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Abstract
The main purpose of this work is to get
acquainted with the phenomenon of ani-
mal flocking observed in nature and the
creation of an interactive underwater sim-
ulation for children using Unity’s Data-
Oriented Technology Stack (Dots) with
Entity Component System (ECS). Avail-
able solutions for animal flocking that can
be found on the Unity asset store and Un-
real Market are examined as well. A mod-
ified version of Reynold’s Boids algorithm
is used for the purposes of the simula-
tion and a comparison between the Object
Oriented Programming (OOP) approach
and implementation that leverages perfor-
mance using the ECS is provided. For the
purposes of the interaction, an Interactive
wall with motion-capture functionalities
developed at Czech Technical University
in Prague was used. The simulation was
tested with a group that consisted of both
children and adults. It was concluded
that the performance gained by the usage
of the ECS approach instead of a classic
OOP approach is significant and opens
new possibilities in real-time simulation.

Keywords: Entity Component System,
Data-Oriented technology stack, Boids,
Interactive simulation

Supervisor: Ing. Uršula Žákovská
Karlovo náměstí 13,
E-423.
12000 Praha 2

Abstrakt
Hlavním cílem této práce je seznámit se
s fenoménem flokování zvířat v přírodě
a vytvoření interaktivní podvodní simu-
lace pro děti za pomocí Datově oriento-
vané technologie (Dots) dostupné v her-
ním enginu Unity. Dostupná řešení pro
flokování zvířat, která jsou k dostání na
Unity asset storu a Unreal Marketplace
jsou taktéž prozkoumána. Upravená verze
Reynoldsova Boids algoritmu je použita
pro potřeby simulace a porovnání mezi
řešením využívajícím objektově oriento-
vané programování (OOP) a Entity Com-
ponent System(ECS) alternativu, která
značně zvyšuje výkon simulace, je taktéž
součástí této práce. Za účelem interakce
byla použita Interaktivní stěna vyvíjena
na Českém Vysokém Učení Technickém v
Praze. Simulace byla otestavána na sku-
pině, která se skládala z dětí i dospělých.
Na základě porovnání flokovacího algo-
ritmu za použití technologie ECS s OOP
přistupem jsem došel k závěru, že použi-
tím ECS přistupu lze dosáhnout značného
zvýšení ve výkonu a zároveň ECS alterna-
tiva otevírá nové možnosti pro simulace v
reálném čase.

Klíčová slova: Entity Component
System, Data-Oriented technology stack,
Boids, Interactive simulation

Překlad názvu: Interaktivní aplikace s
Podmořskými Flokujícími Zvířaty pro
Děti
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Chapter 1
Introduction

A brief detour to biology will provide the necessary opening by answering a
question: �Why do animals �ock?�.

The next step is to get acquainted with basic concepts of animal �ocking
such asCriticality and Emergent Behavior by understanding other natural
phenomena that exhibit similar behavior patterns.

Afterward, a series of topics are discussed. First, the di�erences between
real-time vs. pre-computed approach in �ocking algorithms and animal
�ocking in the game industry vs. animal �ocking during science simulations
are inspected. Second, the list of selected animal �ocking algorithms and
approaches, providing a template on how to implement �ocking behavior is
assembled. Third, available functionalities of assets available on Unity Store
and on Unreal Engine Market are given for comparison with basic �ocking
algorithms.

Functionalities are stated and described in as much detail as the scope of
this work allowed in the implementation part of this work. The ECS work�ow
and its di�culties are contemplated upon. The comparison between the ECS
and OOP approach is discussed. Testing of the simulation on the Interactive
wall and the observations collected during the process are discussed alongside
propositions for further improvements.

The conclusion summarizes the topics present in this work, draws a conclu-
sion based on theECS and OOP comparison, and puts the learned information
into a wider perspective.
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Chapter 2
Getting acquainted with the phenomenon

2.1 Why do they �ock

Animals �ock mainly for survival reasons. More eyes see more. Individuals
inside of the herd or school or any other �ock can possibly rely on the
perception abilities of their comrades on the edges and relax. Life in a herd
can also increase the probability of �nding a suitable mating partner. Overall,
the �ock is one of the basic defense strategies observed in nature and countless
articles and discussions support this claim. But can this behavior be described
as a consequence of evolution?

The question "Why do they �ock?" is strongly connected with one under-
lying thought: The survival of the �ttest in the Darwinian sense is often
surpassed by the survival of the group or species. This claim is supported by
the following examples.

