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Abstract

As drones become more and more popular special rules for their regulation should
be created, and special systems for their management should be developed. For that
purpose, SESAR has developed a list of services and strategy of their implementa-
tion to ensure safe integration of unmanned aviation into airspace. The object of our
work is to develop a decomposed system that would match the SESAR list while
being flexible and easy to extend. To design the architecture, we were following the
IDesign framework. As a result, we provide a system with API documentation to
communicate with it.
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Chapter 1

Introduction

The world is developing faster and faster nowadays. New technologies are replacing
old ones each year. Opportunities for such new technologies appear as well.

Drones are incredibly popular: they are cheap, easy to come by, and fun to use.
They can be used for all kinds of purposes, creating a whole field of new applications
that are rapidly expanding. International reports show [26] [9] [7] that drones will
create a multi-billion dollar market with new jobs and opportunities for innovative
companies, such as increasing market of delivery and other services (e. g. medicine
transportation). As the drone industry continues to grow, the number of drones
in the sky is expected to increase exponentially over the coming years. So, special
rules of traffic management should be implemented to complete the integration of
drone traffic within the existing air traffic management (ATM) eco-system, as left
unchecked, these drones present a serious threat to manned aviation. As for now,
there are described rules for unmanned aircraft airspace management and several
organizations are on the way of implementing them, in particular, FAA (Federal
Aviation Administration) with NASA, SESAR Joint Undertaking.



Chapter 2

Related works

2.1 Air traffic management

Air traffic management systems [2] [6] [5] consist of many services that should work
together in real-time. Their main purposes are the organization of air traffic (helping
planes to take off, transit threw the airspace and safely get to the destination), pre-
vention of collisions of aircraft with other aircrafts or some obstacles during the flight

The ATM EcoSystem

COMPREHENSIVE SOLUTIONS TO INCREASE AIRSPACE
AND AIRPORT CAPACITY WHILE ENHANCING AVIATION
SAFETY AND EFFICIENCY

FIGURE 2.1: Modern Air Traffic Management [23]

in the airspace, providing some other information (e. g. weather conditions or noti-
fication about some events). To minimize the number of possible collisions between
aircrafts aviation authorities designed special separation rules, that is the minimal
distance in all directions that should be followed during the whole flight [34].

Identification of the aircraft in the airspace is made using radar. There are two
types of radars airspace controllers usually use: primary radar [14] and secondary
radar [25].

Primary air traffic control radars have the fan-shaped beam, narrow in the hori-
zontal direction and wide in the vertical direction to reach high-flying planes. This
beam scans around in a circle once every two-three seconds and echoes are displayed
on a circular display. The air traffic controller can track the echoes on display to de-
termine where the aircraft is heading.
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FIGURE 2.2: Example of radar screen [11]

Secondary radar is partly a communication system between aircraft and air traf-
fic controllers on the ground. A limited amount of information (e.g. aircraft height
and flight identification number) is requested by a controller on the ground and au-
tomatically supplied by a transponder on the aircraft [17] [12]. This used to be called
identification friend or foe, or IFF [20]. Secondary radar also acts as a radar system
because the position of the aircraft is found by measuring the range (from the time
delay between request and reply) and the azimuth, as measured by an antenna on
the ground.

GPS: Shows pilots their position |
but not normally used by ATC

&«
- ::-.-::a 4 —3
Secondary radar: .
Tracks plane and its - &\\J\
identity via transponder _ %%
\\\\ b"z,_ A_CARS: Transmits
.\\J ) I aircraft data to the ground

K

Flight data : 1 ua
> Air traffic control (ATC) Eg}_’-_*;ﬁ'g

Primary radar: Can only show approx position. No radar coverage 240km from land

FIGURE 2.3: Aircraft tracking [3]

Nowadays, secondary radar is used more than the primary radar, because there
is a huge amount of planes in the airspace, so it is easier to communicate with them
by means of secondary radar.
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2.2 Unmanned aircraft traffic management

As unmanned aviation (especially for delivering or long flights) is only becoming a
common thing, so rules for it are only in the developing stage. However, there are
several companies that already develop ATM systems, but they are responsible for
very limited areas of applying.

