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Abstract

This thesis deals with navigation of swarms of MAVs in complex, mainly
indoor, environments. It is based on distributed algorithm able to
reach a static goal while avoiding spherical obstacles. This algorithm is
extended by ability to follow a dynamic goal moving on a predetermined
path and allows deployment of the system in complex environments. It
uses convex polyhedra to form the obstacles and the GJK algorithm
to compute the distance between MAVs and the obstacles. Finally,
complex behaviour of the swarm, where individuals are controlled by
the developed local rules, is analysed while passing through a narrow
alley. It provides means to estimate possible outcome, which is crucial
for high level planning.

Keywords: micro aerial vehicles, autonomous navigation, robotic
swarms



Abstrakt

Tato préace se zabyva navigaci roju bezpilotnich helikoptér ve slozitych
prostiedich, zejména uvnitt budov. Je zalozena na distribuovaném
algoritmu pro dosazeni statického cile a schopném vyhnout se kulovym
prekazkam. Do puvodniho algoritmu pridava schopnost sledovani
slozitéjsi cesty pomoci pohyblivého cile a umoznuje nasazeni systému v
komplexnich prostiedich. Tato prostredi vytvari z konvexnich polygonu
a pomoci GJK algoritmu pocita vzdéalenosti mezi helikoptérami a
prekdzkami. Na zavér analyzuje chovani roje, ve kterém se jedinci
chovaji podle vyvinutych pravidel, pri pruletu tzkym pruchodem.
Predklada prostiedky pro odhad vysledku pied vlastnim vypoctem, coz
je nezbytny prvek pro pokrocilé planovani.

Klicova slova: bezpilotni helikoptéry, autonomni navigace, hejna
robotu
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Navigation of swarms of MAVs

1 Introduction

The main objective of this Bachelor thesis is to design, implement and verify an algo-
rithm for navigating a swarm of quad-rotors through a complex environment. This algo-
rithm will be built upon the algorithm enabling an escape behaviour of the swarm described
and implemented by Jan Vakula [4].

The algorithm in [4] is capable of navigating a swarm of unmanned micro aerial vehicles
(MAVSs) through specific environment. This algorithm is based on a model of flocking
behaviour of animals described in [2], and is able to keep the swarm together while avoiding
obstacles. This algorithm however is limited to following a straight path leading to a static
goal and to environment with constant size spherical obstacles.

This thesis tries to build a robust system capable of navigating a swarm of MAVs
through a complex environment and studies the swarm behaviour in narrow corridors.
First it extends the original approach using a static goal into a new approach enabling to
consequently follow a dynamic set of goals as described in chapter 3.1, The requirement
for complex environment led to implementation of polyhedral obstacles. This is described
in chapter With polyhedral obstacles, a new way of collision detection needed to be
implemented. Since this was already a topic of interest in the previous works like [5], it was
decided to choose GJK algorithm as the collision detection system for this work. Details
on this can be seen in chapter [3.3]

Then it was needed to add restrictions given by MAVs to the system. This consists
of the fact that quad-rotors cannot overlap each other which is discussed in chapter 4.1
and also the fact that one quad-rotor cannot fly above another, since the one below would
lose lift and fall to the ground. This is the topic of chapter [4.2] It was also required to
implement restrictions of relative visual localization system into the methodology being
developed here which is the aim of chapter

Finally the developed system was verified in numerous simulations. A lot of simula-
tions were run with different sized swarms in various alleys to thoroughly test behaviour
of the swarm in similar situations. These simulations were analysed and results were for-
mulated (see chapter . The restrictions of relative localization were implemented and
verified by numerous tests in chapter [6.2l Then the system was tested in different complex
environments to verify its variability and this is described in chapter |6.3]
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2 Preliminaries

In this chapter, quad-rotor platform and model of its behaviour as part of a swarm
studied and implemented in [I} [4] will be described briefly to provide reader with basic
understanding. The reader can look into both [I, 4] to gain a deeper insight into this
problematic.

2.1 Quad-rotor

Quad-rotor, or quadcopter, is a multirotor helicopter with four rotors placed in a square
pattern, example on Figure [I. Two rotors spin clockwise and the other two counter-
clockwise. It is type of unmanned micro aerial vehicle (MAV). These MAVs have six degrees
of freedom: three positional and three rotational. Control over their flight is managed only
by adjusting the speed of each of its four rotors.