2.1.1 Migrating birds

When birds migrate and travel hundreds or even thousands of miles, they
travel in speci�c formations. Not every position in the formation is favorable.
Some birds must work harder to maintain the speed and altitude than others.
What might come as a surprise is that birds change positions periodically
during the �ight to equally minimize the expense of energy of each individual
bird in the �ock. No individual has a preferred position in the formation at
the expense of another one. And in that way the probability of survival of all
increases, rather than the survival of the strongest specimen[Sat20].

3



2. Getting acquainted with the phenomenon........................
2.1.2 Ants

Ants form an amazing ecosystem. They can �nd unbelievably sophisticated
and e�ective routes for food and material transport. Tra�c on such routes is
governed by three rules that are adhered to by all without exception:..1. Everyone proceeds with the same speed...2. Everyone keeps in their lane�no overtaking...3. At a bottleneck, travelers wait in small groups to allow alternating

passage of the tra�c in each direction (�zipper system�).

It has been proven that these principles are obeyed even in the case of
extremely narrow bridges. And the e�ectiveness of such an approach can't be
questioned (similar rules make the automobile tra�c in large American cities
such as Los Angeles move much more e�ectively than it does in old European
towns). Based on this observation Helmut Satz provides an interesting
hypothesis, that insect states have in a Darwinian sense eliminated cultures
based on individual decisions [Sat20].

2.1.3 Bees

Consider the bee workers. Apart from having developed an incredibly so-
phisticated way of communicating discovered sources of food through dance
(performed both individually and in the group) [ Sat20], another interesting
fact begs to be mentioned.

While being perfectly adapted for taking care of larvae and providing the
food necessary for the survival of the beehive, they are infertile. They pass
on nothing. On the other hand, the queen, that is completely dependent
on the workers and incapable of surviving on her own is the source of all
future generations. The reason behind this is complex and de�nitely out of
the scope of this work. But in general, supports the idea of the survival of
the species at the expense of the survival of the strongest specimen.

The details about why the survival of the beehive depends on the repro-
duction of a seemingly helpless queen are further discussed in the book The
Animal Flocking [Sat20].

2.1.4 Answer

It gets more interesting the closer we look. The idea of the survival of the
�ttest is not merely surpassed by the survival of the species. It is its next
step of evolution. When animals �ock, they become one newlyemergent
entity that is �tter to survive. It possesses new abilities that were inaccessible
before. That is why they �ock.

For those interested in more behavioral detail, other examples and answers
can be found in the book �The Rules of the Flock� by Helmut Satz [Sat20].

4



........................... 2.2. Basic Concepts Of Animal Flocking

2.1.5 A Mystery

It might seem that we now understand perfectly why animals �ock. But do
we? Before delving into more technical details about what mechanisms might
initiate the �ocking, I feel it necessary to state that we do not. The following
example demonstrates such a claim.

In Rome, during evenings thousands of starlings perform outstanding
formations in enormous �ocks. Unlike in the case of �ocking behavior during
migration, the reason �ocks of starlings in Rome appear in the evening is
unknown. They are obviously not in search of food, since they spent the
whole day feeding in the �elds outside the city. They have no need to avoid
any predators. And they are not leaving for several weeks for their summer
destinations either. So why would they �ock in such a spectacular way? We
just don't know. In my opinion, the real reason might be somehow related to
the creation of locust swarms.

Upon reaching a critical point of density (75 individuals per meter squared)
the locust swarm is created. Sudden production of serotonin takes place in
the locust's body. This even results in a change in its color. When such a
locust wanders away a strong pull toward the center of the swarm takes place.
This was the origin of one of the greatest observed locust swarms in human
history in 1875 (approximately 12.5 trillion locusts formed a swarm)[Sat20].

Could it be that starlings form their �ocks on Rome's evening sky out of pure
happiness (because of the sudden serotonin increase in their bloodstream)? I
admit this to be a speculation, but an intriguing one I must add. Further
research and experiments in this �eld would be very interesting.

2.2 Basic Concepts Of Animal Flocking

Consider the birds feeding on the ground. They form a group, but their bodies
point and move in di�erent directions and their movement is asynchronous.
Then suddenly they get spooked by some external element. They all �y
towards the sky as one body pointing in the same direction and often with
the almost identical velocity. There is a parallel for such behavior in physics,
that is very well-researched and documented.

