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1 Introduction

Proposed by Witten and Sander in 1981 [18], Diffusion Limited Aggregation (DLA) is a
model for a range of natural phenomena that have fractal growth. The model begins with
a static seed in the centre and another particle is launched at a large distance from the
seed. This new particle diffuses through the space by Brownian motion until it is adjacent
to the seed, at which point it attaches and becomes part of the cluster. Another particle
is then launched from a random distant point and walks randomly until it attaches to the
cluster. Particles are continually added until the model is stopped by some parameter. The
model can also be simulated on-lattice with the use of random walk. Despite its relatively
basic growth pattern DLA has proven difficult to model and has become one of the most
studied theoretical aggregation processes, with both on and off lattice models thoroughly
investigated. A good summary of investigations was written by Sander in 2000 [16]. DLA
forms the basis for simulations on a wide range of topics including nanoparticle agglomeration
[20], bacterial colonies [11] and electrodeposition [12]. Figure 1 displays a crystal grown by
electrodeposition in zinc sulfate solution exhibiting DLA.

The optimisation and structural analysis of DLA has provided a long-lasting challenge. As
the cluster size increases, the density of DLA decreases due to the creation of deep fjords
inbetween long branches, and particles then spend significant amounts of time walking in
these fjords before aggregating. Clusters built via DLA exhibit a type of scaling pattern
whereby the radius of a cluster grows according to a power law relationship with the number
of particles in the aggregate. When a drift has been applied to DLA it has been found that
DLA endures a crossover to Ballistic Aggregation (BA) [13]. Motivated by this crossover
of structure we investigate how varying the radii of the particles affects the stability and
scaling of the cluster and whether any crossover occurs. Following on, we apply a type of
drift whereby particles are attracted to one another depending on their radii and equally
investigate whether DLA maintains its defining features. For the duration of these investiga-
tions we needed to maintain the optimisation of our simulation and at each stage we discuss
how this is possible.

A brief synopsis of the paper content is as follows. In Section 2 we describe the model used,
its implementation in MATLAB and a brief critique of modelling on-lattice is discussed.
In Section 3 we begin investigating the stability of DLA by releasing particles of different
radii firstly by means of a discrete distribution between two distinct radii and secondly by
use of various continuous distributions. Section 4 continues these investigations by applying
particle to particle attraction and combining this with cluster of varying radii with larger
particles offering larger attraction.



Figure 1: Crystal grown in zinc sulfate solution exhibiting DLA. The picture is from [12].
2 Optimising the Algorithm

2.1 Models and Methods

To produce large scale simulations of the model we would suffer extreme computation times
if we simply adhered to the algorithm of DLA described above. Particles would spend
enormous amounts of time walking before aggregating with large distances to cover before
reaching the cluster. Therefore we must apply techniques to optimise the algorithm and
provide an efficient way of producing clusters. In our model we do this by making use of
a computer’s memory as has been investigated previously [9]. The aggregation modelling
presents us with four main issues that need addressing: simulating the launch of a walker
from infinity, the walker spending a large amount of time walking far away from the cluster,
the walker spending a large amount of time in deep fjords in between branches of the cluster
and identifying when the walker will attach to the aggregate. We explain how each of these
points has been addressed in our model.

If we draw any circle in space a walker performing Brownian motion from infinity will hit the
boundary of the circle with a uniform distribution. We enclose our cluster in a circle slightly
larger than the cluster of radius Rj4unen and launch our new walkers from a uniformly random
point on this circle. In our model we let Rjqunch = Rmaz + DLimin Where R,,.. is defined to
be the largest distance from the centre of the lattice of any particle in the cluster and L,,;,
is the smallest step size that can taken. Even if we start the walker on this launching circle
it may well wander off in the opposite direction and could spend significant time far away
from the cluster. A walker outside the launching circle will hit the launching circle with a
certain probability distribution depending on where the walker is in space [15]. We can find
this probability density function via a Mobius Transformation and at any time outside the
launching radius bring the walker back in one step. If the walker is at a point with distance



a from the seed, with a > Rjsunch, then, setting 6 = 0 to be the angle from the seed to the
walker, the walker hits the launching radius with probability density function
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This calculation can be quite costly if it were triggered often, for example every time the
walker went outside the launching radius. Therefore when using this method we need to
find an optimal distance so that this calculation is performed rarely and only when needed.
However, if we let a = nRjquneh, for n € N, we note that as the distance from the centre of the
walker increases, the probability density distribution approaches the uniform distribution on
the launching circle, since then
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This observation can lead us to use a different approach by which we abandon the time costly
calculations involved in bringing back the particle in one step and employ a killing radius,
Ry, whereby if a walker walks further than this distance from the centre it is removed
and relaunched from the launching radius uniformly. The walking outside of the launching
radius here is not a problem since we can take large steps and so even though we may take
some steps outside the launching radius this is more efficient than performing calculations to
relaunch the particle from the launching radius. Large n increase computation times however
we seek n large enough so that it provides a good approximation of our uniform distribution.
After investigation it was found that for our model the optimal set up was to utilise a killing
radius of Ry = 5Ryae. For n =5 the value is large enough to approximate well a uniform
distribution but still provide good simulation speeds. This can be seen by seen by comparing
the difference in density between the point of highest probability, § = 0, and the point of
lowest, § = w. For n = 5 we gain a difference of 5/127 while increasing our parameter to
n = 10 only roughly halves this difference not justifying its increased simulation times.

We now turn our attention to the issue of our particle spending increasingly large amounts of
time inbetween branches of the cluster, the so-called deep fjords. In a cluster of 10° particles
these deep fjords could be many thousands of times the radii of particles and walking with
small steps would be ineffective. As above we employ a tactic of being able to take large steps
when far away from the aggregate. For this to be possible at any point in space the walker
must be able to find out approximately how far it is from the aggregate and in our model we
make use of large computer memory to store matrices of this information. We must define
a maximum step size, L., which is the largest step a particle can take. Ideally we want
Ly as large as possible but, as we will see below, this increases computation time and so
an equilibrium must be found. Once we have L,,,, we can define the Vicinity Matrix which
we will calculate at the beginning and will remain a constant throughout the modelling.
This matrix will be a 2L,,,, + 1 square matrix and each cell will contain the rounded down
distances between the cell and the middle cell of the matrix, where if this distance is greater
than L,,,, we let the cell entry be L,,... An example of the Vicinity Matrix is shown in
Figure 2 where we have set L., = 8.



Figure 2: Vicinity Matrix with L., = 8.

We set up three additional matrices: the Stuck Particles Matrix which stores the exact
coordinates of aggregated particles, the Cluster Matrix which will store an on-lattice version
of the cluster with the cell value equal to the particle label, i.e. the time the particle
aggregated. In the off-lattice case to obtain the on-lattice version we round the aggregated
particle’s real coordinates to the nearest integers. To ensure that at most one particle refers
to each cell we set the radii of the particles to at least one so no two particles can be rounded
to the same cell. The final matrix, the Distance Matrix, will contain the rounded down
distances between each cell and the nearest occupied cell according to our Cluster Matrix
with occupied cells taking the value 0. If a cell is further than L,,,, from an occupied cell
then this cell will take the value of L,,,,. Figure 3 gives an example of how the Cluster
Matrix and Distance Matrix might look near the beginning of a simulation.

Every time a particle is aggregated we add the particle’s coordinates to the Stuck Particles
Matrix, update the relevant cell in the Cluster Matrix and recalculate some of the cells in the
Distance Matrix. The cells we might have to recalculate are contained in a square centred
on the new stuck particle of side lengths 2L,,,, + 1. To update these cells we compare the
entry in each cell of the sub matrix to the corresponding entry in our Vicinity Matrix and
take the minimum out of these two values. This method is the crucial optimisation step
since at every step we can now instantly see roughly how far we are from the cluster by
checking the Distance Matrix. As mentioned above, maximising L, would seem to be the
sensible priority as then larger steps could be taken, however after each aggregation we must
recalculate a 2L,,,, + 1 square matrix which is costly. We investigated various values for
Lmee and found that the optimal values for clusters with 10° particles is Ly, = 82 and for
clusters with 10* particles Ly,q. = 27.