2.21 U-space

U-space [29] is a set of new services and specific procedures designed to support
safe, efficient and secure access to airspace for large numbers of drones. It was de-
signed by SESAR - the mechanism which coordinate EU research and development
(R&D) activities in ATM. They came up with the solution on how to build a good
system for unmanned aircraft ATM. It should consist of four layers:

e U-space foundation services that provide e-registration, e-identification and
geofencing.

o U-space initial services may include flight planning, flight approval, tracking,
airspace dynamic information, and procedural interfaces with air traffic con-
trol.

e U-space advanced services support more complex operations in dense areas
and may include capacity management and assistance for conflict detection.

o U-space full services offer integrated interfaces with manned aviation, support
the full operational capability of U-space and will rely on very high level of
automation, connectivity and digitalisation for both the drone and the U-space
system.

Services, automation, connectivity SESAR

U4

U3

U-5pace
advanced

NSO

FIGURE 2.4: U-Space services [30]

2.2.2 Unifly

Unifly [31] is a private company founded by air traffic controllers and pilots. Their
solution is also based on U-Space blueprint, and they try to implement its layers
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step-by-step. For now, they developed an ecosystem that could work in Germany,
Austria, Denmark and Belgium due to contracts with local ANSPs. Their solution
includes Flight View module that designed to display both drone traffic and manned
traffic on a UTM supervisor screen, Map Manager that allows managing geograph-
ical data, Administration module allows the management of users or drones regis-
tration, The Flight Approval module will confirm if the drone operation is allowed
or not, etc. Also, they provide web and mobile applications for drone operators.

EWGOXG Compliant o
‘ (xe3)

Follow drone v

£

Live Tracking Info

Ground 1
26.1 kmh Wsw
51.087021 4.82619

Deurne

100ft AGL

FIGURE 2.5: Unifly web application [31]

2.2.3 Matternet

One more example is Matternet [22]. This is a private company that develops sys-
tem mainly for healthcare, but also e-commerce and logistic organizations. As in-
stitutions in the medical domain sometimes urgently needed in some medicine or
even organ transportation to hospitals which are not provided with it at the moment
- drone transportation could help in such transportation. Their solution includes
Matternet M2 Drone, the Matternet Station and the Matternet Cloud Platform. The
Stations are the endpoints for drone flights and work only with M2 Drones.
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Background information

3.1 Interaction of the system with the outside world

Our system is a server which aggregates the processing of all requests that were
addressed to it, calculations and data transformations, all business logic and flows,
accesses to needed data. The general flow of interaction between all needed parts
looks like the following:

e some client sends the request to our system; each request corresponds to the
specific use case that should be done;

e based on given information there are some calculations or other actions based
on flow inside the system;

o if the given information is not enough - then the system will ask some data
resource to provide it;

o the client receives the corresponding response.

Uze Lse
Clients 2 System o Fesources

FIGURE 3.1: Interaction of the system

3.2 C(lients

Our system is designed and built to be used by clients. Usually, in the web-applications
front-end part of the whole application is the main client. There are several ways to
connect the front-end and back-end parts of the application. The most common one
is REST using HTTP requests. Also, this way of communication with the server
could be used not only by front-end client but also by other clients (e.g. another
server that needs some data from our server). Clients that could probably use our
system are officer portal (to check if the system is consistent) or drones themselves.
As usually unmanned aircraft use GSM [10] or WIMAX [33] technologies as a way
of the communication, and therefore have access to the Internet, they could easily
communicate with our system via it.

3.3 Resources

To function properly, our application should not only implement business logic and
do some calculations but also should have the ability to operate with some data.