2.2.1 Behavior relation to atoms of iron

There are two basic states of atoms observed in a piece of iron. The �rst
one is called the paramagnetic state and the second one is the ferromagnetic
state. In the following �gure 2.1, the di�erence in the alignment of atoms of
iron between these stages can be seen.

Above a certain temperature threshold, known as Curie Point (768 degrees
centigrade) all atoms spin in di�erent (random) directions [ Sat20]. They have
a natural tendency to align themselves accordingly to one another, but the
energy provided by temperature disturbs their e�ort. This state is known as
paramagnetic and can resemble birds feeding on the ground. If birds resemble

5



2. Getting acquainted with the phenomenon........................

Figure 2.1: Transition from a paramagnetic state above the Curie temperature
(a) to a ferromagnetic state below that temperature (b) and a state of perfect
order at absolute zero (c)[Sat20].

atoms of iron, the temperature might have a similar e�ect as a need to look
for food. Believable implementation of such searching for food could be a
noise in communication between the birds. Let's say all birds try to align
themselves, but they perceive the orientation of other birds with some degree
of error. The bigger the need to search for food on the ground, the bigger
the error that leads to the more random movement of birds. Such behavior
is proven to be attainable in �ocks of high density if su�cient noise in their
communication is present [VCBJ+ 95].

When the temperature falls below the Curie point, the tendency of atoms
to align themselves can't be suppressed any longer. Groups of atoms aligned
in the joint direction emerge abruptly. The temperature is still high enough
to cause minor distortions inside the groups and produce inconsistency of
alignment between groups in general, but there is at least partial order. Such
a state is called ferromagnetic. With decreasing temperature, the alignment
error between atoms and groups of atoms decreases. It has been proven
both mathematically and through simulations that upon reaching absolute
zero (-273 degrees centigrade) all atoms inside iron are perfectly aligned.
Generally, they could point in any direction. On earth, they point toward the
north. Such a perfect alignment can be obtained before reaching absolute
zero though. If the external �eld was applied to iron in a ferromagnetic state,
enough energy would be provided for atoms to align themselves and we would
obtain a true magnet.

2.2.2 Criticality

Since the times of Gottfried Wilhelm von Leibnitz and Sir Isaac Newton,
in�nitesimal calculus is known to humanity. This mathematical formalism is
based on a sequence of in�nitesimally small steps so that the progress appears
to be continuous. Any deviation from such continuity is denoted as singular
and the points of �jump� are called singularities. Physicists embraced the
terms critical behavior for a �jump� and critical point for a point where the
�jump� occurs.

The food-seeking tendency cannot battle the fear of potential danger. When

6



........................... 2.2. Basic Concepts Of Animal Flocking

Figure 2.2: Transition from a paramagnetic state (a) to a ferromagnetic state
exposed to the external magnetic �eld (c). Groups of atoms aligned in a joint
direction are depicted as well (b)[Sat20]

birds get spooked, we could say that the inner structure of the �ock changes
suddenly. Abrupt (critical) behavior (�jump�) occurs as the �ock reaches
a critical point. The inner structure of the whole bird formation changes.
What's more, the impulse of fear is so severe that all birds align themselves
almost perfectly and attempt to �ee in an almost perfectly synchronized
manner. The external �eld was provided in a form of potential danger, and
it was strong enough to eliminate all the communication noise between birds.
The almost perfectly synchronized �ock emerges from seemingly randomly
moving individual elements in a blink of an eye.

2.2.3 Self-organized criticality

Criticality leads to a sudden and united change in direction of the movement
of birds. It was also stated that criticality is reached thanks to an external
impulse. But a �ock of birds often achieves this stage on its own. Birds
manage to maintain a compact �ock of thousands of individuals that move
in one general direction. At the same time, the �ock appears to be partly
morphing and changing its inner structure dynamically. What triggers such
behavior?

Nowadays we can claim that we at least partly understand what is happen-
ing. The answer is cyphered somewhere inside of the term: �Self-organized
criticality � [Sat20].

Imagine pouring �ne sand onto a �at surface. Each grain of sand represents
one bird, and the emerging pile of sand will represent the �ock. After reaching
a certain critical value, the addition of one more grain of sand will lead to
avalanches sliding down the pile to ensure the future stability of the whole
structure. That can represent a few birds suddenly changing their place
simultaneously inside the �ock. It turns out that the number of avalanches
produced depends on their size. The larger the avalanche, the rarer its
appearance. The bigger the number of birds that simultaneously change their
position inside of the �ock, the rarer the phenomenon occurs.

