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ABSTRACT

Building artificial systems using self-assembly is one of the main
issues of artificial life [17]. Scientists are trying to understand this
process either using experimental approaches or computer
simulation approaches. This paper aims at supporting research
using computer simulation approaches mimicking self-assembly
as it occurs in the real world using basic principles in physics
such as Brownian motion and basic concepts in Chemistry such as
activation energy required to build molecules at molecular level.
In this paper, a simulator has been implemented to mimic the
process of self-assembly. In this simulator, objects are modeled
by shapes such as cubes, tetrahedrons, wedges and pyramids with
colors in their faces. The objects move randomly in Brownian
motion, and the faces' colors determine how the objects interact
with each other. Each object has its own probability to move
which depends on the energy that the object gains through its
interaction with other objects. The higher energy an object has the
less probability that the object has to move and vise verse
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1. INTRODUCTION

Self-assembly is a process by which simple objects autonomously
assemble into complex systems. This process is ubiquitous in the
natural world [13] [18]. It may occur in levels ranging from
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nanoscale to astronomical scale. Some scientists especially
Astrobiologists such as Deamer consider self-assembly behind the
existence of life on Earth.

Dreamer described the development of life as a sequence of self
assembly processes. This sequence started by a self-assembly
process which transformed a soap of molecules into bubbles or
lipids. These bubbles or lipids self-assembled into cell-like
membranous structures. By this structure the first cellular system
began to appear. This cellular system by one way or another was
able to capture energy from surrounding environments and began
to grow and reproduce [15].

Nowadays, artificial life scientists try to mimic the process of
creating living systems aiming to build artificial systems capable
of replacing current living systems [4] [17]. This paper aims at
introducing an advanced simulator of self-assembly achieving an
autonomous production of artificially complex shapes hoping to
pave the way for generating complex systems using self-
assembly.

In this paper, the different approaches used to model or simulate
self-assembly processes are quickly introduced in section two as
well as the Wang cube self-assembly simulator in section three. In
section four, the activation energy-based simulator will be
explained in detail in the advanced self-assembly simulator
section. In section five, the advanced self-assembly simulator has
been compared to the Wang cube simulator. Section six includes
the final conclusion of this paper.

2. BACKGROUND: APPROACHES TO
SELF-ASSEMBLY SIMULATION

In this section, the background of already implemented simulators
has been organized or classified using two ways: The first one is
the structured approach in which simulators are classified
according to how objects and relations between them are modeled
into a tiling-based approach and a bond-based approach. The
second approach classifies simulators according to how many
dimensions these simulators can handle. This approach of
classification is called the visualization approach [1].

2.1 Structured approaches

In these approaches, we will study how to differentiate between
simulators according to how these simulators handle objects and
relationships between the objects. There are two approaches for
classifying the simulators according this rule.



The first approach is the tiling-based approach where objects
represented as shapes consist of one or more polygons and
relationships between these shapes are modeled as adjacency
relations between these objects. Examples for tiling-based self-
assembly simulators are [5], [6] and [7].

The second approach is the bond-based approach where objects
are modeled as atom-like shapes and relationships between them
are modeled as line-like shapes called bonds. Examples for bond-
based self-assembly simulator are [3], [8], [9] and [10]

2.2 Visualization Approaches

Self-assembly simulators may differ according to the number of
dimensions that this process targets. Self-assembly processes may
target (1) one-dimensional shapes, (2) two-dimensional shapes, or
(3) three-dimensional shapes. In the first approach where self-
assembly targets one-dimensional self-assembled systems, objects
assemble into linear complex systems such as simulator
implemented by [11]. In the second approach where self-assembly
targets two-dimensional self-assembled systems, objects
autonomously assemble into complicated two-dimensional
systems by randomly moving objects in a two-dimensional
simulated environment such as simulators implemented in [6 ],
[8], and [12]. In the third and last approach, objects autonomously
assemble into complicated three-dimensional systems by
randomly moving objects in a three-dimensional environment
such as simulators implemented in [2], [5] and [10].

