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Abstract

Artificial life is the field of study where researchers use simulations to understand
natural life. One of the notable simulations of artificial life is called Tierra. In Tierra,
self-replicating programs acting as organisms compete for CPU time and RAM un-
der the pressure of natural selection. In time, various types of organisms develop,
including parasites, hyperparasites, and even some form of social relationships. The
problem with this simulation is that informational complexity stalls after some initial
growth; evolution stops producing new types of organisms and is not open-ended.
Within the Tierra simulator, the memory address space is one-dimensional; no mat-
ter how far away the resource is located, the effort is the same. This thesis is focused
on replacing one-dimensional or pseudo-two-dimensional memory space of Tierra
and Tierra-like simulators, like Avida or Amoeba, with real two-dimensional space
and refining the concepts of the location and local access to achieve a more open-
ended evolution.


HTTPS://UCU.EDU.UA/EN/
https://apps.ucu.edu.ua/en/

iii

Acknowledgements

I want to thank Oleg Farenyuk for bringing me into the world of artificial life, pro-
viding wonderful ideas, and guiding me through the process of creating this work. I
am grateful to Dr. Thomas Ray and Dr. Bohdan Ostash for reviewing the thesis and
providing valuable suggestions on how to improve it.



Contents

Declaration of Authorship i
Abstract ii
Acknowledgements iii
1 Introduction 1
1.1 Historical origins of articiallife . . . ... ... ... .. ........ 1
1.2 Firstcellularautomata . . . ... . . .. . .. . . .. 1
1.3 Modeloftheevolution . . . . . . ... . . . . .. . . . e 2
2 Related works 3
2.1 TIerra . . . o e e e e e 3
2.1.1 Simulationoverview . . . . . . . . . e e e e 3
2.1.2 Operationsystem . . . . . . . . . i e 4
2.1.3 Evolutionaryresults . . . . ... ... Lo 6
2.2 Avida . ... e 7
2.3 Amoeba . . ... e e 9
3 Two-dimensional arti cial life simulator 10
3.1 Anideatoincrease the complexity . . ... ... ... ... ....... 10
3.2 Befunge . . . . .. e 10
3.3 Organismstructure . . . . . . . . . 0 e e e e e 11
3.4 Instructionset . . . . . .. e e e 11
3.5 Memory . . .. 13
3.6 QUEUE . . . . . e e e 13
3.7 ANCESIOr . . . . . e e e e e e 13
3.8 Implementation . . . . . . .. .. e 15
4 Results 17
4.1 Micro-evolution . . . . . . . . ... e e 17
4.2 Macro-evolution . . . . . . . . e e e e e e e e e 19
4.3 Complexity . . . . . . . e e e e e e 23
5 Conclusion 24
5.1 The behaviorofthe simulation . ... ... ... .. ........... 24
5.2 Furtherwork. . . . . . . . . e 24
5.3 Afterword . . . . ... e e 25

Bibliography 26



List of Figures

1.1 Cellularautomata . . . . . . . . . . . .. e 2
2.1 Normal addressing vs. template addressing . . . . . ... ... ..... 4
2.2 Tierran operation system model (Hickinbotham & Stepney, 2015,p. 2) 5
2.3 Tierran memory snapshots with organism types (Ray) . . . . . . . . .. 6
2.4 Phyletic gradualism vs. punctuated equilibrium (Jensen, 2015) . . . . . 7
2.5 CPU and memory structure in Avida (Ofria, 2003, p. 74) . . . . . . . .. 8
2.6 Memory space in Amoeba (Greenbaum & Pargellis, 2016, p. 4) . . . . . 9
3.1 Tierra, Avida, Amoeba vs. Fungera memory design . . . . ... .. .. 13
3.2 Anoverview of the Fungeran ancestor algorithm . . . . . . . ... ... 14
3.3 Fungeran TUI at the start of simulation (around 80000 cycles) . . . .. 16
3.4 Fungeran TUI at the later stages simulation (around 360000 cycles) . . 16
4.1 Non-critical regions (A) and mutationsinthemB) . . . . . .. ... .. 17
4.2 The organism with mutation that allows faster reproduction . . . . . . 18
4.3 The[16, 23] organism allocates child memory block without rewriting it 18
4.4 Swarm of microvesicles and their hostorganism . . . .. ... ... .. 19
4.5 [17, 23] organisms in the large scale simulation . . . .. ... ... ... 20
4.6 [16, 23] &[17, 22] organisms in the large scale simulation . . . . . . .. 20
4.7 [5, 5] and [1, 2] microvesicles in the large scale simulation . . . . . . .. 21
4.8 [4, 4] and[1, 1] microvesicles in the large scale simulation . . . . . . .. 21
4.9 Simpli ed evolution tree for the simulation . . . . .. ... ... .. .. 22
4.10 Cycles per second inthe simulation . . . .. ... ... ......... 23

4.11 Total organism countinthe simulation . . . . . ... .. ... ...... 23



List of Tables

3.1 CPUstructurein Fungera . . . ... ... . ...
3.2 InstructionsetinFungera . ... .........

4.1 Top 10 size classes by organism count in Fungera

Vi



Vii

List of Abbreviations

0S Operating System

CPU Central Processing Unit

RAM R andom AccessM emory

DNA D eoxyriboNucleic Acid

RNA R iboNucleic Acid

MIMD M ultiple Instructions, Multiple Data

IP | nstruction Pointer
TUI T ext User Interface
GUI G raphical User Interface

API A pplication Programming Interface



Chapter 1

Introduction

1.1 Historical origins of arti cial life

It is possible to trace humanity's attempts to understand and replicate the nature
of life from antiquity (Langton, 1989). Notably, in Greek mythology, Talos is the
giant bronze robot created by the god Hephaestus that is guarding Crete against
invaders and pirates (Mazlish, 1995). In the middle ages, Al-Jazari created four au-
tomatic robot musicians, who were sitting in a boat and entertained guests at parties
(Sharkey, 2007). Famous Leonardo Da Vinci designed and built a mechanical knight
capable of humanistic movements during the Italian Renaissance (Panse, 2019). In
1739, French engineer Jacques de Vaucanson created a mechanical duck, which could
fake metabolism (Mazlish, 1995). Search for mentions of arti cial life in the Google
books database, interestingly, not only shows a peak in 1997 but also in 1821. In this
period, was a time when Frankenstein or The Modern Prometheus by Mary Shelley
was published, and many subsequent works as well (Aguilar et al., 2014).