Finally our model should be able to tell when a walker is aggregated. In the on-lattice
model this is relatively simple, since a walker at a certain cell is aggregated if any of the four
adjacent cells contain a stuck particle. This is an easy check and does not cost much in terms
of efficiency and is where the on-lattice model gains its speed advantage over the off-lattice
case. Unfortunately for the off-lattice case it is not so simple. By the Markov property of
Brownian motion if we draw any circle around the walker which does not intersect with the
aggregate then our walker will hit the boundary of this circle uniformly. We thus draw circles
around the particle as large as we can without hitting the aggregate and move the walker



(a) Cluster in space (b) Distance Matrix

(c) Cluster Matrix

Figure 3: The beginning of a simulation in our various matrices with L., = 5.



(Xo,Yo)

Figure 4: Calculating the hitting distance from a particle. The yellow particle represents
the walker, the red particles aggregated and the green particle is where the walker should be
aggregated to if Ly; satisfies 0 < Lpiy < Lipin.

to the boundary of this circle. If we continued in this manner as the particle gets closer and
closer we draw smaller and smaller circles and the particle will never hit the aggregate since
it hits any point on the circle with probability zero. Therefore as well as a maximum step
size we must equally define a minimum step size, L,,;,, where we only aggregate if we are
close enough to be able to hit the aggregate in less than this step size. We cannot have L,,;,
too large as otherwise we would deviate from Brownian motion but having a small value
increases computation time thus in our model we use L,,;,, = r/5 where r is the smallest
radius of a particle. We only need to check for aggregation when the walker is in a cell
where the corresponding value in the Distance Matrix is low enough so that we could hit
the aggregate at the next step. This hitting distance will be equal to twice the particle radii
add the minimum step size and add one for rounding errors, so, Dy;; = 21 + Ly, + 1 where
r is the radius of the particles. Looking at the submatrix of sufficiently close entries around
the walker we can extract from the Cluster Matrix the relevant particle labels and then by
choosing a random angle to walk uniformly we can calculate the distance needed to collide
with each of these particles. If the distance is less than L,,;, then we walk this distance and
attach to the aggregate.

We can calculate this distance through some algebra and geometry. Figure 4 displays the
scenario where 6 is our random angle chosen and Lj; is the distance to aggregate. From this



we see

a =2z, — (xo + Lpi cosb),
b=y, — (yO + Ly sin 6);
d* =a® + b,
Since d is simply the distance between the two particle centres, d, is the sum of the two
particle radii which is known and we can rearrange these equations to give us the quadratic

equation
AL;, + BLpi + C =0,

where
1

= 2(cosO(zg — ) +sinb(yo — yp)),
(zp — m0)” + (yp — v0)” — d*.
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Solving this quadratic equation, if there exists a solution then we take the minimum solution
that satisfies 0 < Ly < Ln - Otherwise if the solutions are outside this range or do
not exist then the particle will not aggregate in a step of size L,,;,. We need to check for
each particle sufficiently close if there is to be collision and in the case of collision with
multiple particles in the aggregate we choose the smallest distance to eliminate the chance
of overlapping.

This method was chosen as it can be easily adapted to perform the model when the particle
radii are not uniform, as long as the smallest radius is of unit size then the model will hold.
We acknowledge that methods such as the Brady-Ball method [3] may provide slightly more
efficient means of constructing models however since investigating stability, not optimisation,
is the purpose of this paper we happily proceed with our above model. An off-lattice cluster
built with 100, 00 particles is shown in Figure 5 and was built in 35 minutes.

2.2  On-Lattice Anisotropy

In the on-lattice case when following the model described above after each step we round
ourselves to the nearest integer cell. When close enough to the aggregate then random
walk on the lattice is used. As mentioned above since the aggregation check on a lattice is
significantly easier then we are able to simulate large scale models of DLA in sensible time.
Figure 6 shows an on-lattice model with 10° particles which was grown in under 2 minutes.
The colouring represents the arrival time of the particle to the cluster and from this Figure
we can see one of the key properties of DLA, that particles mostly attach to large branches
leading to the growth of deep fjords.

In the on-lattice models particles are approximated by square cells and thus a walker cannot
aggregate to anywhere around the aggregated particle as in the off-lattice case. It is restricted
to attaching in one of the four axial directions and as a result of this, the on-lattice model
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Figure 5: Off-lattice cluster of 100, 000 particles.
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Figure 6: On-lattice cluster with 10° particles where colouring of the cluster relates to
arrival time of the particle.
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Figure 7: On-lattice cluster with 10° particles displaying clear anisotropy.

produces anisotropic results with preferred growth in the axial directions. We can demon-
strate the anisotropic behaviour of the on-lattice model through various methods. Our first
and perhaps most primitive method is by producing large-scale cluster of over 10° particles
as can be seen in Figure 7 where axial preferential growth is evident. Here we can clearly
see growth in the axial directions significantly larger than in any other directions.

We can also apply a type of probabilistic exaggeration to the model whereby we require
walkers to visit a site at least M times before we aggregate it. Then if anisotropy is present
the preferred growth of directions will be magnified while improbable growth directions will
become even more unlikely. With this exaggeration applied it does not take large cluster
sizes to display anisotropy and Figure 8 displays clusters of 50,000 particles with various
values for M. In addition to above we can apply a quantitive measure of the anisotropy in
terms of the fourth circular harmonic [3]

N
1
(cosdl) = N ZZ:; cos4b;,

where the summation is over the aggregated particles and 6; refers to the angle of the
aggregated particle relative to the origin. It is known [2] that for fractals with axial anisotropy
then (cos4d) > 0, for fractals with diagonal anisotropy (cos4f) < 0 and we have equality for
isotropic fractals. Table 1 displays the average values of the fourth circular harmonic over
100 iterates for various cluster sizes. Due to its computational time requirements, the cluster
with 10° particles was only averaged over 10 iterates. Other methods of displaying anisotropy
exist, however with this third dataset we conclude that we have adequately displayed the
anisotropy of on-lattice DLA.

As a result of the clear anisotropy displayed by the on-lattice model, despite the relative
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Figure 8: On-lattice cluster with 50,000 particles where we require a site to be visited M
times before the particle is aggregated.

| Number of Particles | 107 10 10° 109 |
| (cos40) 0.0796 | 0.1243 | 0.2395 | 0.4321 |

Table 1: Average fourth circular harmonic for various cluster sizes.
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speed at which you can produce large DLA clusters, we proceed by my making use of the
off-lattice model. Investigations have been made into reducing the anisotropy of DLA [4, 19],
however these studies have failed to find a definitive answer leaving delaying the anisotropy
to larger clusters or rotating the direction of the anisotropy as the two best current solutions
to this problem.

3 Particle Radii Affecting Stability

We seek to characters the shape and size of fractals in very much the same way as in geometry.
Where a line can be given a definite length and a square a definite area, we want to be able to
apply some quantitive measure on fractals. This is where we can define the fractal dimension.
A line has dimension one and a square dimension two, however the classic example gives
the dimensions of the UK coastline to be roughly 1.2 since it exhibits properties of both one
and two dimensions. Various definitions exist [5] with perhaps the most common being the
box-counting dimension, where we let N(r) denote the number of squares of side length r
needed to cover the fractal. Then if a fractal obeys the relation

N(r) = ¢ (%)D |

where ¢ is a constant, we say that the fractal has box-counting dimension D. From this we
can take logarithms, re-arrange and take limits to obtain that
logN ()

D = lim —&2\)
"0 logl/r’

This definition can easily give that the dimension of the von Koch curve is log4/log3 or
that the dimension of the Sierpinski triangle is log3/log2. However, this cannot be used for
DLA since when r gets smaller than the smallest radius of a particle in the cluster the DLA
does not reveal any additional structure and we cannot compute the dimension from taking
continually smaller boxes. This is due to the fact that DLA is not strictly a fractal but a
pre-fractal in that it only exhibits fractal properties up to a certain scale. Instead we make
use of the mass dimension, where we extend the notion of how the mass of an object varies
as its size changes. As before if we have a line and it doubles in size then we double the
mass and if we double the size of a square we quadruple its mass. We pick a point P inside
the fractal, near the middle, and then denote by M(r) the mass of the fractal in a disc of
size r centred on P. Then similarly to the box-counting dimension if a fractal obeys

M(r) = er®,

for some constant ¢, then the fractal has mass dimension D. If each particle is the same
size we can take the mass of each particle to be unit which simplifies M (r) to simply be the
number of particles. If particles are of different radii then by letting particles of radius one

have unit mass other particles are scaled such that the mass of a particle of radius r is r2.