Figure 1: Example of quad-rotor. Source: mrs.felk.cvut.cz

Quad-rotors have several advantages over other aerial vehicles:

e It is capable of vertical take-off and landing (VTOL).

e It is easy to stabilize and has no limitation on minimum flight speed (unlike plane
for example), therefore it can be stabilized on a certain position.

e It is capable of precise movement (depending on its controller and/or hardware)
e [t has a simple mechanical structure reducing both price and repairs.

e Using four propellers instead of one allows each rotor to have smaller diameter which
greatly reduces the amount of kinetic energy stored in the propellers and makes whole
machine much safer and more resistant in case of crash. [4]

Because of these advantages and advancement in industry, quad-rotors have become
cheap and popular to use for research and for fun as well. There are also a lot of possibilities

2/59
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for research, for instance cooperative reconnaissance, surveillance, data acquisition, military
applications and much more. Its manoeuvrability also makes them appealing for indoors
usage where MAVs need to handle narrow corridors and acute turns.

Control model of physics of the quad-rotor is a system of four identical propellers aligned
in square pattern. Each of these propellers generates thrust and torque along normal axis
of the square. It is assumed that the thrust is controlled directly and that the torque is
directly proportional to the respective thrust.

2.2 Swarm

The control model for escape behaviour presented in [4] is based on BOIDS model [2]
that is inspired by natural behaviour of large groups of certain animals like schools of fish,
swarms of insect or flocks of birds. In this thesis, this model is implemented as distributed
algorithm for each MAV without communication with other members of the swarm.

2.3 Acting forces

The forces influencing MAVs can be divided in three groups.

e Other individuals effect — this is sum of forces between a certain individual and all
other members of the swarm. This force keeps the swarm together and also prevents
collisions in the swarm.

e Goal effect — this is the force that pulls each member of the swarm towards its
destination, effectively moving whole swarm forward.

e Obstacle effect — this force pulls MAVs away from obstacles that are too close.

Resulting force acting on each individual is composed as weighted sum of all these
forces.




Navigation of swarms of MAVs

3 Adjustments to the original algorithm

3.1 Dynamic goal

First thing that comes to mind when speaking about navigating through a complex
environment is the ability to follow a given path. In [4], such ability was not implemented.
It simply placed one stationary target to the final destination. And because of the stationary
goal, it was also necessary to change the equation used to compute the force pulling the
swarm towards the goal by adding an extra condition and limit result force in order to
prevent it from being too large and thus overpowering other two forces.

Here a different approach was chosen and moving target was implemented. This target
moves in front of the swarm in a predefined constant distance along the path and thereby
leads the swarm through the environment since the target follows the path given to the
swarm. More ways of positioning the target were tested and the one that places the target
ahead of the perpendicular projection of the center of mass of the swarm was chosen due
to its best performance.

However, this approach had insufficient performance when the path turned as can be
seen in Figure [2| where the first two MAVs fly needlessly towards the second obstacle. This
flaw was proportionally more obvious with more sharp turns and even more relevant with
bigger swarms. To solve this problem it was decided that one target is not enough and
each MAV was given its personal target to chase. This improvement applied on the same
situation can be seen in Figure 3]

Figure 2: Example of one shared target for whole swarm.
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____________________

Figure 3: Example of personal target for each MAV.

Such individual target is always on axis defined by current section of the path in fixed
distance ahead of the perpendicular projection of the particular quad-rotor. This allows
the swarm to follow any given path closely and therefore this approach satisfies the re-
quirements for precise navigation of the swarm indoors.

Figure 4: Scheme of target placement. The center of the MAV is projected perpendicularly
to the path it follows (red line) and the target (the red dot) is placed in constant distance
d (green line) ahead.

559
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3.2 Polyhedral obstacles

As mentioned in the beginning, obstacles were limited to constant size spheres in [4]. It
was necessary to implement means to define more shapes of obstacles in order to simulate
complex environments and get closer to real world application.

At first, a solution of how to implement polyhedra into the algorithm that would be
iterative and user friendly was needed. Since the GJK algorithm works with convex shapes
only, it is satisfactory to make a list of vertices of any arbitrary polyhedron and use the
inbuilt function of MATLAB [6] to make the necessary computations of which vertices are
actually connected by edges. This makes the process of adding new obstacles easy since
the GJK algorithm uses vertices too.

