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General Characteristics of the Dissertation

Relevance of the Topic: Unmanned Aerial Vehicles (UAVs) have become an essential
tool for monitoring, mapping, inspection, and search-and-rescue missions. Their
growing autonomy is made possible by the integration of onboard sensing, estimation,
and control systems that enable flight without continuous human supervision. At the
core of most autonomous UAV systems lies the Global Navigation Satellite System
(GNSS), which provides global position and velocity information for state estimation
and mission control. Despite its widespread use, GNSS represents a critical
vulnerability in the autonomy chain. Its signals are easily degraded or lost in many
real-world environments such as dense urban areas, forests, tunnels, or indoor spaces.
Moreover, intentional interference through jamming or spoofing can render GNSS
completely unavailable. When this occurs, UAVs typically lose the ability to estimate
their position and are forced to interrupt or abort their missions. This limitation poses a
major obstacle to the deployment of UAVs in safety-critical or adversarial scenarios,
where uninterrupted operation is essential. The motivation for this work arises from the
need to ensure continuous, reliable autonomy under GNSS-denied conditions.
Achieving this requires not only replacing GNSS for navigation but also maintaining the
broader functions that depend on it-perception, localization, and coordination. A UAV
must still be able to estimate its motion, understand its surroundings, and, when
operating as part of a team, maintain awareness of other agents. When GNSS
becomes unavailable, all higher-level autonomy functions are affected. Without a
reliable global position reference, the state estimator can no longer constrain drift from
inertial sensors, resulting in rapidly increasing position error. Once localization
deteriorates, the control system loses its spatial reference, preventing accurate
trajectory tracking or mission execution. At the same time, perception and coordination
modules that depend on global awareness - such as object localization or multi-agent
formation control - also fail, since they rely on the same navigation frame. This
interdependence highlights that GNSS-denied operation is not a single technical
problem but a system-level challenge. Navigation, localization, and coordination are
tightly coupled: loss of one quickly undermines the others. A practical solution must
therefore address them jointly rather than as independent subsystems. The UAV must
continue to estimate its motion locally, interact with the environment through onboard
perception, and, when operating in a group, maintain relative awareness of neighboring
agents.

The objective of this research is to design, develop, and validate an integrated
UAV autonomy system that remains fully operational in both GNSS-available and
GNSS-denied environments. The system is required to work with both single
UAVs and multi-agent formations, ensuring that flight, perception, and
coordination continue without interruption when global positioning data is lost. It
shall support mission continuation, real-time object localization, and multi-agent
coordination using onboard sensing, while remaining compatible with the
existing autopilot platforms to ensure practical deployability.



To achieve this goal, the work pursues the following aims:

1. Conduct a comparative analysis of existing navigation and localization
methods relevant to GNSS-denied operations, identifying technical limitations and
design trade-offs, with attention to their applicability in open-source and multi-agent
systems.

2. Design and develop a fallback navigation system that enables continued UAV
operation under GNSS-denied conditions, with emphasis on reliability, computational
efficiency, and integration into the existing autopilot architecture

3. Design and develop a real-time 3D object localization system using a monocular
camera and a gimbaled laser rangefinder, without relying on terrain maps or known
object dimensions, suitable for deployment in unstructured environments.

4. Design and develop a cooperative navigation system for UAV swarms, where
one partially localized or manually guided agent supports others through shared
position estimates in GNSS-denied environments.

5. Integrate the developed subsystems into a unified UAV autonomy system and
evaluate its performance through simulation and real-world experiments.

Scientific Novelty: The scientific novelty of the dissertation lies in the development of
a UAV autonomy system enabling navigation, target localization, and multi-UAV
coordination in GNSS-denied environments using onboard sensing. The proposed
system integrates three functional subsystems designed to operate without continuous
reliance on satellite positioning. A fallback navigation system was developed that
enables continued UAV operation under GNSS outages. It combines inertial
dead-reckoning and optical-flow-based velocity estimation and supports autonomous
recovery behavior without reliance on external infrastructure. An onboard 3D target
localization system was developed, combining monocular image observations with
range measurements obtained through a gimbaled sensing platform, enabling real-time
metric localization of ground targets without requiring terrain maps, stereo vision, or
prior knowledge of object dimensions. A leader—follower swarm coordination system
was developed for multi-UAV operation in GNSS-denied environments. Relative
position estimates computed onboard a leader UAV are used to generate navigation
references for follower UAVs, enabling coordinated flight without direct GNSS
dependence on follower platforms.

Practical Significance: The developed solutions were implemented and evaluated
through extensive simulation and real-world experiments on custom-built UAV platforms
running the PX4 autopilot firmware. The proposed autonomy system expands the
capabilities of existing autopilot software by enabling fallback navigation, onboard
target localization, and multi-agent coordination, allowing UAVs to continue operating in
GNSS-denied or degraded environments. The fallback navigation capability enables
continued mission execution when GNSS signals are unavailable. The target
localization component provides metric target coordinates without reliance on external



infrastructure or prior terrain maps, enabling operation in previously unknown
environments. Multi-UAV coordination based on relative state information supports
stable formation flight without requiring accurate global positioning.

The proposed solutions rely only on standard onboard sensing and computing
hardware and can be integrated into existing UAV platforms without major modifications
to the autopilot architecture.

Main Results of the Dissertation

The main scientific results of the dissertation are as follows:

1. A fallback navigation system has been developed and experimentally validated
for GNSS outages, enabling continued state estimation and mission execution using
onboard inertial and optical-flow sensing, and providing controlled performance
degradation under partial or complete GNSS loss.

2. A real-time 3D object localization system has been developed and experimentally
validated, combining monocular vision with a gimbaled laser range measurement to
resolve scale ambiguity and recover metric target position through a defined coordinate
transformation chain from camera frame to the navigation frame.

3. A leader-follower swarm navigation system has been developed and
experimentally validated, in which relative position estimates computed onboard a
leader UAV are injected directly into follower autopilot position controllers, enabling
formation maintenance and coordinated motion without direct GNSS dependency on
follower platforms.

4. The developed fallback navigation, object localization, and swarm navigation
subsystems have been integrated into a unified onboard UAV autonomy system for
GNSS-denied environments.

Approbation of the Dissertation Results
The main results of the dissertation were presented and discussed at the following
scientific conferences:

1. 50th International Youth Scientific Conference “Gagarin Readings”
(FarapuHckue uteHus - 2024), Moscow, Russia, 2024.

Presentations: «Inertial Navigation for Copters»,«Optimal Area Coverage
Using a Drone Swarmy.

2. XVII [ognyHas MexayHapoaHas Hay4yHas KOHbepeHLums
Poccuiicko-ApMsiHCKOro  yHuBepcuteTa, EpeBaH, ApmeHwus, 2024. [oknag:
«Autonomous Target Interception Using Reinforcement Learning».

3. United Nations Workshop on GNSS and Related Space Technologies for
Urban Sustainability Challenges, 2024. Presentations: «Drone-Based GPS
Object Localization for Urban and Agricultural Monitoring», «GPS-Enhanced
Drone Imaging: Stitching and Change Detection Analysis».

4. United Nations/Philippines Workshop on the Applications of GNSS, 2024.
Presentation: «GPS-Based 2D Map Creation Using Drone Swarm».



Publications. The results of the dissertation are reflected in 6 published scientific
works[1-6].