12



Hence the formula for the mass of the cluster simplifies to
N
M(r) = i,
i=1

where 7; is the radius of the i particle and NV is the total number of particles in the cluster.
By taking logarithms of our power law relation we obtain

logM (r) = dlogr + loge.

Recognising this as a straight line equation we can then plot logM (r) against logr for various
values of r to give the gradient of the linear least-squares approximation which corresponds
to the fractal dimension. In our model we build an aggregate until the required number of
particles is aggregated and then measure the radius of the cluster. As such, it makes sense to
in fact plot logr against logM (r) and note that the fractal dimension will then be one over
the gradient of the linear least-squares approximation of the points. We grow various cluster
sizes and note the radius of the cluster, R,,.., which is defined to be the largest distance of
an aggregated particle from the centre seed. Then we can plot logR, .. against logM (R,4z)
and use a linear least-squares fit to determine the fractal dimension as above. We utilise
MATLAB’s robustfit function to plot this linear fit. For simplicity from now on we refer
t0 Rinae as simply R and M(R) as M. It has been computationally verified [17] that for
two-dimensional DLA D = 1.71. We build cluster sizes of size 100 up to 200,000 and plot
the log-log graph in Figure 9. Here the fractal dimension is computed to be D = 1.71 as
expected.

In our first step away from the standard model we altered the radii of particles. When releas-
ing a new walker, with probability p the particle has radius two and radius one otherwise.
Figure 10 displays such a cluster in the early stages of its growth. This alteration could
possibly form models for mineral decomposition with two different minerals or colloids with
two insoluble particle sizes dispersed. The natural question to ask is then will this cluster
obey our power law relation and if so for what mass dimension D? This modification will
not affect the pre-fractal nature of DLA and so it is reasonable to assume that DLA will
still exhibit a scaling pattern given by the power law relation. Some particles have radius
two now and this increases the hitting distance Dj;; which, in turn, increases computational
time since we now have to check all particles for collision in a larger area around the walker.
Namely when the walker has radius two, Dy;; = 4 + L,,;, + 1 and when a walker has radius
one we have now, Dy;; = 3+ L., + 1 since the walker could be close to a particle of radius
two. This slight increase has an effect on computation time and as such clusters of up to
only 100,000 particles can be built in reasonable time.

We now investigate whether our modified DLA still obeys the same scaling principles with
various values for p. Clearly if p = 0 or p = 1 then we return to our standard model and
expect to exhibit scaling of D = 1.71. For numerous probability values we grow clusters
of varying sizes from 100 up to 75,000 and again plot logR against logM to calculate the
fractal dimension as above. Table 2 provides values for D for various values of p with Figure
11 displaying the growth patterns for some of these values.

13
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Figure 9: Plot of logR against logM for various cluster sizes with a linear least-squares
approximation. The fractal dimension is then given by one over the gradient, here D = 1.71.
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p| 0 [02]04]06]08] 1
D | 1.71 | 1.76 | 1.82 | 1.76 | 1.70 | 1.71

Table 2: Fractal Dimensions, D, for a cluster that takes particle radii two with probability
p and radius one otherwise.
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Figure 11: Growth patterns for various values of p where D is one over the gradient of each
least-squares linear approximation.

As an aside let us comment on the accuracy of our values for D, not only here but throughout
the duration of the paper. To calculate D we plot linear best fits for eleven data points
ranging from size 100 to 10° and to an even lower size for difficult simulations later in the
paper. We repeated numerous data points to find that for the smallest clusters our data
exhibits a 0.2 confidence interval for logR while the largest clusters give +0.01. With these
confidence intervals by looking at the largest and smallest gradients possible for our linear
fit we obtain a confidence interval of £0.5 for D.

From Figure 11 and Table 2 we ascertain that as we had previously predicted, the clusters still
obey the scaling pattern for all these different values for p. In fact, their fractal dimensions
are still similar to the original model and from Figure 11 we notice that the linear fits are
very similar but perhaps for low cluster sizes skewing their values. The radii changes here
have been minimal and we note that DLA can maintain its stability when it incurs minor
perturbations in its modelling. We investigate as to whether making more drastic changes
to the particle radii disrupts the scaling pattern of DLA.

Instead of assigning a probability p we now apply some distribution for the radii of particles.
We consider radii normally, exponentially, gamma and uniformly distributed. In this model
radii are not limited to taking only two values and in fact may take quite large radii. As
remarked in our models section we set that the smallest radius of a particle to one in order

15
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Figure 12: Distributions used for particle radii: (a) N(5,1), (b) Exp(3), (c¢) I'(3,1) and (d)
U[L, 20].

to keep the model functioning. This is naturally done in an exponential, gamma or uniform
distribution whose supports can be manipulated so that they only take values greater than
or equal to one. The normal distribution has the real numbers as its support and so we use
parameters such that obtaining a radius less than one is extremely unlikely and in the case
it does happen we set the radius as one instead.

The following distributions were used: Normal Distribution with mean five and standard
deviation one, Exponential Distribution with mean two, Gamma Distribution with shape
parameter three and rate parameter one and Uniform Distribution on [1,20]. Figure 12
displays graphically the probability distributions of the four distributions used. A particle
may be assigned a very large radius and as discussed above the possibility of large radii
increases our computation time since at every step we must assume that we are close enough
to aggregate to a particle of large radii. We implement this by assigning a maximum radius,
T'maz, Where the probability of assigning a radius greater than this is negligible. For the nor-
mal distribution we use 7,,,, = 15 and for the exponential, gamma and normal distribution,
rmaz = 20. When a particle is aggregated as before we update our Distance Matrix with new
entries but instead modify the Vicinity Matrix we use to represent the size of the particle
aggregated. To implement this we round the particle radius to the nearest integer, r, and
our Vicinity Matrix is a 2L,,4; + 7 + 1 square matrix containing the rounded-down distances
between a cell and the edge of a disc of radius r centred at the middle of the matrix. Figure
13 gives an example Vicinity Matrix where L,,,, = 6 and r = 3. The slight change here is
that now the Distance Matrix contains the rounded-down distances between the edge of the
closest particle in the cluster rather than the centre of the particle. With this implementation
in place we can build clusters up to 75,000 particles with particle radii varying from 1 to 20
in under half an hour for the normal, exponential and gamma distribution. For the uniform

16
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Figure 13: Modified Vicinity Matrix with L,,,, = 6 and r = 3.

Distribution | N(5,1) | Exp(1/2) | I'(3,1) | UJL,20]
D 1.73 1.77 1.66 1.75

Table 3: Fractal Dimensions for clusters that takes particle radii according to different
distributions.

distribution which sees large particles often it takes just under two and a half hours.

Clusters ranging from size 100 to 75,000 were built and a log-log graph produced as before
to examine whether this version DLA scaled as before. Figure 14 exhibits clusters of 75,000
particles for the different distributions and Figure 15 the log-log graph. From the clusters we
can see that the changing radii size has had little effect on the appearance of the structure
with long branches still producing deep fjords. For the normal, gamma and exponential
distribution this is not too surprising as the variance in each of these distributions is relatively
small and hence the particle radii are mainly close to the mean value in each distribution.
However the uniform distribution has a large variance and produces particles ranging from
very small to very large often. Noticeably it has produced a significantly larger cluster than
the others as expected but has not disrupted the appearance or stability of DLA. From our
log-log graph we see that our cluster still appears to very much display a power scaling law
since a straight-line fits the data well. The linear fits are all near parallel giving similar
fractal dimensions as seen in Table 3. It was also observed from clusters that new arms
are often built as a result of a particle of large radius. This is particularly evident in the
exponential and gamma case where particles of large radius are unlikely and so occur rarely.
Therefore when one does occur it is mostly followed by smaller particles which can attach
to it from anywhere on its circumference and hence form several chains off it. This can be
seen in Figure 16 where we have zoomed in on a section of the 75,000 clusters built with
exponentially and uniformly distributed particles.
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Figure 14: Clusters of 75,000 particles for various particle radii distributions.
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Figure 15: Growth scaling for clusters where particle radii follow distributions (a) N(5,1),
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Figure 16: Close up segment of cluster built with exponentially and uniformly distributed
radii displaying branch growth off larger particles.