3.4. System 7

These data could be obtained by sending requests and getting a response from other
services by API or by connecting to some database server and getting data using
ORM. Despite the fact databases are not part of the system, sometimes they could
be developed and used by the same development team and mistakenly considered
as part of the system. In this case, they should also be considered as independent
instances.

3.4 System

During the system’s development, we should think about the separation of different
logic parts, so changes in one part will not impact other parts. So, we have de-
veloped the architecture of the system that consists of the following layers [18] [4]:
entrypoint, managers, engines, resource accesses, utils. This type of decomposition
is also called volatility-based decomposition. All parts of the systems encapsulate
some part of logic in themselves.

System
. - L|
Entrypoint >
e Lze
T
Uze
[
Managers »
g Uze -
Use !
h 4
T
Use Engines »
Lze I
Use E
h 4
Resource accesses o
Lse

FIGURE 3.2: System layers

3.4.1 Entrypoint

Entrypoint stands for communication with clients. Web-portal for officer could com-
municate with the system over REST API, while aircrafts could communicate over
web-sockets or use REST API as well. Other possible ways of communication are
scheduled jobs, GUIL The way clients communicate with systems does not affect its
other parts. If we need to change the protocol of communication we simply replace
it with another library or framework, as the flows of business logic that will be called
from entrypoint will remain the same - we should only think of converting the result
to the appropriate format for the delivery mechanism.
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3.4.2 Managers

Managers encapsulate business logic or use cases in themselves. Each use case is
consisting of some other smaller activities. These activities, such as data transforma-
tion, some calculations or data access, are located in other parts of the system that
will be called by Manager.

Usually, there are several Managers in the system, and they stand for different
groups of related use cases.

3.4.3 Engines

Engines encapsulate part of business logic in themselves, and they are mainly re-
sponsible for calculations and data transformation. All such activities are grouped
in different Engines by main activity of each Engine. If some extra data needed dur-
ing the activity flow, then Engine calls corresponding Resource access.

3.4.4 Resource accesses

Resource accesses are adapters between the system and resources. This part of the
system could be changed most frequently as we can change the database to store our
data or data provider’s API, but our system should not be affected by these changes.

If some data is needed inside specific activity - Resource access could be called
directly from Engine. However, if a few consecutive activities will need these data,
then Resource access could be called from the Manager.

3.4.5 Utilities

Utilities are the cross-system part that consists of additional packages, that does not
relate to business logic but provide additional services (e.g. logging).
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Approach

4.1 Scope

In our work, we focus on the first and partly on the second layers of U-Space ser-
vices. We provide registration and identification of drones and users, as well as
geofencing (possibility to avoid obstacles) from the first set of services. From the
second layer, we provide a basic implementation of flight planning, flight approval,
tracking, airspace dynamic information and we do not provide support of proce-
dural interfaces with air traffic control as it requires strong interaction with local
ANSP. These activities were divided into corresponding Engines which are assigned
to corresponding Managers.

Clients

Drone Drone operator

Airspace controller

v v

Entrypoint - Flask server with views

System

Resources

Membership Schedule Airspace
manager manager manager
Route Validation Utils
engine engine
Resource accesses
‘ NFZ ‘ | Users | Live drones |
‘ Drones ‘ | Flights | | OSM AFI |
Li Open Sireet Map
NFZ Users L Drones Flights

drones

FIGURE 4.1: Architecture of the system with involved agents

To implement such a system, we decided to use Python programming language [32]

for a few reasons [19].

Python provides high development quality as it has a very simple syntax. Com-
paring with compiled or strong typed programming languages the source code vol-
ume usually is times smaller. Thus, source code written in Python is easier to read,

reuse and support.

Also, Python has a huge amount of support packages which make development

easier.
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4.2 Resources

4.2.1 Database

Most of our data is stored in MongoDB [15]. It is more convenient for our application
for a few reasons.