Let's say that at certain points we run out of birds to add to the �ock. But

7



2. Getting acquainted with the phenomenon........................
the �ock keeps morphing, nevertheless. How is it possible? If we presume that
the �ock continually �nds itself �overpopulated�, then every change in the
inner structure is not e�cient enough to produce long-term stability and its
result must be another transformation (avalanche) of appropriate magnitude.

2.2.4 Emergent behavior

When observing starlings dance in the sky, it comes to mind that they are
indeed moving as if they constituted a single entity. How does it come that
their movement is so synchronized?

As the �ock reaches criticality on its own, something astonishing happens.
Because there is no noise in the communication between neighbors upon
reachingcriticality , the alignment is almost perfect. In fact, for our simulation
purposes, let's assume it is perfect. That has an interesting result. Every
bird is connected to every other bird in the �ock through some chain of
individual birds. Because of that, the movement of every two birds in the
same �ock is correlated. We speak of complex systems, whenever the intrinsic
simple features (align with your neighbors) give rise to a new, emergent scale
(synchronized movement of a single entity) -E Pluribus Unum (Out of many,
one).

One self-explaining equation that represents the onset of connectivity by
reaching a point of criticality begs to be presented at this point.

G(r; T ) =
e

� r
�

r
[Sat20]

G(r,T ) is a correlation function between two atoms, r is the distance be-
tween two atoms (birds), T is a given temperature (level of noise in the
communication), � is the correlation length that is non-negative and inversely
proportioned to T.

With the temperature (noise in the communication) skyrocketing the
correlation between two atoms is almost non-existent (birds feeding on the
ground). If we increased the temperature to its maximum level, we would
obtain the following result:

lim
T ! + 1

= lim
� ! 0+

e
� r
�

r
=

0
r

= 0 [ Sat20]

Let's see what happens if we decrease the temperature and approach the
Curie point. The following �gure implies that two atoms are correlated in
their alignment no matter the distance (two birds in the same �ock). Through
correlation, a newly emergent state occurs: The �ock moves as a single entity.

lim
T ! T c

= lim
� ! + 1

e
� r
�

r
=

e0

r
=

1
r

[Sat20]

When T approaches the Curie pointTc (paramagnetic to ferromagnetic state)
a point of criticality is reached,� goes to in�nity as a correlation function
becomes strictly positive.
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........................... 2.2. Basic Concepts Of Animal Flocking

A basic feature that determines the sudden onset of connectivity inside a
�ock of birds was just described.
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Chapter 3
Pre-implementation part

3.1 Real-time vs. pre-computed algorithms

Do I need my behavior simulation to respond to a dynamically changing
environment? If so, then having a precomputed algorithm is too restrictive.
Is the behavior loopable? Consider �ies �ying around a source of light. It
would be unnecessary to compute such a behavior dynamically when the job
can be done faster and easier by looping some predetermined paths of several
�ies. How complex is the behavior required to be and how long must it last?
How many individuals are there in the �ock or herd or school of �sh?

Despite the bene�ts of modern hardware that mostly eliminated the memory
shortage and provided us with immense computational power, the question
of whether to choose real-time or precomputed algorithms remains. The right
answer is dependent on all the questions in the previous paragraph and likely
many more. Only through experience, we can determine when to choose
which approach.

In general, pre-computed animations were and still are used in the �lm
industry. There are two good examples of the original usage of the animal
�ocking algorithm to calculate the positions of animals during animation.
The �rst one is Tim's Burton Batman Returns (1992), where all positions
of bats �ying in �ocks were precalculated using Reynold's Boids algorithm
[Rey87]. The second is the wildebeest stampede scene in Disney's The Lion
King from 1994, which is regarded as a milestone in the usage of animal
�ocking algorithms in the movie industry.

Although the increasing possibilities of today's hardware open new potential
in real-time behavior algorithm exploration, the precalculated simulations still
have their place both in the �lm industry and in computer game development.

3.2 Flocking in computer games vs science
simulations

Is it enough if we persuade the user or viewer of the simulation that he is
watching the behavior of an animal? If so, then a believable visual model
combined with some basic behavioral patterns suitable for the animal will

11



3. Pre-implementation part................................
be enough. The human brain classi�es what it sees based on the patterns it
already knows. If it looks like a duck, if it behaves like a duck, it is a duck.
For most animals we see in computer games it is enough. If you see a small
furry creature with long ears, jumping through the forest you automatically
assume it is a rabbit. You care not that the rabbit leaves hole �A�, jumps
between the trees for a while, then enters hole �B� and does nothing else.

