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Collective behaviors of autonomous robots in complex environment

A study of emergent behaviors from many simple agents in a complex environment
THOMAS SUPHONA

Department of Applied Physics

Chalmers University of Technology

Abstract

Collective behaviors or collective motion is a common phenomena in nature where
multiple organisms in a system undergo ordered movements. This can be observed in
different scales, from the microscale with bacteria swarming to the macro scale with
for example flocks of birds, schools of fish and even human crowds and car traffic.
All these systems are made up by self-propelling agents who are able to take up
energy from their environment and converting it to directed motion. Because of this
property of self-propulsion, their dynamics cannot be explained using conventional
methods. Although significant efforts have been made in trying to explain collective
behaviors from different perspective, using simulation tools and study systems in
different scales, the subject is not as widely studied from the macroscale, especially
with artificially made systems. In this thesis, a macroscale system was designed with
the purpose of providing conditions for collective behaviors to emerge and study how
the behaviors changes depending on the surrounding conditions. Battery powered
robots were used as self-propelling agents and they were placed in a confined space
filled with obstacles. It was shown that when the number of robots and obstacles
inside the system is large, the robots movements were significantly restricted. The
weight of the obstacles do also affect the average motions of the robots where heavier
obstacles hinder the robots by creating blockage leading to the robots having lower
average velocity. At certain configurations of the parameters, the robots showed
collective behaviors where they for example form channels between the obstacles,
making "roads” for other robots to reuse, or helping each other to move by pushing
away chunks of obstacles or pushing onto each other. Even though these robots are
simple agents, they have managed to manifest cooperative actions towards other
agents.

Keywords: collective behaviors, complex environment, flocks, swarm.
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1

Introduction

With many particle systems, one of the most interesting aspects is the complex
collective behaviors that emerge. In nature, this behavior can be observed in, schools
of fish moving as a unit, flocks of birds flying uniformly as group, herd of land animals
and even human crowds. These phenomena are fascinating to observe and study,
because the mechanisms behind the collective behaviors are far from obvious.
Collective behaviors have been studied in great detail for the last decades. Early
on, self-propelled particles were studied to model the swarm behavior of animals
at the macroscale[l]. Reynolds introduced in 1987 a "Boids model” to simulate
noncolliding aggregate motion, such as that of flocks of birds, heards of land animals,
and schools of fish within computer graphics applications[2]. In 1995, Vicsek and
co-authors introduced the "Vicsek model” where the swarm behavior is modelled by
active particles that are driven with a constant absolute velocity and they tend to
align with the average direction of motion of the particles in their neighbourhood|[3].
The Vicsek model was the first model to look at collective motion as a noise-induced
phase transition. Then later on, several other models have been introduced aiming
to study and explain the properties of collective behaviors[4]-[10]. Experimental
studies have also been done on systems with complex collective behaviors[11]-[15].
The collective behavior in swarming systems turns out to occur in many different
scales, and furthermore the behaviors are robust and universal e.g. the animals
share group-level properties, irrespective of the type of animals in the group|[16].
With the "Vicsek model”, active particles were introduced to model the swarm be-
havior. The term "active” refers to the ability of the individual particles to move
actively by gaining energy from the environment[17]. Examples of such systems
range from microsystems such as brownian motors[18] and motile cells[19]-[21], to
macroscopic animals[22], [23] and also artificial self-propelled particles[24], [25]. Ac-
tive particles are able to propel themselves and perform active motion due to an
internal driving. This could have been caused by different factors such as biological
activity or non-equilibrium dynamics in artificial driven systems[17]. This ability of
self-propulsion is a common feature in microorganisms|26]-[28], which allows the or-
ganisms for a more efficient way to search for nutrients or avoid toxic substances[29].
In contrast to the active particles, the motion of passive particles is the standard
dynamical behavior of particles suspended in a medium, and is driven by equi-
librium thermal fluctuations, due to random collisions with the surrounding fluid
molecules[30].

Some of the most generic models used to describe active particles systems can be
considered as an extension of well known concepts in physics such as Brownian
motion. Brownian motion, being purely physical in origin and having a central
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role in the foundation of thermodynamics and statistical physics, is now a major
interdisciplinary research topic. The concept of self-propulsion is often studied in
the framework of active Brownian particles. In many publications the term ”Active
Brownian Particles” is used to refer to self-propelled particles far from equilibrium
(see e.g [31]-[35]). Here, we will refer to ”Active Brownian Particles” as Brownian
particles performing active Brownian motion.

In recent years, active Brownian motion has attracted the interest of the biology and
physics communities|28], [36]. Several types of microscopic biological systems per-
form active Brownian motion. Understanding their motion can provide insight into
out-of-equilibrium phenomena[37] and lead to the development of novel strategies
for designing smart devices and materials[1]. The possibility of designing and us-
ing active particles in real world application is immense, ranging from the targeted
delivery of drugs, biomarkers, or contrast agents in health care applications[38]—
[41], to the autonomous depollution of water and soils, climate changes, or chemical
terroristic attacks in sustainability and security applications[42].

Active particles provide great hope in adressing the many challenges of our mod-
ern societies and a significant and growing effort has been pushed to advancing
this field and to explore its applications in a diverse set of disciplines[1]; in statis-
tical physics[43], biology[29], robotics[44], social transport[45], soft matter[46] and
biomedicine[39]. The potential applications can be built around the core functional-
ities of active Brownian particles, with transport, sensing and manipulation, which
can lead to smart designs of nanomachines and micromachines that can perform
tasks in an autonomous, targeted and selective way.

This property of universality and scalabilty of collective behavior will be the main
focus of this thesis, especially on systems in macroscale. And efforts will be made
in trying to answer whether a model describing the behavior of active Brownian
particles is scalable i.e. valid in different scales.

1.1 Related works

A study was done in 2017 by Nilsson and Volpe using a simulation of active particles
with short-range aligning interactions[47]. This model was studied numerically as
a function of orientational noise parameter. The simulation was done with and
without the presence of passive particles, and it was shown that, with the presence
of passive particles, the active particles transition from a diffusive state, at high
noise levels, to a state of which they can propagate unhindered along a network of
metastable channels as the noise level is decreased.

In this model, the position x,, and direction 6,,, of particle n is updated each timestep
t=20,1,2,... according to

(1.1)

x,(t+1) =x,(t) +v,(t+1)
0,(t+1) On(t) + T, + ¢

The particles are hard spheres with a constant speed of |v,| = v, £ is a white-
noise term which is uniformly distributed in the interval [—n/2,1/2], and T, is a

2
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torque term. The torque term describe the torque exerted on particle n by all other
particles, active and passive, and is expressed as follows

'ﬁn'fﬁm',\ ~ A 'ﬁnl’qnm/\ A A
Tn:TOZ 5 vnxrm-ez—TOZiz Uy X P - €, for 1, rpm < 7,
i#n ni m rnm

(1.2)

The first term in eq. (1.2) describes the torque exerted on the active particle n by
all other active particles. The second term is the torque exerted on the same active
particle n by all the passive particles m where m = 1,..., M. For more detail on
the theory, see [47]. A simulation of this model was done using 20 active particles
and 900 passive particles, with various noise level the result is shown in fig. 1.1
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Figure 1.1: Taken from [47], a snapshots at timestep ¢ = 100000 of a simulation
with 20 active particles(red dots) and 900 passive particles(white dots). The behav-
ior of the active particles is captured at 4 different directional noise levels, n = 27
in (a), n=min (b), n=0.57 in (c) and n = 0.037 in (d).

