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Abstract

Unmanned Aerial Vehicles (UAVs) are currently becoming dependent on real-time
video to be used in activities like surveillance, inspection, monitoring and situa-
tional awareness. These applications put a severe constraint on the low-latency live
video delivery, consistency of onboard recording, and uniform correlation of visual
data and telemetry data. Traditional UAV video systems usually provide streaming
and recording as two different pipelines, thus resulting in poor use of resources and
difficulty in ensuring synchronization on embedded systems. This thesis introduces
a design and analysis of an integrated video processing system in UAVs that will
provide them with the ability to stream video in real-time and record videos on com-
mand within the same unified multimedia pipeline. It is built on a NVIDIA Jetson
platform on an NVIDIA GStreamer platform and with camera capture, telemetry
and timestamp overlay, hardware-accelerated H.264 encoding as well as a branch of
the pipeline with a tee element. Live video is transmitted to a Ground Control Sta-
tion in a browser based application via the Janus Gateway via WebRTC and onboard
recording can be enabled and disabled without affecting the live video. In order to
have a steady geotagging process, timestamps and telemetry information is added to
the video frames directly, both streamed and recorded outputs can retain the same
visual metadata. Functional verification and quantitative analysis of performance
are the means of evaluation of the system. The GStreamer latency tracer is used to
measure internal pipeline latency and indicates low and predictable processing delay
in pipelines (streaming and recording). The end-to-end frame continuity analysis
makes sure the video delivery is stable with zero frame drops in the steady-state
mode. Frame rate analysis indicates that performance is stable and on par with
real time requirements and the amount of resources used is within the reach of the
embedded platform. The findings confirm that a single and hardware-accelerated
multimedia pipeline could be effectively used in supporting real-time video stream-
ing, onboard recording and telemetry overlay on the resource-constrained UAV sys-
tems. The given architecture offers a scalable and robust architecture to UAV video
applications with low latency, consistency of synchronization, and flexibility.

Keywords: Unmanned Aerial Vehicles, Real-Time Video Streaming,
Geotagging, GStreamer, Jetson Nano
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1 Introduction

Unmanned Aerial Vehicles (UAVs) have indeed revolutionized a broad scope of civil-
ian and industrial activities. UAVs’ ability to access difficult or inaccessible areas
has been a major advantage. As drone technology continues to advance, the need
for intelligence and sophisticated sensing capabilities also continues to grow beyond
merely navigating the drone. Among the most critical sensing capabilities of UAVs
is video sensing. A video log collected from UAVs accumulates a plethora of infor-
mation, enabling the user to assess the situation, confirm objectives, and respond
to any changes in the environment in real time. The video stream also possesses a
plethora of contextual information and situational cues that might otherwise be dif-
ficult to interpret from other sensing data, thereby becoming a critical component
of UAVs, particularly when a human in the loop or a human judgment becomes
critical [19].

Embedded computing plays a huge role in the processing of video data in UAVs.
The older UAVs used relatively simpler camera systems that streamed the video
straight down to the ground in its raw form, possibly compressed a little, and there
was virtually no processing on the ground. The newer UAVs, on the other hand, are
becoming more harnessed with a computer embedded within that can run a multime-
dia pipeline with on-board capability, thus reducing the dependency on processing
on the ground [47].

However, there are a number of technical issues that are related to the implemen-
tation of real-time video processing for these UAV platforms. The UAV companion
computer has limited computation, power, as well as cooling capabilities. On the
other hand, video processing activities such as decoding, conversion, rendering, en-
coding, as well as network transmission are not only computation motor but also
transmission time-sensitive. With a need to establish a system that will be able to
handle real-time requirements while at the same time ensuring that it is reliable in
operation, it is important that a selection of levels be carefully considered [4].

Along with the video, UAVs also generate copious amounts of telemetry data such
as navigative data, sensor data, and system health data parameters. Telemetry data
may also provide vital spatial and temporal background for the video, which may
prove to be of considerable importance in the use of the video when location, al-
titude, or time stamping of the video is of primary importance. For example, in
an inspection or disaster relief situation, the time and location stamp of the video
frame may be of equal importance to the actual video. Although telemetry data is
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1 Introduction

of primary importance, the same can also be treated as a separate entity of data,
which may or may not be stored or transmitted on the same channels as the video.
This may prove to be a drawback in the effective and easier handling of the UAVs
for the purpose of real-time analysis and post-mission analysis due to the need to
incorporate additional synchronizing and special tools for the purpose of mapping
the video and telemetry together. When the video is transmitted live and also stored
on the UAV, the problem becomes even more complex because the synchronizing of
the outputs cannot be maintained easily.

One major challenge associated with UAV video systems is that there is often
a coexistence between video recording and video streaming, and such coexistence
is often in a way that leads to competition for attention. There is a need for low
latency in video streaming to ensure real-time awareness at the Ground Control
Station, whereas there is a need for reliable video recording for post-flight analysis.
However, most video systems are designed to focus on one goal at the expense of
the other or use two separate paths with similar processes, making them inefficient
for UAVs.

Aside from this, the relationship between operators and UAV video systems has
evolved to a more web-centric approach, with an emphasis on simplicity and user-
friendliness. GCS now runs in a browser, so there is no need to install special
software to view video or send control commands. However, making these simple,
lightweight video and control interfaces work with low-latency video feeds, as well
as on-board recording and control, presents new challenges [10].

In these realities, there is clearly a need for a single UAV video system that can do
real-time video streaming, on-demand video recording, and synchronized telemetry
integration without sacrificing any of these capabilities due to constraints imposed
by embedded systems. Such a system should be balanced between performance,
flexibility, robustness, and usability in order for it to be expandable in the future.

This thesis will answer these questions with the development and application of
a video processing framework, one that is modeled after the process flow of an
autonomous UAV. Hardware-accelerated multimedia processing, modularity, and
network/web technologies will be used to achieve real-time video streaming, as well
as the capability to record video and even geotag it. The sections that follow will
provide more background information to assist with the development of the problem
statement and the study’s objectives.

1.1 Background and Context

Unmanned Aerial Vehicles, also known as UAVs, began as a small-scale research
project but has since grown into an integral part of daily life, used in a variety of
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1 Introduction

civilian and industrial settings. Its ability to maneuver and operate in 3D spaces,
reach areas that are difficult to access, and act as a sensor has led to its adoption for
tasks like monitoring, disasters, search and rescue, environmental tracking, farming,
and surveillance. As UAV technology continues to advance, the need for more au-
tonomous, intelligent, and advanced data handling is also increasing [16].