First of all, we store flights and non-fly zones in the database. Each flight path
and all non-fly zones are represented as the lists of coordinates. To represent them
well in SQL, we should use two schemas - for path/zone itself and all related co-
ordinate points (connection 1-N). However, MongoDB is NoSQL [1] storage, which
works with documents, represented in JSON objects, and it does not require the de-
scription of such documents. So, we can simply create the specific key in such a
JSON object with a list of coordinates as the corresponding value.

Also, MongoDB is known to be faster then SQL-based databases in some cases [24].
It is an important aspect, as we have collection for unmanned aircrafts that are live
in our airspace. We need to update their position and get it in almost real-time.
However, it is not as fast as an in-memory database called Redis [16] which is also
NoSQL storage, but this is a key-value store while MongoDB is a document store.
Usually, it is used as cache as it holds data in RAM with the option to write data to
the database.

So, we decided to use MongoDB as a compromise decision between speed and
usability aspects.

Collections in which we store documents:

Lszer Live drone
- _id
- _id —|- drone_id
—- username - :Etﬂu_tded \Fz
- password - hnn'g{hu e
- heig
- status path
Drone Flight
- _id _
—¥|- user_usermname i zfét_ﬂt:;ﬂee
I rqﬂr?aﬂie L—» |- drone_id
- max_height - TU_ULEéth
- max_distance :
- weight - distance

FIGURE 4.2: Documents example

4.2.2 Third-party API

However, not all data needed for our system is located in the databases. Some part
of our logic is related to geographical data. Nevertheless, there are cases when these
pieces of data are not coordinates of specific place themselves, but just a plain text -
the name of some location. To deal with this problem, we use OpenStreetMap APL
By giving the name of the location, it returns the exact geographical coordinates of
that place.
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4.3 Managers

As managers are part of the system that encapsulate business logic in themselves,
and there are quite different use cases in the scope of our system - we decided to
group them into the following three managers.

4.3.1 Membership manager

Main manager use cases are registration and identification of users and drones. Reg-
istration of the user is done by a unique username and password that will be hashed.
During authentication, the user will send their username and password and based
on these data, JWT will be generated. This token then will be sent back and can be
used to make requests related to operations with drones.

Registration of drone could be done by the user after authentication step, and
then it will be linked to this user in the database.

4.3.2 Schedule manager

The main goal of this manager’s use cases is everything related to flight planning.
When the user is planning to establish the flight they give all needed information,
that is information about start and end points of the flight (these points could be in
coordinates notation or in place’s name notation that will be converted to coordi-
nates one), information about the time when a flight should take place and one of
the drones that are registered by this user.

4.3.3 Airspace manager

This manager is responsible for live airspace events. Authentication of the drone be-
fore the beginning of the flight should take place with JWT issued to the user before.
If the system does not find a connection between the user and drone - flight might
not be started. Moreover, during the flight drone should regularly send information
about its current position in the airspace, that is latitude, longitude and height.

4.4 Engines

To make the application flexible and decomposed, we identified two Engines in our
architecture. They encapsulate parts of calculation logic inside themselves in such
a way that changes in one engine will not affect the functionality of other engines.
Changes in resource accesses that are used inside engines and changes in managers
that call specific engine will not affect the engine, as well.

4.4.1 Path Engine

The main goal of this engine is to build the path by given route, where the route is
coordinates of the start and the end, while the path is a sequence of adjacent coor-
dinate points. Using appropriate resource accesses it can operate with such data as
a list of NFZs to build path correctly and flights that are compatible with the given
flight.