At a high noise level with n = 27 in fig. 1.1a, the active particles motion is signif-
icantly restricted and perform essentially a Brownian diffusive motion while being
confined in small pockets surrounded by passive particles. On the other hand when
the noise level is decreased as in fig. 1.1d, the active particles is able to move freely
forming channels to which they can propagate through and resuse.
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This behavior was also measured quantitatively in terms of the mean square dis-
placement (MSD), which is a tool to characterise a particles movements, whether a
particle spreads randomly due to diffusion, or if there is a force contributing to the
movements. The MSD is shown in fig. 1.2.

(a)

MSD(7)

L 10% 10° 104

7 [timesteps]

10° 10

Figure 1.2: From [47] where the MSD of active particles in the presence of passive
particles is plotted as a function of the directional noise level (7)), in the conditions
shown in fig. 1.1.

The MSD shows that at a high noise level where n = 27, the motion of the active
particles is significantly hindered, resulting in the MSD curve having a slope < 1
at all times(green line in fig. 1.2), suggesting diffusion. As the noise level decreases,
the MSD becomes ballistic over short times i.e. there is a superdiffusive regime in a
small time range where MSD(7) o< 72. The time range of which the MSD is ballistic
gets longer as the noise level decreases, and at n = 0.037 the superdiffusive regime
is longest(blue line in fig. 1.2), where there are fully-fledged channels through which
the active particles can propagate unhindered, clearly shown by the blue shaded
areas, see fig. 1.1d.

This thesis will be largely based on the results from Nilsson and Volpe and the
focus will be especially on the dynamics of mixed systems with passive and active
particles. We will try to answer whether or not the results above can be reproduced
in the macroscale, and also further explore the collective behaviors of the active
particles, more specifically the behavior of forming and reusing channels by the
active particles.
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1.2 Motivation and aim of the thesis

This thesis aims at showing the universality in the collective motions of active parti-
cle systems, by studying the behaviors of a system of autonomous agents in a com-
plex environment. It will in particular consider how systems of simple agents can
lead to very complex behaviors. More specifically, we want to answer the question
whether the result from [47] is universal i.e valid in different scales, and whether or
not it is possible to design a system in macroscale to reproduce these results. There
are two behaviors in focus that will be investigated in this thesis, first; the phase
transition of the active particles from a diffusive state to a ballistic state and second;
the channel formation and reusing of channels by the active particles. While this
is the main subject of this project, there are efforts being made in parallel within
the Soft Matter lab on closely related projects such as experiments with bacterias
in a complex environment of obstacles made of glass beads, by Saga Helgadottir,
and experiments with Janus particles as active particles with 2.6—lutidine colloids
for passive particles, by Giorgio Volpe’s and collegues. Being able to compare the
results from the different projects with this one will lead to a clearer picture of how
systems with active and passive particles behave in different scales and perhaps an-
swer the question whether the behaviors are universal or not. In fact, similar model
of active particles have been used in different types of systems of different scales, but
it is still a challenge for theoretical physics to find minimal statistical models that
can capture these features that are inherent for active particles systems[48]-[50]
The emphasis of studying the autonomous agents in a complex environment is based
on the fact that self-propelled particles often move in patterned environments, for ex-
ample E. coli inside the intestinal tract[51], or chemotactic bacteria moving through
porous polluted soils[52]. Thus conducting experiments using complex environment
will give a more realistic picture of how real world systems behave.

As pointed out before, the focus is to design and study a system consisting of multiple
elements/agents, where each agent is only able to perform simple task as moving
forward or turn when hitting an obstacle. The complexity lies in the interaction
of these simple agents and their surroundings over time. It will be interesting to
study how the system evolves over time and also what factor contributes to a certain
behavior.
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Methods

This thesis is mainly experimental where more emphasis is put on the experiment
rather than the theory. The process from start to finish consist of three main parts,
the setup, the experiments and the data processing. The bare minimum of what
was needed to conduct the experiment was a stage/arena to be the plane of motion,
active and passive particles, and a recording contraption for collecting data. Since
the scale of this experiment need to more or less resemble the simulation from Nilsson
and Volpe, it was clear early on that the arena of motion need to be relatively large,
in comparison to the size of the particles. With a large stage, then there was the
problem of capturing the whole stage. Also how should the active and passive
particles be chosen? These issues will be addressed in the section below.

2.1 The general experimental setup

A opaque glass panel with dimension 113 x 98 cm was chosen to be the surface of
which the particles will move on. Glass was chosen for the reason that it ensures a
hard and smooth surface, also it allows the option of filming the experiment from
both above and below. To hold the glass panel tight and steady, a wooden frame
was build in a way that allows the glass panel to be easily removed from, and put
on to the wood construction. The finished glass table like construction is shown in
fig. 2.1

2.2 The boundary frame

Note that fig. 2.1 show the latest iteration of the setup with all its part. In previous
iteration the boundary frame which was used for holding the particles inside the
arena had a rectangular shape as in the right model of fig. 2.2.

This rectangular shape turn out to be sub-optimal and lead to undesired behaviors
with the active particles, where they often align with the walls of the frame and
spend most of their time traversing alongside the boundary, see fig. 2.3.

This sort of behavior was undesired since the particles did not interact much with
on another and anything related to collective behavior was hard to see. The cloud
shaped boundary was made to address this particular issue where the active particles

now was redirected back towards center when hitting the wall, see left model in
fig. 2.2.
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Figure 2.1: A glass table construction where the experiments was conducted on.
The construction including the surrounding equipment consist of a main wooden
frame with 4 table legs, 13 spotlights, a paper sheet, a glass panel, a boundary
frame to prevent the particles from falling from the glass, and a camera centered
in the bottom of the table. As an example in this figure, the active and passive
particles are placed on the glass labeled as hexbug nano and obstacle, which will be
explained shortly.

Figure 2.2: The different boundary frame that were used, cloud shaped to the left
and rectangular to the right. The cloud shaped boundary(left) is an improvement
from the rectangular shaped one(right), with the purpose of redirecting the active
particles back to the center.
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Figure 2.3: A snapshot of an earlier experiment when the rectangular boundary
was used. The active particles tend to move alongside the walls of this boundary, as
can be seen from their trajectories(red lines) where it is more red at the four edges
of the arena, compared to the center.

2.3 The active particles

2.3.1 The original robot bugs

As for active particles in macroscale, toy robots called HEXBUG nano® were used,
see fig. 2.4.

7Y

y[lll&

)

" 2~ A7
aalA{1d

Figure 2.4: The commercialized toy robots HEXBUG nano® that were used as
active particles in macroscale, they have the dimension 40 x 15 x 20 mm and comes
in many different colors, the image is copied from [53].

This is just one of the many products by the company HEXBUG who is specialized
in battery powered children’s toy. The HEXBUG nano® is a micro robotic creature
that uses vibration to propel forward. The vibration is powered by a tiny motor
which in combination with the 12 angular legs is able to move the robot forward.
The forward movement is a result of the robot legs being slightly bent backward

9
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compressing like a spring during the downward motion and then expanding convert-
ing elastic potential energy to kinetic energy pushing the robot forward, see fig. 2.5.
The directional behavior of the bugs are random, while their velocity depend on the
battery power which uses the type cell AG13/LR44 batteries.

Figure 2.5: A simplified scheme showing how the HEXBUG nano® are able to
propel themselves forward using only vibration from a motor and their legs which
are tilted backwards.

2.3.2 Solar panel powered bugs

In earlier stage of this project, there was an effort in trying to power the bugs using
a solar panel. This was an effort in trying to minimize outside influences to the
system, such as changing of batteries, also the intensity of illumination could be
used as a parameter where it would affect the bugs activity. The solar panel were
placed on top of the bugs using lamps as source of illumination. In the first trial, a
different type of commercial toy bug were used. These one was already made with
solar panel built in, see fig. 2.6a.