3.3 The GJK algorithm

Most of the information in this chapter comes from [7, 8] where the GJK algorithm is
described.

The GJK algorithm was first published in 1988 and is named after his inventors -
scientists Gilbert, Johnson and Keerthi. Since then it went through various developments
and depending on the actual implementation it is capable of detecting collisions, computing
minimal distance between two objects or computing the depth of an intersection. Here the
version that can compute minimal distance between two objects is used.

The main advantages of this algorithm are:

e Speed - it is iterative algorithm but it converges extremely fast, in experiments pre-
sented in this thesis it was usually less than five iterations.

e Robust on convex shapes — it needs convex shapes with so called “support function”
(more in chapter implemented. But then it can run on any combination of
these convex shapes without problems and not care whether it is polyhedron or
curved shape which is major problem in other algorithms.

More reasoning for using this algorithm can be found in [5]. In the following paragraphs
the GJK algorithm will be explained for the case computing the distance between objects.

3.3.1 Convex shape

Convex shape is a shape where any two points of this shape can be connected with
straight line and every point of this line will still be inside the object (see Figure [3)).
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a) b)

Figure 5: Convex shape vs. concave shape

3.3.2 Minkowski sum

The GJK algorithm relies heavily on a concept called the Minkowski sum. The Minkowski
sum is a concept where from two shapes a third shape is created by taking every single
point in one shape and add them to every point in the second shape like

A+ B={a+bla€ A bec B}. (1)

Important thing of this concept is that when a Minkowski sum of two convex shapes is
computed, the result will always be a convex shape too.

To implement this algorithm, subtracting points of one shape from another instead
of adding them is necessary. Sometimes, this can be found named as the “Minkowski
difference” but “Minkowski difference” does not exist, it is still Minkowski sum even with
subtraction operator:

A—B={a—blac A be B}. (2)

The reason for computing this Minkowski sum is that when the two shapes are intersect-
ing, the resulting shape will contain origin. That is because if two objects are intersecting,
some points will have the same coordinates and thus when subtracted from each other,
they will project into the origin. Moreover, and for this thesis more importantly, if they
are not intersecting, the distance between the origin and the resulting shape is the same
as the distance between the two original shapes.

When working with convex shapes, all that is necessary is to compute just the difference
of vertices of each of those shapes and the final shape will be complete. This would greatly
reduce the number of computations and speed up the algorithm but for the GJK algorithm
it is not necessary to compute the whole Minkowski sum.

e
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Figure 6: Two original shapes (the triangles on the right side) and resulting Minkowski
sum created with subtraction operator, both with highlighted distance vectors

3.3.3 The Simplex

It is sufficient to find which part of the Minkowski sum is closest to the origin and
compute the distance between that part and the origin. An object called the simplex is
built inside the Minkowski sum to do this. In geometry, a k-simplex is a k-dimensional
polytope which is the convex hull of its k + 1 vertices.

Figure 7: Simplices from 0-simplex to 3-simplex [I1]

3.3.4 The support function

The last thing that has to be explained before introducing the algorithm itself is the
support function which was mentioned at the beginning. This function will be called on
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all objects appearing in the GJK algorithm, namely obstacles and quad-rotors, and it is
different for each type of object. This function returns the point of the object that is
farthest along the direction defined by the main loop (see chapter . This thesis uses
only polyhedra to define objects so this function will return the vertex of the polyhedron
that returns the highest value of dot product with the direction vector. This makes the
process of adding new type of object into the system really easy because it is only required
to create a support function for that new type of object.

3.3.5 Main loop

Here the algorithm will be explained step-by-step with pseudocode following (see sce-

nario .

1. To initialize the algorithm a simplex with the same amount of vertices as dimensions
of the space is needed. For flying machines it will therefore be a triangle. The support
function is used to create this simplex.

e First a random direction is chosen and a point farthest along that direction
of the first object and farthest in the opposite direction (the Minkowski sum
uses subtraction in this algorithm) of the second object are selected and added
together. This is the first point of the simplex.

e Then the same process is made in the opposite direction to find the second point
and lastly in a direction perpendicular to the previous directions to find the
third point. These three points together create the initial simplex with vertices
overlapping the vertices of the Minkowski sum.