Volume and Structure of the Dissertation. The dissertation consists of an
introduction, five chapters, and a conclusion. The total volume of the dissertation is 144
pages of text, including 28 figures and 12 tables. The list of references contains 115
entries.

Content of the Dissertation

The Introduction formulates the research problem and motivates the study in the
context of autonomous unmanned aerial vehicle operation under GNSS-denied
conditions. It defines the dissertation's aim and objectives, outlines the scientific novelty
and practical significance of the work, and describes the research's scope.

Chapter 2 presents a structured review of related work relevant to the problems
addressed in the dissertation. Section 2.1 provides a brief overview of the chapter
structure and introduces the main research directions considered.

Section 2.2 js devoted to the review and analysis of existing methods for GNSS-denied
navigation of unmanned aerial vehicles. Navigation approaches based on inertial
navigation and dead reckoning are reviewed, together with their characteristics,
advantages, and known limitations related to error accumulation and sensitivity to
sensor biases. Vision-based navigation methods are also considered, including
optical-flow-based approaches, visual odometry, visual-inertial navigation, and
simultaneous localization and mapping techniques. These methods are analyzed with
respect to accuracy, computational complexity, sensor requirements, and operational
constraints. A comparative analysis of the reviewed approaches is performed with
respect to their applicability to lightweight onboard UAV systems. Based on this
analysis and the requirements of the considered problem, dead-reckoning navigation
and optical-flow-based navigation are selected as the primary methods for further
investigation.

Section 2.3 is devoted to the review of object localization and gimbal-based tracking
methods proposed in ground and aerial robotics. Vision-based approaches are
considered, including monocular and multi-camera localization, triangulation-based
methods, and vision-only target position estimation techniques. Methods relying on
prior terrain or environmental information, as well as map-based localization and
simultaneous localization and mapping approaches, are also reviewed with respect to
their assumptions and operational constraints. Localization pipelines incorporating
object tracking and gimbal tracking are analyzed, emphasizing their role in maintaining
target observability and stabilizing measurements during platform motion. The reviewed
methods are classified according to sensor configuration, use of prior information, and
computational requirements. Based on this analysis, a localization approach is
formulated that combines monocular vision, gimbal-based tracking, and range
measurements, addressing the identified limitations while remaining suitable for
onboard deployment.



Section 2.4 is devoted to the review of swarm navigation and coordination methods for
multi-UAV systems, with emphasis on perception, guidance, and control formulations.
Perception approaches used in swarm systems are reviewed, including methods based
on global positioning, relative sensing, and inter-vehicle communication for estimating
relative states of neighboring agents. Guidance strategies are analyzed, covering
centralized and decentralized formulations, leader—follower architectures, and relative
setpoint generation methods used to define coordinated motion objectives. Control
formulations employed for swarm operation are also reviewed, including position- and
velocity-based control schemes and their integration with onboard autopilot systems.
The reviewed approaches are classified according to their perception requirements,
guidance structure, and control implementation, as well as their dependence on global
reference information and external infrastructure. Based on this analysis and the
requirements of the considered problem, a leader—follower swarm coordination
approach is formulated that relies on relative perception, leader-based guidance, and
onboard control execution, enabling coordinated motion without requiring global
positioning on follower UAVS.

Chapter 3 is devoted to the analysis of the existing architecture of modern unmanned
aerial vehicle autopilot systems and their operation under GNSS-denied conditions.
The chapter describes the modular structure of contemporary UAV autopilots,
composed of state estimation, control, and navigation subsystems, and explains their
interaction during autonomous flight under varying availability of external positioning
information. The state estimation architecture employed in modern UAV autopilots is
presented with emphasis on Extended Kalman Filter-based sensor fusion frameworks.
These frameworks combine inertial measurements with auxiliary sensors such as
barometers, magnetometers, GNSS, and vision sources to estimate vehicle position,
velocity, and attitude. The role of GNSS in constraining long-term drift of inertial
estimates is discussed, together with estimator behavior during GNSS degradation or
complete loss. The limitations of inertial-dominated estimation in GNSS-denied
conditions and the resulting growth of horizontal position uncertainty are identified. The
control architecture is described as a cascaded feedback structure consisting of nested
position, velocity, attitude, and angular-rate control loops. The dependence of control
performance on the accuracy and consistency of estimated states is highlighted. The
behavior of control layers during GNSS-denied operation is discussed, showing that
attitude and rate control remain fully operational and altitude regulation is preserved,
whereas position and mission-level control degrade due to the absence of reliable
horizontal position feedback. The analysis establishes the hierarchical degradation
pattern of existing autopilot systems under GNSS-denied operation and provides the
architectural baseline for the fallback navigation, object localization, and swarm
coordination systems developed in the subsequent chapters.

Chapter 4 is devoted to a new fallback navigation system that enables continued UAV
operation under GNSS-denied conditions. In the absence of GNSS, standard autopilot
systems typically degrade to stabilization-only modes that prevent autonomous



navigation. The proposed system extends existing open-source autopilot architectures
using onboard sensing only, supporting controlled navigation and autonomous recovery
rather than emergency stabilization. GNSS loss is assumed to occur unexpectedly and
may be temporary or prolonged. The system therefore emphasizes safe and
predictable behavior, smooth mode transitions, and preservation of control authority. Its
design constraints include real-time onboard execution, compatibility with existing
estimator—controller pipelines, minimal additional sensor requirements, and operation
without external infrastructure or prior environmental knowledge. Figure 1 illustrates the
overall architecture of the proposed fallback navigation system. The architecture
consists of three functional modules: Mission Execution, Interrupt Monitoring, and
Fallback Navigation. During normal GNSS-aided flight, the Mission Execution block
performs waypoint navigation while logging auxiliary navigation data, including GNSS
trajectories and relative waypoint vectors, to support continuity after GNSS loss. The
Interrupt Monitoring block supervises sensor availability and estimator outputs, detects
GNSS degradation, and triggers a controlled transition to fallback operation with logic
aimed at avoiding false detections and unstable switching. When GNSS becomes
unavailable, the Fallback Navigation block provides two navigation modes. In inertial
dead-reckoning mode, attitude stabilization is maintained using the IMU, yaw is
constrained by the magnetometer, and altitude is regulated using barometric
measurements. Horizontal displacement is estimated indirectly through the relationship
between commanded pitch and forward motion, enabling continued navigation without
absolute position updates or external references. In optical-flow mode, vision-based
velocity estimates replace GNSS-derived horizontal velocity in the estimator. This
provides continuous relative motion observations when sufficient visual texture is
present and allows controlled translational flight through the same estimator—controller
interfaces used in standard operation, without estimator reinitialization or structural
modification. The system adaptively switches between dead reckoning and
optical-flow-aided navigation based on sensor availability and environmental suitability.
For autonomous recovery, two return strategies are supported: Direct
Return-to-Launch, which follows a single vector toward home, and Path
Return-to-Launch, which retraces the outbound trajectory using stored waypoint
information to improve robustness under wind and accumulated drift. The fallback logic
is reversible: if GNSS is reacquired, the system transitions back to standard navigation
without mission restart or estimator reset. The system was evaluated in simulation
using PX4 Software in the Loop(SITL) integrated with Gazebo. Experiments assessed
the system’s ability to maintain controlled flight and execute autonomous recovery
maneuvers using onboard sensing alone after the loss of GNSS positioning. GNSS
fusion was disabled via software configuration, and tests were conducted in a fixed,
repeatable environment. Two representative mission scenarios were considered. The
first scenario evaluated a direct return-to-launch behavior following GNSS loss, in
which the vehicle executed a forward flight segment and then returned toward the