(a) (b)

Figure 2.6: Toy solar bugs made in China in (a) with dimension 60 x 15 x 12 mm
, the image is copied from [54]. In (b) is an experiment using these bugs with 2
construction spotlights as light source.

These bugs were much less vibrant then the HEXBUG nano and required the light
source to be very close to them. Also, they seem to only react on the type of light
source that produces a large amount of heat, see fig. 2.6b, which over time does
damage on the bugs. Being exposed to heat from lamps, the body of these bugs
started to melt and there legs detached from the body as a result from the glue,
connecting the legs to the body, melting.

Having the practical issues mentioned above, the solar bugs were replaced with the
HEXBUG nano, now with the battery removed and a solar panel mounted on top
of the bug, see fig. 2.7.

10
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Figure 2.7: The HEXBUG nano® with a solar panel mounted on top. The battery
inside the bug was removed and instead there are wires connecting the solar panel
to the motor inside.

This arrangement with the solar panel on the HEXBUG, in fig. 2.7 improved the
motions of the bugs marginally. The bugs shows more activity compared to the
Chinese made ones, but the extra weight and the rectangular geometry of the solar
panel created some unwanted behaviors. The extra weight from the solar panel made
the bug top heavy which caused them to sometimes tip over, and also if the panel
was not centered on the bug well enough, the movement will be biased either left or
right. The size of the solar panel with the dimension 35 x 39 mm created unwanted
contact interactions between the bugs such as the scenario where the solar panels
from 2 different bugs would overlap and cling on to each other. With all this being
said, the problem of illumination still remains where the illumination is still being
too low and inhomogeneous, causing the bugs to move much slower than they would
with battery and the speed was rarely constant.

Having all the practical issues mentioned before, the solar powered concept was
abandoned and the project proceeded on using the original HEXBUG nano with
battery, though with other minor modifications.

2.3.3 The battery powered bugs

As mentioned before, these bugs runs on type cell AG13/LR44 batteries, and can
be used up to 4 hours before the battery need to be changed. When letting these
bugs run on an empty arena, without passive particles, the bug show some random
chirality(a tendency to move to the left or right) resulting in them moving in circles
with the radius decreasing over time as the battery gets lower, see fig. 2.8. This
chirality is probably a result of some asymmetry with the bug that appears during
manufacturing.

This chiral behavior is inherent to the bugs and different bugs has different degrees
of chirality which cannot be predicted in beforehand. Though this behavior seems
substantial, it can be neglected when the passive particles are introduced where
collision-based interactions is dominated and the free running space is minimal.

2.3.4 The shape of the bugs

When using a new fully charged battery on a bug, their activity becomes quite
vibrant. This lead sometimes to them tipping up side down ending up on their

11
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Figure 2.8: An experiment with 2 bugs with only one being tracked with the
red line showing its trajectory. The tracked bug was running for approximately six
seconds and has almost managed to complete two full circles, which is a result of its
chirality.

back or climbing on top of each other. Even the shape of their head caused some
unwanted behavior. The pointy shape of their head resulted oftentimes in them
being blocked between heavy obstacles, trying to push for a long time instead of
finding a new path in other directions, see fig. 2.9.

Figure 2.9: To the left is an example scenario where the robot bug is trying to
push through heavy obstacles, for a long time instead of finding a new path. To the
right is the desired behavior where the bug first tries to push through the obstacles
but is unable to, it then changes its direction and finds new path.

The behavior of pushing through obstacles was not entirely unwanted since it was
still necessary for the bugs to create channels by pushing the obstacles. However,
with the pointy heads, they tend to spend the majority of their time pushing i.e
creating channels instead of reusing them, which makes it hard to observe any phase
transitions or the reusing of channels.

Two new modifications were made to address this problem, see fig. 2.10.

The first attempt was to glue a piece of plastic circle on the bugs head as in fig. 2.10a,
this way the bugs would have a better chance of bouncing away from the obstacles
instead of spending too much time trying to push through them. However when
using many bugs there was a problem of the circle head overlapping each other
and become stuck, upon a collision. These unpredictable behavior required further
improvements resulting in the latest version seen in fig. 2.10b.

12
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(a) (b)

Figure 2.10: Modified versions of HEXBUG nano, 3D printed plastic circle on the
head in (a), and strip of paper wrapped around its body in (b).

This modification here was rather simple using only a strip of paper to wrap around
the bugs body. Compared to the previous versions, this modification does not
add any significant weight to the original bug since the weight of the paper strip is
neglectable compared to the weight of the bug. Also the weight is evenly distributed
around the bug which will not amplify the bugs inherent chirality further. This
rod shape is quite common in the field of active matter, presenting in theoretical
models[55], Janus particles[24], and bacterias[51], and furthermore the rod shape
creates aligning interactions, see fig. 2.11, which is advantageous for the emergence

of collective behaviors.

t=20 t=1

Figure 2.11: An example of aligning interactions between two rod shaped bugs
upon collision.

With all the advantages mentioned, only the rod shaped bugs will be used to pro-
duce the results presented in this thesis. For future reference, the terms active
particles, robot bugs or bugs will be used interchangeably, referring to the Hexbug
nano wrapped in paper strip.

2.4 The passive particles

The passive particles that were use to make up the complex environment are 3D
printed plastic cylinder see fig. 2.12. These cups are approximately 19.5mm in
diameter, 20 mm in height and weighs 2 g.

To vary the weight of each cylinder, M8 nuts were used to be placed inside the
cylinders. The nuts weigh 5g each, and each cylinder can hold up to three nuts.
The possible weight that one cylinder can have is 2 g(empty), 7 g(1 nut), 12 g(2 nuts)
and 17 g(3 nuts). From this point on, for the sake of clarity, the term obstacle and
passive particle will be used interchangeably.

13
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weight

Figure 2.12: 3D printed plastic cylinders(left) used as macroscale passive particles,
made hollow in the middle for the purpose of varying its weight by putting M8
nuts(right) in them. The cylinder have dimensions 19.5 x 20 mm(radius x height)
and weigh 2 g each. The M8 nuts weigh 5g each and only 3 nuts can be put in one
cylinder.

2.5 To record the experiments

The equipment used to record the experiments is the wide angle Victure action
camera AC200[56], see fig. 2.13.

VICTURE AC200
ACTION CAMERA

o B X

TV Mode

nnnnnnnnn 170°Ultra
Full Charge Wide Angle

Figure 2.13: The wide angle action camera Victure AC200 that was used to record
the experiments. This image is copied from [57].

The choice of this particular type of camera was that a regular camera wouldn’t
be able to capture the entire stage of 88.5 x 75.4cm. The ability of filming in a
wide angle, which is a common feature in many action cameras, made it possible to
capture the entire stage. The camera, being small and compact, made it fairly easy
and practical to handle, especially in situations where it is needed to be removed or
adjusted.

The setup for the camera is shown in fig. 2.1 where the camera is placed on the
ground directly under the table. The camera needed to be fixed still at the center
of the table to avoid any distortion to the footage.

When one of the first experiments were filmed, it was clear that the lighting condition
was an issue. The source of illumination then, was halogen lamps on the ceiling of
the room which decreased the quality of the images significantly, see fig. 2.14.

14
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Figure 2.14: Low quality image as a result of bad lighting condition. Reflection
of the bottom part of the wood construction can be seen on the glass panel.