4 Particle Attraction and Flow Affecting Stability

On a large scale, varying particle radii has had a minimal effect disturbing the fractal di-
mensions slightly but preserving the structure generally. We have built clusters up to 75,000
particles which consist of varying particle sizes and have previously assumed that despite
their varying size all these particles act uniformly in that they have no effect on the Brownian
motion of the walker.We now begin to apply attraction between particles and combine this
with varying particle sizes where large particles give greater attraction.

Attraction could be defined in numerous ways and so we need declare how we represent it.
We want to introduce biased Brownian motion that has a preferred direction and we do this
by introduction of bias in the exit distribution. Continuing with our model above we had
previously been generating a uniform random angle on [0,27) to decide our walking step
direction. We modify the distribution of the angle to produce a bias in certain directions in
order to produce this attraction. We can utilise the Beta distribution, which is a distribution
on [0, 1] with two shape parameters. If the two parameters are set to be equal then we produce
a symmetric distribution around 0.5 which resembles a normal distribution shrunk to the
unit interval. The special case where the shape parameters are both one in fact produces the
Uniform Distribution on the unit interval. Figure 17 displays the distribution with various
equal valued shape parameters. We are forced here to make some choice on how to represent
attraction without precise knowledge of how it occurs in nature. The Beta distribution has a
natural symmetric appearance on a fixed interval and is chosen both by natural intuition and
the ease with which we can manipulate it. To utilise it in our model we alter the support of
the function so that if we have a preferred walk in a direction of angle 6 then the distribution
takes values in [0 — 7,0 + 7) with the distribution symmetric above @ as it was about 0.5
before. We then require an attraction parameter, P, to represent how much force the walker
feels in the direction of 6.

Before we begin the above investigation we start with a more general form of attraction
to let us see the different effects of particle attraction. The effects of drift on DLA have
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Figure 17: Beta(a, «) distribution stretched over the interval [0,27) for values a@ = 0.5, 1
and 1.5.

been previously investigated [13] where it was shown that a model would generate a growth
tendency in the opposite direction of the drift. We begin simply by applying an attraction
to the seed for any walker. As described above the walker will feel an attraction to walk
in the direction of the centre of the cluster governed by a Beta Distribution. We set the
pulling parameter, Py..4, to be the equal parameters of the Beta Distribution. For P,..q = 1
we return to our original model with no pull in any direction, for Py > 1 the walker
will experience a pull towards the seed and for P,y < 1 a repulsion from the seed. When
P,eeq > 1 then we can build clusters as quickly as our original model and for P, large
enough in fact quicker since our particles aggregate quicker due to their pull towards the
cluster. However for Ps..q < 1 since the overarching force is in the opposite direction of the
cluster it takes longer to build, with a cluster of size 50,000 and Pi..q = 0.8 taking a little
under an hour and a half.

With a drift applied in any direction we quickly lose our DLA structure and produce clusters
that look quite dissimilar to DLA. This can be seen in Figure 18 which exhibits clusters of size
50,000 grown for numerous values for Py..q4. For Pi..q = 0.8 we no longer have resemblance
to DLA with particles seeking to travel in the opposite direction of the seed and as a result
the cluster produces one long arm to maximise distance from the seed. For large values we
drift away from the recognisable DLA structure to a structure that is much more dense. This
new structure bears a striking resemblance to clusters built by Ballistic Aggregation (BA),
a model closely related to DLA. In this model the Brownian motion walk of the particles
in DLA is replaced by ballistic trajectories. The particles are given initial velocities and
if two collide they join and form a larger particle moving on with a velocity governed by
the conservation of momentum. It is known that BA produces non fractal clusters with
nontrivial scaling properties [10] and forms a model for the coalescence of aerosol particles
in space. With our central force pulling particles to the seed we exhibit a crossover from
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Figure 18: Clusters of 50,000 particles where particles where subject to a central force of
magnitude P where colours indicate arrival times.

DLA to BA and lose our scaling properties and fractal tendencies. As we increase the
attraction even further our cluster begins to resemblance clusters built by the Eden Growth
model where clusters grow by random accumulation of material on their boundary and this
provides a model for the growth of bacterial colonies. Further investigations can be made
in this direction varying force direction and with the strength of the force depending on
distance. Analysis has previously been done by Kim et. al. [8, 7] on lattice.

Applying a universal force to the seed has managed to distort the recognisable structure of
DLA and now instead of applying a flow in a defined direction we utilise attraction between
particles. We model this by considering the particle attraction negligible if the particle
is outside a certain distance, the attraction distance, D,. When a walker is within this
distance to any aggregated particle then all aggregated particles near enough will exert some
attraction on the walker. At this point a walker could be subject to multiple attractions from
various aggregated particles and we must combine the forces felt on the walker to produce
the direction of travel and calculate how much attraction is felt in this direction. This is done
by calculating the weighted centre of mass in space of these particles by applying weights to
particles. For each sufficiently close aggregated particle we attach a weight of one over its
distance from the walker squared multiplied by the particle mass. We define this weight by
analogy with gravitational and electrostatic forces in nature. With this, closer aggregated
particles have a greater attraction and larger particles also have a greater attraction and we
have weights w; such that

where §; is the distance between the walker and the i*" aggregated sufficiently close particle
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and r; is the radius of said particle. The centre of mass can then be calculated as

R = % (;wz% ) ;wiyi> )

where z; and y; relate to the co-ordinates of each aggregated particle, the summations run
over all sufficiently close particles and W = )" w; is the total weight. Once we know the
centre of mass we can determine the angle between the walker and the centre of mass. The
walker then steps with a preference in this direction determined by a Beta distribution as
above. The strength of this attraction, or equivalently, the equal parameters used in the
Beta distribution, is decided by distance between the walker and the centre of mass and the
total weight acting through the centre of mass, W. We derive an appropriate value for P
by stating some simple properties that we require of it. P need change with the distance
from the centre of mass squared and with the weight of the centre of mass linearly. We also
require P near one for a small weight and large distance. We let the equal parameter used
in the Beta distribution, P, be equal to

W 5r \ 2
=1 1—-— =
P +WC( (Da)),

where g is the distance between the centre of mass and the walker, D, is the attraction
distance and W is the total weight of all sufficiently close particles as above. W, is a constant
that we need define to obtain a suitable ratio for the weight of the centre of mass. It follows
that W, should depend on the expected amount of weight of the centre of mass. Therefore
we let

_i 2 2
We =2z (D5 —1),

where ., is the expected radius of a particle in the cluster for some constant K. It can be
seen that both P and W, satisfy the respective properties we stated above. A small centre of
mass far from the walker will tend to a Beta distribution of parameter one and hence result
in no preferred walking direction. A large centre of mass close to the walker will tend to a
Beta distribution of parameter greater than one, giving strong attraction to the centre of
mass. We note that this value could be defined any number of ways and it may be of interest
to look at whether alternative definitions will lead to different results. As we need use some
definition, we continue with the ones derived above, confident that for sensible constants
they will give us a suitable range of attraction.

We launch this calculation at every step where the walker is sufficiently close to the cluster,
within the attraction distance. It was investigated as to whether instead of calculating at
each step we assigned a matrix where each cell its preferred walking direction and attraction
level and then at step approximated the preferred direction by taking information from the
nearest integer cell. With this method whenever a particle is aggregated each sufficiently
close cell would be recalculated to produce a new walking direction and attraction level.
However this method took significantly longer with a 1,000 particle cluster taking four
minutes and sixteen seconds compared to calculating at each step taking only thirty-one
seconds for D, = 20 and K = 100.
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K 10% | 10* | 10¢ | 108
20 171 1.65 | 1.58 | 1.77
20 1.75]1.69 | 1.79 | 1.96
100 1.72 1 1.71 | 1.99 | 2.00

D,

Table 4: Fractal Dimensions of clusters built with attraction between particles for numerous
values for D, and K.

K 10% | 10* | 108 | 108
20 25 13119 | 11
50 117 | 38 | 27 | 30
100 409 | 224 | 103 | 87

D,

Table 5: Simulation times to the nearest minute for clusters of 75,000 uniformly sized
particles with attraction for numerous values for D, and K.