launch point using a single recovery vector.
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Figure 1: Block diagram of the proposed Fallback Navigation System.
The second scenario evaluated a path-based return-to-launch strategy, in which the
vehicle retraced a previously executed multi-waypoint trajectory using stored segment
information. Each scenario was tested using both inertial dead-reckoning navigation
and optical-flow-aided fallback navigation under identical vehicle parameters and
environmental conditions. Table 1 reports the Direct Return-to-Launch (DirectRTL) final
position error obtained using inertial dead-reckoning navigation at a pitch angle of 25°,
evaluated as a function of wind speed and return distance. Dead-reckoning
performance was evaluated in simulation for pitch angles of 5°, 10°, 15°, and 25°;
however, for clarity, only the results corresponding to the best-performing configuration
are presented in this table. The 25° pitch angle consistently yielded the smallest final
position error across the tested wind conditions and return distances. Lower pitch
angles resulted in increased wind-induced drift due to reduced forward airspeed, while
pitch angles above 25° led to degraded attitude stability and were therefore not
considered suitable for fallback operation. As shown in Table 1, even at this optimal
pitch angle, inertial dead-reckoning navigation enables reliable recovery only over short
distances. For return distances of 100 m, the final position error remains on the order of
tens of meters under calm conditions, but increases markedly with wind. At return
distances of 500 m and 1 km, the final error grows to the order of hundreds of meters
under moderate wind, and at longer distances, the deviation becomes comparable to
the return distance itself. These results indicate that inertial dead-reckoning is



unsuitable for long-range return-to-launch maneuvers. Table 2 presents the DirectRTL
position errors obtained using
optical-flow-aided fallback navigation, reported as mean + confidence interval over five
trials. In contrast to dead-reckoning, optical-flow-aided navigation limits the final
position error to a small fraction of the traveled distance across all tested conditions.
For DirectRTL missions, the final error remains below 2 % of the return distance under
zero wind and below 9 % under wind speeds of up to 5 m/s.

and Path Return-to-Launch

(PathRTL)

final

Table 1. DirectRTL error(in meters) as a function of wind speed and distance for 25°
pitch angle. Values are reported as the meantconfidence interval, computed over 5

trials.
Distance(m) 100m 500m 1000m 3000m
Pitch = 25°,
Wind speed Final position error (meters)
(m/s)
om/s 17m=4m 25m+5.8m 71m+10m 194m+14.5m
2m/s 22m+3m 33m+4.7m 152m+13.2m 307m+16m
5m/s 38m+6m 106m+8.5m 400m+25m >1500m

For PathRTL missions, accumulated drift across multiple trajectory segments increases
the absolute error; however, the final deviation remains below 5 % of the total path
length even for trajectories with radii up to 3 km.

Table 2. DirectRTL and PathRTL errors for Optical Flow Navigation. Values are
reported as the mean = confidence interval, computed over 5 trials.

Dista 0.1km 0.5km 1km 3km

nce

wind

spee | Om/s| 2m/s | 5m/s | Om/s| 2m/s | 5m/s |Om/s| 2m/s | 5m/s 2m/s | 5m/s
d

direct

RTL im | 4m | 19m | 6m | 21m 28m | 13m | 43m 82m 74m | 113m
error +0.2m[+0.3m| +2m |+0.4m[ +1.5m| +3m ([+1.5m| £3m [ +£3.2m +3.2m|+5.5m
path

RTL im 7m [ 26m | 8m [ 31m 47m | 27m | 67m 94m 105mz| 146m
arror +0.1m[+0.6m| +1m | £1m | +2m | +4.1m |+2.1m| £5.2m | +2.8m | +3.3m | 5.1m | £8m
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The quantitative comparison between Tables 1 and 2 shows that optical-flow-based
velocity correction significantly reduces return-to-launch error relative to inertial
dead-reckoning and maintains bounded error growth under wind, whereas inertial
dead-reckoning diverges at longer distances.

Chapter 5 presents an onboard object localization system for estimating the
three-dimensional position of a selected ground target using a UAV equipped with a
monocular camera and a gimbaled laser rangefinder. The system operates under
real-time constraints from a moving aerial platform and is fully compatible with the
navigation and control framework established in the preceding chapters. The
operational scenario assumes that a target is initially selected by an operator in the
image stream and subsequently tracked while the UAV and gimbal move. The sensing
configuration combines (i) monocular image measurements providing the target
direction in the camera frame and (ii) a laser range measurement acquired when the
target is centered in the image. This enables metric 3D reconstruction without stereo
vision, terrain models, or external infrastructure, while maintaining a compact sensor
payload suitable for lightweight UAVs. The localization pipeline consists of four
interconnected modules: user selection, object tracking, gimbal tracking, and geometric
localization. Image-space observations and range measurements are transformed into
target coordinates in the navigation frame and, when required, into geographic
coordinates. The pipeline produces a consistent estimate of the target position suitable
for downstream navigation and mission functions. Target initialization is performed
through user-assisted selection in the live image stream. The selected region is passed
to the tracking module, after which localization proceeds autonomously. Continuous
target observation is maintained by an onboard object tracking module that estimates
the image-space target position in each frame. In the implemented system, tracking is
performed using the KCF-MF (Kernelized Correlation Filter—MixFormer) tracker,
selected for robustness to scale variation, motion blur, and partial occlusions while
remaining suitable for real-time execution on a Jetson Orin Nano companion computer.
The tracker provides stable image-space coordinates required for gimbal control and
subsequent 3D reconstruction. To ensure reliable range acquisition, an active gimbal
tracking module continuously controls camera orientation to keep the tracked target
near the image center. Centering improves both image measurement stability and laser
ranging accuracy, as valid range measurements require alignment between the camera
optical axis and the laser beam. The gimbal controller uses image-space target offsets
as feedback, enabling coordinated UAV—gimbal motion during maneuvering. Range
measurements are acquired only when the target is sufficiently centered, ensuring
geometric alignment and avoiding unreliable readings during large image offsets or
rapid gimbal motion. This conditional strategy treats range acquisition as a discrete
event and provides the metric scale required for 3D reconstruction. Once a valid range
is available, the target position is reconstructed through successive frame
transformations (Figure 2). The target direction is first computed in the camera frame
from image coordinates and calibration parameters, then transformed to the UAV body
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frame using camera—gimbal extrinsic calibration and current gimbal orientation. The
body-frame vector is subsequently rotated into the navigation frame using the UAV
attitude estimate. This transformation chain ensures consistent handling of camera
motion, gimbal actuation, and vehicle attitude during localization.
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Figure 2. Coordinate frames used for target localization