To improve the quality of the footage, the lighting needed to be changed. Many con-
figurations were tried out with changing the source of illumination, their placement
and from which angle they should illuminate from. The final configuration found
that gave the optimal lighting condition is shown in fig. 2.1. This setup consist of 4
spotlights placed on the floor illuminating the glass panel from 4 sides at a 45° angle,
and 9 spotlights above the table in an 3 by 3 array illuminating directly down on the
paper sheet on top of the table. With this arrangement the quality and contrast of
the image improved significantly. The result of this improved lighting arrangement
is show in fig. 2.15a, and a photograph of the lab is shown in fig. 2.15b. Additional
attempt were made in trying increase the contrast of bugs and obstacles against the
white background, where the bugs body were painted black and black dots made of
paper were glued under the obstacles.

(a) (b)

Figure 2.15: In (a) an image taken with the improved lighting condition, with
better quality and contrast. The overview of the setup inside the lab with improved
lighting is shown in (b).

15
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2.6 The Experiment

2.6.1 How to design an experiment

The aim of this thesis is to design a system in macroscale, consisting of active and
passive particles, that is able to undergo a phase transition similar to the result
from [47]. The system should also show, at some condition, the behavior where the
active particles form channels and reusing them. In the simulation from [47], the
collective behavior of the active particles changes with a noise parameter, where
the active particles at a high noise level could not move far from its starting point,
and with lower noise level they could move unhindered and forming channels in an
environment of passive particles.

Since with our robots, there is no obvious way to introduce a similar noise parameter.
To recreate a similar conditions, we instead use the weight of the obstacles as a "noise
parameter” where the heavier obstacles corresponds to the case of high noise in the
simulation and lower weight obstacles corresponds low noise in the simulation. The
number of obstacles and the number of bugs were also used as parameters. One could
already guess that a setting with low obstacle density and low obstacle weight will
lead to the bugs undergoing super-diffusive motion(moving with constant speed).
To the opposite, having high obstacle density and high obstacle weight will lead to
sub-diffusive motion with the active particles since their motion will be significantly
impeded by the heavy obstacles. The different variations of number of bugs B,
number of obstacles C' with W nuts inside, are as follows

B ={1,2,5,10,15,20, 25}
C = {100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1100, 1200, 1300}
W ={0,1,2,3}

Note that W is a variable showing the number of nuts being used in each obstacles.
The weight of a M8 nut is m, = 5g and the weight of an empty cylinder is
mey = 2g. The weight of an obstacle or passive particle can then be expressed as

Mpassive :W(Z) s Mput + Myl

which be eigther 2g, 7g, 12g or 17g. The number of experiments Ny, that was
conducted can be calculated as

Nexp = n(B) x n(C) x n(W)
= 364

where n(B), n(C) and n(W) are the length of the vectors B, C' and W.

In addition to these, experiments without obstacles were made using 1, 2, 5, 11,
16 and 21 bugs, which is 6 additional experiments. This gives the total number of
experiments that were made to 370.

16
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2.6.2 Conducting the experiments

One experiment corresponds to a roughly 3 min video with a chosen number of bugs,
obstacles and weight of the obstacles. The procedure of conducting the experiment
as efficient as possible goes as follows

1. Preparation

1.1.

1.2.

1.3.

Put on the the glasspanel the chosen number of obstacles and weights
and spread them out as randomly as possible.

Check if the batteries of the 25 bugs are good, meaning that they are not
going to run out after some minutes. If the batteries are to low, change
it and make sure to have spare bugs with enough battery power in case
a bug run out of battery during an experiment.

Take a picture of the stage with obstacles on it and use the MATLAB
program testDetection.m to track the obstacles and see if the number
is as expected.

2. Execution

2.1.
2.2.
2.3.
2.4.

2.5.

2.6.

2.7.

2.8.

2.9.

When the preparations are done, turn on the camera and start filming.
Put the first bug on the stage and let it run from time 0—3 min.

Put the second bug on the stage and let it run from time 3—6 min.

Put three more bugs on the stage at time 6 min and let in total 5 bugs
run from time 6:30—9:30 min. The reason for letting them run from 6:30
min instead of 6 min is to have a time gap for checking if any bugs run
out of batteries and that the stage looks ok. If there is anything to be
fixed, it should be done before time 6:30 min.

Put five more bugs on the stage at time 9:30 min and let in total 10 bugs
run from time 10:00—13:00.

Put five more bugs on the stage at time 13:00 min and let in total 15
bugs run from time 13:30—16:30 min.

Put five more bugs on the stage at time 16:30 min and let in total 20
bugs run from time 17:00—20:00 min.

At last put five more bugs on the stage at time 20:00 min and let in total
25 bugs run from time 20:30—23:30 min.

One single video file of roughly 24 min long contains 7 experiments where
the number of bugs varies. When changing the number of obstacles and
the weight, the same procedure above is followed.

3. Postprocess

3.1.

3.2.

As mentioned above one video file contains 7 experiments. Where the
number of bugs are varied. So to separate the different experiments, the
24 min video is cut and the part containing a specific number of bugs is
saved as separate video files. During cutting of the videos it is important
to remove parts of the footage that contains unwanted disturbances such
as shadows or hands of the experimenter, which should be removed from
the footage.

When the videos are cutted, they need to be undistorted since the camera
has a fish eye distortion. To achieve this, a MATLAB program was written
to converting the distorted video footage to image sequences where one
image corresponds to one frame of the video.
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2. Methods

3.3. After undistortion, the image sequences are binarized, meaning chang-
ing the image sequences to black and white. This is for the purpose of
increasing the contrast between the objects that need to be tracked and
the background.

3.4. When the image sequences are binarized they are tracked using two dif-
ferent sets of codes, one for tracking the obstacles and one the bugs.

The process of proceeding through the above steps for all the 370 experiments took
quite some time. When all the steps were done, the data was save as MATLAB
structures holding information of the particles trajectories, orientation, also the
setting of the experiment with the number of bugs, number of obstacles and the
weight of the obstacles.
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3

Results

3.1 Mean Square Displacement

The main objective that was mentioned before is to try to observe how the behavior
of the particles change with the parameters being used, the number of bugs, the
number of passive particles and the weight of the passive particles. More specifically
if any phase transition similar to [47] can be observed. A good way to start is to use
the same quantitative measurement to see if there are any similarities. Firstly, the
mean square displacement (MSD) of the active particles is measured. Using MSD
will give us an idea about the character of the active particles motion over time.
The MSD is often used to check whether the motion of a system is due to diffusion
or if there is a force contributing. The mean square displacement in 2-dimensions
can be expressed as follows

MSD(r) = ((a(t +7) = a(t)) + (y(t +7) — y(1))?) (3.1)
= § o Xl 2@ ) -y 62

What is to be expected is the result from [47] where the MSD for the active particles
is higher at a low noise level, in our case low obstacle weight, and the MSD lower at
a high noise level, high obstacle weight in our case. Other expected results from the
experiment are also that MSD will be higher for cases with low obstacle density.
Firstly the active particles MSD is measured as a function of number of bugs. In
fig. 3.1 the MSD of the active particles is calculated in 4 cases with different obstacle
weights.

A general trend can be observed from fig. 3.1 where the MSD is lower when the
number of active particles is high, and inversely the MSD is higher when the number
of active particles is low.

How the number of active particles affect the MSD is not obvious, compared to the
obstacle weight as a parameter where there is a strong intuition of the fact that
heavier obstacles will prevent the bugs from moving, hence lower MSD. There are
though certain behaviors from the active particles that depend on their number and
might in turn affect the MSD. This will be discussed further in section 3.3

For the case of varying the weight of the obstacles, the result is shown in fig. 3.2.