We begin by implementing this in the original model where particle radii are all uniform.
In this the walker is simply attracted to each particle depending on their distance from the
walker and as such the parameters w; and W, are simplified to

1
wi=§7
W:i(D2—1)
cCK M ’

since each particle has radius one. As constructed above, a particle closer than D, will
apply some sort of attraction however large values of D, will increase computation time. By
increasing D, we increase the number of times we have to launch the calculation to compute
the total attraction and at each computation we need check a larger disc around the walker.
Various values for D, and K were tested with the fractal dimensions they produce noted
in Table 4 and the computation times of a 75,000 particle cluster noted in Table 5. An
increase in D, leads to a drastic increase in computation time but greater K leads to a
decrease in computation time. This is due to large K increasing the weight ratio in P and
hence increasing the attractive force so walkers aggregate faster. The clusters of size 75,000
particles are exhibited in Figure 19.

The log-log graphs of radius against mass for the various K values can be seen in Figure 20.
We note from Table 4 that increasing D, generally results in an increase in fractal dimension
and for high values of D, and K we obtain very high fractal dimensions close to two. By
observing our 75,000 clusters we can see that the centre, or nuclei, of fractals with large
values for K are extremely dense. In early cluster formation branches have not yet formed
and a production of a rough dense circle occurs giving us our high fractal dimension. The
clusters with D, = 100 and K = 10% or K = 10® can be seen to only just breaking away
from their nuclei and thus for these parameters we build larger clusters, seen in Figure 21,
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Figure 19: Clusters of 75,000 where particles applied an attractive force on each other for
numerous values for D, and K.
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Figure 21: Cluster of 10° particles with attraction to the seed and parameters D, = 100 and
K =10% or K = 108,

to see whether they will break away and form branches as hypothesised. As expected, if we
increase the size of the cluster enough then the branching effect eventually appears and the
cluster leaves its nuclei appearance.

Once branches have been produced we still have a severe lack of freedom in our system as
large parameter values have produced highly symmetric and circular clusters of high density.
The deep fjords are still produced but, while for low parameter values and in our original
model these fjords did not have a uniform shape, now the fjords mostly have the appearance
of thick lines from the outer edge to the nuclei. Similarly, the thickness of branches also
increases for larger parameter values with low values exhibiting wiry thin branches and high
parameters giving thick bushy ones. The width of these branches was measured to be roughly
equal to the size of D, for large K values. We note that these clusters hold a resemblance to
ones built by Alves et. al. [14] who investigated the crossover between DLA and BA where
walkers follow locally persistent trajectories.

The radius of gyration for a cluster is defined as

where we sum over all particles in the cluster and r; is the radius of the i** particle. Larger
overall attraction has given us thicker more symmetric looking clusters and we explore the
distribution about the seed of the fractals by calculating the radius of gyration in each
direction and plotting this in Figure 22. This calculation is performed by taking small
segments around the seed and calculating the radius of gyration from all particles whose
centre of mass lies in the segment. For larger parameter values we near the appearance
of a circle since we have relatively few arms and these arms are extremely thick. For low
attraction distances but high attraction we obtain an extremely symmetric but spiked polar
plot since we have a high number of arms which are all roughly equivalent in size. As
our attraction decreases then our polar plots reveal non-symmetric, jagged and irregular
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K | 10* | 10° | 108
D | 1.72]161|1.80

Table 6: Fractal Dimensions, D, for a cluster that takes particle radii two with probability
a half and radius one otherwise for various K values.

plots since we have little symmetry in our clusters and the arms do not have a uniform
appearance.

We now reintroduce particles of different radii beginning, as in the previous section, with
clusters built of two distinct particle radii. We set p = 0.5, so that we release particles of
radii one and two with equal probability. With different particle sizes now present in the
cluster a walker will feel a greater attraction to larger particles and at a larger distance. As
such we need D, to vary depending on the size of the particles. To combat this issue we
define that a particle will apply an attraction a distance proportional to its radius away.
This continues our above analogy since we consider any attraction force below a certain
value negligible and hence the distance at which we fall below this value will be proportional
to the square root of the mass. If the walker has radius one then an aggregated particle of
radius one will apply attraction up to a distance of D,,; and if the aggregated particle has
radius two then this distance becomes 2D,,,,;;. Similarly if the walker has radius two and the
aggregated particle has radius two then the attraction distance becomes 22D,,,,;;. Generally
if the walker has radius r,, and the aggregated particle has radius r, then

Da = rwraDunit

where we set D,,,,;; as the attraction distance between two particles of unit radius. We then
alter our definition of W, slightly to

Wo= 2 (D — 1)

where D,,,. is the maximum attainable attraction distance. As before we have two constants
to vary, Dynie and K. We set D,,,,;; = 20 which gives a maximum attraction radius of eighty
for two particles of radius two. Clusters were built with varying values for K with the
aggregates of 75,000 particles in Figure 23, our log-log graph in Figure 24 and the fractal
dimensions in Table 6. Previously a linear best approximation had fit the data points well
but now we note that, even though still a good fit for the data, our points do not lie as well on
the linear approximation, especially for the lower attraction values. Our linear fits are more
spread than with uniformly sized particles and lower attraction has produced consistently
larger clusters. As before higher attraction gives a larger fractal dimension however moderate
attraction has given a lower fractal dimension. From our 75, 000 clusters we observe that this
is due to moderate attraction reducing the freedom in the system and forming less complex
branches however with high attraction we have a severe lack of freedom but a large number
of arms dominating the cluster.

Continuing with above we now release particles of radii governed by a continuous distribution.
Particles range in size from one to twenty and, as with two radii sizes, we need vary D, with
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Figure 22: Radius of gyrations in each direction around the seed particle.
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Distribution | N(5,1) | Exp(1/2) | I'(3,1) | UJL,20]
D 1.67 1.67 1.76 1.79

Table 7: Fractal Dimensions for clusters that takes particle radii according to different
distributions and have inter-particle attraction.

particle radii. Using the same model as with two radii then a walker of size twenty could
be attracted to an aggregated particle of size twenty at a distance of 202D,,,;; now. We use
the same definition of W, used above with two radii. As above we need define our variable
K. We seek a sensible value for K that gives intermediate attraction levels because, as we
have seen before, high K values gives overpowering attraction while low K will give virtually
none. For K = 10° we obtain attraction levels ranging from one to no higher than a hundred
giving us a sensible spread of attraction. Large particles give an extremely large attraction
distance and this proves costly on our computation time since now at most steps we feel
attraction and have to calculate the overall preferred direction of travel and attraction level
about a much larger circle round the walker. Indeed at each step we must assume that
a particle of maximum radius is acting on it from as far away as possible. This renders
computation times very large and therefore we implement an additional method to quicken
the simulation.

We create a new matrix, the Attraction Matrix, which will be an on-lattice version of the
cluster where each cell contains the radius needed by the walker to feel attraction. To
calculate this value each time a particle is aggregated we update a square matrix around the
aggregated particle of size 2D 170 mae + 1 Where r, is the radius of the aggregated particle
and 7,4, is the maximum particle radius. We know that a walker will feel attraction from
the aggregated particle up to a distance D7, Where 7, is the radius of the walker. We
can calculate the distance of each cell from the middle and thus enter in the cell the radius
needed by the walker to feel attraction at this point. Then at each point the walker can look
into the cell relating to its nearest integer coordinates and if the walker has a radius greater
than the radius needed we only then calculate the attraction. Ultimately, while this saves
us considerable time in the long-run, this simulation is still a time consuming construction.
As the size of particles have increased, we increase the minimum step size to L,,;, = 0.5 in
order to help improve efficiency. We can then build clusters up to size 50,000 in just under
one and a half hours in the normal, exponential and gamma case. However for the uniform
distribution seeing large particles often leads to a drastic increase in computation time and
building a cluster of 50,000 particles takes just over twenty nine hours. The clusters of size
50,000 are given in Figure 25, their log-log graphs in Figure 26 and the fractal dimensions
produced in Table 7.

With such small variance in particle size the normal distribution gives a cluster similar
in appearance to our original model since most particles have nearly equal size. As the
variance of the distribution increases the complexity of the 50,000 cluster disappears with
the exponential case displaying first signs of a loss of freedom. With its high variance the
uniform distribution has produced a cluster reminiscent of higher attraction values with
symmetry and lack of freedom both evident in the cluster and equally gives a larger fractal
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dimension than the others. Increasing K further will increase our attraction so that at every
step we force the particle in a certain direction and ignore much of the effect of particle size.
For these high values we produce clusters similar in appearance to those with two radii and
uniformly sized particles with high K.