2. The next step is to pick a normal vector of the simplex in the direction to origin and
try to search for a point of the Minkowski sum that is farther along this direction
than the simplex. If the point found this way is on the plane specified by the simplex,
then the simplex is already as close to the origin as possible and the distance between
the simplex and the origin is computed.

3. If the support function found a point that is farther along the direction to the origin,
this point will replace the point in the simplex that is the farthest from the origin
itself. Then the algorithm continues with the next iteration of the loop from step 2




3.3 The GJK algorithm Navigation of swarms of MAVs

Input: A, B — convex objects whose distance will be computed

d « pick any arbitrary direction (in this thesis the vector from the MAV
to the first vertex of the obstacle is chosen);

Simplex < support(A, B,d) // add point in direction d to the Simplex;

Simplex < support(A, B, —d);

d + perpendicular to d;

Simplex + support(A, B, d);

while true do

d < normal to the simplex in direction to origin,

p < support(A, B, d);

if p is not farther along d than Simplex then

L return point from Simplex closest to origin,

else

Simplex — remove point farthest from origin;
Simplex < p

Scenario 1: GJK algorithm main loop outline
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4 Real world restrictions

In this chapter, another part of the resulting system will be discussed, which is integra-
tion of the constraints given by using real MAVs.

4.1 Collisions between quad-rotors

One of the problems of [4] is that it does not prevent quad-rotors from collisions with
neighbours in the swarm reliably. There is a force that pulls MAVs apart when they are
too close to each other but this force is linear and so it can be easily overpowered by other
acting forces.

In order to prevent this situation, it was necessary to change this force from linear to
exponential and re-stabilize the swarm. Therefore, a new function with exponential ascend
in the beginning was developed, which prevents MAVs from colliding reliably. In the original
system, the resulting force was computed as a multiple of linear force and corresponding
weight of the force e; ;. This system keeps the linear force the same and changes the weight
function.

The new weight function is divided in two parts depending on the actual distance be-
tween the quad-rotors and each part is computed with different equation. The first part
that is used for distances < fis described as

d
e =—————1, 3
T Ly — size )
where L;; is the distance between individuals ¢ and j. The second part that is used for
distances > [, is described by

1 1
L;;i—b + 0.5 L;i—b ’
ew*Lij=b | e0-5%axLij=b 4 ~

(4)

eij =

and is the same as in [4]. The resulting weight function can be seen in Figure [8}

This set-up has satisfactory performance on all tested scenarios although the swarm is
noticeably more volatile and can be difficult to balance because of the added exponential
force.

4.2 Air flow influence

Another problem coming from the real world is the fact that rotor-based flying machines
generate downward air flow which provides lift for the machine (see Figure @ This creates

IThe variables mentioned in this part were set after numerous experiments as following in this thesis:
a=6,b=6,c=06,d=2,1=14, size =0.4.
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Navigation of swarms of MAVs

weeight

i | 1 I | |
] 1 2 3 4 5 B
distance

Figure 8: Weight function for force acting between individuals with highlighted boundary
between equations and .

no problems if a machine flies alone but when dealing with swarms, it is necessary to keep
them from flying above/below each other. If the airflow generated by the quad-rotor with
higher altitude hits the one below, the lower MAV would lose its lift and would inevitably

fall to the ground.

",I‘nllbif-;;-'.‘,
bkl p
e

Figure 9: Air-flow induced by rotor-craft. Source: www.dynamicflight.com
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Because of this restriction, another force was added into the system to keep all the
quad-rotors in the swarm out of vertical space belonging to another quad-rotor. For the
same reasons as in chapter this force is designed as exponential one. It is the same
function as in Figure , only its diameter is reduced (see Figure for reasons described

in chapter

weeight

A0k SRR : .......... SO S SRR s ]

40 | i ; i ; ; |
0

distance

Figure 10: Weight function for horizontal force between individuals.