This shows that while keeping the number of obstacles and number of bugs fixed,
the MSD is lower for the cases with high obstacle weight, this result was expected

19



3. Results

Figure 3.1: MSD for the active particles in 4 different experiments where the
number of active particles is used as a parameter. As can be seen, the MSD is
slightly lower when the number of active particles is high and this trend holds for
different obstacle weights, which is shown in (a) with mpussive = 2 x 1072 kg, (b)
Mpassive = 7 X 1073 kg, (€) Mpassive = 12 x 1073 kg, and (d) mpassive = 17 x 1073 kg.
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Figure 3.2: MSD for the active particles as a function of obstacle weight. An
expected result where the MSD is lower when the obstacle weight is high. Since it
is harder for the active particles to push heavy obstacles, they will then move less
and this will lead to them having lower MSD. This same trend can be observed with
different number of active particles with Nyctive = 10 in (a), Nactive = 15 in (b),

Nactive = 20 in (¢) and Nyegive = 25 in (d).
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since it is harder for the bugs to push heavier obstacles which will resulting in them
having lower speed throughout the experiment. The weight of the obstacles is a
parameter that is suppose to mimic the orientational noise parameter in [47] and to
compare the result from this paper we can see in fig. 1.2 that the curves is higher
for the cases with low noise level (), similar with the experimental result in fig. 3.2.
In the simulation from Nilsson and Volpe, the active particles MSD transition from
a superdiffusive motion at small times (MSD o 7%, @ > 1 for small 7), to diffusive
motion at long times (MSD o 7%, @ <1 for large 7). This similar behavior can also
be observed in the experiment in fig. 3.2 where, for small times the exponent o > 1
which suggest superdiffusion and a < 1 for large times suggesting diffusiv motions.
For the last case of studying MSD as a function of obstacles density, the result is
shown in fig. 3.3.

]
YYYS

]
‘000

lagtime 7 [s] lagtime 7 [s]

Figure 3.3: Here varying the obstacle density the MSD decreases when the obstacle
density increases. Another expected result where the active particles have lesser
space to move when the arena is filled with more obstacles. When the arena is packed
with the number of obstacles as high as 1000-1300 obstacles, the active particles will
be significantly hindered and unable to move from their starting position, this leads
to them having MSD close to zero throughout time 7. The different figures show
MSD as a function of obstacle density at different obstacle weight, with mpassive =
2 x 107% kg in (@), Mpassive = 7 X 1072 kg in (b), Mpassive = 12 x 1072 kg in (c), and
Mpassive = 17 X 1073 kg in (d).

Here calculating the MSD of the active particles as a function of the obstacle density,
it shows that the MSD is higher for the cases with low obstacle density and decreases
as we increase the number of obstacles in the experiment. An expected result where
less space is available for the active particles to move freely as the number of obstacles
increases and particle-to-obstacle collisions is more frequent.

3.2 Velocity

To study how the weight of the obstacles affect the behavior of the active particles,
it is desirable to maximize the interactions between the bugs and the obstacles.
To achieve this, the experiment with 1200 obstacles and 25 bugs was chosen. The
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result of how the active particles velocity get affected by the weight of the obstacles
is shown in fig. 3.4.
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Figure 3.4: Probability distribution of the active particles velocity depending on
the obstacle weight. All the four cases were done using 25 active particles and 1200
obstacles, while the different obstacle weight cases has their probability distribution
peaks at velocity close to zero, the distribution for lower obstacles weight has lower
peak, slightly shifted to the right and also has a fatter tail. Compare for example
Mpassive = 2 X 1073 kg(blue) and mpassive = 17 X 1073 kg(red).

Here all the cases were done using 25 active particles and with 1200 obstacles,
while the weight of the obstacles varies in 4 cases, Mpassive = 2 X 1073 kg, Mpassive =
7 x 1072 kg, Mpassive = 12 X 1072 kg and mpassive = 17 x 1072 kg producing the four
different probability distribution.

What can be observed in fig. 3.4 is that in all the cases, the probability distributions
have similar shapes, peaking around v ~ 0ms~! and decrease as the velocity goes
higher. Even though the similar shape of these distributions, one could see that
at v ~ Oms™ !, the peak of the distribution for lower obstacle weight is slightly
lesser than the peak of higher obstacle weight. This result suggest that with a high
obstacle density(Npassive = 1200), regardless of the obstacle weight, the velocity of
the active particles will tend to be close to zero. However the probability of active
particle having zero velocity is highest when using the heaviest obstacle, and as
the obstacle weight decreases the bugs probability of having v > 0ms~! increases,
according to the distributions in fig. 3.4.

One of the possible explanation of the similar distribution shapes, even though with
different obstacle weights, is that when the arena is packed with this many obstacles,
close to its maximum packing density, the obstacles have less freedom to move when
being pushed by the active particles. This leaves the active particles no options
to move, neither by forming a channel nor changing direction to find a new path,
leading to them being significantly slowed down or getting blocked by the obstacles,
similar to a car in a traffic jam. Also the number of active particles, in these cases
25, may give rise to the situation of overcrowdedness where the active particles
work against each other by blocking one another or closing already formed channels
and thus preventing movements. With this high packing density and high number
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of active particles, regardless of the weight of the obstacles, the movement of the
active particles will be minimal which leads to velocity close to zero.

Even though the arena hasn’t yet reached its maximum capacity in how many ob-
stacles that can be fit in, with a high obstacle density such as 1200 obstacles, the
steady state behavior will be similar regardless of the obstacle weight, which is the
active particles being hindered by the obstacles. However, in shorter time periods
for example 10 to 20 seconds, there are noticeable differences between the cases of
different obstacle weight, as shown in fig. 3.5.

(a) Mpassive = 2 X 1073 kg (b) Mpassive = 17 X 1073 kg

Figure 3.5: Snapshot of two experiments both at 20s. Both experiments was
done using 25 active particles and with 1300 obstacles wherein (a) the obstacle
weigh is Mpassive = 2 X 1073 kg each, and in (b) mpassive = 17 X 1072 kg each. The
trajectories of the active particles in red lines shows that at the begining in (a), the
active particles were able to form and/or reuse channels for a short time, while in
(b) the active particles remain more or less confined in the same region from where
they started.

Seeing the two cases side-by-side one can notice the obvious differences where the
case in fig. 3.5a, after letting the active particles run for 20s they’ve manage to
move the obstacles aside and form some noticeable channels. This activity of forming
channels and moving through them last for some seconds and afterwards the majority
of the active particles will return to being hindered again, either by pushing a large
block of obstacles or by blocking each other and preventing movements.

In fig. 3.5b the active particles will immediately be hindered by the heavy obstacles
right from the start, and will spend almost all of their time standing still from
being blocked and confined by the obstacles. from pushing the heavy obstacles of
17 x 1073 kg each, leaving all of them with velocities close to zero.

Having seen the results above, one would wonder what happens when the packing
density and the number bugs is lower, will there be more noticeable differences be-
tween the different obstacle weight? Below in fig. 3.6 shows probability distributions
of 4 different packing densities with 100, 400, 700, 1000 obstacles.