1.2 First cellular automata

John von Neumann, famous for his contribution to mathematics, physics, and com-
puting, created self-replication in cellular automation that he simulated with paper
and pencil in 1949. Two years later, he designed an elaborate two-dimensional cellu-
lar automaton that would automatically duplicate its original con guration of cells
(Wolfram, 2002, p. 1179) (Figure 1.1a). Interestingly, von Neumann created working
cellular automaton one year before DNA was discovered. Although he did not use
the term arti cial life, this can be considered a rst arti cial life model.

John Conway created the Game of Life in 1970, which provided a new force for
research of cellular automata. It models the effects of reproduction, population, and
survival. Cells in an in nite two-dimensional orthogonal grid can be in one of two
states, populated or unpopulated. Each cell interacts with its eight neighboring cells
and, at each step, the following transitions happen (Marinescu, 2017) (Figure 1.1b):

A populated cell with fewer than two populated neighbors dies. This transi-
tion is for under-population.

A populated cell with more than three populated neighbors dies. This transi-
tion is for over-population.
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A populated cell with two or three populated neighbors lives. This transition
is for survival.

An unpopulated cell with three populated live neighbors becomes a populated
cell. This transition is for reproduction.

(A) Neumann's automata (Pesavento, 1995) (B) Game of Life (Bettilyon, 2018)

FIGURE 1.1: Cellular automata

1.3 Model of the evolution

Nevertheless, the branch of science named arti cial life of cially came into being at a
workshop only in 1987 at the Los Alamos National Laboratory organized by a com-
puter scientist Christopher Langton. The reason behind its creation was the need to
research complex topics in the global economy, natural processes, biology, and evo-
lution in particular (Wilson, 2001, p. 34). The idea was to create new instruments
based on computer science and mathematics of nonlinear systems to solve the prob-
lems in these subjects. At this workshop, scientists presented mathematical models
for the origin of life, self-reproducing automata, programs using the mechanisms of
Darwinian evolution, models of growth, and development of arti cial plants. While
they worked together, it became obvious that all the participants shared a similar set
of visions in their prior research (Pfeifer, 2001, p. 4).

They proved that linear models could not describe many natural phenomena.
However, nonlinear models cannot be solved easily analytically. They are instead
better suited for investigation using bottom-up computer simulations with relatively
simple rules. Langton believed at the time that such systems would greatly ex-
pand our knowledge of life, nature, and evolution (Langton, 1989, p. 16). Biologist
Tom Ray developed a system of self-replicating computer programs competing and
evolving for CPU time and memory space in 1991, demonstrating the rst instance
of arti cial evolution by natural selection (Aguilar et al., 2014). Its successor, Avida,
by Chris Adami, is used frequently by researchers to conduct biological experiments
(Adami & Brown, 1994). Amoeba is the simulator that shows the evolution from the
primordial soup to biotic organisms (Pargellis, 2001).
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Related works

2.1 Tierra

2.1.1 Simulation overview

Tierra is one of the most successful and best known arti cial life simulations, devel-
oped by biologist Tom Ray in the early 1990s. Natural life is using energy to arrange
matter. As such, arti cial life can use CPU time to arrange memory space. Biological
evolution evolves through natural selection as individuals compete for resources.
Arti cial life may evolve through the same process, as replicating algorithms com-
pete for CPU time and memory space, and organisms develop approaches to exploit
one another. CPU time is the analog of the energy resource. Memory is the analog of
the spatial resource. The memory, the CPU, and the OS are acting as elements of the
physical environment. In Tierra, memory is a line, so the space is one-dimensional.
An organism consists of a self-replicating machine code program that is directly exe-
cuted by the CPU. Machine codes can be represented as assembler language (Figure
2.1) to make it human-readable. When executed by the CPU, machine codes manip-
ulate bits, bytes, CPU registers, and the instruction pointer. In biology, the analogy
is RNA. It similarly has a structure that bears the genetic information and controls
the metabolism of organisms. A block of RAM is called a soup reference to Primor-
dial soup, which contains all organisms. The genomeof the organisms is a series of
machine instructions that construct the organism's self-replicating code (Ray, 1991,

p. 5).

The simulation is working on a parallel MIMD virtual computer with a CPU for
each organism. There is no true parallelism because each CPU executes in a time
slice in turn. Each CPU of this virtual computer includes two address registers, two
numeric registers, a ags register to indicate error conditions, a stack, and an instruc-
tion pointer. The instruction set of a CPU does simple arithmetic operations, moves
data between the CPU registers and the RAM, and controls the IP. The organism's
CPU is a simple version of the real CPUs. The classic Tierran instruction set contains
32 instructions. The instruction set contains a low number of instructions, and these
instructions do not contain numeric operands to signi cantly lower the number of
possible opcode combinations compared to the real CPUs. This unusual behavior
allows mimicking a number of codon combinations in the DNA. The instruction set
contains both typical instructions of most assembler languages (e.g., MOMCALL.RET
POPPUSHand some special instructions to allow easy self-replication and evolution.
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