4.3 Summary

Both of these forces are designed and can be adjusted independently but because they
are closely tied together and act in accord with each other, they were developed simulta-
neously. The main reason to have both of these forces is to keep the swarm compact while
discouraging the MAVs from flying in perfectly even plane without reducing this problem
to 2D only. Either of these forces could easily keep the swarm together but they both have
their flaws:

e The force described in chapter does not take into account the airflow influence.
This approach, although with linear weight, was used in [4].

e The force described in chapter [4.2|reduces the problem into 2D. It is able to keep the
swarm compact and takes into account the airflow influence but it omits the vertical

13139
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dimension completely. An obstacle could move an individual up or down from the
swarm and it would not be noticed.

Because of these reasons, this thesis uses both of the previously mentioned forces to
form a swarm that uses three dimensional space fully. Example of how these forces form a
swarm shows Figure

Figure 11: Scheme of a swarm with highlighted forces acting between two individuals. Green
are forces described in chapter [4.2] (here attractive), red are forces between individuals from

chapter (here repulsive) and blue is the final force.

Last of the limitations influencing behaviour of the MAVs is the top speed limit. This
is important for more reasons. First, because real MAV is usually equipped with camera
facing down that keeps measuring the speed of flight and it can keep up with the speed only
until certain point. Also the changes of the forces described in this chapter and simulations
in narrow environments described in chapter [6] generates situations where multiple strong
forces are acting at once. Hence it was necessary to ensure that the MAVs will keep their
speed on a safe level. This was achieved by limiting the total force acting on individual.
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5 Relative localization

The aim of this part of the system is to keep the swarm compact based on relative
localization of other members. Each member of the swarm keeps paying attention to other
quad-rotors and checks that at least three other members (two if the swarm is composed
of six members or less) of the swarm are closer than a certain boundaryﬂ

If this condition fails, another force needs to come into play and pull the quad-rotor
closer to its neighbours that began to be lost so that it will maintain distance that allows
their relative localization, and therefore keep the swarm compact

d

o _k
€ L;; — boundary ’ (5)

where L;; is the distance between the individuals. This force is designed as exponential
one with slower ascend than the forces keeping the quad-rotors from collisions but still
powerful enough to pull the swarm together. Because of its close relation with forces from
the previous chapter, mainly from chapter [4.1] this force is not designed independently.
Instead it changes part of the force shown on Figure |8/ to pull the distant MAVs together.
Changed weight function for this force is on Figure [12]

200

weight

i i i i i i i i i
0 0.5 1 1.5 2 25 3 35 4 4.5 5
distance

Figure 12: Changed weight function for force between individuals in case of loosing sight

with highlighted boundaries between equations , and .

Several simulations were run to verify that the relative localization works as intended
and can be seen in chapter [6.2]

2The variables mentioned in this part were set after numerous experiments as following in this thesis:
d=2,k=0.7, boundary = 4
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6 Experiments

6.1 Passing through an alley

One of the main goals of this thesis was to evaluate behaviour of the swarm in an
environment that puts a lot of stress on the swarm — a narrow alley. The alley can be
represented by any gap narrow enough to squeeze the swarm from both sides. Horizontal
gaps are not excluded by default but this thesis deals with vertical gaps for two reasons:

1. The swarm is usually spread widely but on vertical axis all the members are mostly
even. This is result of using rotor-crafts that are unable to fly above each other. This
problem is addressed in chapter Because of this, horizontal gaps do not change
the shape of the swarm.

2. Vertical gaps are more common than horizontal ones, as an example we can mention
doors.

An example of basic alley used in these experiments can be seen in Figure [I3] but other
scenarios were tested too to provide more accurate results. All of the alleys are listed in
Table 1] together with short descriptions of their shape.

Id Name ‘ Definition

0 no alley ‘ empty space

1 Basic alley default

2 Long alley an alley of at least double length

3 Uneven alley ‘ an alley with an uneven entry

4  Two alleys ‘ two alleys in row with enough open space between them
5 Wide entry alley ‘ an alley that has wider entry than its final width

6 S-shaped alley ‘ an alley with two turns, right and left in quick succession

Table 1: Summary comparison of various alleys used in experiments described in chapter

6.1}

Numerous simulations were run and different parameters were adjusted to find com-
mon settings that would stabilize the swarm in as many different scenarios as possible.
Summaries of simulations with these settings are listed below in Figures [1522]

These experiments showed that it is very difficult to estimate the delay caused by passing
through an alley. There is always delay but it is not substantial one. Moreover the results
vary and the same scenarios have different results for different sizes of the swarm. There
were even three occasions for the swarm of 27 MAVs where the swarm was quicker by
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Figure 13: Scheme of the basic alley (red line is the path that the swarm would follow).

about 0.1 second for two seconds at the entrance to an alley in comparison to free flight as
shows Figure[22] This unusual behaviour is caused by the fact that swarm of this size slows
itself down naturally because the individuals at edges are not pulled straight forward by
the goal force but to the center and are pushed away by other individuals that are closer
to the center.