The resulting target position in the local navigation frame can be converted to
geographic coordinates using standard geodetic transformations relative to the UAV’s
estimated global position. By separating local-frame reconstruction from global
geo-referencing, the pipeline remains modular and independent of continuous global
positioning availability. All localization modules operate fully onboard on a Jetson Orin
Nano companion computer and interface with the flight controller through standard
middleware. Image processing, tracking, gimbal control, and coordinate reconstruction
run continuously at approximately 20-25 Hz, enabling real-time target position
estimation without interfering with navigation tasks. Robustness is achieved through
operational constraints: continuous tracking maintains a stable image reference, gimbal
centering ensures valid laser alignment, and range acquisition is performed only under
satisfied geometric conditions. The localization process relies solely on estimator
outputs (e.g., attitude and position) and does not modify the onboard state estimator,
allowing operation under both GNSS-available and GNSS-denied conditions. The
system was validated through outdoor flight experiments using a custom quadcopter
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equipped with a monocular camera, three-axis gimbal, and laser rangefinder. All
modules executed onboard under PX4 (v1.15) position control. Target ground truth was
obtained using RTK-GNSS. Experiments covered slant distances from 40 m to 300 m,
with ten independent trials performed along circular approach trajectories to introduce
variations in yaw, pitch, and illumination. Localization accuracy was evaluated by
comparing estimated target coordinates with RTK-GNSS ground truth. The
results(Table 3) demonstrate consistent localization performance across all tested
distances. Within the 40-100 m range, the mean localization error remained below 2 m,
with measured values of 0.8-1.6 m depending on distance. At extended ranges of 140
m and 300 m, the error increased gradually to approximately 2.2 m and 3.3 m,
respectively. This degradation follows expected geometric behavior, as small angular
misalignments lead to larger positional errors at increased projection distances. A
comparative analysis (Table 3) with previously published stereo and terrain-aided
localization methods shows that the proposed system achieves competitive accuracy
while operating with a single UAV and without prior terrain information, using monocular
vision, gimbal orientation, laser ranging, and onboard pose estimation. Unlike stereo
approaches that rely on multi-UAV coordination or ray-casting methods that require
preloaded elevation data, the proposed method performs localization using only
onboard sensing and computation.

Table 3. Comparison of localization error (in meters) across distance ranges for
baseline methods: Flexible Baseline Stereo, Flying Co-Stereo, Raycast, and the

proposed system.
Distance Our System Flexible Flying Raycast
Range Baseline Co-Stereo
Stereo
40-50m 0.8m%0.1m ~5-10m 0.95-2.91m ~4.4m
50-60m 1.1m+0.05m ~5-7m 1.82-1.89m ~5.2m
60-70m 1.1m+0.16m ~5-7Tm 1.82-1.89m 5.62m
80-90m 1.4m+0.2m not reported not reported 16.99m
90-100m 1.6m+0.18m ~5-10m not reported not reported
140-150m 2.2m=0.25m not reported not reported not reported
300m 3.3mz0.4m not reported not reported not reported

Experimental results demonstrate three-dimensional target localization with a mean
error of 3.3 m at distances up to 300 m while maintaining real-time performance. The
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method requires favorable sensing conditions: laser ranging requires a visible,
sufficiently reflective target surface, while localization depends on continuous visual
tracking and target centering, restricting operation to scenarios with a persistent line of
sight and visual features.

Chapter 6 addresses UAV swarm navigation under GNSS-denied conditions, where a
partially localized or manually guided agent supports the navigation of other UAVs
through shared relative position information. To satisfy this constraint, a leader—follower
system is developed in which a single UAV performs sensing, relative localization, and
formation coordination, while follower UAVs execute position control based solely on
relative position setpoints. The system architecture is motivated by scalability and cost
efficiency. Perception and coordination are centralized on the leader, allowing followers
to operate without GNSS, cameras, or companion computers. Relative state estimation
is integrated directly into the flight control pipeline, enabling autonomous behaviors
such as sequential takeoff, formation flight with fixed offsets, and coordinated landing
under GNSS-denied conditions. All swarm-related computation is performed onboard,
ensuring real-time operation without external infrastructure. The leader continuously
estimates its own state using the onboard autopilot estimator and detects followers
using a downward-looking camera. Visual detections are processed in real time on a
Jetson Orin Nano using a YOLO-based detector and Norfair multi-object tracker,
providing persistent image-space measurements. The perception frontend is modular
and interchangeable, as the swarm coordination framework does not depend on a
specific detector implementation. Relative follower positions are computed by
back-projecting image measurements into three-dimensional viewing rays using the
calibrated camera model. Depth is inferred from vertical separation between leader and
follower, obtained from reported altitudes and onboard estimates. The resulting 3D
vectors are transformed through the camera, body, and navigation frames using the
leader’s attitude estimate, yielding follower positions expressed in the leader-aligned
local North-East-Down(NED) frame. Formation geometry is defined by fixed relative
offsets assigned to each follower in the camera frame. These offsets are transformed
through the camera—body extrinsic calibration and rotated into the local NED frame
using the leader’'s current attitude. This transformation chain preserves formation
structure during leader translation and rotation. The NED frame offsets are converted
into position setpoints and transmitted to follower UAVs. Each follower operates in
position-control mode and executes the received setpoints using the PX4 internal
position controller and local state estimate. Relative position injection serves as a
functional replacement for GNSS-based position references, enabling closed-loop
formation control without global positioning or modifications to the internal controller
architecture. Communication is limited to relative position setpoints, reducing bandwidth
requirements and sensitivity to packet loss while maintaining stable formation behavior.
Swarm operation is organized as a sequence of leader-governed behaviors defining the
lifecycle of coordinated flight: initialization, coordinated takeoff, formation tracking, and
coordinated landing. The leader triggers transitions between behaviors based on
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perception availability and mission state, while followers remain reactive and execute
only the received position setpoints. During initialization, the leader takes off,
establishes visual contact with all followers, and assigns fixed formation roles based on
detected identities. Coordinated takeoff is initiated only after reliable relative perception
is confirmed.
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Figure 3. Error-cloud plots for the straight-line, figure-8, and circular missions, shown
for line, V, and circle formations. Each subplot depicts the instantaneous follower
relative-position error in the leader’s body frame, sampled at 30 Hz. The horizontal and
vertical axes correspond to the leader body-frame x and y directions.
Followers take off sequentially or simultaneously according to mission configuration and
transition directly into position-control mode using leader-provided setpoints. During
standard operation, the formation is maintained as the leader performs translational
and rotational maneuvers. Relative positions are continuously updated, and
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corresponding setpoints regenerated, enabling coherent translation and rotation of the
swarm. Coordinated landing is achieved by commanding a controlled descent once
formation tracking is complete. If a follower is lost while the leader retains GNSS, the
affected UAV transitions to autonomous fallback navigation and executes a return or
landing procedure independently. The system is evaluated through simulation and
real-world experiments. Simulation studies use one leader and five followers in a
multi-UAV PX4 SITL environment with Gazebo, reflecting the intended onboard
architecture. All perception, relative localization, and formation guidance logic executes
onboard the leader, while followers operate in OFFBOARD position-control mode using
the standard PX4 controller. Simulations are executed on a desktop platform with an
NVIDIA RTX 3060 GPU and Intel Core i7 processor. Each UAV runs in an independent
SITL instance with dedicated communication, while a shared simulation clock ensures
synchronized multi-vehicle operation. The leader UAV executes three mission profiles:
straight-line, figure-eight, and polygonal waypoint trajectories. In the straight-line
mission, the leader flies 50 m at constant heading and altitude. The figure-eight
trajectory combines curved segments with straight sections of 20 m, while the waypoint
mission consists of eight straight segments of 20 m connected by sharp turns.
Followers rely only on relative position estimates provided by the leader and do not use
GNSS. Inter-agent spacing was fixed at 8 m, and a vertical separation of 20 m was
maintained to ensure reliable visual coverage by the leader’'s camera while preserving
safe spacing. Wind disturbances, communication delays, leader speed, and formation
geometry were varied to evaluate navigation robustness. Swarm performance is
quantified using standard formation-control metrics. RMS formation error measures
follower accuracy relative to assigned offsets, while formation distortion captures
changes in inter-agent spacing. For wind experiments, cross-track and along-track
RMS errors evaluate lateral and longitudinal deviations. Relative localization error and
reconstructed absolute trajectory error are additionally computed for comparison with
GNSS-denied SLAM-based swarm systems. Experimental results show stable and
bounded formation tracking across all tested conditions. Under nominal missions
(Figure 3), the swarm maintains formation geometry without oscillation or instability. As
operating conditions become more demanding, formation error and geometric distortion
increase with leader speed, wind intensity, and communication delay. However, the
system remains stable and controllable across all tested conditions. Velocity-sweep
experiments indicate noticeable formation deformation above 5-6 m/s, reflecting
controller bandwidth and relative-localization update constraints. Wind-robustness tests
(Figure 4) confirm stable operation under lateral winds up to 12 m/s, with proportional
increases in cross-track deviation and distortion but no divergence. Delay-injection
experiments show negligible impact up to 100 ms; delays of 150-300 ms introduce
gradual follower lag, while formation coherence remains preserved even at 500 ms. A
qualitative comparison with representative GNSS-denied multi-UAV systems shows that
the proposed approach achieves relative localization and formation accuracy
comparable to vision- and SLAM-based swarm methods, while requiring only a single
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onboard compute unit on the leader and no distributed perception or map construction.
Relative localization is directly integrated into the PX4 flight control loop for closed-loop
formation control, allowing followers to operate using onboard IMU, barometer, and
compass measurements together with relative position estimates. To complement the
simulation-based evaluation and verify practical feasibility, real-world flight experiments
were conducted using one leader and up to two follower UAVs maintaining
approximately 20 m vertical separation, with GNSS fusion disabled on the followers.
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Figure 4. Leader and follower trajectories for wind speeds of 0, 2, 5, 8, and 12 m/s,
shown in the leader’s camera frame. Each subplot displays follower positions at
normalized timestamps t={0.00,0.50,1.00} together with the time-averaged RMS drift
and formation-distortion values