Video capturing and streaming is at the core of most UAV flights today. View-
ing video provides a clear and intuitive understanding of the environment, which is
difficult to achieve through other means of sensing, as they do not provide an un-
derstanding of how things are arranged and look and move in an intuitive fashion.
This is why video streaming is such an essential part of UAVs today, particularly
when there is a human involved [50].

With the continued evolution of video processing, the UAV systems produce mas-
sive amounts of telemetry data, which is extracted from navigation sensors, inertial
measurement units, and system monitors. The aerial video becomes relevant when
placed within the context of geographic coordinates, altitude, orientation, and time,
among other factors. For example, in inspection and disaster response missions,
having the exact location and time of every frame of the video is important.

This is particularly true with regard to the telemetry, as it is often treated as
a separate entity from the video. For instance, most systems have the telemetry
recorded separately, and this means that there is a need to match the video with
the corresponding telemetry. As the complexity of the system is increasing, it is
becoming more difficult to keep the outputs of the system in sync and consistency.
The fact that the video is often streamed and a local copy is also recorded on the
vessel complicates the situation.

Another part of the context is the dual requirement for live video streaming and
on-board video recording. Live video streaming is focused on low latency, enabling
video to be sent to the Ground Control Station quickly in order to react to what
is happening in real time. On-board video recording, on the other hand, is focused
on high reliability, making sure that the video is not lost when there is no or poor
network availability. However, attempting to fulfill both requirements with a single
solution is not straightforward, especially on resource-constrained platforms.

On an operational level, web-based GCS are also becoming more popular in the
modern UAV systems. Platform-independent access: Browser interfaces make it eas-
ier to access UAV video systems by using common technologies, particularly since
they are platform independent. Reduced deployment complexity: Browser-based in-
terfaces enable the operator to interact with the UAV video systems with common
technologies. The onboard processing, media servers and client-side technologies
have to work closely to integrate real time video streaming, recording control and
telemetry visualization with such interfaces. It is within this larger context that a
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1 Introduction

definite moving trend towards unified and modular UAV video architectures that
are capable of efficiently managing the multiflow of data and which remain robust
and flexible have emerged. These architectures should combine video processing,
telemetry processing, and network streaming in a coherent way that does not re-
dundantly perform computations nor give different behaviour to live and recorded
results.

This is the background leading to the work in this thesis. Through the applica-
tion of contemporary embedded computing platforms, hardware-based multimedia
systems, and uniform networking systems, the proposed system will meet the dif-
ficulties involved in the concurrent streaming of video and recording of video with
in-built geotagging. The subsequent paragraphs elaborate further on the underlying
motivations, problem formulation and the goals between which the research will be
directed.

1.2 Motivation

Real-time video is an important facility in UAV-based applications like surveillance,
disaster management and defense whereby operational decision making is directly
backed by timely visual information. Live video streams, in such a case, allow the
operators to evaluate the changing conditions, react to threats and organize the ac-
tions effectively. Real-time information streaming to the Ground Control Station is
thus necessary to have a situational awareness when executing missions.

Besides the real-time monitoring, post-mission analysis is another need of high
importance. Aerial video that is recorded is common to watch the flight path and
assess the outcome of the mission and assist in a more in-depth analysis once the
mission has been completed. Video data that has been annotated with geotagging
data, such as timestamps, geographic position, inertial metrics that allows more
powerful analysis tools, including GIS-based visualization, synchronized replay, and
precise spatial referencing. Metadata-containing recorded video is also verifiable ev-
idence in security and law-enforcement uses, so the data integrity and contextual
completeness is very important.

Nonetheless, not all current UAV video systems have been engineered to promote
real-time streaming and onboard recording in such a way that it can proceed in one
unified and cost-effective form. Streaming and recording are commonly thought of
as dissimilar functionalities in that the processing phases are repeated, and embed-
ded computing resources are ineffectively utilized. Moreover, telemetry data is often
processed as another stream of data, and more other data synchronization processes
must be performed in the course of post-processing, making the system more com-
plex.
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1 Introduction

This is especially important to embedded UAV systems like the NVIDIA Jetson
Nano, where computation resource, power consumption and thermal limits need to
be highly considered. The use of several pipelines with the independence or the use
of ground-side post-processing is not best suited to these platforms. Hence there is a
definite requirement of an integrated video processing platform to enable sustained
real time streaming, on-demand onboard recording and synchronized geotagging in
a unitary, effective architecture.

This thesis is driven by the fact that such issues need to be addressed through
the design and implementation of a system capable of supporting low-latency live
streaming, selective onboard recording, and embedded telemetry overlays on em-
bedded UAV platforms. This kind of system improves real-time decision-making on
the flight and makes sure that the recorded information could be understood and
interpreted in an immediate way and could be utilized in the post-mission analysis,
visualization, and storage of evidence.

1.3 Problem Statement

Although there is a great improvement in UAV platform, embedded computer and
multimedia system, none of these has a combination with a solution that is efficient
to support real time video streaming, on board recording and synchronized geotag-
ging with in the same system. Current UAV video systems tend to meet these needs
in isolation which leads to fragmented architectures that are hard to scale, maintain
and run on resource limited platforms.

An underlying issue is that streaming and recording pipelines are separated. In
many UAV systems, live streaming and onboard recording are separate processes
that both have a decoding, processing, and encoding process. This method results
in wastes of computing, power, and complicates the system, which does not fit the
embedded companion computers like the NVIDIA Jetson Nano. This consequently
results in low levels of system stability and performance in real-time when run con-
tinuously.

The other problem is related to the inflexibility in terms of recording in the case
of live streaming. In most current applications, recording has to be set on per-
manently or triggered prior to the commencement of the mission. This inflexible
approach restricts flexibility of operations and causes an inefficient utilization of
onboard storage because non-critical parts of the flight are needlessly documented.
The fact that real-world missions on UAV video systems cannot be effectively used
dynamically due to the inability to start and stop recording without interfering with
the live video stream.
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1 Introduction

Telemetry and geotagging data also makes the issue more complicated. Time, po-
sition and orientation Telemetry information can be stored independently of video,
or sent via other channels of communication. The separation adds a synchroniza-
tion problem and needs further post-processing so as to match telemetry with the
video recorded. When used in a more surveillance, inspection and law enforcement
context, this absence of a direct connection lowers the immediacy and reliability of
video-based evidence and analysis.

System integration-wise, there is also no cohesive, operator-friendly interfaces
that can join live video visualization and recording control and telemetry awareness.
Proprietary Ground Control Station software or custom client applications make
deployments more complicated and reduce their accessibility. Short-latency stream-
ing technologies and embedded video pipelines need to be carefully integrated with
web-based interfaces to be a promising alternative.

