in Figure 5.5. However, this
rule can be applied creatively to any image. A particularly noteworthy outcome of this rule
is the artifact that arises from repeating negative zoom actions with an equal number of
iterations. This effect is demonstrated in Figure 5.6.
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(a) Quantified original [15] (b) Zoom Out, 30 iterations (¢) Zoom In, 30 iterations

Figure 5.6: Zooming artefact on non-square objects in an asymmetrical composition

Cyclic CA Developed by David Griffeath [9], cyclic cellular automaton enhances the
standard cellular automaton model by introducing a complete modular ordering of cell
states. Within the user interface of the application, this ordering can be customized by
the user using the image palette as the foundational set. The definition of cyclic rule is as
follows:

Determine the cell’s current state. Obtain the successor state according to
the complete modular ordering. If at least one neighboring cell is in the successor
state, assign the successor state to the active cell.

When this rule is applied to an image, certain colors may be entirely eliminated as
they are consumed by their successor colors. Additionally, with an appropriate ordering,
sufficient entropy, and enough iterations, the cyclic rule can generate oscillating patterns
similar to the Belousov-Zhabotinsky reaction. Both of these effects are illustrated in Figure
5.7.
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(a) Quantified original [33] (b) Transformed with 8  (c¢) Transformed with 16

iterations iterations
Selected order

Choose order (qde |
[oyde  v]

4 3 1 2 .
. . . Number of iterations: 8 |

(d) UT for order selection (e) UI representation of the
rule

Figure 5.7: Cyclic rule in practice
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The color order is the most crucial parameter for this rule, and it can be easily mod-
ified without having to create a new rule. When two or more different orders are applied
consecutively, intriguing effects can be produced, allowing for experimentation and poten-
tially generating complex and visually striking patterns. These results are demonstrated in
Figure 5.8.
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(a) Quantified original [33] (b) First transformation (¢) Second transformation
with sequence A with sequence B

Selected order Selected order

~ EEEED - E

Number of iterations: |8 | Number of iterations: |8 |

(d) Sequence A (e) Sequence B

Figure 5.8: Example of sequential change

Box Blur To understand this rule, it is important to familiarize oneself with the concept
of Manhattan distance, as described in 4. The definition of this rule is taken from [11] and
can be written as follows:

For each pair of opposite neighbors, calculate their Manhattan distance.
Select the pair with the smallest Manhattan distance. Compute the average of
the chosen pair, and use this average as the next state for the active cell.

This rule is effective in simplifying image by minimizing intricate details. By smoothing
out the variations in pixel values through averaging, the rule can blur or blend image
features, resulting in a visual effect close to traditional blending in painting, as shown in
Figure 5.9.
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(b) Quantified original [5] transformed with 17
iterations

Figure 5.9: Box Blur rule in practice

Median Mold The Median Mold rule, similarly to the Box Blur was taken from [11] and
can also be employed to smooth out image details (see fig. 5.10), but it functions differently
and yields a distinct outcome. The definition of this rule is as follows:

Select three random neighbors and compute their Manhattan distance rel-
ative to the active cell. Rank the neighbors according to their distance and
choose the median neighbor. Assign the state of the chosen neighbor to the
active cell.

The number of randomly selected neighbors initially appeared to be arbitrary, pre-
senting an opportunity for parameterization. To assess the effect of varying the number
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of neighbors, a series of experiments were conducted. Increasing the number reduces the
prominence of the molding effect; when using five or more neighbors, the effect becomes
almost imperceptible and requires an excessive number of iterations to achieve noticeable
changes. When the number of neighbors reaches its maximum, the effect of the rule closely
resembles that of a classical median filter. Conversely, using only two neighbors resulted
in excessively chaotic and destructive outcomes. Based on these findings, the decision was
made to maintain the use of three neighbors for optimal performance.

Figure 5.10: Median Mold rule in practice. Quantified original [16] transformed with 16
iterations

This rule can be applied to simulate traditional artistic materials on a canvas, particu-
larly mimicking the texture of dry brush strokes. This effect is most apparent in paintings
that are fully covered with vibrant colors and lack solid background areas, as demonstrated
in Figure 5.11. Another notable characteristic of the median mold is its ability to soften
sharp edges and dissolve thin lines, creating a more fluid and blended visual experience.
This effect is illustrated in Figure 5.12.

a) Quantified original [23] after 16 iterations (b) Quantified original [6] after 16 iterations

Figure 5.11: Visual effects of a brushstroke
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(a) Quantified original [22] (b) Transformed with 32  (c) Transformed with 96
iterations iterations

Figure 5.12: Lines dissolution effect of Median Mold rule

Neighborhood XOR The original application of this rule, as referenced in [11], is to
replicate relatively small objects in black-and-white images. The rule requires a subset of
neighbors, which the user can specify through the user interface. When the subset size is
one, using the XOR rule is equivalent to the linear translation rule mentioned earlier. The
definition of this rule is as follows:

Obtain the values of the selected neighbors. Apply bitwise XOR to all of
these values. Assign the resulting value to the active cell.