The most significant effect on the final delay is the exact location of each MAV. As this
cannot be foretold in any way, it is not possible to estimate the delay precisely and it is
required to run simulation for specific environment and swarm to analyse the behaviour of
the swarm (which is necessary to plan the route for the swarm).

On the other hand, it is possible to define minimum width of an alley for any swarm
of known size, that the system presented in this thesis with its specific settings is able to
clear. This relation is shown in Figure [14| and appears to be proportional.
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width [-]

1
0 g 10 18 20 25 30
hAY's

Figure 14: Graph of dependency of minimum width of a basic alley on the size of a swarm.
Blue are measured values and red is the line fitted to these data.

6.1.1 Results for 6 MAV

Here ale listed results for a swarm of 6 MAVs in different alleys.

delay [%]

25 3 35 4 45 5 55 G
width [-]

Figure 15: Relative comparison of the same swarm passing through the basic alley with
various width showing slowdown percentage.
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IR=}3

delay [-]
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02r
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Figure 16: Relative comparison of the slowdown of the same swarm passing through dif-
ferent shaped alleys (see table |1| for description of the IDs of alleys) with constant width
of 3 and the free flight as a baseline.
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6.1.2 Results for 12 MAV

Here ale listed results for a swarm of 12 MAVs in different alleys.

delay [%]

width [-]

Figure 17: Relative comparison of the same swarm passing through the basic alley with
various width showing slowdown percentage.

05F

ns I 1 I I
0

time [s]

Figure 18: Relative comparison of the slowdown of the same swarm passing through dif-
ferent shaped alleys (see table [1] for description of the IDs of alleys) with constant width
of 3.5 and the free flight as a baseline.
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6.1.3 Results for 20 MAV

Here ale listed results for a swarm of 20 MAVs in different alleys.

width [-]

Figure 19: Relative comparison of the same swarm passing through the basic alley with
various width showing slowdown percentage.

IR=}3

delay [-]

06

0ar

02F

0z 1 1 1 1 1 1 1
a

time [s]

Figure 20: Relative comparison of the slowdown of the same swarm passing through dif-
ferent shaped alleys (see table [1] for description of the IDs of alleys) with constant width
of 4 and the free flight as a baseline.
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6.1.4 Results for 27 MAV

Here ale listed results for a swarm of 27 MAVs in different alleys.

delay [%]

4 45 5 55 B B.5 7 75
width [-]

Figure 21: Relative comparison of the same swarm passing through the basic alley with
various width showing slowdown percentage.
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02r
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Figure 22: Relative comparison of the slowdown of the same swarm passing through dif-
ferent shaped alleys (see table [1] for description of the IDs of alleys) with constant width
of 4.5 and the free flight as a baseline.
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6.2 Relative localization evaluation

Here are shown examples to demonstrate that the forces described in chapter |5 keep the
swarm in a distance that allows their relative localization in all cases (see Figures 23[[30)).
There are three lines for each MAV that show the distance to the three closest neighbours
and two red lines which represent the borders in which the MAVs are encouraged to stay.
It can be seen that in some cases when dealing with big swarms, few lines go below the
bottom border for some time like in Figure This means that they get closer than their
comfortable zone but there is enough space reserve around MAVs to prevent any collision.
It is because of the size of the swarm, that they can get closer than usual before such a big
swarm gets stabilized.

6.2.1 Swarm of 6 MAVs

A5 IR PRI SRRRRLE SERRE PR U e :

distance [-]

0 5 10 15 20 25 30 35 40
tirme [s]

Figure 23: The three shortest distances to its neighbours for each MAV in open space.
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A5 IR PRI ARRRR ISR PR U e :

distance [-]

0 3 10 12 20 25 30 35 40
tirme [s]

Figure 24: The three shortest distances to its neighbours for each MAV in S-shaped alley
of width 3.

