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Abstract

Nowadays it is necessary to research alternatives to airplanes in order to counteract climate change.
The aim of the present work is therefore to determine the optimal flight path for a solar airship
by means of an algorithm. For this purpose, two different variants for optimizing the flight time
are investigated and compared with each other. On the one hand the Dijkstra algorithm and on
the other hand the particle swarm optimization algorithm were tested. The winds have a positive
effect on the flight duration in both variants as well as in each flight direction, since the time can
be reduced in any case. Both algorithms also converge against the same path to find the shortest
path. The Particle Swarm Optimization algorithm has the advantage that its path is always selfoptimizing. So that this Algorithm shows more potential for further development.
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3

Introduction

The CO2 emission of a flight in an airplane is significantly greater than if the same distance were
covered by a train. Politicians have been looking for a greener flight method to aircraft for a long
time. In recent years there have been more and more companies that are starting to build airships
for a large number of applications. In addition to lower CO2 emissions, airships also have other
advantages over conventional aircraft. Airships do not need runways and are much quieter than
airplanes. This would also allow airships to land near cities without causing conflicts with residents.
Previous research shows that it is possible to fly an airship purely with solar energy. A solar airship
can also cover long distances, since it can replenish its energy storage during the flight on its own.
A Canadian company is already in the process of developing such an airship.
The aim of the present bachelor thesis is the further development and optimization of the previous
research of an airship flight. One of the main focuses of this work is a comparison of variants between
two different investigation methods to optimize the flight time. As a fictitious flight route, a route
from Nuremberg to New York City across the Atlantic and back was chosen. Real meteorological
conditions provide an important basis for the calculation of realistic paths. In particular, the effect
of wind loads plays a major role. Current research results show that a solar-powered airship can
reach an average speed of 104 km/h. The airship is designed for a wide range of applications. At
wind speeds of over 200 km/h, an optimal trajectory between two target points is therefore of great
importance. So this flight route is to be found by winds on different heights.
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4
4.1
4.1.1

Nautical fundamentals and influence of weather data
Position
Coordinates

Two different coordinate systems are used to determine positions on Earth.
The first system is the classical Cartesian coordinate system. Here the position is stored in an xand y-component. The origin of the coordinate system is at the intersection of the equator and the
zero meridian. The positive x-direction shows to the north and the positive y-direction to the east.
However, this representation of coordinates is problematic because the earth is not a flat plane but
a sphere. Thus, a calculation error, especially near the poles, becomes large. Therefore it is difficult
to navigate with this display.
The other coordinate system used in this work is the geographical coordinate system. This is
almost exclusively used in navigation. It stores the lengths and widths of a coordinate. This
class is used, among other things, to calculate flight routes, determine distances between points,
extract weather data and determine the current position of the sun. With these geographical
coordinates all calculated paths can be visualized on a world map. Here it is specified that all
geographical coordinates must always be between -180 degrees and +180 degrees latitude and
between -90 and +90 degrees longitude. As in the Cartesian coordinate system, the coordinate
origin is the intersection of the equator and the zero meridian.
A conversion between the two coordinate variants is possible using these formulas[4]:

  
x
lon · rearth
(1)
=
y
log(tan( 14 · π + 12 · lon) · rearth

  

x
lon · rearth
=
y
log(tan( 41 · π + 12 · lon) · rearth
4.1.2

(2)

Map Projections

As with the coordinates, there are several possibilities for the display of the maps. This is because it
is not possible to map a three-dimensional sphere onto a two-dimensional surface without distorting
it.
A variant of the illustration is the so-called Mercator illustration. This stretches the sphere onto a
two- dimensional surface so that a square is formed. The meridians run parallel to each other at the
same distance. The latitudes are parallel to each other, but the distance between them increases
with increasing proximity to the pole. The poles themselves cannot be represented. There is a great
distortion. The advantage of this projection is that each straight line on the image corresponds
exactly to a compass bearing.[3]
Another type of representation is orthographic imaging. In this case, an image of the Earth is
displayed as it can be observed from a spaceship that is infinitely distant from the Earth. This
creates the illusion of three-dimensionality. In this way the whole earth can never be represented.
The advantage of this projection, unlike the Mercator projection, is that there is minimal distortion
around the center of the image. All images in this work are Mercator images. [2]
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(a) Mercator representation

(b) Orthographic representation

Figure 1: Map representation
4.1.3

Determination of the Distance between two Points

A route between any two points on earth can be calculated in several ways. For example, for
hundreds of years the ship sailed along a line with constant compass bearing. Since a flat earth was
assumed, this was assumed to be the shortest distance. This route is called Rhumb Line and has
the advantage that you can always fly with the same bearing. So the Rhumb Line also appears as
a straight line in the Mercator representation. However, the distance that must be covered to fly
this line is not the minimum distance between the two points.[4]
From the formula it can be deduced that the distance results from a Pythagoras of the angle
differences of the two points. The latitudes are additionally multiplied by a factor q. This is
necessary because the meridians approach each other with increasing distance from the equator.
p
DRhumb = Radiuserth · ∆lon2 + ∆lat2 · q 2
(3)

!
π
2
tan lat
2 + 4


q = log
(4)
π
1
+
tan lat
2
4
The shortest distance between two points is the Great Circle Line. The reason why the shortest
distance between two points is not the Rhumb Line is that the Earth is a sphere and not a flat
plane. In the Mercator figure, the Great Circle Line is a large circle. That’s why she got her name.
In the orthographic illustration it appears as a straight line. The distance of the Great-Circle Line
is calculated with the following formula.[4]
DGreatCircle = Rearth · arccos(sin(lat1 ) · sin(lat2 ) + cos(lon1 ) · cos(lon2 ) · cos(∆lon))

8

(5)

4.2

Speed

In order to be able to specify the time that an airship needs to fly a distance, knowledge of the
speed is required. In the first approach it is assumed that the speed of the airship is constant. In
order to determine the average speed, an integration of all the energy that the airship absorbs via
the solar cells over 24 hours is first carried out. For this purpose, the energy produced by the solar
cells of the airship is measured once every hour of the day in the previous simulation. Thus it can
be calculated that the airship has 546 kW of energy available every hour on average if all the energy
produced can be stored loss-free. To compensate for storage losses, it is assumed that only 500 kW
are permanently available. The simulation is also used again to obtain a speed. In addition, a flight
is simulated in which 500 kW are permanently available instead of the energy actually produced.
The result is that the Zeppelin flies constantly at 104 km/h. For these reasons, it is assumed as
a simplification that the airship has an average speed of 104 km/h relative to the surrounding air
irrespective of the position of the sun.[5]