Combined, these problems demonstrate the lack of a single, resource-efficient UAV
video system that allows unlimited low-latency video streaming, on-demand, on-
board recording and synchronized, onboard geotagging on embedded systems. The
solution to this issue is to have a system architecture that reduces the processing re-
dundancy, takes advantage of hardware acceleration, places telemetry into the video
stream, and offers flexible operator control with standard interfaces. The thesis will
attempt to solve these problems by coming up with a design and testing such a
system on an embedded UAV platform.

1.4 Research Objectives

The main aim of the thesis is to improve the UAV video streaming subsystem
through creating a unified and effective solution that will allow real-time video
streaming and onboard recording in parallel by utilizing the use of GStreamer mul-
timedia system. The system will address the weaknesses of currently used streamer
modules by combining them in a single processing pipeline, therefore, eliminating
the need to repeat computation and enhancing efficiency of the whole system on
embedded UAV systems.

One of the aims is to stay on low-latency real-time video transmission between
UAV and Ground Control Station. The system is also developed in such a way
that it can provide ongoing live video streaming on the mission execution, despite
the onboard recording being on or off dynamically. The goal is used directly in
real-time decision-making in applications like surveillance, disaster response, and
defence, where the timely visual feedback is important.

The other significant aim of this work is the addition of the geotagging informa-

15



1 Introduction

tion based on the GPS location to the video stream. The middleware abstraction
layer provides telemetry data which is then periodically obtained and inserted into
the video pipeline at a predetermined update rate of about 200 milliseconds. This
information can be placed directly into the video stream as visual overlays to provide
synchronized spatial and temporal information of both live streaming and recorded
video without the necessity of post-processing synchronization.

Resource awareness and efficiency is another key goal of this thesis. It is devel-
oped in such a way that the system can work under the computational, power, and
thermal limitations of the NVIDIA Jetson Nano platform. This task is covered with
the special attention to pipeline design, reuse of processing stages, and dependence
on accelerated-hardware video encoding. To make UAVs practical, stability in op-
eration when subjected to persistent streaming workloads and recording workloads
is a requirement.

Lastly, the thesis will also be used to test the proposed system with extensive
performance testing and evaluation. This involves testing functional correctness
during the live streaming and recording, and testing performance of the systems
based on the suitable evaluation measures as latency, frame continuity, resources
usage and stability under diverse operating conditions. The effectiveness of the sug-
gested approach is evidenced through the systematic experimentation and analysis
in comparison to currently applicable solutions.

The combination of these goals helps to design, implement, and evaluate the
proposed UAV video streaming and recording system so as to ensure that it meets
the practical operational needs as well as the constraints of the embedded platform.

1.5 Thesis Outline

This thesis consists of seven chapters that discuss a particular subject of the design,
implementation, and evaluation of a system to stream and record videos simulta-
neously with geotagging of autonomous UAVs. In chapter 1, the research topic is
presented and the background of the research, motivation, problem statement, and
objectives are stated on which the work is guided. It creates the necessity of an inte-
grated and resource-efficient system of video transmission on the UAV which could
provide a real-time video stream, video recordings onboard, and video integration
with telemetry. Chapter 2 introduces the basic concepts that are applicable in this
study. It talks about UAV architecture, onboard video processing, idea of real-time
streaming, video recording format, telemetry, and geotagging systems, and embed-
ded platforms of GPUs. This chapter gives the theoretical and technical context of
this design in subsequent chapters. The state of the art of UAV video streaming sys-
tems, multimedia pipelines, hardware-accelerated encoding, and aerial geotagging
solutions is also reviewed in Chapter 3. The current methods are examined and the
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shortcomings of these are discussed which results into the research gaps covered in
this thesis. The chapter 4 explains the system concept and the general architecture
of the proposed system. It describes the UAV software architecture, describes the
meaning of simultaneous streaming and recording, the GStreamer pipeline layout
and the methodology applied in integrating telemetry. There is also a discussion
on the design constraints and trade-offs. Chapter 5 dwells on how the proposed
system should be implemented. It details the development setting, pipeline im-
plementation of multimedia pipelines, network streaming with RTP and WebRTC,
onboard recording, telemetry acquisition and overlay combination and system ro-
bustness systems. Chapter 6 gives the experimentation findings and the analysis of
the adopted system. The latency, frame continuity, resource usage, and telemetry
synchronization are some of the performance measures that are studied, and the sys-
tem is found to compare with the current methods. Limitations that are observed
are also discussed in the chapter. Chapter 7 is the last part where the thesis is
concluded summarizing the main findings and contributions. It also gives possible
areas of further work such as extensions of metadata manipulation, communication
technologies and scalability of the system.
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The chapter introduces the preliminary ideas and technical infrastructure needed
to comprehend the design and application of the proposed system of simultaneous
video streaming and video recording in autonomous UAVs with geotagging. Al-
though Chapter 1 introduced the motivation and objectives of the research, this
chapter offers the theoretical and architectural background in which the proposed
solution is developed. The chapter starts by giving a summary of UAV system
architecture, which identifies functions of flight controllers, companion computers
and onboard sensors. It then presents the concept of video processing in UAV and
real-time video streaming, and the most used recording formats. The chapter also
explains the basis of telemetry and geotagging and embedded GDP onboard proces-
sor platforms. Combined, these themes provide the foundation of the system design
and implementation decisions that follow in the following chapters.

2.1 Unmanned Aerial Vehicle Architectures

Architectures Unmanned Aerial Vehicles are commonly designed to consist of sev-
eral closely coupled subsystems that together permit autonomous/semi autonomous
operation. On a higher level, a UAV system may be broken down into the ground
segment and the airborne segment that are connected together by use of wireless
connections as depicted in Figure 2.1. The airborne segment comprises of flight
platform, onboard computing units, sensors, and communication interfaces, and the
ground segment comprises of Ground Control Station and operator interfaces [47].

The flight controller is the heart of the airborne part and is the controller in
charge of flight stabilization, flight navigation and flight control of the aircraft and
so on. The flight controller works with information given by inertial sensors, that
is, accelerometers and gyroscopes, and positioning sensors, i.e., GPS receivers. On
this information, it implements control algorithms in ensuring stable flight and in
following premeditated paths. Flight controllers are typically optimized to act in a
deterministic manner and not focus on high computational throughput due to strict
real time needs.