The followers operated in position-control mode, relying exclusively on externally
injected relative position estimates computed onboard the leader. In the
stationary-leader single-follower experiment, the RMS localization error was 0.54 m (o
= 0.19 m), with peak deviations below 1.0 m over flights exceeding 60 s. In the
moving-leader two-follower experiment, RMS localization errors of 0.80 m and 0.65 m
were obtained for the two followers, with maximum deviations below 1.5 m and no
observable drift or estimator divergence. These results demonstrate stable multi-agent
relative localization and sustained closed-loop position control under real flight
conditions.

The main results of the dissertation are summarized in the Conclusion.

1. A fallback navigation system was developed and experimentally validated for
GNSS outages, enabling continued UAV state estimation and mission-level operation
using onboard inertial and optical-flow sensing, while maintaining controlled
performance degradation under partial or complete GNSS loss.

2. A real-time 3D object localization system was developed and experimentally
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validated, combining monocular vision with a gimbaled laser range measurement to
resolve scale ambiguity and recover metric target position through a defined coordinate
transformation chain from the camera frame to the global frame.

3. A leader-follower swarm navigation system was developed and experimentally
validated, in which relative position estimates computed onboard a leader UAV are
injected directly into follower autopilot position controllers, enabling coordinated
multi-UAV motion without direct GNSS dependency on follower platforms.

4. The developed fallback navigation, object localization, and swarm navigation
subsystems were integrated into a unified onboard UAV autonomy system for
operation in GNSS-denied environments.
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CaaksiH BapgaH
GPS-He3aBucuMmas cuctemMa no3smLuoHMpoBaHus 1 HaBUraumm
Pe3lome
AKTyanbHOCTb TeMbl: becnunotHble netatenbHble annaparbl (BMNJ/1A) wmnpoko
NPUMEHAIOTCA B 3afa4ax MOHWUTOPUHra, WHCMEeKuuW, KaptorpadmpoBaHus 1
NMOMCKOBO-CNacaTesfibHbIX  onepauuii.  ABTOHOMHOCTb  COBpeMeHHbIXx BMJ/IA B
3HAUNTENbHON CTEMNeHW OMUPAaeTCs Ha [N106a/lbHY0 HaBUraLMOHHYIO CMYTHUKOBYIO
cuctemy (GNSS), ob6ecneuvBatoLLyd OLEHKY MOMOXEHUS W ynpasfieHne MnofEToMm.
OpgHako curHasibl GNSS nogBepxeHbl gerpagaunm n norepe B C/AOXKHbLIX YC/I0BUAX
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akcnyatauumn(nnoTHas ropoackas 3acTpoiika, JlecHble MacCuBbl W 3aKpbiTble
NPOCTPAHCTBa), a TaKkke YsA3BUMbl K NpegHamepeHHbIM BO3AENCTBUAM, TakMM Kak
rnyweHne u nogmMmeHa. MNoteps GNSS npuBOAUT K CHUXEHUIO TOYHOCTW HaBurauum,
noKanusaumm 1 ynpasneHusl, 4To fAenaeT HEBO3MOXHbIM NPOAO/HKEHWE Muccun. B
CBA3M C 3TUM aKTyasIbHOW SBNSETCA 3afadva paspaboTKu WHTErpYpOBaHHbIX METO0B
HaBurauuu, fnokanusaumm u koopauHaumm BIJIA, obecneumBarolimx YCTONUMBYIO
aBTOHOMHYIO paboTy B ycnosusix oTtcyTcTBUA GNSS Kak [/18 OAMHOYHbIX annaparos,
Tak U 411 MHOTOareHTHbIX CUCTEM.

Ueno n 3agaunm wuccnegoBaHus: Llenbio aucceptauuoHHON paboTbl sBnsercs
paspabotka, peasm3aumsa U IKCNEPUMEHTa/IbHas BasMfauUs WHTErpUpPoOBaHHOM
cucTembl aBTOHOMHOCTM BIJ1A, coxpaHsioweli paboTocnocobHOCTb Kak Npy Hanmymm
GNSS, Tak n B ycroBusax eé€ oTcyTcTBus. Pa3pabarbiBaemasi cructema OpueHTpoBaHa
Ha MpMMEHeHMe Kak OAMHOYHbIX BI/IA, Tak M MHOroareHTHbIX chopmaunii u
obecneunBaeT HeMNpepbIBHOCTb MONETa, BOCMPUATMSA W KOOPAMHAUMKW Mpyu noTepe
rnobasnibHOM HaBUraumoHHOM KHopmaumn. Cuctema nogaepxusaeT NPOAOIKEHVE
MWCCWIA, NokanM3aumio O6GLEKTOB B peaslbHOM BPEMEHU 1 KOONepaTnBHOE NoBefeHNne
areHToOB Ha OCHOBE OOPTOBbIX W3MEPEHW/ W  COBMECTMMA C  OTKPbITbIMU
aBTONUIOTHLIMK NNatdopmamu, 4To obecneunBaeT eé NpakTUYECKYo NPUMEHUMOCTb.
[na [OoCTMXEHNA NOCTaB/EHHON Lienn B paboTe peLuatTcs cregytolme 3ajaquu:
1.MpoBeaeHne CpaBHUTENLHONO aHasM3a CyLLECTBYIOWMUX METOAO0B Hasurauun u
nokanusauumm, MNpUMEHUMbIX B YC/oBuaX oTcyTcTBusA GNSS, C BbisB/IeHWEM UX
TEXHUYECKMX OrpaHnyYeHnint 1 OLEHKON NPUIOAHOCTU A1A OTKPbITbIX Y MHOrOAreHTHbIX
CUCTEM.