Figure 2: Power generated on 06.06.2018
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4.3
4.3.1

Wind data
Fundamentals

Wind data is needed to make a meaningful estimate of how long an airship will take to cross the
Atlantic. The influence of winds is also crucial in long-haul flights by air, but in such an airship the
winds have an even greater influence. If it is assumed that wind speeds of approximately 100 km/h
are reached over the Atlantic, the assumed airspeed of a commercial aircraft of 1000 km/h is used to
calculate that a headwind can reduce the relative speed to the ground by approximately 10 %. If the
airship is assumed to have a speed of 148 km/h, this already accounts for more than 67.6 % of the
speed relative to the ground. From this it can be seen that a study of winds and the clever routing
through the winds is essential, especially for an airship. In order to obtain realistic estimations, real
weather data must be used for the calculations. One authority that provides weather data free of
charge is the National Oceanic and Atmospheric Administration, which is subordinate to the U.S.
Department of Commerce.
This provides several weather forecast models. This thesis uses data from the Global Forcast
System (GFS). This model provides both the required wind data at the current time in the different
altitudes, as well as the weather forecasts in three hour steps up to 16 days. With this prediction it
is possible to extend the program so that a dynamic wind map can be used in addition to a static
wind map. The 16 days are a sufficiently long time span to be able to fly also large distances with an
airship. The data can be downloaded in GRIB2 format from the website of the above authority.[6]
The Grib file format is a file type mainly used in meteorology, which contains a lot of highly
compressed data. This data type was defined in 1985 by the Commission for Basic Systems (CBS)
together with the World Merorological Organization (WMO) in order to efficiently transfer large
numbers of rasterized data. GRIB stands for "General Regulary-distributed Information in Binary
form". The GRIB2 format is the second edition of the GRIB files. Such data is constructed from one
or more GRIB2 messages. These individual GRIB2 messages are composed of octets of continuous
bit streams.[8] The data contained in the files are not simply readable, but require software to
decode and re-encode the information contained therein. The Commandline tool eccodes from the
ECMWF is used in this work to decode the messages. With this, messages can be filtered out from
the 355 GRIB messages contained in the file, which indicate the information about winds and lie
at the required altitudes. The heights of the winch are given in hPa. An approximate conversion
from hPa to meters is possible using the formula.[9]

P = 101324P a · (

0, 0065 K
288.15K
−5,255877
m · h 5,255877
)
=
101324P
a
·
(1
−
)
(6)
K
288.15K
288, 15K − (0, 0065 m ) · h

The output of the data extracted with eccodes is redirected to a .txt file to be able to read it
into the program for path calculation.[8]
After decoding these Grib-Files, the winds are obtained at discrete heights. For this work, winds at
altitudes of 1000 hPa, which is about sea level, are included in 100 hPa steps up to 500 hPa, which
is about 5.5 km altitude. Higher winds are not extracted, because the simulations to date calculate
a maximum flight altitude of 2,700 m and the data sheet of the modern airship Airlander10 also
permits a maximum flight altitude of 5,000 m.[16] The wind data are available for each elevation
level in u and v components. The u component is the proportion of wind blowing from west to east,
and the v component is the proportion blowing from south to north. Both the u and v wind data
per level are discrete. These data are thus given at the intersections of a grid with a grid width of
0.5 degrees. From this it follows that 720 data points are available in the x-direction, starting from 0
degrees to 360 degrees longitude and in the y-direction 361 from 90 degrees to -90 degrees latitude.[7]
In order to be able to continuously indicate the wind at any point on an elevation level, the wind
is interpolated bi-linearly. For this purpose, a coordinate is passed to a function, from which the
wind is to be calculated. The data point southwest of the coordinate can be determined by integer
division. This can also be used to determine the other three points. It’s well known, these are just
0.5 degrees into known directions.
latc1 =

(int)((lonp · 2))
(int)((latp · 2))
, lonc1 =
2
2
10

(7)

In the following, the areas that surround a data point with the given coordinate are calculated.
Each of these areas is then divided by the entire area to obtain a factor lambda. This is used to
calculate the part with which the opposite point is weighted. The wind that is present at the given
point is the weighted sum of the surrounding points.

Figure 3: Bilinear interpolation [10]

λ1 =

A(P, C3 )
A(P, C4 )
A(P, C1 )
A(P, C2 )
, λ2 =
, λ3 =
, λ4 =
A(C1 , C3 )
A(C1 , C3 )
A(C1 , C3 )
A(C1 , C3 )
V (P ) =

4
X

v(Ci ) · λi

(8)

(9)

i=1

This interpolation must be performed individually for the u and v components of the wind.
There is no interpolation between the heights, since the winds at the different heights sometimes
point in opposite directions.[10]
Here the areas are displayed in a simplified rectangular form. This cannot be assumed with regard
to the non-constant grid in the pathfinding program. When looking at a globe, one notices that the
area enclosed by two longitudinal and two latitudinal lines is a trapezium. In this case, instead of
the formula for the area of a rectangle, the formula for the area of a trapezium is always calculated.
The distances a and c are determined by the Great Circle Line.[11]
Atrapeze =

1
(a + c) · h
2

Figure 4: Bilinear interpolation
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(10)

4.3.2

Time calculation for a specific path through wind

In order to fly an airship over a given route under the influence of winds, the route must be divided
into sections so small that the winds on such a section are considered constant. The distance at
which it can be assumed that the wind remains constant can be set in the parameters.hpp file.
To calculate the time in a section, the following simplification is made. The airship immediately
adopts the speed of the surrounding wind and moves relative to it only with the air speed calculated
in 4.2 . Thus the airship has no inertia and is not slowly accelerated by the wind. If a side wind
of 10 km/h blows, the airship will immediately move at this speed. This avoids having to solve a
force model and a flow equation.
The fastest way to fly an airship through wind is to plan a route with the help of the Great Circle
Line or the Rhumb Line. In addition, the wind is approached in such a way that the airship does
not deviate from the predetermined course. It is actively counter-controlled according to the wind.
The winds can either increase or decrease the airship’s speed relative to the ground. The velocity
relative to the surrounding air, on the other hand, is assumed to be constant for the time being and
is that calculated in 4.2 .
In this thesis the course is calculated on a small subsegment with the Rhumb Line. The difference
between the Rhumb Line and the Great Circle Line is negligible for such small distances. In
addition, the Rhumb Line has the advantage that a flight along the line is always flown with the
same bearing, which simplifies the following calculations considerably.
In order to be able to specify the time for a route section, the wind must be divided into two
parts. The component that points in the same direction as the bearing of the sub-distance and the
component that is at a right angle to the first. This is the component that would cause the airship
to deviate laterally from course. The bearing in which the start and the end point of the route
section lie can be determined using the rhumbBearingTo() function.[4] With this bearing the wind
can then be rotated with the following transformation matrix, so that exactly the two components
described are obtained.