Besides the flight controller, companion computer is becoming a common compo-
nent of modern UAVs to perform tasks of high-level and computational complexity.
The companion computer works in combination with the flight controller and handles
the duties of video processing, external system communications, mission planning,
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Figure 2.1: Block diagram of various modules in drone and the signal flow [24]

and data recording. The companion computer, in contrast to the flight controller, is
usually a full operating system, like Linux, and can be used to support complicated
software stacks and applications.

The architectural principle that ensures the flight controller and the companion
computer are separated is a major one in the operation of contemporary UAV sys-
tems. Giving the companion computer some of the non-critical and high-level jobs
to do will allow the flight controller to stay concentrated on time-critical control
loops. This division also facilitates increased flexibility in the design of a system
since companion computer software is able to be changed or expanded without al-
tering flight-critical hardware.

Another necessary element of UAV architectures is onboard sensors. Besides nav-
igation sensors, UAVs can also have cameras, range sensors and environmental sen-
sors in order to sustain mission-specific tasks. More specifically, cameras produce
huge amounts of data and it necessitates its own processing pipelines to support
real-time streaming, recording, and analysis. Onboard video processing and less
reliance on off-board computation is made possible by the introduction of camera
sensors to the companion computer.

The communication between the airborne and earth segments is usually performed
with the assistance of wireless networks, e.g. Wi-Fi, radio modems, cellular net-
works. Telemetry data, control commands and video streams are transmitted using
these links. The unreliability and changeability of wireless communication means
that UAV architectures need to be designed to survive latency, packet loss and
changes in bandwidth particularly in sending video streams with high data rates.

At the system level, UAV architectures are shifting to the trend of modular and
layered system architectures. The technique encourages the separation of concerns,
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eases the process of adding new components, and enhances the problem-resistance
of the system. Middleware layers are frequently added to the hardware interfaces
to give a set of standard channels between the subsystems. These architectural
designs are especially applicable to the combination of complicated features, such
as real-time video streaming, onboard recording and telemetry synchronization.

2.2 Video Processing in UAV Systems

A basic feature of a modern UAVs is video processing, which aids in providing real
time situational awareness as well as post mission processing. Video images captured
aerosolically are highly graphical and are needed in usage in activities like surveil-
lance, inspection, disaster response, and surveillance. Consequently, UAV platforms
should be in a position to capture, process, transmit and store video data effectively
within a rigid set of requirements concerning latency, bandwidth and resources on-
board.

The UAVs video processing normally starts with the video capture of the onboard
cameras which can record raw or compressed video formats. Camera output format
has a direct impact on the following processing needs, such as the decoding, pre-
processing, and encoding needs. Preprocessing steps, including format conversion,
color space transformation and scaling, are frequently used to provide compatibility
with other downstream components, as well as optimize the video stream to other
processing. Video encoding is a very essential tool in minimizing the size of data to
be transmitted over the air and onboard storage. The computing power of encoders
can be such that numerous UAV systems are based on hardware-accelerated en-
coders embedded in embedded GPUs or multimedia engines. Hardware acceleration
Hardware acceleration is a real-time capable encoding that consumes low CPU load
and low power consumption, which may be useful in embedded UAV deployments.

The video processing pipelines of UAVs often have overlay and annotation tech-
niques so that contextual information (e.g. timestamps, geographic position, or
altitude) may be directly included in the video stream. Incorporation of overlays
into the board ensures that both live streams as well as recorded videos are au-
tonomous and can be analyzed instantly. Pipeline designs should be able to split
streams efficiently to eliminate unnecessary repetition of tasks where two or more
streams are needed, e.g. live streaming and onboard recording. Video processing
design is also affected by the limitations of wireless communication. The video
streams of the UAV are sent over links that have a variable bandwidth and latency
and pipelines must be designed with low latency and strong efficient results. The
pipeline design and resource management efficiency are thus necessary to guarantee
a dependable functioning and other in-board functions like the flight control and
the telemetry management.

20



2 Background Research

To conclude, video processing of UAV systems can be described as a chain of
operation, which are interconnected, such as acquisition, preprocessing, encoding,
annotation, transmission, and storage. Such operations have to be well synchronized
in order to achieve real-time performance needs and still perform within the limits
of embedded platforms.

2.3 Real-Time Video Streaming Concepts

Video streaming in real time is one of the most important demands of numerous
UAV uses because it allows the operator not only view the surrounding but also
make decisions during a mission. The real-time streaming, in contrast to the offline
video delivery, focuses on the importance of the timely video transmission of video
frames with the minimum delay between capturing and display. This low-latency is
vital in the UAV systems where applications like surveillance, disaster management,
and remote inspection are highly needed because any delay in information may limit
operational efficiency.

End-to-end latency: this is one of the major features of the real-time video stream-
ing, and it is the amount of time that has elapsed between the video capture at the
UAV and the display of the video at the Ground Control Station. There are sev-
eral factors that affect end-to-end latency and among them is video encoding delay,
buffering strategies, and network transmission time as well as decoding at the re-
ceiver. In order to minimize latency, it is common to make trade-offs, including
to decrease buffering and accept the occasional loss of a packet, particularly in a
wireless communication setting.

Besides the latency, the throughput and jitter are also significant in streaming
performance. Throughput is the amount of video data which can be sent across a
network within a specific period which directly influences the possible video reso-
lution and frame rate. Jitter is a term used to describe the changes in the arrival
times of the packets, and they can cause a disrupted playback when improperly han-
dled. Therefore real-time streaming systems need to strike a balance between the
consumption of bandwidth and buffering systems that accommodate the variability
of the network without incurring too much delay. Live video streaming of UAVs
is often based on time-sensitive media transport protocols, based on packet switch-
ing. These protocols are designed to favour continuous flow of data as opposed to
delivery guarantees so that the system can drop old packets instead of halting the
playback. This is especially appropriate in the case of live video where the latest
frames are more useful than older ones.

Adaptability to network conditions is another aspect that is important in real-
time streaming. UAV wireless connections might undergo variations in signal quality,
interference or bandwidth capacity. Streaming mechanisms may vary the encoding
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parameters, bit rates, or frame rates to sustain a constant stream in a varying
scenario. Such flexibility enhances a high level of robustness, but should be applied
carefully not to cause high computational overhead in an embedded platform.

2.4 Video Recording and Container Formats

The video recording is a crucial functionality of UAV systems, which assists in
post-mission analysis, documentation, training, and supporting preserving evidence.
Video recording is more focused on completeness, consistency, and suitability with
post-processing software compared to live streaming which focuses on low latency.
Recording video can enable the operators and analysts to analyze the mission exe-
cution step-by-step, evaluate the performance of the system and get the information
after the flight.