The clearest case that shows how the weight of the obstacles affect the velocities
of the active particles is the case of 700 obstacles in fig. 3.6(c). Here the dis-
tribution shift to the left and gets narrower as the obstacle weight increases, with

23



3. Results

Npassi‘ue =100 anssive =400

T
o ml’ﬂss1vs:2-10’3kg 1
mpuv,-s,v(,:7A10—3!(g
":12'107'5kg_
mpamue:l7»10*3kg

T
[ mp“m.C:ZlO"?kg

=7-10"kg ]|
-=12-10""kg |
Mpassive=17-10""kg

Density
5
ul

3

il

I
=

(=1
(==

0.0 0.1 0.2 0.4 0.5 0. 0.2 0.4

0.3 0.5 0.
v [m/s]

Npassive = 1000

0.3
v [m/s]
Npassive =700

(c) 0 mpassive=2-10"kg @ 0 Mmpassive=2-10""kg T
>3 mpasgiue:7»10’3kg T mpﬂssil.e:TlU’gkg
7 B mpassine=1210"ke | 5 B mpasive=12-10"kg 1
g B mpassive=17-10"kg B mpassive=17-10"%kg

1 i
1 1 1 1
8.0 0.1 0.2 0.3 0.4 0.5 0.6 B.O 0.1 0.2 0.3 0.4 0.5 0.6
v [m/s] v [m/s]

Figure 3.6: Probability distributions of the active particles velocity at 4 different
obstacle density. FEach figure has 4 distributions corresponding to the different ob-
stacle weight while the number of active particles is fixed to 10. At a high obstacle
density case in (d), the probability p(v > 0) for heavier obstacle cases (red, green
and orange) is close to zero. The lightest obstacle weight case in blue has its dis-
tribution peak significantly lower than the other cases and with a fatter tail, this
suggest the situation shown fig. 3.5 where the active particle are able to move more
at this obstacle weight. In (c) show clearly how the different obstacle weight affect
the active particles velocity where, the distribution becomes narrower and shift to-
wards zero velocity as the obstacles becomes heavier.

17 x 1073 kg(red) having highest peak at v &~ 0 m s, followed by 12 x 107 kg(green),
7 x 1073 kg(orange) and 2 x 1072 kg(blue). This result show how the active parti-
cles is being slowed down depending on the obstacle weight, where their velocity is
lower in an environment of heavier obstacles.

At lower obstacle densities cases in fig. 3.6(a) and (b) the range of allowed velocities
that the bugs can take seems to be larger i.e. there is nonzero probability for
higher velocity, and there is high probability around v ~ 0.2ms~*. For these cases
(fig. 3.6(a) and (b)) the overall qualitative behavior of the active particles is barely
affected by the different obstacle weights, since the interactions between the passive-
and active particles are minimal when the packing density is low.

So an observation that can be made from the results in fig. 3.6 is that when the
packing density is too low, there is no clear pattern of how the different obstacle
weights effect the velocities of the active particles. The threshold of "too low”
packing density is found to be about less than 500 obstacles. On the other hand,
when having high packing density where Npassive > Nactive, the different obstacle
weights doesn’t have a significant effect on the active particles, since at a high
packing density, e.g. more than 1200 obstacles, regardless of the obstacle weight,
the movement of the active particles will be minimal leaving their average velocity
close to zero, as shown in fig. 3.7

As can be seen in fig. 3.7(a) the active particles average velocity decreases as the
number of obstacles increases. How fast this velocity decreases does depend on
the obstacles weight where heavier obstacles leads to fastest decrease in velocity,
see fig. 3.7(a). At a high packing density at about 1200 obstacles and higher, the
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Figure 3.7: To the left in (a), the average velocity of the active particles as a func-
tion of the obstacle density shows how the average velocity of the active particles de-
creases as the number of obstacle increases. The different line correspond to different
obstacle weight. The average velocity decreases fastest for the heavier obstacles and
the lines for mpassive = 17 X 1073 kg(red), mpassive = 12 x 1073 kg(green), mpassive =
7 x 107? kg(orange) converges at 1200 obstacles, while mpassive = 2 x 107 kg(blue)
stays at a higher average velocity. The fact that the blue line doesn’t converge with
the other lines can also be visualized in (b) where the lightest obstacle case(blue)
has its distribution peak much lower and also has a fatter tail, at this high packing
density.

lines corresponding to the three heaviest obstacle weights, red, green and orange,
converges at the same low velocity. The blue line corresponding to the lightest
obstacle weight stays at a higher velocity which suggest the scenario mentioned
in fig. 3.5 where the active particles, at this light obstacle weight of mpassive =
2 x 1073 kg, are able to form small channels and move through them for a short
period of time, eventhough the packing density is as high as 1200 obstacles.
Previously, the results show that when having the number of active particles fixed,
the mean velocity for these active particles decrease towards zero as the number of
obstacles increases. As for the weight of the obstacles as a parameter, the mean
velocity of the active particles is higher at a low obstacle weight and the velocity is
lower when the obstacle weight is high.

A question that needs to be answered is how does the number of active particles
affect their mean velocity? Lets answer this by looking at the case where the obstacle
weight is Mpassive = 7 X 1073 kg, as shown in fig. 3.8.
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Figure 3.8: Probability distributions of the active particles velocity at two different
obstacle density. At low obstacle density in (a) the distribution peaks at a lower
velocity for the higher number of bugs, while at high obstacle density in (b) all the
different distribution peaks at a low velocity close to zero.

As pointed out earlier, the active particles velocity decreases as the number of ob-
stacles increases. This again can be seen in fig. 3.8 where the peaks of the veloc-
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ity distributions shifts towards v = 0 as the number of obstacles increases from
Npassive = 100, in fig. 3.8(a), to Npassive = 1300, in fig. 3.8(b).

When having a closer look at how the number of active particles is affecting the
behavior, such as the case with low obstacle density in fig. 3.8(a) with Npassive = 100,
there is a clear separation between the different velocity distributions where the
distribution for higher number of active particles peaks at a lower velocity(red), and
the distributions shifts towards higher velocity as the number of active particles
decreases(blue). This result shows that the probability of having a lower ensemble
velocity is higher when the number of active particles is high.

This suggest some sort of crowdedness where the large amount of active particles
hinders each other from moving by creating some sort of congestion, see an example
in fig. 3.9. As the number of obstacles increases further as in fig. 3.8(b), all the
distributions peaks at a velocity close to zero, regardless of the number of active
particles. Similar to this result has been seen before in fig. 3.7 where the velocities
of the active particles converge towards zero, independent of the obstacle weight, as
the packing density increases.

(a); = 2 S

Figure 3.9: An example showing congestion like behavior, in three consecutive
frames, where the active particles hinder each other from moving when going in the
opposite direction. Three particles in the upper right corner and two in the upper
left corner, the particles being stuck are marked with black arrows showing their
instantaneous orientation. The last frame at t = 34s shows the three particles in
the upper right corner just escaping out from the congestion while the two particles
in the upper left corner are still being stuck.

This hindering behavior in fig. 3.9 happens more frequently as the number of active
particles increases, and as a consequence, the ensemble mean velocity of the active
particles decreases when this happens.

The differences that was seen when observing the active particles velocity as a func-
tion of number active particles is that, higher number of active particles leads to a
velocity distribution peak at a lower velocity, and the explanation being, because
of the stage being overpopulated with active particles, they hinder each other from
moving as in fig. 3.9 which in turn leads to them having low velocity.

Regarding the number of obstacles, there is a strong intuition already about how
this parameter should affect the active particles motion, after having seen the results
before in fig. 3.7. The intuition is that the active particles velocity should decrease
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as the number of obstacles increases. We confirm this by visualizing the probability

density of the active particles velocity as a function of the number of obstacels in
fig. 3.10.
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Figure 3.10: Active particles probability distribution as a function of obstacle
density. The distribution shift to the left towards v = 0 as the the number of
obstacles increases, an expected result since the active particles has less space to
move on when the arena is filled with many obstacles.

Having shortly discussed before, the scenario where the obstacle weight do not have
any significant effect on the active particles when the number of obstacles is low. The
explanation was that when the obstacle density is too sparse, then the interaction
between active particles and obstacles will be minimal, resulting in the different
obstacle weight having no distinguishable effect on the active particles. Though
intuition suggest that there certainly are differences between a bug colliding with
a heavy object in oppose to a light object. Hitting a heavy object, the rod shaped
bugs should "bounce” off changing its direction more rapidly than when hitting a
light object.