5 Conclusion

We have investigated the scaling and structural properties of DLA when particles have been
allowed to take varying particle sizes depending on both continuous and discrete distribu-
tions. We have then applied inter-particle attraction by introducing a bias in the particles
direction of travel governed by a beta distribution with equal parameters.

Altering the radii of particles had little effect on the overall structure of DLA and we con-
tinued to see similar clusters as to when particles had uniform size in both the discrete
and continuous case. With two distinct radii the fractal dimension incurred a slight increase
when we had equal probability of either size. When particle radii were distributed we equally
noted an increase in fractal dimension, although there appeared to be no relation between
the variance of the distribution and the fractal dimension. This stability is an important
feature since DLA provides a model for various systems across numerous scientific fields.
In these scenarios we are limited by how our understanding of the processes which occur
in natural systems. Effective DLA models should therefore not rely on these exact details
which are often lacking. We have shown here that this is possible for varying particle sizes
in that small perturbations in the construction do not affect the overall formation and our
results remain structurally consistent.

However, when particle attraction or flow was applied we quickly lost our recognisable fea-
tures. With a flow applied to the seed particle, as the magnitude of this flow increased
we experienced a crossover from DLA to BA, with perhaps a further crossover to the Eden
Model for even greater flow. Particle attraction was defined before it was implemented by
setting out some basic rules for it to follow and then observing that our definition obeyed
these. Our rules were proposed by attempting to mirror naturally occurring attraction sce-
narios however it would be of considerable interest to see whether alternative definitions
of attraction would produce similar clusters. High particle attraction over large distances
produces similar results to those observed under central flow, with the formation of a struc-
ture consisting of a dense nuclei and then long thick arms of uniform appearance positioned
symmetrically about the nuclei. By observing the radius of gyration in each direction we
were able to observe numerically the transformation in appearance of the clusters and the
changes towards increased symmetry and a more uniform appearance.

When applying particle attraction between particles of different radii we chose an appropriate
value for K so that the attraction difference between small and large particles was significant.
When clusters were formed with this we produced a rigidity in the structures. Arms were
longer and straighter than previously and often appeared in opposite directions across the
seed. With slight attraction this decreased the density of our clusters however, when we
continued to increase K the clusters grew symmetric and with an increasing number of
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arms. Based on the initial results of our simulations we hypothesise that if the fractal
dimensions were thoroughly examined we would note a decrease in fractal dimensions as
gentle attraction is applied but then as greater attraction is applied an increase in fractal
dimensions.

Optimisation was key throughout the all simulations and we were able to build the majority of
clusters with all amendments in sensible time. However when particle sizes varied drastically
and particle attraction was implemented, our definition of attraction produced drastically
increased computation times, since at each step we needed to calculate the preferred direction
of travel and attraction level. An alternative definition of attraction could potentially lead
to a faster build and the optimisation of this problem is certainly an area for potential future
investigation. Indeed the main obstacle in this calculation is that the attraction a walker
feels depends on the size of the walker and so any pre-allocation of flow in the space would
need to vary for each possible particle size. An alternative definition of attraction may
ignore this dependence on the radius of the walker and thus an approximation of this may
be possible by building a flow map so at each point in space the walker could instantly know
the preferred method of travel. With this method you need update the map every time a
particle is aggregated and this pre-allocation of flow would increase the speed of the system
dramatically although perhaps lose some of the relevance to naturally occurring systems we
have tried to maintain throughout the process.

Although no real life model motivated this research it has been observed that, similar to
with particle attraction, the deposition of particles on fibres and surfaces has undertaken a
crossover from a fractal to a uniform shape when the length scale has increased [13]. However
we note that this crossover has been seen theoretically in various scenarios including when
particles moved by a mix of brownian motion and ballistic paths [1] and biased random
walks [6]. The formation of DLA is an extremely complex yet probabilistic model of which
no comprehensive understanding has yet been achieved. To obtain trustworthy results many
thousands of clusters are required. Time limitations have prevented us from obtaining a
full compliment of results however we have identified some important areas for potential
future research. Whether higher levels of attraction to the seed will induce a crossover to the
Eden Model, whether our definition of attraction is sufficiently accurate and if alternative
definitions might provide different results are all possible routes of further investigation.
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A MATLAB Code

Included here is the MATLAB code used for building clusters with radii that are exponen-
tially distributed with inter-particle attraction. This code is chosen as it utilises all the
techniques we have used throughout the project including: the methods used for optimising
the original algorithm, the use of several vicinity matrices and the use of the Attraction

Matrix.

1 function [radius,clusterMass] = ExpDistAttraction (numberOfParticles);

2

3 % This is off-lattice DLA simulation with particle radii exponentially

4 % distributed. The particles have attraction for one another with larger
5 % particles exhibiting greater attraction.

6

7 startTime = tic;

8

9 %% SET UP VARIABLES AND MATRICES

AR A b W oW W W W W oW oW oW oW NN NNNNNNN S B o os R s e s s e
W N H O © N U R W N O © NN OO R W N O O N Ut R W N = O

% We begin by setting up some fixed variables for the simulation.
minStepSize = 0.5; % The minimum step size a particle can take.
maxInspectedDistance = 80; % The maximum inspected distance.
maxParticleRadius = 20; % The max radius of a particle.
unitAttractionDistance = 2;

% The attraction distance between two unit particles.

K = 1079; % Attraction constant K.

expectedParticleRadius = 3; % Expected particle radius for exponential.
maxAttractionDistance = unitAttractionDistancexmaxParticleRadius”2;

% The maximum attraction distance possible.

expectWeight = (expectedParticleRadius”2* (maxAttractionDistance™2 - 1)) /K;
% Expected weight constant.

To avoid having to create huge matrices since the cluster won't get as
big as the number of particles we can use a rough estimate.
expectedRadius = expectedParticleRadiusxnumberOfParticles” (1/1.55);
maxRlaunch = expectedRadius + 5xminStepSize;

maxRkill = 5+*maxRlaunch;

matrixSize = round(2.5*maxRkill)

o° o

Here are variables that will change as the simulation progresses, but we
set them up with initial values.

o oo

particleNumber = 1;
maximumDistance = 0;

% StuckParticles will store the exact positions of the particles in the

cluster. The third column stores the radius of the stuck particle.
stuckParticles = zeros (numberOfParticles, 3);

% The clusterMatrix will store an on-lattice version of our cluster.
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clusterMatrix = zeros (matrixSize);

The distanceMatrix contains the rounded down distances between the cell
and the nearest occupied cell. Occupied cells are labeled as zero.
distanceMatrix = maxInspectedDistancexones (matrixSize);

o
Cl
o
Cl

% The attractionMatrix contains the radii needed for the walker to feel
% attraction.
attractionMatrix = (maxParticleRadius+1l) *ones (matrixSize);

o\

SET UP VICINITY MATRICES UP TO THE MAXIMUM PARTICLE SIZE

The vicinityMatrices contains the rounded down distances between the
cells and the cell in the middle of the grid. We define them at the
beginning and then never recalculate.

o® o° o° oP

for 1 = l:maxParticleRadius
submatrixSize = 2smaxInspectedDistance + 2xi + 1;
tempVicinityMatrix = zeros (submatrixSize);

% Let us set up the vicinityMatrix for this radii size
vicinityMiddle = maxInspectedDistance + i + 1;

for k=1l:submatrixSize
for j=l:submatrixSize
xdistance = abs(vicinityMiddle - 7J);
ydistance = abs(vicinityMiddle - k);
distanceFromMiddle = max(sqgrt (xdistance”2 + ydistance”2)...
- iIO);
tempVicinityMatrix (j,k) = min(floor (distanceFromMiddle), ...
maxInspectedDistance);
end
end
vicinityMatrices{i} = tempVicinityMatrix;

end

%% PLANT CENTRE SEED

% Let's start the simulation by planting a seed at the centre.

middle = round((matrixSize +1)/2);

stuckParticles (particleNumber,1l) = 0;

stuckParticles (particleNumber,2) = 0; % seed is at the origin
stuckParticles (particleNumber, 3) = exprnd(2) +1 ; % define seed radius

clusterMatrix (middle,middle)=particleNumber;

Update the distanceMatrix using vicinityMatrix using method described in

paper.