 
 

windvertical
windu
cos(α) −sin(α)
=
·
(11)
sin(α) −cos(α)
windparallel
windv
The wind data u and v are determined at the point in the middle of the track section.
This information can now be used to determine the angle at which the airship must approach the
vertical wind in order not to be driven away. If the speed of the vertical wind is higher than the
speed of the airship, then this distance is not flyable and the calculation is not possible. The angle
at which the airship must steer against the wind in order not to deviate from the calculated course
is calculated as follows:
|windvertical |
)
(12)
β = arcsin(
|v|
It follows that the speed at which the airship moves towards the end of the section is the following:
vremaining = |v| · cos β



(13)

The influence of the wind parallel to the flight direction reduces or increases, depending on the sign
of vremaining , the speed of the airship relative to the ground. Please note that the calculation must
be aborted if the wind is opposite to the flight direction of the airship and this part of the wind is
larger than vremaining . This section of the route is not flyable. The final speed at which the airship
approaches the target of the route section is the sum of windparallel and v remaining.Therefore, the
time required to fly a route section is the follwoing:
tsubp ath =

distanzsubp ath
vremaining + windparallel
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(14)

5

Analysis of the pathfinding approaches

5.1
5.1.1

Dijkstra Algorithm
Fundamentals (Discrete approach)

In the discrete approach, the idea is to use a graph and implement a “short path algorithm” on it
to get the shortest path between any two coordinates. In a first step, a graph is to be projected
onto the earth’s surface whose nodes acquire only discrete coordinates. The cost to travel from one
node to another should not be the distance between the two discrete nodes, but the time it takes
to fly from one node to the other. This is important in order for winds that have a strong influence
on the flight duration can be taken into account.
In the second step, a "Shortest Path" algorithm is to be implemented on the graph, which returns
the path with the shortest time between the start and the destination point. However, it should
be possible to change the heights at the waypoints. With this algorithm all possible wind planes
can be searched. Since winds in different heights can have different intensities and directions, the
search cannot be limited to only one height.
5.1.2

Creation of a graph

First, an undirected graph must be created in order to use a discrete pathfinding algorithm. For
this, discrete points are defined at which the actually continuous world map is discretized. For
this purpose, the same discretization can be used that is used to discretize the wind data, since
it is precisely this data that is decisive. The graph is discretized in 0.5 degree increments in both
the longitude and latitude directions. This results in 361 latitude lines and 720 longitude lines on
the globe. This means that the graph has a total of 259,920 nodes. It can be stated that by this
discretization the distances of two neighbouring points on the entire search space are not even,
because the points, which are further away from the equator, have a clearly smaller distance, than
points, which are directly on the equator. As a result, the discretization becomes much finer with
increasing proximity to the poles. This does not pose a problem for pathfinding. Nevertheless,
this must be mentioned here, since the distance between two points is of great importance for the
calculation of path weights. The distance between two points must therefore always be recalculated
and cannot be taken as given.
After the position of the nodes of the graph has been clarified, the connections between one point
and the other points must be defined in order to obtain an undirected graph. For this purpose, a
stencil is used that can be placed on any point. This shows which of the surrounding points can be
approached. Three different stencil are tested, the first of which can be seen in ??.

(a) 5-Point Stencil

(b) 9-Point Stencil

Figure 5: Stencils
The first stencil is a 5-point cross stencil that can only be used to fly to the points above, below,
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to the left or right of the current point. The angles between the connections are not identical
because, as described above, the graph does not have constant distances. Neither with this nor
with other stencils is it possible to specify in general at which angle the points are exactly to each
other.
The second and all other stencils have a square shape. The smallest possible square stencil has
a 3x3 shape that connects all nodes located in the immediate vicinity of the current node. This
stencil has the advantage that all directly surrounding points can be approached.
In contrast to this, a 5x5 point stencil is also used. With this stencil, each point has 24 possible
next destinations. At first glance, it appears that many angles are redundant and can be replaced
by two separate flights. However, this is not the case, since even at points that seem to lie in the
same direction, a minimal difference in the angles created by the curvature of the earth has an
influence on the time between the two points.
Since the time complexity of the "Shortest Path" algorithms depends on the number of connections,
it seems reasonable from this point of view to use a stencil that is as small as possible. But the
following two thought experiments show why the flight time can change drastically even with small
deviations of the angles. First, in a wind-free scenario, the error is calculated that is caused solely
by increasing the distance, and in a second scenario, the influence of a minimal change in the flight
angle on the time required to cover the same distance is considered.
5.1.3

Thought experiment

Figure 6: Thought experiment

|AF|
|AG|
|AH|

5-Point Stencil
2
3
4

3x3-Point Stencil
1.414
2.414
3.414

5x5-Point Stencil
1.414
2.236
3.236

Real Distance
1.414
2.236
3.162

Table 1: Distances between Nodes with different Stencils
For this thought experiment it is assumed simplified that the distance between the nodes in x- and
y-direction is constant 1. This creates a constant grid. It is also assumed here that there is no wind
that can influence the flights.
In this experiment the airship is in the red dot. The distances, which have to be covered with the
different stencils to different points, are to be compared with each other.
In the table the distances are entered, which must be covered with the respective stencils during an
imaginary flight. For example, with a 5-point stencil it is clear that only zero and a multiple√of 90
degrees can be approached. This already leads to an extension of the distance by the factor 2 at
a point which, like F, is at a 45 degree angle to A. This results in a maximum error of up to 41.4
%.
For the flight to F, the 9-point stencil is well suited. Twice as many connections can be approached
as with the 5-point stencils. However, the smaller error is accompanied by a significant increase in
computing effort. Therefore, a possible error of about 8 % in this example is a significant improvement. In addition, the 9-point stencils have the advantage that all directly adjacent points can be
approached directly. In order to increase the accuracy again, a 5x5 point stencil is also tested. This
14

again means a multiplication of the connections. The maximum error is less than 3 %
An additional factor for the distance extension by the discretisation is also the wind. In high altitudes, very strong winds must be assumed, which can reach up to 200 km/h. The average airspeed
of an airship is about 100 km/h. If a strong wind does not blow directly with one of the approachable angles, additional travel costs can be incurred as a large portion of the flight vector must be
used to compensate for these light lateral winds. This greatly reduces the speed towards the target.
The above thought experiment from figure 6 is now extended by a wind that blows from point A
to point G. In addition, the distance between the points in the x- and y-direction should be 50 km
each. Here we will compare the time difference between the 9-point and the 25-point stencil. In
order to reach point G with the 9-point stencil, you can either fly the route over F or over B. The
route can be flown over F or B. Both routes will have the same flight duration with a constant
wind. Here the path is calculated via point F.
To get from point A to point F, the airship must steer slightly against the wind in order not to be
drifted. The wind has an angle of 67.5 degrees and the flight direction is 45 degrees. This results
in a wind relative to the airship of:

 

windvertical
76.5km/h
=
(15)
windparallel
184.8km/h
From this the speed of the airship after compensation of the side wind in the direction of the target
point can be determined.
vremaining = 100


76.5 km
km
km
h
· cos arcsin(
) = 64.4
km
h
h
100 h

(16)

From this the speed of the airship after compensation of the side wind in the direction of the target
point can be determined. With this speed a flight time can be calculated for the distance from A
to F with the known formula.
√
50km · 2
= 0.2838h
(17)
troutesection =
km
64.4 km
h + 184.8 h
Similarly, the time can be calculated from F to G for 0.2006 h. The total distance from A to F and
from F to G thus results in a time of 0.4843 hours.
√
If it is possible to fly directly from A to G, not only a shorter distance of 5·50 km must be covered,
but it must also never be steered against the wind. The entire wind can be used as a tailwind. This
direct route results in an average speed of 300 km/h. This results in a flight duration of 0.3727 h,
and an error of 31.6 %.
The following times can be calculated.

t(AF)
t(FG)
t(AG)

3x3-Point Stencil
0.2838
0.2006
0.4844

5x5-Point Stencil
0.2838
0.2006
0.3727

Table 2: Flight duration between nodes with winds
It remains to be seen that an error, which is also caused by small deviations between flight direction
and wind direction, can be significant. It is therefore advantageous to be able to approach as many
angles as possible.
5.1.4

Memory reduction

To create a graph, each node must have an identification number, since the solution algorithms
are needed to uniquely identify the nodes. So the nodes are numbered starting at the node with
the coordinates 0 degrees longitude −90degrees latitude. The functions number_from_coord() and
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coord_from_Number() allow a conversion from the identification number of the node to its coordinates and from the coordinates of the node to its number.
In order to be able to save the resulting graph, it is usually necessary to create a square matrix of
the size "number of nodes". In the following, the costs for the connections from node i to node j
are entered in the i-th column of the j-th row.
For small graphs this approach is quite sufficient, but at 259,920 knots this will lead to over 67.6
billion entries. To reduce the high memory requirements, the so-called adjacency matrix is not
stored, but the connections leading away from the current node are recalculated each time.
Since the nodes in the stencil do not contain consecutive numbers, it is easier to calculate its coordinate from the current number of the node. With the coordinate of the current point, the coordinates
of the other points in the stencil can be calculated by adding the grid distance.
Since the earth is not a surface, but a sphere, it must be possible to get from the westernmost
knots to the easternmost knots and vice versa. This also works with the geographic coordinates.
If a calculated coordinate falls laterally out of the validity area of the map, it is mirrored with the
function putOnMap() on the other side of the map.
With this system, new stencils can also be introduced and compared with little effort.

5.1.5

Calculation of path costs

In order to know all the information about the graph, it is important to be able to specify the cost
of the path. The costs here must be recalculated for each connection. Also, the same connection
has different costs depending on which direction it is flown in, because this is an undirected graph.
Since the path that takes the least time is to be found in this pathfinding algorithm, the unit hours
is used.
To calculate the cost of a connection, the distance between the two nodes to be connected must
first be calculated. The Rhumb connection is used for this purpose as it connects two nodes with
a single bearing. This makes the calculations with the wind easier. In addition, the difference
in length between the Great Circle Line and the Rhumb Line is hardly noticeable at such short
distances. The Rhumb Line is also used to calculate the course the airship is to take. This course is
now divided into sections that are small enough so that a constant wind can be assumed on them.
The time for these individual route sections is calculated and added together as described in Insert
Chapter. In order to obtain the route that takes the least time, it is important that the necessary
time between the two points is measured at all available elevation levels and only the shortest time
is assumed to be the cost of this connection.

5.1.6

Solving Algorithm

To calculate the shortest path between two nodes on the graph, the Dijkstra algorithm is used in
this thesis as seen in Figure 7.

Figure 7: Pseudocode Dijkstra[14]
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The Algorithm begins in a start node and remembers all accessible nodes form its stencil. It will
then allways go to the node witch consumes the least amount of time to reached. This process is
repeated, until the destination node is found.
The Dijkstra algorithm therefore primarily returns only the shortest time required for the optimal
path. To get the shortest way, you can use the vector that remembers the predecessor for each
node. Thus, the identification number of the destination can be used to determine the identification
number of the predecessor node. The coordinates can be extracted from the received identification
numbers of the nodes. This way a list can be created containing the waypoints to be flown.
The Dijkstra algorithm has the advantage that it always finds the shortest path on an undirected
graph without negative path costs. The complexity of the algorithm is O(E + V ∗ log(V )). Where
E is the number of connections and V is the number of vertices.[15]
5.1.7

Execution and results

In this chapter, the Dijkstra algorithm will be applied to the standard distance between Nuremberg
and New York City, as assumed in this thesis. For this purpose, different versions should be considered. On the one hand, different stencils will be discussed and compared. On the other hand,
the direction in which the aircraft flies plays a decisive role in finding its way from New York City
to Nuremberg. Both directions are shown in order to be able to consider both the scenario with a
lot of headwind and the scenario with a dominant tailwind.
In a first step, the paths from Nuremberg to New York are examined. From the wind map it
can be seen that on this route the direct route is connected with a lot of headwind. It has to be
noted that the winds on different levels can significantly differ so looking at the following Figures
it might not immediately be obvious why the rout evolves the way it does. This is often due to the
airship changing altitude to use winds on an altitude not displayed here. For display reasons, only
one wind plane could be displayed. So with always the uppermost one is represented, since here
the winds are fastest