Recording video on a UAV is frequently applied to relate mission results and vi-
sual evidence to the telemetry data and reconstruct the UAV flight path. This is
especially relevant in the field of using it in infrastructure verification, disaster man-
agement, and policing, where the footage taken can be used as a technical report,
or even a court case. Consequently, video container format option is a major fac-
tor that influences the effectiveness and dependability of captured information. A
video container format specifies the way the encoded video streams, audio streams,
subtitles, and metadata are coded into one file. The typical container formats found
in UAV and multimedia systems are MP4, MKV, AVI and MOV. All formats vary
in the types of codecs to which they support, the way that they manage metadata,
their robustness, and their compatibility with playback and analysis software.

MP4 container format is popular because it is compatible with many operating
systems, media players and analysis software. MP4 is a good encoder of com-
pressed video transmissions, including H.264, and has relatively low overhead on
long-duration recordings. It is also well-supported, which is why it is applicable
to the UAV applications where files captured by it should be transferred, viewed,
and analyzed in an easily accessible way without using any specific software. Ma-
troska (MKV) is also another container format that is more likely to be found on
multimedia systems and in which the multi- streams and rich metadata are easier
to manipulate. MKV is commonly applicable to research and experimental systems
where it is desired to be extended and tolerate interruptions. Nevertheless, it is not
as common as MP4 to be compatible with conventional consumer tools which can
restrict its viability in working operational UAV processes.

Container formats can also include subtitles and metadata tracks besides video
data storage. Whereas in some systems telemetry is included as distinct metadata
streams, in other systems the contextual information is included within the video
frames as visual overlay. Embedding overlays also makes it easier to play and inter-
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pret since the recorded video is self-sufficient, and there is no dependency on any
external telemetry files, or synchronization systems.

2.5 Geotagging and Telemetry Data

Geotagging and telemetry data are considered to be important spatial and temporal
context of UAV video systems. Onboard navigation sensors produce information
which can be used in telemetry like geographic position, altitude, orientation and
time, and so on. This information, when combined with video data, permits the
correct interpretation of aerial video when it comes to real-time monitoring as well
as the post-mission analysis.

Geotagging usually consists of associate video frames with GPS derived position
and time data. This association would be fundamental in use in surveillance, in-
spection, and disaster management, where information on the location and time of
visual observations is no less important than the visual data. Video frame rates
are usually not equal to the telemetry update rates and it is important to carefully
balance between the two to ensure that contextual information stays constant.

The integration of telemetry and video use may occur in various ways. One of
them is to store telemetry apart and correlate it to the video later in post-processing,
thereby adding complexity and needing more tools. Another strategy includes the
implantation of visual overlays or subtitles on top of the video stream with telemetry.
This approach generates video streams and video recordings which are in themselves
self-interpolable, without other external information sources.

Real-time functions: Telemetry and live video allow a better situational awareness
in the Ground Control Station at the point of operation. In the case of recorded
video, embedded geotagging facilitates mission review, GIS visualization and docu-
mentation of evidence. The ability to effectively integrate telemetry is thus one of
the design factors of UAV video systems and forms the basis of the approach taken
in this thesis.

2.6 Embedded GPU Platforms(NVIDIA Jetson Nano)

NVIDIA Jetson Nano is a small embedded graphics system platform that is cre-
ated to facilitate edge computing-style applications that demand efficient process-
ing of multimedia and sensor information. It features a general-purpose CPU, a
CUDA-capable graphics card, and hard multimedia acceleration units on a single
system-on-chip (SoC) and provides an ideal application to UAV companion com-
puter applications. The Jetson Nano features a central processing unit based on
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the ARM Cortex-A57 quad-core processor, which is used to execute the operating
system, applications logic and system integration. An inbuilt NVIDIA Maxwell (128
CUDA cores) graphics card complements the CPU to give it the ability to process
data in parallel (especially video processing and other data-intensive tasks). This
heterogeneous architecture enables the effective distribution of computational tasks
between the CPU and the GPU as well as to enhance the overall system performance
and also with low power consumption.

The major characteristic of Jetson Nano architecture is that it supports hardware-
accelerated multimedia processing. The platform has special video decoding and
encoding units that can support the popular video codecs including H.264. These
hardware blocks facilitate the real-time encoding and decoding of videos at the low-
est possible use of CPU which is critical in ensuring low latency and minimized
power consumption in UAV systems. With video compression being delegated to
specific hardware, the Jetson Nano is capable of supporting video streaming and
recording in real-time along with other onboard operations. The memory structure
of Jetson Nano is built in such a way that it supports the effective transfer of data
among the processing units. The ability of the CPU, the multimedia engines to
share memory and access data also eliminates data copying that does not enhance
system performance and zero-copy pipelines, which are of great benefit in real-time
video processing. The given architectural feature facilitates the building of efficient
multimedia pipelines which reduce latency and overhead consumption of resources.

Software wise, the Jetson Nano has a Linux-based operating system and uses
the NVIDIA embedded software platform, including drivers and multimedia system
which opens up hardware acceleration potential to applications developers. High-
level multimedia frameworks can be used to build complex video processing pipelines
(without low-level hardware programming) through this software support.

In the framework of the UAV systems, Jetson Nano offers a fairly good balance
between power efficiency, computational capability and physical footprint. Its ar-
chitecture facilitates parallel implementation of real time video streaming, onboard
recording and telemetry processing with the limitations of embedded UAV plat-
forms. These features give the Jetson Nano a good base on which the unified video
processing system outlined in this thesis can be implemented.
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3.1 UAV Video Streaming Systems

A basic aspect of the modern Unmanned Aerial Vehicle (UAV) systems is real-time
video streaming which allows the situational awareness of the missions in real-time
[43]. Such applications as surveillance, infrastructure inspection, disaster response,
and search-and-rescue are also prominent examples of video streaming using UAVs,
where timely visual feedback is necessary to make decisions. Because of the unique
limitations of UAV platforms, such as limited computational power on board, power
supply, and wireless bandwidth, video streaming systems should be developed to
reach low latency, high reliability and resource efficient operation [32].

The early studies in video streaming by UAVs were mainly aimed at the min-
imization of the end to end transmission latency and the maintenance of reliable
communication over wireless networks. As more and more companies adopt digital
video compression standards and embedded processing platforms, current research
has shown that it is possible to successfully implement low-latency streaming by
simply designing their pipeline and optimizing video processing phases [47]. Both of
these works assert that latency is not based upon the communication channel only
but by the cumulative delay added in the video capture, encoding, packetization,
transmission and decoding.