3. WANG CUBE SIMULATOR FOR

SELF-ASSEMBLY

The Wang cube simulator [16] is a tiling-based, and three-
dimension self-assembly simulator aping the process of real world
self-assembly. In this simulator, objects are modeled as cubes
with colors in their faces. These colors determine how the objects
interact with each other, and relationships between the objects are
modeled as adjacency between the objects. In this simulator,
objects move randomly in Brownian motion. If the objects collide
with each other, they stay together provided that the interaction
between the colors in the faces where the collision occurs is
powerful enough to keep them stable, otherwise they continue
moving according their previous states (i.e. the moving objects
continue moving, and stable objects continue stable).

4. AN ADVANCED SIMULATOR OF
SELF-ASSEMBLY

The advanced simulator is an extension to the Wang cube
simulator. The simulator is implemented based on the tiling-based
structured approach and the three-dimensional visualization
approach. In this simulator, the self-assembly process is simulated
using objects of different shapes such as cubes, tetrahedrons,
wedges and pyramids. The objects move randomly in Brownian
motion. If these objects collide together, their energy increases by
a degree equal to the degree of the interaction between the colors
on the faces where the collision occurs. Moreover, the energy
that the object gains through its interaction with other objects
determines the probability of the object to move. (See equation
[1]). The more energy that an object has, the more stable the
object will be. This concept is driven form the activation energy
in Chemistry which is defined as the minimum energy that an
object has to build a molecule or structure. By adding these
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concepts, the self-assembly simulator becomes more real in aping
the real-world

In this section, we will describe the mathematical model that we
used in our simulator, tools that we used to implement simulator,
and the main implementation issues. Moreover, we will explain
the experimental results that we have done to test the performance
of the simulator.

4.1 Mathematical Description

In this simulator, objects are represented as shapes such as
cubes, tetrahedrons, and pyramids with colors in their faces.
These colors are taken from set A where A= {C1, C2... Cn} and
Ci is a color and i is a number between 1 and n. The colors
belonging to set A interact with each other forming what it is
identified by the stickiness matrix or interaction matrix [6]. This
interaction matrix is a symmetrical matrix consisting of n rows
and n columns, and cell Vij where i is column number and j is
row number determines the interaction between color Ci and
color Cj (See Figure 1).

] ' (.
Cr | Vin Via Vin
Ca | Viz Voo Von
Co | Vin Vog Van

Figures 1. Interaction Matrix

In this simulator, objects move randomly in Brownian motion.
This movement is constrained by the energy that the object gains
through its interaction with the neighboring objects. In other
words, every object has a probability to move, but this probability
depends in the local interaction between the object and
surrounding objects. The more energy that the object gains the
more stable the object will become.

The Movement probability concept is driven from the activation
energy which is defined as follows :

“It refers to the minimum average energy E which reactant
molecules must have, in order to be able to produce product
molecules. At a given temperature the fraction of molecules
with this energy is usually proportional to the Boltzmann's
population factor of exp (-E/k T)” [14]

This statement states that the activation energy is the energy that
the object should have to be capable to build a structure or a
molecule. It is suggested to express movement probability as an
exponential function expressed in the energy that the object has
through its stickiness with other objects and the temperature
multiplied by a specific constant such as the Boltzmann constant
K as explained in the following equation:

E,

KxT

P(0,) = Exp( )

Equation [1]



P (O ;) refers to the probability that the Object o) ; moves.
E s 1s the energy that the object 0] ', has through its stickiness

or interaction to other neighboring objects. F s can be computed

by the equation [2]. K is the Boltzmann constant, and T is the
temperature. This equation shows that the more energy an object
has the more stable the object will be. In other words, the stronger
the stickiness the object has with neighboring objects, the less
probability that the object has to move.

The energy that an object has is computed according to the
following equation:

E, =) SUGL,Cqf)* B(j.1,q, f)
Equation [2]

Where £ ; is the energy that an object J gains through its

interaction with other objects, Cjl is the color on face / which
belongs to object j, St(N,H) is the stickiness value between color
N and color H which can be extracted from stickiness matrix row
number A and column number N, and B(j,/,q,f) is a Boolean value
that explains whether the face f* belonging to object ¢ is adjacent
to face / belonging to Object j or not.