In contrast, during science simulation, we mainly care about behavioral
patterns, their accuracy, and completeness. The goal is usually to be able to
reproduce scenarios that resemble reality as much as possible and to obtain
usable data during simulation. We have no need to convince anyone, that
the dot during a simulation resembles a �sh. We determine that it is a �sh
because its behavior will resemble that of a �sh (as much as needed for the
purpose of study and data collection). It is simply agreed upon. No additional
visual demands are necessary.

Implementation complexity can di�er greatly in both cases. If we are
developing a computer game where your role is to be a shark in the sea that
hunts for other �sh, the behavior of the schools of �sh must be believable and
detailed as it will be part of the core of the game. If hunting as a shark is
a one-time side quest, a less time-demanding solution for the �sh behavior
can be implemented, as this feature is no longer a cornerstone of the game.
Similarly, in the scienti�c simulation of �sh migration, it is not necessary to
implement sophisticated �ocking behavior at all. The �ock's resulting route
and how it is a�ected by water streams are more important than the inner
structure of the �ock itself.
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3.3 Basic animal �ocking algorithms

3.3.1 Boids

Developed by Craig Reynolds in 1986, the Boids [Rey87] algorithm remains
the cornerstone of the animal �ocking behavior of birds, �sh, and many
more. Combining Separation, Cohesion, and Alignment proved to be e�ective
enough to reproduce believable �ocking behavior.

Figure 3.1: Description of basic rules of Boids algorithm [Rey87].
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3. Pre-implementation part................................
The main idea is based on the existence of neighborhoods. If the neighbor-

hood of inspected boid contains other boids, the alignment and position of
its neighbors are considered during the movement. Also, if any boid comes
too close to another boid a separation force takes place and drives the two
boids further away from each other.

The downside is the default time complexity of the algorithm, which is
O(n2). This inconvenience exists because every boid must scan for every
other boid in the environment during the calculation to determine, whether
the other boid is part of its neighborhood.

Luckily, many augmentations in the form of spatial distribution algorithms
allowed the time complexity to become linear instead. And as we will see
later, if we are willing to approximate the shape of the neighborhood the
lookup of neighbors happens in a constant time.

Later in 1999 C.W. Reynolds extended this approach and added additional
behavioral functionalities, such as pursuit, evasion, obstacle avoidance, wander,
leader following and other behavior patterns [Rey02]. These algorithms
quickly became popular and countless other researchers, built upon Reynold's
discoveries and solutions.

The basic algorithm itself has its limits though. One of such imperfections
was shown by P. Jonsson and L. Ljungber [PJ17]. There it was demonstrated
that while being suitable for predators hunting �ocking prey scenarios, the
Boids algorithm is not suitable for �ocking predators hunting �ocking prey
scenarios because it took more time for the �ocking predators to accomplish
the same results as multiple predators hunting individually.
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3.3.2 Self-driven particles

The study in 1995 by Vicsek [VCBJ + 95] showed an indisputably apparent
relation between the behavior of atoms of iron and self-driven particles.
By introducing uniform noise (that has the same e�ect on boids as the
temperature has on atoms) and a necessity of the particles to align their
direction with each other, Vicsek successfully reproduced not only the behavior
of atoms of iron but also that of locusts forming a swarm.

Figure 3.2: The phenomenon of a sudden onset of connectivity upon reaching a
critical point when a swarm is created can be observed in this image (transition
from step �b� to step �c�) [VCBJ + 95].
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3. Pre-implementation part................................
3.3.3 Density induced transition in the school of �sh

The research led by D.S. Cambuí [DSC12] did not introduce anything new
on top of the Boids model. It only splits the neighborhood of the boid
into three distinct parts (see Figure 3.3). Every part of the neighborhood
was dedicated either to attraction (cohesion), repulsion (separation), or
orientation (alignment). That was the only apparent di�erence compared to
the Boids model, where alignment and cohesion could be applied in the same
neighborhood).

Figure 3.3: Illustration of the �sh neighborhoods used in the research [DSC12].

What is more important was the goal of the study. It aimed to test whether
this model is su�cient to produce the behavior of schools of �sh based on
empirical data of schools of �sh observed in a water tank. And the answer was:
Yes, it is. Results show that model can reproduce the patterns of movement
observed experimentally for tilapia juveniles.