The modern trends in wireless communication systems have also influenced the ar-
chitecture of UAV video streaming systems. Fifth-generation cellular networks with
high-bandwidth and low-latency networks have been investigated to allow real-time
video transmission in addition to control signaling [19]. These strategies demon-
strate that the combination of video and control data streams into one communica-
tion system can advance responsiveness and stability of the system. Nonetheless, it
might be restricted by the requirement to have high-level network infrastructure to
be relevant in remote or emergency situations when connectivity becomes unreliable.

Latency has now become one of the most important performance measures of live
video streaming systems, and the UAV-based ones are no exception. The studies on
the low-latency media streaming architecture point out that to ensure the near real-
time performance, the optimization of the entire multimedia pipeline is necessary
[4]. These are reducing buffering delays, support of the right transport protocols,
and optimization of encoder settings. These results can be immediately applied to
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the UAV video streaming where even minor time delays can have gross effects on
both mission performance and occupational reaction-time.

Thorough survey research of aerial video streaming systems gives additional in-
formation on existing capabilities and limitations. The current solutions have been
proven to be very effective in terms of video quality and reduction in latency, but
issues of robustness, scaling, and adaptation to changing network characteristics re-
main a problem [50]. The results of these surveys also point at the fact that the
majority of UAV video streaming studies consider the performance of live trans-
mission, whereas onboard data management and long-term storage are not given
comparatively as much attention.

This relevance of stable video streaming in real time is further indicated in the ap-
plication specific deployment of UAV. Live aerial video streaming has demonstrated
to improve the accuracy of assessment and efficiency in various infrastructural in-
spection programs by allowing them to make instant visual assessments [35]. Like-
wise, during disaster management situations, UAV video streaming will be used to
enhance expeditious situational awareness and coordination by delivering real-time
image information to emergency response teams [16]. The need to have reliable
video streaming systems that can be used in dynamic and demanding conditions is
highlighted through these application driven studies.

In terms of implementation, the open-source multimedia systems have contributed
largely towards facilitating the flexible and effective UAV video streaming solu-
tions. Video capture, processing, encoding and transmission Modular systems like
GStreamer can offer reusable video capture, processing, encoding and transmission
components and are easily adapted to embedded real-time applications [36]. They
are extensible and enable hardware acceleration making it possible to design the
video pipelines in accordance with the requirements and limitations of UAV plat-
forms.

Although the UAV video streaming has been researched extensively, there are
still a number of limitations that are apparent in the present state of the art. The
majority of the existing systems are basically real-time transmission systems to a
Ground Control Station, with the onboard video recording being added as an ad-
ditional or secondary feature. Such separation can typically lead to duplication of
processing operations, inefficient utilization of resources and can cause synchroniza-
tion problems between the streamed video and the recorded video [60]. Besides, the
present state of art performs the processing of the contextual information, which
would consist of location and also the state of the vehicle and would not be ana-
lyzed to be ingested as part of the video streaming solution. These constraints have
motivated the development of single video processing architecture that can be used
to work with real-time streaming as well as other features on resource-constrained
embedded UAV systems.
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3.2 Video Streaming Pipelines

The real-time multimedia transmission systems are based on video streaming pipelines
that determine how the raw video information is captured, processed, encoded,
transmitted, and decoded. Video streaming pipelines The design of video streaming
pipelines is especially critical in the UAV systems because real time constraints are
very strict, onboard resources are limited and the condition of the wireless network is
variable [45]. Studies on video streaming pipelines have thus been directed towards
the optimization of each step of the pipeline to minimize latency, preserve video qual-
ity and guarantee dependable transmission [10]. Figure 3.1 shows a generic video
processing pipeline architecture where the video data moves through the source com-
ponents to a series of processing stages to the sink components as a reflection of the
modular architecture of pipelines that are prevalently used in multimedia systems
[38].

Figure 3.1: Generic Image processing pipeline framework [38]

The first designs of video streaming pipes were usually linear processing designs,
with the video frame being captured, encoded, packetized and transferred in se-
quence [43]. Although these types of architectures are easy to implement, they can
add a lot of buffering delays so they do not suit real-time UAV systems. Follow-up
work placed more focus on the parallelization of pipelines and the decoupling of the
stages, which made it possible to run various processing stages simultaneously and,
thus, minimized end-to-end latency [47]. These schemes showed that pipeline design
was as significant as encoder or network optimization in order to obtain low-latency
performance.
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As more wireless links of communication are used to transmit video of the UAV,
adaptive and network aware streaming pipelines became a topic of research. These
pipelines are dynamically controlled to change encoding parameters, bitrates or
frame rates as network conditions change, in an attempt to ensure a constant video
delivery [53][22]. Adaptive pipelines are beneficial in extended system robustness,
however, they can lead to system complexity and need extra computational re-
sources, which can be difficult to support on embedded UAV platforms.

The topic of low-latency video streaming has also received a lot of research in the
wider sphere of multimedia, whose results are directly applicable to UAV systems.
Studies on live media streaming pipelines point out that the latency depends on
not just the network but also the buffering techniques, transport protocols and syn-
chronization solutions throughout the pipeline [4]. These papers highlight the need
to reduce buffering at all levels and choose light weight transportation systems and
mechanisms, especially where real time feedback is needed [6].

The aerial and immersive video streaming surveys also indicate that a lot of cur-
rent pipelines are focused on the performance of live transmission and ignore the
other requirements of the system [50]. The onboard recording, metadata integra-
tion, and synchronization of various streams of data are usually realized as disjointed
subsystems. This division may cause redundancy of processing steps and wastage
of computing power, mostly in embedded systems [33][49].

The studies of application-based UAV practices have revealed that the video
streaming pipeline structure has a direct impact on operation performance. A
pipeline induced by too much latency or instability may render real-time video
feeds of significant use in an inspection and disaster management setting [3]. These
observations support the importance of strong and effective pipeline designs that
could be used to work in dynamic mission environments.

In the context of this, multimedia frameworks have been invented to make video
streaming pipeline construction more efficient and flexible. The most popular of
these is GStreamer which has been widely used in embedded systems as well as in
UAV systems thanks to its modular, plugin-based architecture. GStreamer enables
the construction of video pipelines using reconfigurable elements which perform cer-
tain tasks, including capture, conversion, encoding, packetization and transmission
[36]. This modularity allows the developers to develop pipelines that suit the limits
and specifications of UAV platforms.
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3.2.1 GStreamer as a Multimedia Framework for UAV Video
Streaming

GStreamer is a widely used multimedia framework in embedded systems and UAVs
that use multimedia to stream video in real-time. It has a modular and press-in
architecture that lets developers assemble streaming pipelines by hooking together
individual elements that perform particular functions like video capture, conver-
sion, encoding, packetizing and transmitting packets into the network. The design
allows flexibility of construction of a pipeline and is easily readable and reusable [13].