To investigate this, the orientational changes of the bugs in terms angular velocity
are being used, to see if their behaviors are expected and how do their orientation get
affected by different parameters. The angular velocity is the change of orientation
per time unit and can be expressed as

_db
Cdt

w (3.3)
where w is the angular velocity in unit rads™!,  is the orientation measured in rad.
In fig. 3.11 shows how the obstacle weight affect the angular velocity of the active
particles.

As can be observed in fig. 3.11, all of the cases has their peaks at df/dt ~ Orads™
while for mpagsive = 2 x 1072 kg(blue) the distribution peak is higher than for mpassive =
17 x 103 kg(red). This suggest that there is a higher probability for the active par-
ticles to change their orientation rapidly in an environment of heavy obstacles, more
rapidly than with light obstacles. This points to what was mentioned earlier about
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Figure 3.11: Distributions of the active particles angular velocity for different
obstacle weights. The four distributions all peaks at w =~ 0, the distribution for
lighter obstacle weight(blue) has a higher peak compared to the heavier one(red).

the nature of the collisions between active and passive particles. When the active
particles collide with a heavy obstacle, the active particle will "bounce off” and
change their direction more abruptly, similar mechanics as in elastic collisions. In
contrast with the scenario where the active particles collide with a light obstacle,
they instead push the obstacle forward for a short distance, then slowly changing
their direction before going on a new path.

Finally the angular velocity as a function of obstacle density and number of active
particles is shown in fig. 3.12
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Figure 3.12: Varying obstacle density in (a) shows that the distribution peak is
higher at w = 0 as the number of obstacles increases, compare 1300 obstacles(purple)
and 100 obstacles(blue). In (b), varying the number of active particles, shows a
higher distibution peak at w & 0 for higher number of active particles(red), again a
result of congestion.

Somewhat expected result in fig. 3.12, since it was already observed when studying
the velocity where the velocity tend to be lower as the number of obstacles and
the number of active particles increases. Similar pattern holds also for the angular
velocity.
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3.3 Collective Behaviours

One of the main focus of this thesis was to design a macroscale system in a way to
provide the conditions for collective behaviors to emerge. To be more specific, we
want to observe cooperative behaviors such as, active particles forming and reusing
channels. Though this particular behavior is not the only cooperative behavior
since any other behaviors/interactions between the active particles that are mutually
beneficial can be classified as cooperative behavior. In our case, it is natural to define
the goal for the active particles as maximizing their movements.

In the experiments, there were some frequently occurring behaviors with the bugs
that was difficult to quantify. The easiest way was to do a qualitative observation by
watching the recorded footage of the experiments. Some of these behaviors occurs
more frequent than others and may seem trivial. In this section, different observed
behaviors will be presented.

One behavior that happens in almost all the experiments is where the bugs become
stuck at the boundary edges of the arena, see fig. 2.2. This was a big issue with
the two previous designs of the border where we first had a rectangular border with
90° corners(right boundary in fig. 2.2 without the rounded corners) and the bugs
kept getting stuck at these sharp corners. The second iteration had rounded corners
which remove the issue of the first design but still have the problem of which the
bugs would spend most of the time traversing the edges of the stage instead of
interacting with the obstacles inside the stage. The current design which is the
cloudy border would minimize these two previous problems, but the getting "stuck”
behavior still occur, but for different reasons. For the first two border designs,
the bugs were getting stuck mainly because of the chirality of there movements in
combination with the border design of straight edges with rounded or sharp corners.
The chirality of these robots was a random property that could not be controlled in
before hand, also given the fact that the robots are suppose to be toys for children,
this unexpected property was no surprise.

With the current ”cloudy” border(left model in fig. 2.2) the bugs are instead getting
stuck when they are going against each other in the opposite direction and they are
in some sort of equilibrium where the forces from each bugs in different directions
balance out and the group of bugs stay still for some seconds until the equilibrium
breaks and each bugs go their own way again. Of course the chirality of the bugs
and the stage design still plays a role in this but it is not obvious as in the previous
two border designs. Moreover, the number of the bugs does play a role in this
behavior where more number of bugs will make this congestion behavior happen
more frequently, see for example the velocity distribution in fig. 3.8.

Some example of bugs getting stuck is shown in fig. 3.13.

The situation shown in fig. 3.13 is an example of the active particles working against
each other by preventing each other from moving. This behavior can be categorised
as "Anti Cooperative Behaviour” i.e. some collective behavior that minimize the
active particles movement, as oppose to Cooperative behavior where the bugs help
each other to maximize the groups movements.

There are many scenarios where cooperative behavior occurs where the bugs assist
each other to move in various ways, some easier to observed than others. Here some
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Figure 3.13: Example of situations where the bugs become stuck when coming in
contact with one another and the border of the arena. The direction of where the
bugs are pushing is marked with black arrows. Each figure shows different number
of bugs that are involved, 2 bugs in (a), 3 bugs in (b), 4 bugs in (c), 5 bugs in (d),
6 bugs in (e), 7 bugs in (f), 8 bugs in (g) and 9 bugs in (h)

cases of cooperative behavior will be presented. With regard of the restrictions of
this format, only the cases that can be clearly visualized will be presented. The first
example is shown in fig. 3.14.

Here the bugs assist each other to push away some obstacles from the border of
the arena, and thus making way for other bugs to move freely at the edges. The
observation in fig. 3.14 is taken from three different experiments where in each
experiment four consecutive frames are taken showing how the bugs move. Note
that in these examples shown, the assistance of other bugs that were not initially
pushing the obstacles do make a significant difference in moving them, either by
speeding up the process or clearing out a bigger area of obstacles.

Next example is when the bugs are pushing onto each other preventing the scenario
where some bugs are being blocked and confined by obstacles.

As for the case of cooperative behavior shown i fig. 3.15, where a push bug push
another bug, the outcome where the pushing bug successfully push another bug
from its unmovable position doesn’t always happen. When the obstacle weight is
too high and if there are too many obstacle in front of the bugs, both the bugs will
become stuck. With that said, when two bugs do collide they tend to change each
others movement in some way and thus destroy whatever equilibrium they were in,
which will create more movements.

The motivation of categorising the above behaviors in figs. 3.14 and 3.15 as "Coop-
erative behaviors” can be put as follows. Since the aim of this project is to study the
collective behaviors of these agents, and to do so, these agents have to "behave” in
some way, and behaving in this particular case is almost synonymous with moving.
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Figure 3.14: Three different examples of cooperative behavior showing how the
bugs assist one another to push away obstacles. It would take much longer time
without other bugs helping. The direction of the bugs is marked with black arrows.
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Figure 3.15: Examples of cooperative behavior where one bug push another bug
that is being blocked, to move forward. When facing an obstacle one single bug
might not be strong enough to move the obstacles in front, but when another bug
join, they are able to together push the obstacle away making channels for other
bugs.
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Moving particles thus give interesting and non-trivial data for analysis, compared to
a particle standing still from being blocked. So any action, from a particle onto an-
other one, that increase the ensemble displacement will be considered as cooperative
behavior.

Now the next reoccurring behavior, which is shown in fig. 3.16, is when the bugs
create a circular shaped channel and keep reusing it, circling inside for many lapses.

L L ™
= e

(a) 7 lapses

(c) 2 lapses (d) 4 lapses

Figure 3.16: Examples where the bugs are circling inside a circle shaped channel for
many lapses. The bugs might end up in this situation coming from other channels,
and due to its chirality they might circle around for some lapse before moving on
through nearby channels. In some cases while the bugs are circling, other bugs might
push and move the obstacles adding walls to this circular shaped channels making
them more stable. This leads to the bugs inside, the fully closed circular channel,
traversing around for many lapses, as seen in (a) to (d).