tempVicinityMatrix = vicinityMatrices{1};

submatrix = distanceMatrix (middle-maxInspectedDistance:middle+. ..
maxInspectedDistance,middle-maxInspectedDistance:middle+. ..
maxInspectedDistance);

for i = l:2xmaxInspectedDistance + 1

o)
°
o)

°
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for j=l:2+maxInspectedDistance + 1
submatrix(j,i) = min(tempVicinityMatrix(j,1i),submatrix(j,1i));
end
end
distanceMatrix (middle-maxInspectedDistance:middle+. ..
maxInspectedDistance,middle-maxInspectedDistance:middle+. ..
maxInspectedDistance) = submatrix;

)

% Update the attractionMatrix using method described in paper.

tempAttractionDistance =
round (unitAttractionDistancexmaxParticleRadius) ;
radiiNeededSubmatrixSize = 2+tempAttractionDistance + 1;
% Take a submatrix of the close enough values to update.
radiiNeededSubmatrix = attractionMatrix (middle -
tempAttractionDistance:middle + tempAttractionDistance, ...
middle - tempAttractionDistance:middle + tempAttractionDistance);
% Define middle of this submatrix.
radiiNeededMiddle =
tempAttractionDistance;
For each cell calculate the radii needed for a walker to feel attraction
from the seed. Update the entry of the cell to the minimum of the old
cell value and this newly calculated radius.
for k = l:radiiNeededSubmatrixSize
for 1 = l:radiiNeededSubmatrixSize
xdif = abs(k - radiiNeededMiddle) ;
ydif = abs(l - radiiNeededMiddle);
distanceFromMiddle = sqgrt(xdif”"2 + ydif~"2);
% Calculate radii needed.
radiiNeeded =
distanceFromMiddle/unitAttractionDistance;
% Update if this radii is smaller than previously.
radiiNeededSubmatrix (1l,k) =
min (radiiNeededSubmatrix(1l,k), radiiNeeded) ;

o° o oe

end

end

% Put the updated submatrix back in.

attractionMatrix (middle - tempAttractionDistance:middle +...
tempAttractionDistance,middle - tempAttractionDistance:middle +...
tempAttractionDistance) = radiiNeededSubmatrix;

%% BEGIN LAUNCHING PARTICLES
Now we have planted our seed at the centre of the matrix and our distance

matrix is initially set up. We can now launch our particles from our
launching radius.

o° o oo

Q

endscript = 0; % Bool to determine when to end the script.
while endscript == 0
First we must launch the particle from the launching radius and

determine what radii it will have. We need to make sure the launching
radius is large enough so that we can take at least one step.

o° o° oo
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Rlaunch = maximumDistance + 2xmaxParticleRadius + minStepSize;
randStartAngle = 2xpixrand;
x = Rlaunch+sin (randStartAngle);

Rlaunchxcos (randStartAngle);

=
I

% Now determine the particle radius.

rparticle = exprnd(2) + 1;

if rparticle > maxParticleRadius
rparticle = maxParticleRadius;

end

For this radius we define the hittingDistance, which is the distance
between the centre of the particle and the nearest particle. The
centreDistance is the smallest distance between the centre of the
walker and the centre of a particle and the attractionDistance is the
largest possible distance attraction will be felt.

o° o° o o o

hittingDistance = rparticle + minStepSize + 1;

centreDistance = rparticle + maxParticleRadius + minStepSize + 1;

attractionDistance =
maxParticleRadius*rparticlexunitAttractionDistance;

% Now we can begin our Brownian motion loop.

aggregate = 0; % Bool to break below Brownian motion loop.
while aggregate == 0
distanceFromCenter = sgrt(x"2 + y~2);

if distanceFromCenter > 5xRlaunch

% If particle has gone outside the killing radius then we
% relaunch it from the launching radius.

randStartAngle = 2xpixrand;
x = Rlaunchs*sin(randStartAngle);
y = Rlaunchxcos (randStartAngle);

else

The walker is not outside the killing radius so we need to
find any attraction, check how far we can walk and whether we
will collide.

o° o o

We extract the nearest distance from the distanceMatrix and
the radii needed for attraction from the attractionMatrix.
nearestDistance = distanceMatrix (middle - round(y), ...

middle + round(x));
radiiNeededTemp = attractionMatrix (middle - round(y), ...
middle + round(x));

o o

% If the walker has large enough radius we find the preferred
% walking direction and attraction level.
if (rparticle > radiiNeededTemp) || (rparticle ==...
radiiNeededTemp)
xround = middle + round(x);
yround = middle - round(y);
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attractionCandidateMatrix = clusterMatrix (round(yround...

— attractionDistance) :round(yround. . .
+ attractionDistance), round(xround. ..
— attractionDistance) :round (xround. . .
+ attractionDistance));

e oo oe

labels.
attractionCandidates = [];
for 1 = l:2xattractionDistance+l
for = l:2xattractionDistance+1l
If there is an entry then add it to the
candidates.
if attractionCandidateMatrix(j,i) ~= 0

o° o L.

attractionCandidates = [attractionCandidates...

attractionCandidateMatrix(j,1i)1;
end
end
end

Now we have the labels we can extract the exact
co-ordinates from stuckParticles. We have the current

all the candidates. We can then now find the preferred
angle of travel and attraction level.

o° o0 o oo oe

Variables used to calculate the centre of mass and
weight.

o° o

xcentermass = 0;
ycentermass = 0;
totalweight = 0;

for t=1:1length(attractionCandidates);

tempLabel = attractionCandidates(t);

xtemp = stuckParticles (tempLabel,l);

ytemp stuckParticles (templLabel, 2);

rtemp = stuckParticles (templLabel, 3);

% Check if it is close enough to apply attraction.
walkerdistance = sqgrt ((x-xtemp) "2 + (y-ytemp) "2);
attractionTempDistance =

rtemp*rparticlexunitAttractionDistance;
If it is then add it to the centre of mass

o
o
o
°

calculation.
if walkerdistance < attractionTempDistance
xcentermass = .
xcentermass + (rtemp/walkerdistance) "2xxtemp;
ycentermass = .
ycentermass + (rtemp/walkerdistance) "2xytemp;
totalweight = .
totalweight + (rtemp/walkerdistance) "2;
end
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This matrix contains the labels of stuck particles near
the walker that could apply attraction. We retrieve these

position of the walker (x,y) as well as the positions of

% Retrieve the coordinates and radius of the particle.
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end
% In case no particle is close enough to apply attraction.

if totalweight == 0
attractionLevel = 1;
angleToCentre = pi;

else

% Else calculate where the centre of mass is and so the
% preferred walking direction.
xcentermass = xcentermass/totalweight;

ycentermass = ycentermass/totalweight;

xdif = x - xcentermass;
ydif y — ycentermass;
xquad = sign(xdif);
yaguad = sign(ydif);
quadcheck = xquad + yquad;
if guadcheck == 2
% in top right
angleToCentre = 3*pi/2 - atan(ydif/xdif);
elseif quadcheck == -2
% 1in bottom left
angleToCentre = atan (xdif/ydif);

else
if xquad == 1
% in bottom right
angleToCentre = 3xpi/2 + atan(abs(ydif)/xdif);
else
% in top left
angleToCentre = pi/2 + atan(ydif/abs (xdif));
end
end

distanceFromR = sqgrt(xdif”"2 + ydif"2);
% Calculate attraction level.
attractionLevel = 1 +
(totalweight/expectWeight) (1 -
(distanceFromR/attractionDistance) "2);
In rare case that we produce attractionLevel below 1
we set it as 1 since we do not have repulsion in our
system.
if attractionlLevel < 1
attractionLevel = 1;
end

o° o oe

end
Calculate angle walker will travel with attraction
acting.
randAngle =
betarnd (attractionLevel,attractionLevel) x2xpi
+ angleToCentre - pij;

o
o
o
o

If there was no attraction then the walker walks in any
direction uniformly.

randAngle = 2xpixrand;
end

o
°
o
°
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o)
°

if

Now check if the walker is close enough to aggregate.
(nearestDistance < hittingDistance) ||
(nearestDistance == hittingDistance)
The walker is close enough to the nearest particle in the
cluster that there is a chance of collision at the next
step. We extract the sufficiently close particles from
the clusterMatrix.
xround = middle + round(x);
yround = middle - round(y);
collisionCandidateMatrix = clusterMatrix (round(yround.. .
— centreDistance) :round(yround + centreDistance), ...
round (xround-centreDistance) :round (xround. ..
+ centreDistance));

o° o° o° oe

% This matrix contains the labels of stuck particles near
% the walker. We can now extract their labels.

collisionCandidates = [];
for 1 = 1l:2%xcentreDistance+l
for j = l:2xcentreDistance+l
if collisionCandidateMatrix(j,i) ~= 0
collisionCandidates = [collisionCandidates...

collisionCandidateMatrix(j,1)1;
end
end
end

Now we have the labels we can extract the exact
co-ordinates from stuckParticles. We have the current
position of the walker (x,y) as well as the positions of
all the candidates. We check each candidate to see if

o0 o o oo oe

there is a collision using our quadratic equation.