6.2.2 Swarm of 12 MAVs

LG s IR FTT SRRIMILEY SRRTIE P T e :

distance [-]

0 5 10 15 20 25 30 35 40
time [s]

Figure 25: The three shortest distances to its neighbours for each MAV in open space.
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A5 IR PRI ARRRR ISR PR U e :

distance [-]

tirme [s]

Figure 26: The three shortest distances to its neighbours for each MAV in S-shaped alley
of width 3.5.

6.2.3 Swarm of 20 MAVs

4B .......... .......... e ......... .......... ......... ......... .
sbo i T
F3AHF- .......... ......... ......... .......... ......... , .........
I 1 SR e L :
PEE . ......... . ......... .......... ......... ......... ..........

distance [-]

D 1 1 1 1 1 1 1 ]
0 5 10 15 20 25 30 35 40
time [s]

Figure 27: The three shortest distances to its neighbours for each MAV in open space.
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A5 IR PRI ARRRR ISR PR U e :

distance [-]

tirme [s]

Figure 28: The three shortest distances to its neighbours for each MAV in S-shaped alley
of width 4.

6.2.4 Swarm of 27 MAVs

4B .......... .......... e ......... .......... ......... ......... .
sbo i T
F3AHF- .......... ......... ......... .......... ......... , .........
I 1 SR e L :
PEE . ......... . ......... .......... ......... ......... ..........

distance [-]

D 1 1 1 1 1 1 1 ]
0 5 10 15 20 25 30 35 40
time [s]

Figure 29: The three shortest distances to its neighbours for each MAV in open space.
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A5 IR PRI ARRRR ISR PR U e :

a5k .......... ......... ......... .......... ......... ......... :

distance [-]

0 3 10 12 20 25 30 35 40
tirme [s]

Figure 30: The three shortest distances to its neighbours for each MAV in S-shaped alley
of width 4.5.

6.3 Indoors environment

Other experimental environments created to evaluate the algorithm are examples of
complex environments. One is an outline of hallway and kitchen area (see Figure .
Another set of experiments was run with big bars obstacle (Figure . Third complex en-
vironment evaluated in this section is a corridor filled with different obstacles, one following
after another (outline in Figure [37).

6.3.1 Kitchen area simulations

This is a good example of indoors area (Figure , it features kitchen cabinets in a
small room and hallway with two doors used as checkpoints and serving as tight passages
to put stress on the swarm. Because of the size of MAVs, this cramped indoor simulation
was run with only 3-6 members (see example in Figure .

There were measured only little differences (up to about 6 seconds delay which is ~ 10%
increase) between swarms in terms of total flight time (Figure [33).
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Figure 31: Scheme of the indoors kitchen-like environment featuring small rooms, multiple
doors and kitchen cabinets.
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Figure 32: Snapshot of the swarm of 6 MAVs flying through the kitchen area.

i i .
a 1 2
checkpaint [-]

Figure 33: Total time needed by different sized swarms to clear checkpoints (doors) in the
kitchen area.
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6.3.2 Big bars simulations

This model situation is here to demonstrate another difficult type of obstacle that the
swarm can take on. Example of the set-up of this obstacle is shown on Figure [34]

Figure 34: Scheme of the big bars obstacle

This obstacle caused by far the biggest problems for the swarm from all complex envi-
ronment simulations run in this thesis. First set-up had one more bar in the grid for the
same size (i.e. gaps were squares only 2x2 wide instead of current 2.5x2.5) but the swarm
was not able to pass through. There were cases where some MAV in the end managed to
clear that obstacle but mostly it was similar to navigating the swarm against a wall.

The gaps were widened only by 25% to keep bar-like type of obstacle and it was suffi-
cient even for bigger swarms (see Figure . Results for different swarms can be seen in

Figure [30]

This experiment could easily end with different outcome if the bars would have been
moved a bit, if they were placed diagonally or if they were cylindrical. It has much more
unpredictable outcomes than the alleys described in chapter and the conclusion is the
same, the most significant effect is the exact location of each MAV.
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Figure 35: Snapshot of the swarm of 20 MAVs flying throug the bar obstacle.

delay [-]

time [s]

Figure 36: Comparison of the delay on the bars obstacle for various sized swarms
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6.3.3 Maze-like corridor simulations

Yet other example of complex environment is a short maze-like corridor (Figure with
following obstacles: a horizontal bar sticking out from the right wall right in the middle of
the path for the swarm, a window in a wall, a perpendicular wall leaving only half of the
space for the swarm and finally two pyramid corners sticking out from the walls one after
another and the second turned upside down.