Figure 8: Windmap from 04.Mar.2019 at 700 hPa [12]
If a 5-point stencil is used for path finding, the path becomes very angular. This is not optimal
for a flight in reality, because the airship loses speed with every curve that is flown. The resulting
acceleration costs a lot of power that a solar-powered airship does not have. In addition, as the
purple plot clearly shows, it has to fly in "stairs" in some places due to the limited angles. This in
turn leads to an extension of the flight route and thus to an extension of the flight time. While the
flight times of the two square stencils are close together, the flight time of the 5-point stencil is by
far the longest.
If a 5-point stencil is used for path finding, the path becomes very angular. This is not optimal
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for a flight in reality, because the airship loses speed with every curve that is flown. The resulting
acceleration costs a lot of power that a solar-powered airship does not have. In addition, as the
purple plot clearly shows, it has to fly in "stairs" in some places due to the limited angles. This in
turn leads to an extension of the flight route and thus to an extension of the flight time. While the
flight times of the two square stencils are close together, the flight time of the 5-point stencil is by
far the longest.
The green curve shows the route calculated with a 9-point stencil. This route can fly "rounder"
curves compared to the 5-point stencil. It also shows that this route flies a semicircle both over
Germany and over the American mainland, in order to be able to use the west-east winds, which
are located both above the starting point and the destination, better as back winds. Due to the
higher number of possible angles the winds can be used better. As shown above, this can have a
significant influence on time.
The route of the largest tested stencil is the yellow one. A 25 point stencil is used for this. The
route is similar to the 9-point route. It becomes clear that the curve can be flown again "rounder",
also the wind can be followed better. This is particularly noticeable at the beginning and end of
the route, since in these route sections the airship has to fly into the wind again, which it has tried
to avoid. The detours accepted here will be compensated in the less windy areas. It is also notable
that the Airship is changing between the bottom two windlevels during this flight. This is due to
the winds on lower levels are westbound so far north.

Figure 9: Path from Nuernberg to New York City
In addition, it can be stated that the computing time with the cross stencil is significantly shorter
than with the square stencils. As mentioned above, the time complexity of the Dijkstra algorithm
increases with the number of connections emanating from each node. Since the number of connections for the next larger stencil almost doubles with small numbers, the curve of time complexity
resembles the curve of an exponential function. The flight time, on the other hand, improves only
slowly and converges against one value.
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5-Point Stencil
3x3-Point Stencil
5x5-Point Stencil

Flight Duration in h
68.5
59.775
58.0176

Computing Time in s
6.5
16.88
93.9

Table 3: Results for flights from Nuernberg to New York City
While the flight direction from Nuremberg to New York City with larger stencils shows curves
following the wind, the routes with the same winds in reverse flight direction are not quite as
promising.
On the route from New York City to Nuremberg, the three calculated routes are more similar than
on the flight in the opposite direction. All routes try to get from New York City to the latitude
of Nuremberg and then more or less follow this latitude to Nuremberg. This is because the strong
wind over the Atlantic drives the airship in the right direction. A rounder route would be much
faster on this route. For these, however, significantly larger stencils would be required, which would
again be accompanied by a significant increase in time.
The differences of the three routes lie here largely at the beginning of the route. As already mentioned, a round arched shape would be the faster variant. Therefore the three shown routes try
to approximate this form. The 5-point stencil can only fly at very few angles, which leads to the
rectangular shape. The other two square stencils can approach the latitude flatter with more angles. It can also be seen that the routes of the square stencils meet the latitude of Nuremberg much
later. Also all of these routes are flown at the hightest available windlevel to use the eastbound wind.

Figure 10: Path from Nuernberg to New York City

5-Point Stencil
3x3-Point Stencil
5x5-Point Stencil

Flight Duration in h
41.92
38.97
37.695

Computing Time in s
1.512
3.692
15.46

Table 4: Results for flights from Nuernberg to New York City
The calculation times for all three paths from New York City to Nuremberg are significantly shorter
than for the calculation of the opposite direction. The figures show that for the route from New
York to Nuremberg significantly fewer knots have to be calculated. The reason for this is that the
points that can be approached and marked here always extend in the direction of the route with
the shortest flight duration. Thus the following in the direction from west to east is connected with
clearly fewer individual calculations, than in the opposite direction. The edges of the graph can also
be understood as equipotential lines. This means that all points of the edges can be approached
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from the target point in the same time. This is due to the fact that the Djikstra algorithm always
searches for new nodes of the shortest distance so far. Thus the calculated knots will spread much
faster along the winds and thus find their way across the Atlantic faster. Since a fast wind blows
along the route from New York City to Nuremberg, the distances to fewer knots are calculated in
this direction. This in turn means a shorter calculation time for the path in this direction.

(a) Nuernberg to New York City

(b) New York City to Nuernberg

Figure 11: Visited nodes
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5.2
5.2.1

Particle Swarm Optimization Algorithm
Fundamentals (Continuous approach)

The Particle Swarm Optimization Algorithm (PSO) is an algorithm from the class of Organic Computing Algorithms. These are algorithms that were observed in nature and then copied by humans.
The special thing about these algorithms are their self-* properties, where the "*" stands for properties such as optimizing, sorting and much more. This algorithm makes use of the self-optimizing
properties. This means that various external factors can be determined that influence the quality of
the path. Such external factors are, for example, the distance covered or the wind. The algorithm
will adapt itself and search for an optimum.
The particle swarm optimization algorithm is derived from the swarm behaviour of birds, bees or
fish. The individual birds, for example, unite independently of each other in their search for food
in the search area. Each individual bird can move independently of the others. Since in this thesis
the general behaviour and not the food search behaviour of birds is to be considered, the individual
units are called "particles", which search a search space for the heuristic to be optimized.
Each particle has some properties. These include: the current position, a global best, a local best,
and a velocity at which the particle moves in one direction. The individual particle remembers its
local best for this. This is the position at which it self has found the best heuristic so far. Global,
across all particles, now also a global optimum is remembered, this is the best optimum, which the
whole swarm has found so far. From these two values now a new speed can be calculated with
which the particle moves.[1]

Vi = Vi+1 · ω + r1 · c1 · (Ploc − X) + r2 · c2 · (Pglob − X)

(18)

It can be stated that the new speed of each particle is composed of three parts additive. The first
part is the velocity of the previous particle multiplied by a factor w. W is held at one in most cases,
but may vary slightly. This is further explained in chapter 5.2.5.
Der zweite Term ist die Anziehung zum lokalen Optimum, beschrieben durch Ploc. Die Subtraktion
von Ploc und X, der aktuellen Position des Partikels, ergibt einen Vector, der von der aktuellen
Position zu dem lokalen Optimum zeigt. Dieser wird mit einem Faktor c1 skaliert und mit einer
gleich verteilten Zufallszahl zwischen null und eins multipliziert.
The third factor is very similar to the second, with the difference that the vector calculated in this
term points to the global optimum. This term has its own weighting factor, and a separate random
number is calculated for it.[1]
The new position at which the particle is to search is thus calculated in each iteration:
Xi+1 = Xi + Vi