Objects will be capable to move in this simulator if they satisfy
the following equation:

1
0

P(O,)> %k

3(0,) =
©,) Otherwise

Equation [43]

Where 3(0 J) describes the possibility for the object to move,

and K isa randomly generated number.

Equation [3] states that Object O ', will move in the case that

PO ;) is greater than K . Otherwise, Object O ', stays stable.

By adding the movement probability concept which is concluded
from the activation energy concept in Chemistry, this model
becomes more real than the previous one.

4.2 Implementation

We implemented a 3D simulator for self-assembly using
DirectX 9.0 and C#. We represented shapes consisting of four,
five or six faces. Each face consists of three or four vertices.
These shapes or objects move randomly in a 3D environment: up,
down, right, left, back or front based on the concept of the
movement probability. To move an object, we implement three
basic functions: the first function is to compute the energy that an
object has (i.e. implementing equation [2]); the second function is
to compute the probability of an object to move (i.e.
implementing equation [1]); the third function is to determine
whether the object will move or not (i.e. implementing equation
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[3]). If the object has I((,) =1 as stated in equation [3], the
) J

object will move, otherwise, the object will stay stable.

x
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Figure 2: simulator parameters form

This simulator consists of two screens. In the first screen (see
Figure 2), the basic required parameters should be inserted to
represent the number of objects in terms of the basic shapes such
as the number of cubes, the number of tetrahedrons, the number
of wedges, the temperature, and the stickiness matrix. In the
second screen (See Figure 3), the simulation process occurs where
objects randomly move in Brownian motion in a predefined area
called “The world” under the given parameters and according to
the mathematical model defined in the previous section.

Figure 3: simulator form.



4.3 Performance

In this subsection, the performance of the advanced simulator will
be tested by measuring the period of time that the simulator
consumes to achieve a specific number of steps where the step is
the single movement of all objects in the simulator. We tested the
performance of the advanced simulator against two main
parameters: (1) the number of objects simulated and (2) the
temperature. To achieve that, we executed 750 experiments, 600
of which were executed to test performance against number of
objects of different shapes, and the other 150 were executed to
test performance against temperature. These experiments are
explained in the following subsection

4.3.1 Performance and the number of objects

In this section, performance of the advanced simulator was tested
against number of objects. 600 experiments were done, 150 of
which were executed for each type of shape. In each experiment
the temperature was 50, the number of steps was 100, and the
stickiness matrix had 10 columns and 10 rows, where each cell of
this matrix had a randomly generated value between 0 and 100.

Peformance & Objects

—e— Cube

—=— Tetrahedron
Wedge
Pyramid

Time

o S

1 14 27 40 53 66 79 92 105 118 131
Number of Objects

Figure 4: performance of the Wang Cube simulator against
number of Objects.

Figure (4) shows that the performance of the system was affected
be the number of objects simulated. The more objects, the more
time was required to handle the creation, movement and collision
of these objects, and the longer the period of time it took the
simulator to execute.

Moreover, figure (4) also shows that performance was affected by
the complexity of objects. For example, the performance of the
simulator for tetrahedrons (only four triangular faces shape) is
better than the performance of the simulator for cubes (only 4
square faces)

To sum up, this result states that the performance of the simulator
is affected by the number of faces per shape as well as the number
of vertices per face.

4.3.2 Performance and Temperature

In this section, performance of the advanced simulator was tested
against temperature. 150 experiments were done. In each
experiment, the number of cubes was 20, the number of
tetrahedrons was 20, the number of wedges was 20, the number of
pyramids was 20, the stickiness matrix had 10 columns and 10
rows where each cell of this matrix had a randomly generated
value between 0 and 100, and the number of steps was 100.
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Figure (5) shows that the performance of the system was slightly
affected by the temperature when temperature was very small.
Being unaffected by the temperature is one of the main
advantageous features of the advanced simulator.