Figure 37: A scheme of the maze-like corridor

This represents wide variety of obstacles standing in the way of the swarm and the
swarm needs to avoid these obstacles without precise navigation around them. The only
exception is the wall perpendicular to the course of the swarm where the swarm needs a
little help, that means to move the path from the wall. Without this change the left side of
the swarm would be navigated straight into the wall. Figures [38440| show how the swarm
handles these obstacles. Figure demonstrates the differences and similarities between
swarms consisting of 6 MAVs and 20 MAVs respectively. See the results in Figure |42
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Figure 38: Snapshots of the swarm of 6 MAVs flying through the maze-like corridor.

Figure 39: Snapshots of the swarm of 6 MAVs flying through the maze-like corridor.
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Figure 40: Snapshots of the swarm of 6 MAVs flying through the maze-like corridor.

Figure 41: Comparison of two different sized swarms. First row displays swarm of 6 MAVs,
second swarm of 20 MAVs.
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Figure 42: Total time needed to clear the maze for different sized swarms
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7 Conclusion

The robust system for navigating the swarm of MAVs through a complex environment
was successfully developed. The core of this system comes from [4] and is enhanced to
provide more variability, stability and functionality.

An ability of following a predefined path was implemented by using an approach with
a moving target. A lot of different approaches were tested and in the end an individual
receding target for each MAV was implemented. The target is placed directly on the path
in a constant distance ahead the MAV as described in chapter [3.1]

The support for simulating the swarm behaviour in a complex environment was added
by using convex polyhedra to form obstacles and a new algorithm to detect these obstacles,
the GJK algorithm, which was implemented in the system. This is described in chapter

Numerous changes were made during the attempts to stabilize the swarm while im-
plementing constraints given by real MAVs. The results of experimental evaluation are
described in chapter 4l These modifications changed the behaviour of the swarm towards
safety. Collisions between MAVs were eliminated in all tested cases and collisions with ob-
stacles were removed as well. This system, however, is not intended to ensure safety when
navigated wrongly, for instance when navigating big swarms in alleys too narrow or into
the wall. On these occasions some MAV can hit an obstacle or collide with another.

Relative localization functionality was implemented and now every MAV is aware of its
neighbours and keeps itself in their proximity. This is the topic of chapter [f

And finally in chapter [6] the whole system was tested in different scenarios with many
different settings. Results were analysed and rules for passing through different alleys were
formulated in chapter [6.1] The relative localization restrictions were met in all tested cases
without trouble as can be seen in chapter [6.2] Also various different complex scenarios were
created and multiple simulations were run to verify robustness of the system.

To sum up, all objectives of the thesis assignment were fulfilled:

e The ability to follow a dynamic target receding ahead the swarm along a given path
was designed and implemented.

e The GJK algorithm was implemented to allow successful navigation of the swarm
through a complex environment.

e Constraints given by using real helicopters were added to the system.
e Rules for visual relative localization were implemented.

e There were made many simulations in numerous alley-like scenarios as well as in
complex environments and the results were analysed.
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The possible continuation of this work could be in advanced distribution of each group of
forces that are described in chapter [2.3] Now the distribution is constant in all cases which
means for example that the swarm is slowing down to regroup even in open spaces where it
is not needed. The analyses made in chapter could be used to predict moments where
the swarm would get into trouble and split the swarm into several smaller swarms. Also
automated planning algorithm could be implemented to find the path instead of manually
setting one.

Relevant information on MAV control and planning achieved by other members of Multi-
robot Systems group can be found in [9, [I0] and on web mrs.felk.cvut.cz.
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Appendix

CD Content

In table 2l are listed names of all root directories on CD

Directory name Description

thesis bachelor thesis sources in latex format
sources MATLAB source codes

animations animations recorded during development
figures all figures created during development

Table 2: CD Content
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