To build a path we applied an algorithm that first checks if there any NFZs (red
rectangles on Figure 4.3) intersecting direct segment (grey line on Figure 4.3) from
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start point to the end point (black dots on Figure 4.3). To achieve this, we use cal-
culations in 2D space, as we assume that flights will not be too long in the distance
and the sphericity of the Earth will not have an effect on calculations. Then we use a
function that calculates the convex hull [8] of all point of all NFZs that are between
route points to find the convex ways (green lines on Figure 4.3) that will not intersect
with any of given NFZ. Then we select the shorter of the convex ways (green line
beneath the level of grey line on Figure 4.3) Although, this algorithm will work ex-
cellently in most situations, it is not 100% accurate and could show the worse result
in edge situations.

S =

FIGURE 4.3: Making hull to avoid NFZs

Also, in this engine, there are checks if the flight with this path could be allowed
to be done. For example, if the length of the flight’s path is shorter then maximum
distance drone assigned to this flight could cover (the length of the path is calculated
by summing length of segments the path consist of; length of each segment is cal-
culated using Vincenty’s method [28]); or if this flight’s path does not intersect with
other flights” paths in a given area at the same point of time.

4.4.2 Validation Engine

The main purpose of this engine is to validate the state of the drone in the live
airspace. First of all, there is a regular check of the time when specific unmanned
aircraft has sent its data. If the time value extends the threshold - the system will
change the status of this drone. Also, there is a validation if the drone is keep go-
ing in his way and has not deviated from the right direction. We can calculate it by
checking firstly if segment and point are aligned using vector cross product [27] and
if so, whether it belongs to the segment or not (Figure 4.4).

B

FIGURE 4.4: C belongs to segment AB

4.5 Entrypoint

For communication with clients, we provide API. All information about correspond-
ing requests and responses they provide could be found in the Figures:
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o Create user - Figure 4.5
e User authentication - Figure 4.6
e Get all drones of specific user - Figure 4.7

e Get info about all live drones - Figure 4.8. Note, that if during the flight drone
will not send data about its position or will deviate from its route - the sta-
tus of the corresponding drone will be changed, and client that will receive a
response will be able to notify responsible people (e. g. air traffic controller)

e Create drone - Figure 4.10

e Drone authentication for the flight - Figure 4.11

e Update information about drone location - Figure 4.12
e Get information about drone - Figure 4.13

e Delete information about drone - Figure 4.14

e Get information about all flights = Figure 4.9

o Create flight - Figure 4.15

e Get information about flight by id - Figure 4.16

e Delete flight - Figure 4.17
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POST Jusers/registration Create user

Request body =7V application/json v

Example Value | Schema

{

"username”: "username",

"password”: "password"

H

Responses
Code Description Links
201 User created No limies
Media lype
applicationfjson v

5 Accept header.

Example Value | Schema

{
"description”: "User created"
}
400 No links
Invalid data
Media Lype
application/json v

Example Value | Schema

{

"description”: "User with this username already

exists™

H

FIGURE 4.5: Create new user
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Jusers/auth User authentication

Request body "=vi= [ application/json v

Example Value Schema

"username” : "username”,

"password"”: "password"”

}

Responses

Code

200

400

404

Description Links

No links
User successiuly authenticated

Media Lype:

application/json v ]

s Accept header.

Example Value Schema

"token":

" swHAw549w . sdFOwdviudd BF w9 BFwd f . wi9BwafudeBfdue 0"
}

Invalid data No links

Media lype

application/json ~ ]

Example Value Schema

{

"description”: "Password does not match”

}

User not found No links

Media type

application/json v ]

Example Value Schema

{

"description”: "User with this username does not

exist"

}

FIGURE 4.6: User authentication
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GET Jusers/drones Returns a list of user's drones
Parameters
I
Name Description
* required
token Specify user's token
string
(query) swhdw5 49w sdfdwdviwdd SfAwasTwdf widBw4fwdeSfdwedf
Responses
Code Description Links
200 Mo links
Ok
Media type
application/json v
Cantrals Accept header
Example Value Schema
i
"drones": [
{
=id": "99df55fr35sd559rE",
"max_height™: 500,
"max_distance™: 28,
"weight": 2,
"name": "M1"
400 Mo links
Invalid token
Media bype
application/json v