2.MpoekTnpoBaHne U  paspaboTka CUCTEeMbl pe3epBHOII  HaBuUrauum,
obGecneunBatollein npogomkeHne nonéta BMJIA B ycnosuax otcytctBus GNSS, ¢
aKUEeHTOM Ha HafeXHOCTb, BbIYNC/IUTENbHYIO 3I(PAEKTVBHOCTL U UHTErpauuio B
CYLLECTBYIOLLYIO apXUTEKTYpY aBTonuiora.

3.MpoekTnpoBaHne N pa3paboTka cUCTeMbl TPEXMEPHOI /IOKaNIM3aLnm 06 bLEKTOB
B peasibHOM BPeMeHU Ha OCHOBE MOHOKY/ISIPHOW Kamepbl 1 TMpocTabunnsnpoBaHHOro
nasepHoro janbHomepa 6e3 1cnonb3oBaHWsA KapT MECTHOCTU M CBEAEHUIA O pasMepax
06bEKTOB, NPUroAHON A5 paboTbl B HECTPYKTYPMPOBAaHHbIX cpeax.
4.MpoeKkTupoBaHMe 1 paspaboTka cUCTeMbl KOONepaTUBHOI HaBurauun AnsA pos
BMN/A, rge ogyH YaCTUYHO JIOK&NIM30BaHHbIA WM yNpaBnsieMblii 0NepaTopoM areHT
NnoAfepKMBaeT ApyrMx 3a CYET nepefayn OTHOCUTESIbHbLIX OLEHOK MOSIOKEHUS B
ycnosuax otcytcTBua GNSS.

5.UHTerpayums paspaboTaHHbIX NOACUCTEM B €AUHYIO CUCTEMY aBTOHOMHOCTM
BM/1A 1 akcnepuMeHTa/IbHaA OLEeHKa e€ pa6oTbl B CUMYIATOPE U peasibHbIX
ucnbITaHUAX.

HayyHaa HoBu3Ha: HayuyHas HOBM3HaA AWCCepTauMoHHON paboTbl 3ak/yvaercs B
pa3paboTke cucTembl aBTOHOMHOCTM  BIJIA, ob6ecneuvBaiowein  HaBurauuio,
noKkanu3auuo uenein n koopamHauuio rpynnel BIMJIA B ycnoBusix otcyTcTBuss GNSS Ha
OCHOBE  OOpPTOBbIX  M3MepeHwiA.  [peAnoxeHHass cucTemMa  BK/IOYAET  Tpu
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(bYHKUMOHa/bHbIE MOACUCTEMbI, MpefgHa3HaydeHHble A1 paboTbl 6e3 MOCTOSHHOW
3aBNCMMOCTM OT CMYTHWMKOBOW HaBuraumu. PaspabotaHa cuctema pesepBHOW
HaBurauum, obecneumnsatowlas npogomkeHne nonéta BIMJIA npu otcytcTtBunm GNSS.
OHa 06beguHAET MHEpPLUasIbHYI0 HaBurauuio M OLEHKY CKOPOCTM MO OMTUYECKOMY
MOTOKY W NOAJepXMBaeT aBTOHOMHOE BOCCTaHOB/IEHME 6e3 UCMOMb30BaHUS BHELUHEN
WHPacTpyKTypbl. Pa3spabotaHa 6opToBas cucTeMa TPEXMEPHOW okam3aumm
06bLEKTOB, 06beAVHSALWAan HabMAEHNS C MOHOKYNSPHON Kamepbl U ga/lbHOMEpHble
U3MEepPEeHUsi, MNonyvyaemble C MOMOLLbI0 TMPOCTabuIM3MpoBaHHOK naatgopmbl. OHa
obecneunBaeT IOKaNM3aUMI0 Ha3EMHbIX LUeneii B peaslbHOM BpeMeHu 6e3
NCNO/b30BaHNA KapT MECTHOCTW, CTEepPeOo3peHus WM anpuopHoli MHGopMauum o
pa3mepax 06bekToB. Pa3paboTaHa cuctemMa KoopavHauum Tuna «BeayLUmii—Bea0Mblin»
ana rpynnbl BMJIA B ycnosusix otcytctBuss GNSS. OueHkM OTHOCUTESIbHOro
NonoXeHns, BbluuCNseMble Ha 6opTy Begywero bBIMA, ucnonb3ylotea  Ans
hopMMpOBaHMA  HaBUTaUMOHHbIX KOMaHg, A1 BefOMbIX [POHOB, o0becneunsas
corsiacoBaHHbIi NONET 6e3 npsiMoli 3aBMcMMOCTM 0T GNSS.

MpakTnyeckasa 3Ha4YMMOCTb: Pa3paboTaHHble pelleHns peasi3oBaHbl Y NPOBEPEHbLI B
Xofie OOLVPHBIX 3KCNEPUMEHTOB Kak B CUMY/ALMOHHON cpefie, Tak U B peaslbHbIX
ycnosusax Ha paspabotaHHbix BIJ1A, ncnonb3yrowmx astonunor PX4. MNpegnoxeHHas
cMcTeMa aBTOHOMHOCTM pacLUMPSAET BO3MOXHOCTM CYLLEeCTBYIOLWEro aBTOMUIOTHOIO
NporpaMMHOro obecrneveHnss 3a CYET peanu3auuy pe3epBHOW HaBurauum, 60pPTOBOWA
noKanMsaumu ueneil M MHOroareHTHON KoopauHauuu, obecneumsBas NPOJOHKEHME
oyHKUMOHUpoBaHua BIJIA B ycnoBusx OTCYTCTBUSI UM gerpagaumm CnyTHUKOBOM
Hasurauuun. Pe3epBHan HaBurauus obecneyvBaer NPOAO/HKEHNE BbINOMHEHNS MUCCUN
npu HegoctynHocTn GNSS. BopToBas Nokasmsauns Lenein obecneunsaeTt nonyyvyeHne
METPUYECKUX KOOPAUHAT OOLEKTOB 63 MCMO0/b30BaHNA BHELUHEN MHDPaACTPYKTYpbl U
anpuopHbIX KapT MEeCTHOCTW, 4YTO MO3BOMSAET paboTatb B paHee Hewn3BEeCTHbIX
ycnosuax. KoopguHaumsa rpynnbl BIMJIA Ha OCHOBE OTHOCUTESIbHbIX COCTOSHWIA
obecneunBaeT YCTOMUMBLIA  rpynnoBoii nNonét 6e3 HeobXoAUMOCTM  TOYHOrO
r106aN1bHOT0  MO3UUMOHMPOBaHWA. [1pef/IOKEeHHbIe PEeLIeHNs WCNOMb3YT TOMbKO
CTaHfapTHble 6OpPTOBblIE [AaTYMKN W  BbIYAC/UTENbHbIE pecypcbl U MOryT ObITb
WHTErpMpoBaHbl B cyluecTBytowme nnardopmbl BIJIA 6e3 cylwecTBeHHbIX NU3MEHEHWIA
apXuUTEKTypbl aBTonuIoTa.