Assume we can take a step of minimum size and if there is
collision we will take a smaller step.
stepSize = minStepSize;

o° o

for i = 1l:length(collisionCandidates)
% Extract details of each individual potential particle
% collision.
tempLabel = collisionCandidates (i) ;
xcol = stuckParticles (tempLabel,1);
ycol = stuckParticles (tempLabel, 2)
rcol stuckParticles (tempLabel, 3);
% Distance between particle centres.
dparticles = rcol + rparticle;

14

Solve quadratic equation.

1;

2% ((sin(randAngle) ) x (x — xcol) +...

(cos (randAngle) ) x(y - ycol));

C (xcol - x)72 + (ycol - y)~ 2 - dparticles”2;
coefficients = [A,B,C];

equationRoots = roots (coefficients);

o oe
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% If there exists a real, positive solution less than
% minStepSize we have collision.
for j = 1:2

root = equationRoots (J);
if (imag(root) == 0) && (root > 0)
if (root < minStepSize) ||...
(root == minStepSize)

Then we have a collision with the
particle after a root step, so adjust the
stepSize. This ensures if there are
multiple collisions we take the smallest
step size.

if root < stepSize

stepSize = root;

% Change bool to exit loop.
aggregate = 1;

o° o° o° o o

end
end
end
end
end

% Else we are not near enough to aggregate but are closer
% than the maxInspectedDistance.
elseif (nearestDistance > hittingDistance) &&. ..

(nearestDistance < maxInspectedDistance)

stepSize =
max (nearestDistance - hittingDistance,minStepSize);

Else we are at least as far as the maxInspectedDistance
from the cluster.

o)
°
o)

°

elseif nearestDistance == maxInspectedDistance

stepSize = max(distanceFromCenter - maximumDistance...
— hittingDistance,maxInspectedDistance...
- hittingDistance);

end

Now we can take the step with the appropriately calculated
stepSize.

= X + stepSizexsin(randAngle);

= y + stepSizexcos (randAngle);

o o

X

end
end

If the particle has aggregated then we need to update all our
matrices.

if aggregate

particleNumber = particleNumber +1;

o)

% Update stuckParticles.

o° oo
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stuckParticles (particleNumber,1l) = x;
stuckParticles (particleNumber,2) = y;

stuckParticles (particleNumber, 3) = rparticle;
% Update the clusterMatrix.

ymat = middle - round(y);

xmat = middle + round(x);
clusterMatrix (ymat, xmat) = particleNumber;

Now we have updated the stuckParticle matrix and clusterGrid we
need to update our distanceGrid with the new distances. So we
take a submatrix around our new aggregated particle and compare
to the vicnityMatrix corresponding to the rounded particle radius
of the aggregated particle.

o° o° o° o° oP

roundedParticleRadius = round(rparticle);
% Select appropriate Vicinity Matrix.
tempVicinityMatrix = vicinityMatrices{roundedParticleRadius};
submatrixSize = 2+ maxInspectedDistance +...
2+«*roundedParticleRadius +1;
% Take a submatrix around the close enough values in the
% distanceMatrix.
submatrix = distanceMatrix (ymat - maxInspectedDistance -...
roundedParticleRadius:ymat + maxInspectedDistance +...
roundedParticleRadius, xmat - maxInspectedDistance —-...
roundedParticleRadius:xmat + maxInspectedDistance +...
roundedParticleRadius);
Update each entry in this submatrix by taking the least value
between the current cell value and the vicinityMatrix.
for i = l:submatrixSize
for j=l:submatrixSize
submatrix (j, 1)
min(tempVicinityMatrix (j,1),submatrix(j,1i));

o
°
o
°

end

end

% Put the updated submatrix back in.

distanceMatrix (ymat - maxInspectedDistance -...
roundedParticleRadius:ymat + maxInspectedDistance +...
roundedParticleRadius, xmat - maxInspectedDistance —...
roundedParticleRadius:xmat + maxInspectedDistance +...

roundedParticleRadius) = submatrix;

% Now we update the radii attractionMatrix. Define the maximum
% attraction distance.
tempAttractionDistance =
round (unitAttractionDistancexrparticlexmaxParticleRadius) ;
radiiNeededSubmatrixSize = 2xtempAttractionDistance + 1;
% Take a submatrix of the close enough values to update.
radiiNeededSubmatrix = attractionMatrix (ymat -
tempAttractionDistance:ymat + tempAttractionDistance, ...
xmat - tempAttractionDistance:xmat + tempAttractionDistance);
% Define middle of this submatrix.
radiiNeededMiddle =
unitAttractionDistancexrparticlexmaxParticleRadius;
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For each cell calculate the radii needed for a walker to feel
attraction from the newly aggregated particle. Update the entry
of the cell to the minimum of the old cell value and this newly
calculated radius.
for k = l:radiiNeededSubmatrixSize
for 1 = l:radiiNeededSubmatrixSize
xdif = abs(k - radiiNeededMiddle) ;
ydif = abs(l - radiiNeededMiddle);
distanceFromMiddle = sqgrt(xdif”"2 + ydif~2);
% Calculate radii needed.
radiiNeeded =
distanceFromMiddle/ (unitAttractionDistance*rparticle);
% Update if this radii is smaller than previously.
radiiNeededSubmatrix (1,k) =
min (radiiNeededSubmatrix (1l,k), radiiNeeded) ;

o° o o° oe

end

end

% Put the updated submatrix back in.

attractionMatrix (ymat - tempAttractionDistance:ymat +...
tempAttractionDistance, xmat - tempAttractionDistance:xmat +...
tempAttractionDistance) = radiiNeededSubmatrix;

Check if we need to update the radius of the cluster. Calculate
how far the newly aggregated particle is from the seed.
distanceFromCenter = sqrt(x"2 + y~2);
If this distance is greater than the previous radius, update to
this new radius.
if distanceFromCenter > maximumDistance

maximumDistance = distanceFromCenter;
end
% Display the particle number aggregated.
disp(['particle aggregated: ' num2str (particleNumber)])

o° o°

o o

[

% End of script check.
if particleNumber == numberOfParticles
endscript = 1;
end
end
end

%% Plot and Manipulate Results
Now we have aggregated all the particles and are storing the exact

locations of their centres and their radii in stuckParticles. We now plot
the particles and perform some calculations. Define some variables for

o® o° o oP

plotting.
ang=0:0.01:2xpi;
particleCosine = cos (ang);
particleSine = sin(ang);
clf
clusterMass = 0;

% For each aggregated particle we plot it with the appropriate radius and
% add its mass to the clusterMass.
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for i = l:numberOfParticles

xcent = stuckParticles(i,1);

ycent stuckParticles (i, 2);

rcent = stuckParticles (i, 3);

clusterMass = clusterMass + rcent”2;

hold on

plot (xcent+rcentxparticleCosine, ycent+rcentxparticleSine, 'r'");
end

o)

% Now we find appropriate axes limits.

miny = min(stuckParticles(:,1));
maxy = max (stuckParticles(:,1));
minx = min (stuckParticles(:,2));
maxx = max (stuckParticles(:,2));
xdif = maxx-minx;

ydif = maxy-miny;
maxaxis = max (xdif,ydif)/2;

xlim([- maxaxis - 10,maxaxis + 10])
ylim([- maxaxis - 10,maxaxis + 10])
hold off

[o)

% Output the desired values.
radius = maximumDistance
clusterMass

timeElapsed = toc(startTime)

% Finally we save the stuckParticles matrix to save our cluster for future
% analysis we may wish to perform.
save ('expdistattraction.mat', 'stuckParticles');
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