(19)

By skillfully selecting the values c1, c2 and w, the particles that are randomly distributed in space
at the beginning always converge to a global optimum and thus search for a new optimum in its
environment. This is based on the fundamental idea that there are probably even better optima
near the optimum found so far. Each individual particle is directed by the direction of its velocity
to the most promising search zones. However, this algorithm cannot ensure that the found optimum
is converged to the best optimum of the search space. Thus it can happen that the particles "seize"
at a local optimum, since at the beginning of the optimization the actually best optimum was not
discovered.[1]

5.2.2

Particle path

Behind the application of these particles is the following thought:
To calculate the route between a start and a destination on Earth, waypoints can be used that
are to be flown on the way to the destination. The flight time can be reduced by placing these
waypoints specifically. The particle swarm optimization algorithm is to be used to optimize the

21

individual waypoints in such a way that the flight time becomes minimal.
Since the heuristic of the minimum flight duration is a property of all waypoints of a route, an
entire path with several waypoints is defined as a particle. The individual waypoints of a particle
can move independently of each other. The individual waypoints are optimized only on one level
and not additionally in height. A separate speed is calculated for each of these waypoints. Here the
global optimum of a waypoint is the same waypoint of the path with the shortest flight duration
that the entire swarm has found. The local optimum of each waypoint is the same waypoint of the
best path calculated from the current particle.

5.2.3

Time calculation of the path

As we know from the chapter on nautical science, the shortest way between any two coordinates
is the Great Circle Line. However, the bearing changes during this flight, which must be flown
continuously. This would lead to a complicated and longer calculation with the winds.
To determine the total time of a path, the path is divided into subpaths. A subpath is the distance
from one waypoint to the next. Since these subpaths do not cover too large distances, it is decided
to use the slightly longer Rhumb Line to reduce the computing effort. The error caused by using
the Rhumb Line is negligibly small, as the difference between the Great Circle Line and the Rhumb
Line only makes a difference at longer distances. Furthermore, the following example shows that
the individual subpaths, whose distances are calculated with the Rhumb Line, independently approximate the Great Circle Line. The blue line is the Great Circle Line, while the purple line is an
optimized path that is aligned with the Great Circle Line. These calculations are made without the
influence of winds and show that the error caused by using the Rhumb Line is negligible. Under
the circumstances just described, an error of less than 0.1 % is calculated between New York City
and Nuremberg.

Figure 12: Great Circle Line and PSO
Also with this algorithm it is important that an airship can change between the different altitude
levels in order to find an ideal way. However, in order to obtain as realistic a time as possible, it
cannot be possible for an airship to drastically change its altitude within short distances. Therefore,
it is specified that an airship can only change altitude at discrete waypoints.
To calculate the time for an entire path, the path is divided into the individual subpaths for which
the required flight duration is calculated separately. The individual flight durations are added together to determine the total flight time.
To determine the flight duration of a sub-path, the flight durations are performed at all available
wind levels. The shortest of these times is used for summing up the total flight duration. The
altitude at which the shortest flight duration is calculated is stored for each individual sub-path
in order to keep the path reproducible. Since the times on all wind levels are calculated for each
sub-path, the particles only have to optimize in two dimensions and not in a third. If this is accompanied by the additional effort to calculate several times for each sub-path, the convergence
behavior of the algorithm is better because it is reduced by a further degree of freedom.
These subpaths on the individual heights are divided into distances for which a constant wind can
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be assumed. For these distances the times are calculated with the formulas from chapter 4.3.2.

5.2.4

Random Path

At the beginning, all the required particles must be generated and initial properties assigned to
them. So it is necessary that the waypoints of a particle are not set to zero, but that they are
randomly distributed evenly. In a first step, this ensures that the search area is searched in many
places at the beginning and that a first optimum and an associated optimum search area is found
witch is surrounding the optimum.
In a second step it is important that the particles are randomly distributed over the search area, as
the particles approach the current global optimum from many different directions and the search
area is better searched.
With some previous knowledge about the possible position of Optima, it is possible to limit the
range in which the particles are to be generated.

Figure 13: Initialization area for the particles
Since there is already previous knowledge about how a path could look like, the search space can be
reduced. This knowledge can be used and areas can be defined in which these waypoints should be
located. This does not mean that the particles cannot escape from this given space. If an optimum
is outside the assumed search space, the particles will still converge to it. This procedure increases
the density of the particles and thus searches the search space more thoroughly. This means that
fewer particles have to be used to find the way. As a result, fewer particles have to be produced,
which in turn reduces the computing time. The iterations required for the particles to arrive in the
optimal search regions are also reduced.
In order to obtain the best results, two types of particles are generated.

• The first type of particles is called "random particles" in this paper. With these, the waypoints
of the particle are distributed randomly in the reduced search space. As a result, the distance
from one waypoint to the next may not necessarily be reduced towards the destination. This
can result in loops in the path that lead to an increase in the flight time.
The other type of particles produced is called half random particles. To determine these, as
many vertical lines are drawn between the start and destination points with the same distance
as the path has waypoints. To create one of these particles, a path of random width is created
on each of these lines. Consequently, as the distance travelled is progressing, the waypoints
are closer and closer to the destination. This avoids the problem of flying loops described
above.

23

• Half Random particles have the advantage that the path they describe always approaches
the target, although they are always generated at the same longitude. This may result in
a better path to exist, which is not found, because the waypoints of the search space are
not searched evenly due to the length of the waypoints given at the beginning. Also, the
particles approach an optimum from more predictable directions, which in turn does not lead
to optimal searching of the search space.
However, if only random particles are generated, it is possible that the best way found is a path
with loops in the route. If now all particles converge to it and no better path is found on the way
there, the calculated optimum will not be an actual optimum.
On the basis of these facts, it can be concluded that the best convergence behaviour of the swarm
can be achieved by producing both particles in equal proportions.

5.2.5

Determination of optimal parameters

In order to influence the convergence behaviour of a particle swarm, the parameters c1, c2 and w
can be changed.
C1 and c2 can be used to control the attraction strength of the local and global optima. In the
following, the interaction of different attraction strengths leads to different convergence behaviour
of the particle swarm.
In this application case, practical experiments are used to determine that a non-oscillating convergence provides the best results. Thus, the parameters are selected similar to those from graph d).