CTpyKkTypa paucceptauum: [nccepraumoHHas paboTa opraHusoBaHa CnegyloLmm
obpasom. Bo BTOpOl [f1aBe paccMaTpuBaloTCA COBPEMEHHbIE WCCNEf0BaHUA B
obnactm HaBuraumm 6e3 GNSS, BM3yasibHOW JOKaM3auMM W KOOpAMHALWMM pos,
hopmmpyloLme TeOpeTUYEeCKyl0 OCHOBY MCC/IefoBaHusA. B TpeTbei rnase W3/oXeHbl
OCHOBHbIE MPUHLMMNBI NOCTPOEHNS pa3paboTaHHbIX aBTOMUAOTHLIX cuctem BIJA,
BK/IIOYAA apXUTEKTYPY OLIEHKM COCTOSIHMS W YNpaB/eHus, a Takke aHaInsvpyoTcs KX
BO3MOXHOCTU B ycnoBuax otcytcTeusa GNSS. B rnasax 4—6 npegcras/ieHbl OCHOBHble
pesynstarbl paboTbl. Kaxgas 3 rnas nocBslleHa 04HOMY U3 KHOYEBbLIX KOMMOHEHTOB
NpPea/I0XEHHON CUCTEMbI - PE3EPBHOW HaBuUrauum, TPEXMEPHOW /IoKann3aumm 06beKTOB
N KOOpAMHAUMM PoS - U BKOYAET ONMCaHne apxXMTeKTYpPbl, aifOpUTMOB, peasim3auumn n
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9KCMepUMEHTaNbHON OueHKM. B 3aknouutensHol, cefbMoW rnase, 0606LaTcs
noslyyeHHble  pesy/nbTatbl U (QOPMY/IMPYIOTCA  HampaefeHus  JasibHenwmx
nccnefoBaHuii.
Uwhuwljud Jupnub
GPS-hg wmaljuhu mtnnpnydua b twmJhgqughuwih hwmiwljwupg
Withnthwghp
Ptduyh wpnhwjwinipinitip: Whonwyni pnmn uwnpptppn (WETU)
winpkl  Yhpwnynmid GG dnbhpnphighmbthuthjuiub  qbbdwb,
pupmtqugpiutt UL npnOnnuthpupupuwubt  wphiwnwbpitnnid:
dudwbwluyhg UWU-ttph hbpbwdunnipniipn dtéwwbu hhdtdws kb
gqmnpw] Gwyhqughn wppuiyjuyuht hwdwlwupgh (GNSS) ynw, npp
wwwhnynid E nhpph qwhwwmnidp W pnhgph Junwyjwnnidp: Uwuyh
GNSS wqgnuipwblitinn huinghih G W Ywpnn &G howpwpdtp jud
wupnnonipjudp Unpuyly pwnpn pwhwgnpodwd wwydwbbbtpnid, wn
pUmd’  huhw  punupuyhl  dhowduwypnid, whwwnibtpnid W thwy
mwnpwoplhtnnid, hiyytu twl Juithwdnwoyud wgnbgnipnibadbtph’
hugdiwtt b uwyniphigh wpnynidpnid: GNSS-h Unpniunp hhwpwnnid b
twyhqughwil, wbnnpnpnidp U Jwnwdwnpnidp® wbhiwp nwpabbinyg
wnwpbnipjul  wpniiwynidp: Wu hwdwnmbtpunnid  wpnhwjud b
WEU-Otph  hwdwn Gwyhgughwih, wbnnpnpdwt W Ynnpnhtitwghwyh
htwnbgnywsé dtpnnbtph Wwlydwd hubnhpp, npnip juwwwhnybtd Juynid
hptwdun wphiwmwiip GNSS-h puguwjuwnipiud yuydwhdtpnid™ htyuytu
wnwdaht uwpptnh, wytwtu b Gpudwght hwdwwupgbph hwdwn:
Jbnmuwgnunipjuii Gywwmwulp b hGnhpatpp: Untbwhinunipjud
fTuyumuyp wlonwyny lengynn uwnppbnh (UreU) hwmbkgpywod
hophwjupnipjui hwdwwngh wln1ua, hnpwagnnpénidh nL
thnpawnpwpwlw@ Juybtnpwugnidd k, npp Jupnn b gnpoty htypuytiu GNSS-h
wnuwynipjwul, wbtwhbu i npu pugujuinipjud wuwydwbibnnid: Upwlynn
hwdwlungp twhwnmtujwéd k' Ghpundwl hwdwn hiywybu wnwbaha
W(3U-Utnh, wydwhbu b WEU tpudbtph nbwypnid L wywhnynid k pnhgph,
qiuwhwniwt w Unnpnhiwghwjh wanpnhwwmnipinian qnpw]
twghgqughnt wbtntjuwmynipjul Ynpunmh wuwydwbbbpnid: Qwdwujungn
wwwhnynid E wnwpbinipjud wpnibwlnidp, opjtywmbtph hpwlwub
dudwiwyh mtnnpnpnidp b kpwdh Ynnwybpuwmhy Juppwughdn' pnpuught
suthnidtph hhdwb ypw:
Yn dGyumwyh hpwjuwiwgdwd hwdwn htmwgnnnipinidnid niéynid to
httmlyw) huinhpttpp®
1.GNSS-h pugujunipjuil wwdwiitpnid Guwyhqughuyh W
wmbnnpnydwt gnnipinit nidtignn dhpnnatph hwitdwnmwljuwb
Jbapnidnipjub hpujuawugnid® nnubg wbthuthjuywubd
uwhdwlwthwlnidttiph  pwgwhwwmiwdp, pwg Unnny L Gpudwghh
hwdwlungbpnid jhpwunbihnipjud ghuhwndwdp:
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2 Mwhbumuyht twJhqughuyh hwdwlwupgh YWwlynid U
hpujwiwgniy, nnnp wwwhnynid E W(U-h Pnhsph
ounniiwluluinipiniin GNSS-h pwgwlunipjul wuydwbbtpnid”
ctopmwnnbny hniuwihnipinilp, hupyunuyhtt wpynidwybmnipinin
htwnbgnnidp gnjnipynilt nidtignn wywmnwhinmh Gwpumwpuytinnipjud
ube:

. hpujuet  dJudwbiwlynid opijmatiph GtGnwgsuth wmbtnnpnyuwa
huwdwjupgh Gwhiugdnid b Wuwlnid® hhdijwd wmbtuwhighh W
ghpnunmwphjugywsd  Jjugbpuyh@t htnwywithh Jpu® wnwlg wmbnuiph
pupmtqibnph W opytymbtph swthtph dYwuhl wmyjwidtnph ogmwugnpodw,
npp Yhpwntih Fshupquynpjwusd dhewuyptipnid:

4. W (U tipuih hwdiwp hwpwpipmjui mtnnpnydwa Ynnytipumhy
twhqughuyh hwdwuwpgh Gtwhiwgdnid b Wuwynid, nph ntypnid
Uty dwulwyhnptt mbnnpnpywd Juwd owbpwwmnph Ynnuihg unwywnynn
UEU-0 wmowlgnid E dniubtinphtt® GNSS-h pugwljuwynipjul wuydwbitpnid
hwpwpbpwwh nhpptinh gbwhwnmwwbttph thnjuwbgdwt thongny:
5Unwowipyud  pninp  Gipwhwdwljupgtph hmbgpnid 0k
thuwutwljué hwdiwlwupgnid, npu whiwnmwiph thnpdwpwpuwuh
qiuwhwwmnid vhunijjuwmnph L hpujuwd wphuwphh thnpédwpyniddtpnid
Qhnmwljui  Gnpnypnp:  Unbtluhununipjul ghnwu Gnpnypen
Juywinid F wblonuwgni pnmn uwppbph (WEU) hipbwjwpnipjwub
hwdwljungh WHuwldwd dte, npp wywhnynid £ Gwghqughw, opjijmttinh
wmbnnpnpmid b WU hudph Ynnpnhiwwghw GNSS-h pugwljuynipjub
wuydwbhbtnnid® pnpuught quthnidbtph hhdwt  Jpu:  Unwewnlynn
hwdwlungn Gbpwnnid b tphp $nibyghntw; Ghpwhwdwlwunpg, npnip
whuwmbuywo G wphuwnmbint wnwbg wppwywuyhtt Gwyhqughwhg
wWunwjut JwhiJwonipyul: Upwlylk ' wwhtumwhdt Gwyhgqughuygh
hwdwlwung, npp wywhnynid b WEU-h pnhyph pupniwjuljubnipinin
GNSS-h puwgwlwnipjud wwydwadtnnid: Yo dhwdnpnid k' hdtpghug
twdhgqughwt W owwhjwiywh hnupny wpwgnipjud gbwhwwmnidp W
wwwhnynid t htphwjwn pnhyp wnwag wpmwuphd Ghipwljunniguodph
oqumugnpoéiw@: Upwlyh] b Gnweywth wmbnnpnpywt hwdwlwng, npp
dhwynpnid ' wbuwhughYh nhunwpynidotpp b ghpnumwphjugyuwd
hwppwyh Jhengny uwmwgynn hbnwywthuwght  suthnidbtpp:
wwwhnynmid F  dhipgbniyju opytymbtph wbnnpnpnidp hpwlwh
dudwiwuynid” wnwig mtnwiph pupmtqatph, untpbnmbtunnnipjud jud
oppijmbtph suthtph dwuhl wwphnph  wyjuybtph ogumwgnpddwb:
Uowlyt] E «wnwelinpn-htwmlunpn» wmhwh Unnpnhtwghuwh hwdwlwng
WU hadiph hwdwp GNSS-h pugwuwnipjud wujdwhttpnid: Unwetinnn
WU-h Jpw hupyuplynn hwpwpbpuywbd nhpph qlwhwnnidbbpp
oqumugnpoéynmid G htimbnpn WEU-Gtph hwdwp Gwghqughni
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hpwhwbgbtph aLwnpdwd dGwwmwyny wwwhnybny hwdwawibgywud
Pnhsp wnwilig GNSS-hg ninhn juhujwoénipjwi:

Anpdhwjue Gubwynipinitp: Upwljjud nidénidbtpnpn hpuwbwgybp
W thnpadwnpyyty &b htywytu uhunijughnt dhowjwypnid, wybwtu i hpwwh
W(3U-Gtnh ypw, npnp ogmugnpoénid G PX4 wymnuhinnp: Unwewnlynn
hophwjwupnipjuit hwdwlwnpgn ponutnmd b gnnipynid  nibbtgnn
wymnwhinnmuht  Spugpuyht wywhnydw  hhwpwynpnipmniadbpp’
wwwhnytingy wwhbunwht  twdhgughw, opjtiwmitnh pnpuwght
wmbtnnpnpnid L Gpuwdh Ynnpnhtwghw, htgn pny] £ wmwihu WEU-Gtpht
>upnniwll; wphiwwmwtipn GNSS-h pugwuynipyjul jud nbgpunugdw
wwydwhbtpnid: Muwhbtunmuwht twyhqughwt wwwhnynid E
wnwpbnipjul pwupnibwlnidp GNSS-h wihwuwbbihnipjult nbtwpnid:
Opjtynitph  pnpumuyht  wmbnnpnpnidp wwwhnynid k' opjtmbknh
dtmmphliuywb Unnpnhiwwmbtph umwgniin wnwbg wnwnwphl
kipwlwnnigyuwéph W wwphnph pwpwmbtqbtph ogquwagnpddwl, hign
htwpwynpnipinitth. F wwhu  whiwwmb] Gwhiihinid wdhwyn
wuydwhbtpnid: WEU hudph Ynnpnhitwghw hwpwptpuua yhawyitknh
hhdwd ypw wywhnynid  juyni@ udfpuyghll pnhgp” wnwbtg 62gphwn ginpug
wmbtinnpnpdwh whhpwdtomnipjuis: Unweownliyuod nLonidttpn
oqumugnnpéniyd Gl thuwyl uvnwbnwnpwn pnpumught myhyitp L hwpywnluyht
ntunipubtp WL Ywpnn GO hbntgpytp gnynipnit nibdtgnn WU
hwdwlwungtnh dte” wnwtg wjymnwhinunnh Gwpnmwpuwbnnipiud fuljul
thnthnhunipinidbbtph:

Wwnbtiwhinunipjui junnigyuwdpn: UWnbklwhinunipiniip jugqigws k
htmlywy Ytpw: Gnupnpn qgqhunid GGpugyugynid G GNSS-hg wblwh
ttwyhgughwh, wbunnuiwih wmtnnpnpywd W Gpwdh Ynnpnhbwghwjh
nnpunid  dudwbwlwyhg hbwmwgnunipnibditnpn, npnip Jugqunid o
niunidbwuhpnipjul mbuwwb hhipnp: Gnpnpn gilunid Gtpuwyugynid Go
hwynth YU wywnnwyhnunmuwht hwdwwupgtph junnigdw@ hhdtwlut
ulygpnilpltipn® Gtpwnyw; YJhGwyh gbwhundwd UL Junwdupdwb
twpumuwpuwbwnnipinilpn, hiywbu Gwl  Japmoynmid &G npubg
htwnpwynpnipinihdbtpn GNSS-h  pwgwlwnipjull  wuydwhbbpnid:
Qnppnpnhg Jtgbpnpn  guniputtpmid Ghpyuyugduwd i wphiwwmwdph
hhiwliwd  wpnyniopbbpn: Snipwpwiygnin  gmniju ayhpywod E
wnweownyynn  hwdwlwnpgh  hhdbwlywd pwnunppysiitphg JdGyh’
wwhtiumwht Gwyhqughwyhl, opjtjmitinh tGnwsuth wbtinnpnpdwin W
Enwudh Unnpnhiwghuyht, VR tbpwnnid E hwdwljungh
twnpumupuwbnnipijwd, wignphpditnh, hpwgnpddwd W hnpdwpwnpwwh
qwhwmdwd GYupwgpnipniin:  Ggputhwlhy npbpnpn gundd,
wuthnihynid GG unwgywéd wnpnynibpdtpp L abwlbpyynid &G hbnmwugw
htnmwgnnnipjud hhdtwlwbh ninnnipiniabtpn:
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