GStreamer is a video streaming application that is compatible with a variety of
video codecs, video containers, and transport protocols, which makes it applicable
to the various UAV streaming applications. GStreamer in embedded applications
makes hardware accelerated components available to it, thus making it be able to
do its processing of images with a lot of efficiency, whereby less power and less
processor memory are consumed. Real-time video streaming Studies indicate that
pipelines based on GStreamer are capable of being low-latency systems under the
right conditions [20].

Even with these advantages, the flexibility that GStreamer has brought about
poses challenges to design. It is a day frame which has several pipeline configu-
rations and with poor selection or management of buffers can contribute to higher
latency or high instability. Such challenges are best seen in cases where pipelines are
stretched past the simple streaming to facilitate other functionalities like recording
or metadata management.

Although multimedia systems like GStreamer offer strong systems to stream UAV
video, very little of the systems capabilities are typically utilized by existing research
and applications. These frameworks are mostly used in most UAV systems, primar-
ily in live streaming, with little to no integration of other data streams or unified
processing architectures. This discontinuous use causes repeated processing and re-
source wastage especially with embedded systems. These observations underscore
the necessity of integrated framework designs of multimedia that can fully achieve
the capabilities of the frameworks and overcome UAV-specific limitations. Precisely,
no single solutions that synthesize real-time streaming, onboard recording, and con-
textual integration of data into one multimedia solution can be found. This gap is
one of the main driving factors that prompted the work that is presented in this
thesis.
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3.3 Hardware-Accelerated Video Encoding for UAV
Systems

Video encoding is also one of the key critical enablers that real-time video streaming
and processing in UAV systems need hardware acceleration. The UAV platforms
have very stringent limits on computational power, heat dissipation, and power con-
sumption which restrict considerably the viability of software-based video encoding
strategies. With the growing trend of using onboard perception, control, and com-
munication activities in UAVs, the performance of hardware acceleration is currently
vital to ensure the system can operate in real-time and remain stable.

Video encoding is widely based on software implementation which uses general
purpose CPU, this means that the processing delay is very large and consumes a
lot of power. Overhead is a potential cause of interference in mission-critical work
and overall system untrustworthiness within a UAV setting. Studies of embedded
computing on UAV show that multimedia processing that is CPU-intensive can of-
ten result in frame drops, longer latency, and poorer real-time reactivity [1]. As a
result, the UAV systems today are beginning to use hardware-accelerated encoding
to offload CPU-consuming video compression functions.

Hardware encoders are offered to offer specialized versions of popular compressed
video standards such as H.264/AVC and H.265/HEVC. These encoders perform
compression functions with dedicated logic, and can hence be used in real-time with
much less power-usage than software encoders. Comparison of hardware video en-
coding and software video encoding shows that the hardware-accelerated methods
are less latent and more energy-efficient and are better suited to embedded and
aerial platforms [48]. H.264 is the most widely used standard in video streaming in
the context of UAV video streaming since it has good trade-off between compression
efficiency, latency, and wide hardware support [28].

The key role in hardware-accelerated video encoding of UAV applications is played
by embedded GPU platforms. The contemporary UAV companion computers com-
prise of heterogeneous processing units such as CPUs, graphics cards, and video-
encoding engines. Studies of ultra-fast H.264 encoding of video streams in UAVs
have shown that the frame rates can be high-resolution with an achieved real-time
rate and acceptable power consumption of the encoders assisted by a graphics card
and hardware-based encoders [28]. These features come in handy especially when
the UAV missions involve long missions that need a continuous video feed.

In addition to video streaming, hardware acceleration has found extensive use
in real-time onboard UAV processing activities including fault detection, wildfire
monitoring, localization and computer vision. Research into hardware-accelerated
systems to detect faults and monitor the environment reveals that computing tasks
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can be efficiently offloated and easier to respond to besides being more power-efficient
when specialized hardware is used [57][7]. Additional examples of practical uses of
specialized acceleration are event-based acceleration platforms and hardware friendly
deep learning models that prove efficient as far as real-time UAV perception and
tracking are concerned [8][34]. These results support the significance of hardware
acceleration as a design concept of UAV onboard systems.

Hardware-accelerated components selection and integration should also be in re-
gard to reliability and robustness. The surveys on the UAV computing platforms
highlight the reliability of hardware components, fault tolerance, and thermal stabil-
ity as the key parameters affecting the long-term performance of the system. Addi-
tional solutions to lowering power usage and still achieving the necessary processing
accuracy in aerial imaging and video processing applications have been suggested
as approximate computing and FPGA-based accelerators [37]. These tactics depict
the range of hardware acceleration mechanisms studied in the UAV studies.

Although they have their benefits, hardware-accelerated encoders have some con-
straints. Hardware-based solutions may also have some limitations with respect to
less customizable options than software-based encoders or may have fewer number
of formatted modes with respect to control-based bitrates. Besides this, there may
be a certain degree of reliance on driving assistance, which concerns engaged un-
derlying hardware, limiting mobility. Consequently, hardware acceleration should
be used wisely through the design of the pipeline and optimization of the system
levels. Specialized accelerators, embedded GPUs, and dedicated encoding engines
are highly low-latency, highly power-efficient, as well as allowing high-end onboard
capabilities. The desired performance, however, is only possible when hardware
encoders are closely integrated with the general video streaming pipeline. These
factors are directly reflected in the system design decisions made in the following
chapters of this thesis where the use of hardware-accelerated encoding is used to
allow real-time streaming and onboard recording to happen simultaneously under
embedded UAV conditions.

3.4 Geotagging and Metadata Integration in UAV
Video Systems

Modern UAV video systems must include geotagging and metadata integration fa-
cilities that allow aerial video streams to have a spatial, temporal, and contextual
association like geographic coordinates, altitude, orientation, and timestamps. This
data is essential in the use of applications such as surveillance, mapping and infras-
tructure examination, disaster response and visualization using geographic informa-
tion system (GIS). In the absence of proper metadata integration, the usefulness of
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UAV video data and its interpretability are greatly diminished in the long-term.

Initial methods of geotagging in UAV video systems were mostly based on offline
synchronization, in which the telemetry information and video information were
collected independently during flight and later joined during post-processing. Al-
though this approach makes real-time system design to be easy, it is vulnerable to
inaccuracy in the process of synchronization and restricts the usability of real times.
Studies of multimedia geotagging and spatial metadata have revealed that spatial
misinterpretation can be experienced even when there is a small temporal mismatch
between video frames and sensor data to the situations of dynamic or high-speed
flight [31][30].