This circling behavior is presented in the four examples, figs. 3.16a to 3.16d, with
the trajectories of the bugs marked in red and the number of lapses of which the
bugs are circling around.

This type of "local” channel i.e. not expanding over a large area of the arena, tend
to be more stable than the channels that extend over a larger area. The reason
for this is that for the latter type of channel, the likelihood of another bug cutting
through and destroy the channel is higher. These circular shaped channels are
mostly formed between rigid boundary from the stage(fig. 2.2) and obstacles, this
means that a portion of the channel will be an immovable part supported by the
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rigid bounday, and the movable part formed by the obstacles. This will decrease the
chance of channels being destroyed since it is partly immovable.

Now the duration of the bugs circling in these channels will depend on how much
of the channel consist of the rigid boundary, which is immovable by the bugs. In
fig. 3.16a, the bug manage to stay in the channel for 7 lapses compared to the case
in fig. 3.16¢, which is only 2 lapses. One could immediately see the differences in
these two channels where in the first case a big segment of the channel constitute of
the rigid boundary made by wood, roughly two-thirds of the channel. Whereas the
latter case where the bug only circle for 2 lapses, this channel constitute mostly of
obstacles and empty spaces, roughly two-third of the channel being movable and one-
third immovable, this will increase the likelihood of the bug destroying or escaping
the channel.

Generally the channels tend to be quite unstable, especially the ones that cover a
large area of the stage consisting only of obstacles and no rigid boundaries. Every
time a bug uses a channel it moves the obstacles slightly, and after many usages,
the channel is destroyed. A channel is destroyed faster when using light obstacles
and high number of bugs.

An example of the type of channel that stretches across the stage is shown in fig. 3.17.

Figure 3.17: A bug propagating through a long channel that stretches over the
stage, starting from the upper left corner going to the lower right corner. This
experiment was done with Nycive = 10, Npagsive = 900 and mpagsive = 2 X 103 kg.
The trajectory of where the bug traverses along the channel is marked with a dashed
red line, the start of the trajectory is marked as - and the end with —. The bug
that traverses this trajectory is marked with a black dot.

Again, these type of channel shown in fig. 3.17 tend to be unstable with reasons
mentioned before. Compared to the circular shaped channels shown in fig. 3.16,
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these long type are quite exposed to other bugs destroying it, by either pushing
away the obstacles that make up the walls of the channels or moving some obstacles
into the channel and thus blocking the channel.

With only 10 bugs in this experiment, in fig. 3.17, it is relatively easy to spot
when a channel is being created, reuse and destroyed. When the number of bugs is
higher than this, the stage gets somewhat cluttered which makes it harder to spot
a channel and also the high number of bugs will raise the likelihood of a channel
being destroyed.

With only one bug, it is easier to track its behavior, as seen in fig. 3.18.

(a) tduration = 9s (b) tduration = 11s

(C) tduration = 4s (d) tauration = 11s

Figure 3.18: Four occurrences in the same experiment where a bug is reusing
preexisting channels. Depending on the length of the channel, it takes different
time for the bug to go through the whole channel ranging from tquation = 4 in (c)
t0 tquration = 11s in (b) and (d). Since there is only one bug in this experiment,
this bug both create and reuse its own channel. This experiment was done with
Nactive = I, Npassive = 1000 and Mpassive = 2% 1073 kg

In this one bug case it is easy to spot the moment when the bug is using a channel,
and some part of the channel last relatively long since there is no other bug that
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can destroy the channel. The channels that are formed in the experiments with low
number of bugs and high obstacle density tend to be longer in distance and more
stable i.e. stay intact for a longer period of time. This can be visualized in figs. 3.18a
to 3.18¢c, where the overall appearance of the stage, with the preexisting channels,
looks close to identical. In the one bug example, in fig. 3.18 the duration for with
the bug to reuse the different channels spans from tquration = 4 t0 tquration = 118,
which are some of the longest duration observed amongst the different experiments
regarding channel behaviors.

Another type of situation where several bugs reuse the same channel is presented in
fig. 3.19.

(a) S

Figure 3.19: Situation where several bugs traverse through the same channel,
7 bugs in (a) and 2 bugs in (b). This experiment was done with Nyctive = 25,
Npassive = 900 and mpassive = 2 x 1073 kg.

With the one bug example in fig. 3.18, its channelling behavior can also be observed
by looking at the time evolution of its velocity v, reported in fig. 3.20.

This figure shows how the bugs velocity vary depending on its behavior, whether
the bug is reusing an already existing channel or the bug is forming a new channel.
When the bug is reusing a channel, its velocity oscillates around a relatively higher
velocity(red segments in fig. 3.20) than when it is forming a channel(blue segments
in fig. 3.20). This velocity differences is due to the simple fact that, when the bug is
reusing a channel, it can move throgh obstacle-free spaces unhindered and is able to
maintain its high speed throughout the stretch of the channel. On the other hand,
when the bug is forming a channel, it instead spending most of it time pushing
obstacles trying to form new channels, which will inevitably slow its speed down.
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One bug experiment

0.3 T T T T
.

1(I)0 1éO 1210 1(I30
t [s]
Figure 3.20: Velocity-time graph showing how the velocity of the bug in fig. 3.18,
evolves through time. The red segments of the curve marked with (a), (b), (c) and
(d) is the period when the bug is traversing through the channels shown in fig. 3.18.
At the channel-using segments (red lines), the bugs velocity oscillate around a higher
velocity than the blue segments, where the bug is instead forming channels. In the
channel-using segment (d) there is a short velocity dip in the middle. Eventhough
this being a channel-using segment, the bug collide against the walls of the channel
and push for a short period of time before returning to going through the already

existing channel again.
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Conclusion

The field of active particles, though being a new field, is widely researched across
multiple disciplines, such as statistical physics[43], biology[29], robotics[44], social
transport[45], soft matter[46] and biomedicine[39].

While most of the researches in the the field of active particles are often done in the
microscale with microorganisms|[26]—[28]. There are yet grounds to be explored in
the macroscale, which was the origin of this project.

What was seen here as the results of this project might strike to be somewhat
intuitive and expected, with for example higher obstacle density or higher obstacle
weight, leading to less motion for the active particles. Some results are less intuitive,
such as higher number of active particles resulting in lower velocity for the active
particles. However intuitive a result might be, it was interesting to go through the
experiments to confirm the expectations.

Qualitative results was also presented as collective behaviors where we saw behaviors
such as channel formation, reusing of channels, cooperative behaviors and other col-
lective behaviors. These behaviors could only be observed clearly when the obstacle
density was high.

Though it is obvious in hindsight that for example a bug will take a certain path
or circling around one path or even pushing another bug because it has no where
else to go, it is daunting that these behavior appears randomly when changing some
parameters that do not have any obvious connection to these specific behaviors.
Emergent behaviors is one of key properties of complex systems. It is powerful to
think that a system with simple agents can exhibit complex behaviors when some
parameter is being tuned. This is the heart of our nature with simple cells that fol-
lows simple rules, but together can accomplish something as complex as the human
body[58] or even the human brain[59]. Thought this field is still in its infancy, it is
exciting to speculate what potential it has. The potential applications could be for
examples drug delivery or elimination of cancer cells using nano robots. Fires could
be put out by a swarm of drones, building could be built safer for evacuations using
the knowledge of many particle systems simulation, or even designing autonomous
robots for remote exploration such as rover in mars.

With all being presented here, there is still works to be done and it is encouraged for
future works to improve what was done in this project, continuing to find better and
smarter ways to study active-passive particles systems in macroscale. And hopefully
this project contributes to advancing the field of active matter.
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