Example Value Schema

{

"description”: "Invalid token"

}

FIGURE 4.7: Get user’s drones
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/drones Getinfo about all live drones

Responses
Code Description Links
200 oK No links

Mo

application/json ~

Example Value Schema

{
"drones™: [
{
"id": "45sdgd9svo4BavESy19”,
“drone_id": "99df55fr355d559r8”,

46.235465,
: 308,
"status”: "OK | DEVIATION | NO SYGNAL",
"last_updated”: "2620-84-20:12-08-08"

FIGURE 4.8: Get information about all live drones

/flights Getinfoabout flights

Responses
Code Description Links
200 % No links
Media type
application/json v

s Accept header.

Example Value | Schema

£}

-54
-34

1.
"distance™: 2.798

99dF55fr35sd559r8",
2020-84-20:12-88-00",

FIGURE 4.9: Get information about all flights
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/drones Create drone

Request body == application/json

Example Value | Schema

"token™: "sd4sdf949.sdv749d48a7dv.-abdBvwdviwd",
"max_height”: 500,

"max_distance™: 28,
"weight™: 2,
mname”: M1

Responses

Code Description

201 Drone created

Media type

| appiicationjjson v

Accept header.

Example Value | Schema

{

"description™: "Drone created™

}

Ll Missing required field

Media type

| appiicationjjson v

Example Value | Schema

{

"description™: "Missing required field"

}

404 Invalid token

Media type

| appiicationjjson v

Example Value | Schema

{

"description™: "Invalid token™

}

Links

No links

No links

No links

FIGURE 4.10: Create drone
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POST /drones/{id} Drone authentication for flight

Name Description

id * required

id Drone id

string

(path) id - Drone id

Request body "= applicationfjson ~ ]

Example Value Schema

{

"token":

}

Responses

Code

200

400

404

"sd4sdf949. sdv749d48a7dv . ab4BvwdvTwd"

Description

OK

Media type

application/json v ]

Accept header.

Example Value | Schema

{

"description”: "Success™

}

Invalid token

Media bype

applicationfjson v ]

Example Value Schema

{

"description”: "Invalid token™

}

Ne drone with given id

Media type

applicationfjson ~ ]

Example Value | Schema

{

"description”: "No drone with given id"

}

Links

No links

No links

No links

FIGURE 4.11: Drone authentication for the flight
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/drones/{id} Update drone location

Parameters

Name Description

i * required

id Drone id

string

(path) id - Drone id

Request body "= application/json ~ ]

Example Value = Schema

"token": "sd4sdf949.sdv749d48aTdv.ab48vwdviwd",
"lat™: 37.254685,

"lon": 53.154235,
"height™: 350

Responses
Code Description Links
200 No links
OK
Media type
[ application/json v ]
Accept header.
Example Value = Schema
"description: "Location updated"
}
Ly Invalid data DI
Media type
[ application/json ~ ]
Example Value = Schema
{
"description: "Invalid data"
}
404 No links

Mo drone with given id

Media bype

[ application/json v ]

Example Value = Schema

{

"description™: "No drone with given id™

}

FIGURE 4.12: Update information about location
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/drones/{id} Getinfo about drone

Parameters

Name Description

j§ = required

id Drone id

string

(path) id - Drone id

Responses

Code Description Links

200 TR No links
Media type

application/json v

Cantrols Accept header

Example Value Schema

"drone_id": "99df55fr35sd559r8",
"max_height": 508,

"max_distance™: 28,
"weight": 2,
- . Mpm

W Mo drona with given id Mo links

Media type:

application/json v

Example Value | Schema

{

"description™: "No drone with given id"

}

FIGURE 4.13: Get information about drone
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m /drones/{id} Delete info about drone