1 12 23 34 45 56 67 78 89 100 111 122 133

Temperature

Figure 5: performance of system against temperature

5. COMPARISON

We will compare both the Wang cube simulator and the advanced
self-assembly simulator against the following: (1) what shapes are
included in the simulator? (2) How is the movement of objects
handled? And (3) which simulator performs better?

Relative to (1) the shapes, The Wang cube simulator represents
objects as cubes only, while in the advanced simulator, objects
can be represented as shapes such as cubes, tetrahedrons,
pyramid, and wedges.

Relative to (2) the movement of objects, the movement of an
object in the Wang cube simulator for self-assembly occurs after
generating a random integer between 1 and 6 determining the
direction of movement. If this direction has no space to
accommodate the cube, then no movement will occur, waiting for
the next step which may generate a different movement direction.
From this point, all cubes have the same probability to move
while each cube has its own conditions or circumstances.
Moreover, if two cubes collide together, and the stickiness value
between them is greater than the temperature, they stop moving
forever. In the real world, that does not occur. The stickiness
values between objects or cubes reduce the possibility of
movement of these cubes but do not make them stable forever. In
the advanced simulator, all the objects have the probability to
move, but this probability differs according to the local conditions
of an object. By that way, even the attached objects or collided
objects with a stickiness value greater than the temperature have a
probability to move but a lower probability than the free objects.
So the advanced simulator becomes better in aping the real-world
than the Wang cube Simulator.

Relative to performance, we will compare the performance of the
advanced simulator and Wang cube simulator against the number
of objects and temperature.

Figure 6 compares performance of both simulators against the
number of objects. It shows that performance of the Wang cube
simulator is better than the performance of the advanced
simulator. Why? Because in the case of collision in the Wang
cube simulator if the two objects collide and they have a
stickiness value greater than the temperature, they become stable
forever, while in the case of the advanced simulator they stay
stable until the movement probability becomes less than a
randomly generated number (See equation [3] ). So the stability



rate in the case of the Wang cube simulator is greater than the
stability rate in the advanced simulator.

120

100

80

d —e— Advanced Simulator
—=— Wang Cube simulator

60

E

40 4

20

0

1 17 33 49 65 81 97 113 129 145
Number of Objects

Figure 6: a comparison between performance of both the
Wang cube simulator and the advance simulator against
number of objects

Figure 7 shows that the performance of the Wang cube simulator
is greatly affected by temperature, while the performance of the
advanced simulator is slightly affected by the temperature when
temperature is too small.

70
60

50

40

—e— Advanced Simulator

Time

30 4 —=— Wang Cube simulator

20
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0

1 17 33 49 65 81 97 113 129 145

Temperature

Figure 7: a comparison between performance of both the
Wang cube simulator and the advanced simulator against
temperature

Although the performance of the advanced simulator is less than
the performance of the Wang cube simulator when comparing
them against the number of objects, the advanced simulator is still
considered better than the Wang cube simulator because the
advanced simulator truly simulates the real world better than the
Wang cube and the performance of the advanced simulator is not
affected by the temperature as the Wang cube simulator is.

6. CONCLUSION

Self-assembly is an important process. It requires interdisciplinary
collaboration to improve the understanding of this process or
phenomenon.  The more understanding gained about self-
assembly, the more problems will be solved as well as the more
applications will be gained. In this paper we have successfully
mimicked some parts of the self-assembly process as it occurs in
the real world, and we have also introduced the advanced
simulator as a system in which objects are represented by shapes
such as tetrahedrons, wedges and pyramids which are frequently
used to represent objects at a molecular level. Moreover, this
simulator handles the concept of movement probability which is
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driven from the activation energy in Chemistry. This concept
states that all objects have the probability to move, but this
probability differs from one object to another according to the
energy that the object gains through its interaction with other
objects. In other words, the more energy the object gains the more
stable the object will become. By including more shapes and the
concept of movement probability, the advanced simulator
becomes better in simulating the self-assembly process as it
occurs in the real world.
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