This produces no insigni�cant implication. It proves that a model of
interaction as simple as Boids could be used e�ectively to reproduce general
patterns observed in a large school of �sh.
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Figure 3.4: Formation of the school of �sh related to the amount of �sh present
(N) [DSC12].

3.3.4 Wolf-like behavior

As mentioned before a signi�cant de�ciency in the Boids algorithm was its
unsuitability for �ocking predators hunting �ocking prey scenario. In the
study of C. Muroa [MESC11] an attempt was made to recreate scenarios of
wolf-like hunting behavior based on two simple laws. It turns out that for
various group hunting scenarios to be successful only these two laws had to
be abided by the objects portraying wolf-like hunting behavior during the
scenario...1. Move towards the prey until a minimum safe distance to the prey is

reached...2. When at a safe distance, move away from the other wolves that are
within the safe area.

This resulted in wolf-like behavior encircling the prey. Some of the more
complex hunting patterns were achieved as well. A good example is the
ambush-like behavior of the pack.
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3. Pre-implementation part................................

Figure 3.5: Wolf-pack of �ve individuals hunting a counterclockwise circling prey.
Waiting for ambush behavior is exhibited by the wolf denoted by a pink star.
Black-�lled circle: position of the prey at the last time step drawn. Grey-�lled
circles: prey trajectory. Colored symbols: wolves' trajectories. Large circle:
points at a distance from the prey the last time step drawn. (A) The short
approaching phase is followed by the pursuit phase during almost one loop. (B)
Continuation of the pursuit phase during almost another loop. (C) Continuation
of the pursuit until the �nal encircling phase in which a stationary distribution
is reached: a regular polygon inscribed in the corona C [MESC11].

The question is how well is a wolf-like pattern of hunting and its possible
solution transferable to hunting patterns among �sh (as that is where the
original inadequacy of the Boids model was pointed out by P.Jonsson and L.
Ljungber). The answer is: it is transferrable to a certain degree. A yellow
saddle goat�sh has a modus operandi reminiscent of wolves and lions [SRB18].
One individual adopts a role of a �pursuer� while his comrades block the
escape routes. Apart from a yellow saddle goat �sh sharks, dolphins, seagulls,
or even whales are known to cooperate during the hunt.

The phenomenon of underwater group hunting could be a standalone topic
and other adjustments would probably have to take place to fully accustom
the Boids model to adopt �ocking predator behavior. But certain cases of
underwater group hunting are potentially implementable using the two laws
presented by C. Muroa as the hunting pattern of some predator �sh resembles
a wolf-like hunting pattern.
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3.4 Available assets

Most of the assets available on the Unity store and Unreal Engine Marketplace
implement the features presented in Reynold's papers, sometimes with slight
changes. I decided to contact the asset developers to provide me insight and
share what di�erentiates their implementation from other assets in terms
of model behavior and algorithmic complexity of their solution. I sent an
email to sixteen di�erent developers regarding their assets on Unity Store
and Unreal Engine Market Store. The responses that I deemed relevant and
most valuable are summarized in the following paragraphs.

FlockAI [Bey] has eliminated the alignment computation from its behavior
model. The feature remained but instead manifested itself as anemergent
behavior because the boids try to get on top of each other.

The ECS Swarms[Tig] asset takes advantage of Unity'sECS. With the
help of the Burst compiler[Unia], the vector math operations are speeded
up as SIMD instructions are utilized better. Additionally, this asset takes
advantage of sparse spatial partitioning. This allows the division of the space
into chunks with assigned boids stored in a parallel hash map for faster
neighbor look-up.

Similar functionality is implemented in the Flocks[Kie] asset. A concept
from the GPU particle sim in "Wicked Engine"[tur ] was used to perform a
neighbor look-up in a constant time. It is an approximation but works very
e�ciently.

The problem of the nearest neighbor calculation could be a standalone
topic. But there is an important aspect in the widely accepted approach
to the neighbor issue, that I �nd even more interesting. Birds (starlings
speci�cally) determine their distance based on topology distance, not a metric
one [Sat20]. Metric distance does not a�ect the number of neighbors at all.
The only thing that a�ects the number of perceived neighbors is starling's
perception limitations. That is how far a bird can see and the fact, that a
starling can count to number seven. Not more. This quite recent discovery
reveals the misconception of the predetermined area around the bird that
serves as its neighborhood.

A topological model, such as Voronoi space partitioning should be consid-
ered to determine boids neighbors.
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