Parameters
—
Name Description
ig] * required
id Drone id
string
(path) id - Drone id
Responses
Code Description
200
OK
Media type
applicationfjson v
cept header.
Example Value Schema
{
"description™: "Drone deleted”
}
404
Mo drone with given id
Media type
application/json v

Example Value | Schema

{

"description™: "No drone with given id"

}

Links

Mo links

No links

FIGURE 4.14: Delete information about drone
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/flights Create flight

required

Request body application/json

Example Value = Schema

"start_point™: [
24.25465,

45.4198

I
"start_time": "2020-04-20:12-90-00",

"45sdg49s5v948avhoy19” ,
"bdv5Saddvas . cdv56aldv55ad5d5v5h. reS4sdvSawe™

Responses
Code Description
200 oK
Media type
application/json ~

Example Value = Schema

{
"description”: "Flight created™
}
400
Invalid token
Media type
application/json ~
Example Value | Schema
{
"description”: "Invalid token"
}
404
No drone with given id
Media type
application/json v
Example Value = Schema
{
"description”: "No drone with given id"
}
409
Fail
Media type
application/json ~

Example Value | Schema

{

"description”: "Cannot create flight with given

route at given time™

}

Links

No links

No links

No links

No links

FIGURE 4.15: Create flight
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m /flights/{id} Getinfo about flight

Parameters
—
Name Description
i * required
id Flight id
string
(path) id - Flight id
Responses
Code Description
200
OK
Mexdia type
application/json v
Accept header.
Example Value | Schema
1,
"distance”: 2.798
1
“drone_id": "99dfS5fr35sd559r8™,
“start_time": "2020-84-20:12-00-00",
"end_time": "2020-04-20:13-00-00"
404
Mo flight with given id
Mexdia type
application/fjson v

Example Value | Schema

{

"description™: "No flight with given id"

}

Links

No links

No links

FIGURE 4.16: Get information about flight
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DI=B ) /flights/{id} Delete info about flight

Parameters
—
Name Description
i * required
id Flight id
string
(path) id - Flight id
Responses
Code Description Links
200 No links
QK
Media type
[ application/json ~ ]
Con cept header
Example Value Schema
"description™: "Flight deleted™
}
404 No links

No flight with given id

Media tyge

[ application/json v ]

Example Value Schema

{

"description”: "No flight with given id"

}

FIGURE 4.17: Delete information about flight



26

Chapter 5

Results

As a result of our work, we have designed the architecture for the decomposed sys-
tem and implemented it using Python. This system can control the status of airspace
and automatically create flights for it. Access to the system takes place via REST
APL

To validate the stability and consistency of our system, we used Python script in
which in several threads, we were sending requests to our server. As a result, there
were no data collisions.

Example of our path-building algorithm result (red polygons are NFZs and blue
polygonal chains are paths):

Lviv National Academic
Opera and Ballet...
luBiBCLHKHA

Hauiot IaJI:-IP'I:’L;D/

o aNbHHE LViV
: JlbBiB

Q

ZALIZNYCHNYI Lychakiv Cemetery

DISTRICT MyzeR-3anoBifHAK «
3ANIBHUYHUNA A4EKIBCLKHA LBMHTaps
PAWOH
FRANKIV Vynl;yal
DISTRICT [ H09 | BHHHWK
®PAHKIBECEKWA nicol
e \
| E471 |
. SYKHIVSKYI
Sk"'!‘"f‘ DISTRICT
CrHunie CUXIBCBKMIA
PAMOH

Skl

FIGURE 5.1: Path-building algorithm result
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Chapter 6

Future works

As next steps, we could try to establish a front-end part for our system with the
drone operator and air space controller portals. Drone operator on such portal could
register drones and establish flights for them while the controller will have the ability
to monitor the state of the live airspace.

One more point to improve is our path-building algorithm as it does not guar-
antee 100% accuracy. The possible solutions could be Dijkstra’s Shortest Path First
algorithm [21] or A* search algorithm [13].
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