Figure 14: PSO convergence for various c1 and c2 [13]
The factor w can be used to determine the influence of the previous velocity of the particle on the
calculation of the new velocity. The factor w should always have a value between 0.8 and 1.2. A
value above 1 lets the particle go more random ways, so that the search space is searched more
strongly, whereas values below 1 let the particle go more directly in the direction of the previous
optima. [13]
In this thesis, it is determined experimentally that the best results are achieved by first setting w
to one and then optimizing the particles themselves. After 100 iterations, w is then set to 0.95. As
a result, the particles converge faster.
If w is set too small at the beginning, the particles may converge to the calculated optimum at this
point. However, if this temporary optimum is not the best in the search space, the particles will no
longer search the search space sufficiently to find better ways.
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5.2.6

Parallelization

With this algorithm, a new velocity of the individual waypoints and their positions must be determined in each iteration for all generated particles. For the path resulting from this calculation, the
flight duration must be calculated.
Since the newly calculated position in each iteration depends on the positions of the previous iteration, these are not to be parallelized. However, since a large number of particles must be updated
in each iteration, these calculations can be parallelized with little effort.
In this thesis, this part was parallelized with OpenMP. The number of threads created can be set to
the number of processors available, since the calculations required in each iteration are large enough
to compensate for the overhead caused by parallelization by increasing the number of threads.

5.2.7

Execution and results

In this chapter, the PSO algorithm is applied to the standard route between Nuremberg and New
York City assumed in this thesis. Different versions are considered for this purpose. Thus different
numbers of waypoints are to be discussed and compared. The direction in which the aircraft flies
also plays a decisive role in finding its way from New York City to Nuremberg. Thus, both directions are shown here in order to be able to consider both the scenario with a lot of headwind and
the scenario with a dominant tailwind.
With this algorithm it is noticeable that with increasing number of waypoints the number of degrees
of freedom of a particle increases. It can happen that some waypoints move in the direction of a
faster path, but another waypoint moves in such a way that the flight time of the new particle is
longer than before. The probability that something like this will happen increases with the number
of waypoints. To compensate this, more particles have to be generated at several waypoints.
In a first step, the paths from Nuremberg to New York are examined. On this route, the wind map
shows that the direct route across the Atlantic is associated with a great deal of headwind.
In order to compare the algorithm, three different configurations of the algorithm are used. In the
first configuration there are six waypoints. Thus, in order for this swarm to converge towards the
optimal path, not many particles are needed. The number of particles is therefore 50.
In the second configuration, a path is to be optimized over seven waypoints. In order to ensure that
the swarm finds an optimum even with its great complexity, the number of particles is set to 60.
The last configuration will be with nine waypoints, which will be with the most degrees of freedom.
To ensure that the algorithm converges despite the many degrees of freedom, 200 particles are generated.
Because the PSO algorithm creates the initial paths randomly, and the directions in which the
paths move also have a random component, the same calculation of a path can give slightly different results when executed multiple times. The results in this chapter are generated according
to the "Best out of three" scheme. This means that the algorithm is executed three times and
only the best of these calculations is used. The parallelization is also switched off for these tests
in order to obtain the results, which can be compared with the results of the Dijkstra algorithm in
the following chapter Insert.
The three calculated paths are shown graphically on a map. First the route from Nuremberg
to New York should be considered. When flying in this direction you have to expect a lot of headwind over the Atlantic. So the task of the PSO algorithm is to find a way around these fast winds.
Looking at the paths shown here, it is noticeable that they are all very similar. The path with the
six waypoints, shown here in purple, hardly differs noticeably from the paths with more waypoints.
Since the PSO is an algorithm with partly random properties, it cannot be excluded that the paths
would not look slightly different when recalculated. Thus, the small differences of the routes can
also be attributed to the stochastic inaccuracy of the PSO.
The calculated flight durations show that they decrease only slightly with increasing number of
waypoints. Thus, by increasing the number of waypoints, only a 1.4 % improvement in flight duration can be achieved. Especially since the time required for the calculation increases almost fivefold.
It is also striking that in a windless scenario the airship would cover this distance in 61.5 hours.
This shows that the airship can still use the winds to reduce its flight time.
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Furthermore it can be seen that the distance between the waypoints is always a straight Rhumb
Line. Since it was determined that it is only possible to change the altitude at the waypoints, the
airship flies very long distances on this path at an altitude. On all three routes shown here, the
airship only flies to the lower altitude levels on the Northern Routes.

Figure 15: PSO from Nuernberg to New York City

6 Waypoints
7 Waypoints
9 Waypointsl

Flight Duration in h
59.22
58.84
58.36

Computing Time in s
40.8
51.5
197.29

Table 5: Results for flights from Nuernberg to New York City
Also on the opposite stretch, the three paths shown are close to each other. The calculated routes
fly a more direct route to Nuremberg. The reason for this is that the wind over the Atlantic drives
an airship in the right direction. The shortest distance between the two points is the Great Circle
Line, which lies north of the paths calculated here. But to make better use of the winds over the
Atlantic, the algorithm chooses a more southerly route. It also becomes clear that on all routes the
airship flies to use the strongest winds exclusively on the highest wind levels.
In this flight direction, a path is chosen that covers significantly less distance than the ground. As
a result, the distance between the waypoints is smaller than the distance between them.
It can also be seen that the number of waypoints has no significant effect on the flight duration.
Nevertheless, it can be stated that with an increasing number of waypoints, the required flight
time is reduced by 0.09 %. However, there is a difference in the calculation time of the flight
duration. This increases to the same extent as the opposite direction, with the increasing number
of waypoints.
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Figure 16: PSO from New York City to Nuernberg

6 Waypoints
7 Waypoints
9 Waypointsl

Flight Duration in h
36.29
36.2663
36.2586

Computing Time in s
36.1
52.4
198.6

Table 6: Results for flights from New York City to Nuernberg
The PSO has other decisive advantages. Since the PSO is self-optimizing, the heuristics according
to which it optimizes itself can be extended at will. So the algorithm is extendable by the class
DayTime. This class uses the start time and the distance travelled to calculate the time at which
the particle is located.
With this information, the flight duration calculation can be extended by determining a dynamic
speed, depending on the position of the sun, instead of a constant average speed. With this dynamic
speed a more realistic route planning can be made.
By knowing at which point in time an airship is at which location, the wind map, which is currently
regarded as static, can be expanded into a dynamic one. The weather forecasts provided by NOAA
can be used for this purpose.
Both of these adjustments can be integrated into the current algorithm and the algorithm will still
optimize itself and look for the shortest path.
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6

Comparison of results

In this chapter, the two algorithms discussed are compared. They should be discussed in particular with regard to the calculated flight duration, the calculation duration, the limitations and the
potential for future improvements.
In order to avoid confusion, only the best paths of the two methods are graphically displayed
in this chapter.