Though intended as a rule for copying, this effect only holds valid for 2" iterations
and when the image is small enough to avoid self-interference. With a cellular automaton
featuring more states, larger images, and no constraints on the number of iterations, the
results can be more complex and intriguing, as seen in Figure 5.13.

In the original paper, the cellular automaton had only two states: 0 for white and 1
for black pixels. Since RGB color representation uses an inverse mapping, with #000000 as
black and #ffffff as white, it is necessary to invert the colors before displaying the final
output. Fortunately, this inversion only needs to be done once at the end of the operation,
rather than after each iteration.

The use of a broader set of states results in a unique effect of color blending in areas
where differently colored objects overlap. This gives the rule the ability to effectively
generate new colors in the image. Additionally, application of bitwise XOR. can lead to
the canceling out of colors. When the number of neighbors is even, colors tend to cancel
each other out due to self-interference. Conversely, if the number of neighbors is odd, the
original color is maintained. This phenomenon is demonstrated in Figure 5.14. Given the
canceling out effect, when configured with an even number of neighbors and a low number
of iterations, the XOR rule can create results visually similar to edge detection algorithms,
as shown in Figure 5.15.
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(a) Quantified original [7] (b) Transformed according to 5.13c
topLeft _ topRight

left center right

or v potomtere | I [bonomRight
Number of iterations:

(c) User interface representation of the
rule

Figure 5.13: Neighborhood XOR rule in practice
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(a) XOR rule with even number of (b) XOR rule with odd number of neighbors

neighbors

¢) Transformed according to (d) Quantified original [26] (e) Transformed according to
5.14a 5.14b

Figure 5.14: Difference between even and odd numbers of neighbors for XOR rule
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(a) Quantified original [30] (b) Transformed image

topLeft top topRight
left center right
xr V) bottomLeft bottom bottomRight

Number of iterations: |4 |

(c) Corresponding setting of the used XOR rule

Figure 5.15: Effect of a XOR rule similar to edge detection algorithm

Combining the Rules Together

While the rules themselves can yield impressive outcomes, the most unexpected and creative
results arise from combining them. Figure 5.16 examines one such combination, transform-
ing a zoom artifact into a dry brush stroke effect and subsequently altering it to resemble
a water surface disturbance pattern with the use of blur rule.

(a) Zoom Out & Zoom In (b) Mold (c) Blur

Figure 5.16: Different rules applied sequentially

The following pages showcase several improvised transformations of selected artworks,
demonstrating the potential for creative reinterpretation and manipulation.
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Figure 5.17: Improvisation on Mondrian [31]

Figure 5.18: Improvisation on Kandinsky [18]
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Figure 5.19: Improvisation on Malevich [27], diptych

Figure 5.21: Improvisation on Delaunay [8], diptych
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Chapter 6

Conclusion

This thesis presents a comprehensive exploration of the integration of cellular automaton
and translation automaton in a digital art application. By combining theoretical knowledge
with practical implementation, the research successfully establishes a system that enables
users to experiment creatively with image transformation. The application architecture,
built on the React framework, provides a foundation for handling image processing and
editing through the use of various custom components. Additionally to image manipulation
and exploration of unique visual transformations provided by various cellular automata
rules, application features color quantization, automatic rule generation and artistic quality
metrics.

The latest version of the application developed in scope of this work is available online
on the following link:
https://dionysusbacchus.github.io/Art_CA/

Directions for Further Research

Despite all accomplishments, there are several areas for further development and improve-
ment of achieved results.

In terms of performance, future work should focus on analyzing the time complexity
of individual rule types and optimizing rules for larger images, more iterations, and larger
palettes. Utilizing parallel processes and possibly completely separating the back end from
the user interface could significantly improve efficiency. Re-implementing transformation
and image processing rules to run on specialized hardware, such as GPUs, would also
contribute to performance gains.

There is also room for further enhancement to elevate the user experience. Improve-
ments could include adding loading indications, allowing users to undo rule deletions, and
storing the color palette history. Additionally, testing on users and exploring different
interface layouts could provide valuable insights for iterative improvements.

Moreover, adding edge detection and sub-automata capabilities could enable users to
target and manipulate specific objects or segments within an art piece. Expanding the
list of rules and developing new metrics, such as those for image symmetry, composition,
and color compatibility, would further enhance the application’s capabilities. Employing
metrics and a rule generator to implement a genetic algorithm could allow users to select the
number of generations, population size, and number of rules per genome. Presenting users
with the top results at the end of the process would offer greater control and satisfaction.
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Appendix A

Contents of the included storage
media

The attached medium contains the following items:

e README.md An equivalent note with the list of stored items and instructions for in-
stallation

e sources/ Folder containing source files of the application implementation
e thesis/ Folder containing source files of the thesis text

e xkhrys00_thesis.pdf Compiled PDF version of this thesis

Running Application

Online Deploy

Latest version of the applicatiion is available online on the following link:
https://dionysusbacchus.github.io/Art_CA/

Installation Instructions

Running application on the local host requires NodeJS of version v20.12.2 or higher. To
start local server, run following commands in the sources folder:

npm install
set NODE_OPTIONS=--openssl-legacy-provider
npm start
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