6.1

Windless scenario

First a scenario without wind should be considered. In this the blue path of the PSO and the red
path is the result of the Dijkstra algorithm. In this scenario, the best flyable path is the Great
Circle Line, which the two paths try to approach. Without wind it becomes clear that the Dijkstra
algorithm, despite the large stencil, can only approximate the Great Circle Line with difficulty,
because it lacks the possible approachable angles. The waypoints of the PSO algorithm, on the
other hand, can continuously assume any path on the surface. It follows that the waypoints assume
any position on the curve. The waypoints will then aproximate the Great Circle Line in such a way
that the deviations from it lead to a minimum extension of the flight route.

Figure 17: Dijkstra and PSO in no Wind scenario
This plot already shows one of the main differences between the two approaches. The PSO algorithm can optimize the waypoints of its particles on a continuous surface, whereas the Dijkstra
algorithm can only fly to nodes that are also on the graph and that the used stencil allows. The
resulting discrete number of angles prevents him from following the Great Circle Line more closely.

6.2

Route from Nuremberg to New York City

A direct comparison of the two routes on a map shows that both paths approach the same solution. Another difference can be seen especially at the beginning and end of the path. The Dijkstra
algorithm can choose its path to make better use of the wind. More waypoints are available to him
at these locations. The PSO algorithm, on the other hand, flies much longer distances between the
waypoints with constant bearing along the Rhumb Line. As a result, the path at the beginning
and end of the route is much straighter than that of the Dijkstra algorithm. However, the PSO
algorithm makes up for the lost time in the northern regions, as it can better follow the winds due
to the higher number of angles.
The flight duration of the two paths on this route differs by 0,43 %. It is remarkable that the
Atlantic crossing without any wind takes 61.45 hours. This means that on the found route so much
tailwind can be used that, despite the detour compared to a windless scenario, time can be saved.
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The calculation times of the PSO algorithm are higher in this comparison than those of the Dijkstra algorithm. However, in practice, better values can be obtained in a shorter time from the PSO
algorithm. This is because the PSO algorithm can be parallelized. In writing this paper, the PSO
was parallelized on six cores. The increase in speed allowed the PSO algorithm to deliver faster
results compared to the Dijkstra Algorithm in practical experiments in all scenarios except the first
one.

Figure 18: Dijkstra and PSO from Nuernberg to New York City

Flight Duration in h from Dijkstra
68.5
59.775
58.0176

Flight Duration in h from PSO
59.22
58.84
58.37

Table 7: Comparison of flight durations from Nuremberg to New York City

Computing Time in s from Dijkstra
6.5
16.88
93.9

Computing Time in s from PSO
40.8
51.5
197.3

Table 8: Comparison of Computing Time from Nuremberg to New York City

6.3

Route from New York City to Nuremberg

The differences in the opposite direction from New York to Nuremberg are much greater. The
best calculated flight duration of the PSO is 4 % less than the best calculated flight duration of
the Dijkstra algorithm. The reason for this can be seen on the map. While the PSO algorithm
can choose a path where the winds can be used more optimally and the distance is minimized, the
Dijkstra has to follow a much more angular path due to the limited angle of approach. The PSO
algorithm can also generate rounder paths in this flight direction, since the average distance in this
direction is shorter, and therefore the average distance between the waypoints is smaller.
It also becomes clear that the calculation time of the Dijkstra algorithm increases with the length
of the flight, whereas the times of the PSO algorithm always remain approximately the same. In
practice, the calculation of the PSO runs in parallel on a multi-core processor, which would reduce
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the calculation time of the PSO algorithm many times over.
In order to obtain even better values from these two approaches in the future, consideration must
be given to how these two algorithms can be further developed.
With the Dijkstra algorithm you can create a graph with more nodes to get even better paths. Even
larger stencils can be used. However, both approaches would lead to a strong increase in computing
time and only small improvements in flight time.
In comparison, the PSO algorithm has much more potential for improvement. This will be discussed
in more detail in the next chapter.

Figure 19: Dijkstra and PSO from New York City to Nuernberg

Flight Duration in h from Dijkstra
41.92
38.97
37.7

Flight Duration in h from PSO
36.29
36.27
36.26

Table 9: Comparison of flight durations from New York City to Nuremberg

Computing Time in s from Dijkstra
1.5
3.7
15.46

Computing Time in s from PSO
36.1
51.4
198.6

Table 10: Comparison of Computing Time from New York City to Nuremberg

30

7

Summary and outlook

In this work it could be shown that an airship can use the wind by a suitable route planning in such
a way that the flight time can be shortened on nearly all routes. What is surprising here is that
a reduction of the required time is possible both on the route from New York City to Nuremberg
and on the route from Nuremberg to New York City, although at first glance there is a dominant
headwind on the latter route.
After discussing the theoretical foundations, two different pathfinding approaches were analysed
and compared. It turned out that both algorithms converge against the same path, but that both
algorithms have different strengths and problems.
Thus, the Dijkstra algorithm always reliably provides the shortest path that can be found on a
graph. With this approach, however, only predefined paths can be used. This leads to a limitation
of the possible flight angles and thus to the fact that partly significant errors are made during the
path finding. Moreover, this approach cannot be extended by other influencing factors, such as a
changing wind field or a dynamic speed dependent on the currently produced energy.
The Particle Swarm Optimization algorithm, on the other hand, optimizes a given number of
waypoints on a continuous surface. From this it follows that with this approach all arbitrary
angles can be approached. Nevertheless, the required computing power increases significantly with
increasing number of waypoints. As a result, a long distance is often flown straight between two
neighbouring waypoints. In this case, the distance between two waypoints could be improved by
either a linear optimization or a recursive application of the particle swarm optimization algorithm
Since the Particle Swarm Optimization algorithm is a self-optimizing algorithm, it can be extended
by other external influencing factors, such as a dynamic velocity depending on the current solar
energy at a point. Furthermore, the meteorological data used by NOAA can be used to generate
a dynamic wind field with a wind forecast. The particle swarm optimization algorithm would also
optimize a path in a dynamic wind field.
In summary, it can be stated that the results of this work at the present time indicate that the
higher development potential for the application to optimize the flight path and duration of an
airship is attributed to particle swarm optimization.
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8.1

List of special libraries used

• basmap for creating the map view of the flights (EarthPlot)
• ecCodes for unpacking the GRIB-files
• Gnuplot for realtime visualisation
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