In order to overcome these constraints, some research has been conducted to
directly incorporate metadata into UAV video streams. Effort to use standardized
metadata formats like Key-Length-Value (KLV), to enable structured telemetry data
to be added together with motion imagery is one such strategy adopted widely. By
incorporating KLV metadata in UAV video streams, it has been demonstrated that
the GIS-based playback and post-mission analysis have been greatly enhanced by
maintaining an accurate spatial and temporal correspondence between video and
flight data [14]. Those make it possible to extract machine-readable metadata with-
out modifying the visual content of the video.

Other methods of metadata addition are the digital watermarking and data em-
bedding schemes, in which tactical or contextual data is represented as a direct part
of the video signal. Watermarking has been shown to offer real-time metadata em-
bedding to unmanned aerial systems to allow sending tactical information along with
full-motion video [44]. In some security-related applications, watermarking methods
can be effective, but otherwise they can add extra processing and can complicate
video compression and decoding streams.

In addition to embedding, metadata-aware video systems are also useful in re-
trieval, indexing and visualization. Studies on content-based retrieval systems in
the UAV-like video show that, adding metadata and geographical location and time
greatly improve the searchability and semantic interpretation of large video sets [39].
On the same note, the development of video content analysis and indexing of aerial
surveillance points to the significance of visual features in combination with spatial
metadata to aid in efficient querying and analysis [18].

Recent research has also focused on the application of geotagged video in GIS
based visualization systems. Web-GIS frameworks, which are open-source, have
been effectively employed to visualize geo-tagged video, and applied in road con-
dition monitoring and infrastructure assessment to establish the utility of closely
coupled video and spatial metadata [41]. These systems are based on precise and
consistent geotagging of the time when the video is taken, which justifies the neces-
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sity of sound metadata incorporation during UAV operation and not after processing.

Notwithstanding the progress, the state of the art demonstrates that metadata
processing in UAV video systems is frequently introduced as another subsystem with
respect to video streaming and video recording. This division results in discontinu-
ous architectures and adds the possibility of synchronization errors especially when
dealing with embedded systems having limited computational power. The research
on geographical map marking and surveillance space also explains the difficulties of
handling heterogenous metadata sources in real time [46].

Preliminary studies show that it is necessary to incorporate and align geotagging
metadata and UAV video streams to facilitate proper analysis, recovery, and visu-
alization. Although KLV metadata embedding, watermarking and metadata-aware
indexing offer powerful and valuable functionality, it has been difficult to integrate
it into real-time, embedded UAV video pipelines. The absence of coherent solu-
tions that would allow the combination of real-time streaming, onboard recording,
and synchronized geotagging is the reason why the integrated metadata processing
strategy offered in this thesis is suggested because it is expected to work effectively
despite the limitations of embedded UAV platforms.

3.5 Real-Time Streaming Approaches

Live video streaming is a component need in UAV systems that function to assist live
surveillance and operator-in-the-loop decision-making. With time, various streaming
strategies have been devised to be used on aerial platforms each with a different trade
off in latency, robustness, scalability, and system complexity. These strategies are
usually chosen depending on the mission demands, wireless network performance
and the computing capacity of onboard platforms.

3.5.1 RTP/UDP-Based Streaming

One of the oldest and most widely used methods in real-time transmission of UAV
video is RTP-based streaming on UDP. This model uses compressed video frames
and the Real-time Transport Protocol is used to packetize them and give them se-
quence numbers and timestamps to enable real-time playback [15]. UDP as the
underlying transport protocol enables the packets to be sent without being re-
transmitted; this means that the video packets that are out of date are lost instead
of being held back.

The method is specifically suited in the case of UAV, where low latency is es-
sential, including surveillance and reconnaissance operations. RTP/UDP streaming
allows video to be delivered almost in real time and eliminate delays caused by
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retransmission and congestion even in changing network conditions. Nonetheless,
without inbuilt congestion control and error recovery procedures, visible artifacts
and loss of frames may be encountered in case of packet loss [56].

In the system integration approach, RTP/UDP streaming necessitates special
client program or media players that can decode RTP streams. This requirement
restricts accessibility and makes deployment difficult in cases where a number of
operators or heterogeneous devices is considered. Also, RTP based systems tend
to only allow live transmission and onboard recordings and telemetry is still imple-
mented as separate subsystems.

3.5.2 RTSP-Based Streaming

RTSP is an extension of RTP-based streaming that adds a layer of session control
allowing to set up, teardown, and synchronize streams [42]. Systems based on RTSP
enable clients to actively demand video streams and playback behavior, which can
be beneficial in multi-stream or access controlled UAV locations.

RTSP has found frequent application in UAV applications, where there are pre-
dictable session management needs in inspection and monitoring applications. The
RTSP has control capabilities, which make stream orchestration easier and may en-
hance the manageability of the system. The advantages however are at the expense
of higher signaling overhead and buffering which can be harmful to end-to-end la-
tency.

Moreover, not all current web browsers have native support of RTSP and it is
necessary to use some external extension or special applications [29]. This is the
limitation that limits the viability of RTSP-based solutions in web-based Ground
Control Stations which are becoming more popular due to their platform indepen-
dence and low implementation requirements. Consequently, RTSP has not been
found to be very compatible with the current UAV systems, which value browser-
native access.

3.5.3 WebRTC-Based Streaming

WebRTC has become a leading streaming way of real-time usage as the usage of
web-based interfaces increases. It facilitates audio and video streaming with a low
latency as well as a default web browser by integrating secure media conveyance,
congestion control, and network traversal systems [25]. Such characteristics render
WebRTC especially appealing to the UAV systems that should offer live video access
without the need to install special client software.
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WebRTC is created to work on a heterogeneous and non-reliable network, which
responds to the dynamic bandwidth conditions. Research has shown that under
ideal conditions webRTC can accommodate sub-second end-to-end latency which
is ideal in real-time video monitoring of UAVs [54]. Besides, it is browser-native,
which makes it much more accessible and scalable.

Nevertheless, the introduction of the WebRTC implementation into UAV systems
adds extra complexity to the server side. RTP streams produced by the onboard
video pipelines are normally to be adapted to WebRTC compatible sessions. This
can require adaptation that may require implementation of intervening components
like media gateways which adds complexity to the system and additional resources.

3.5.4 Media Gateway–Assisted Streaming

The media gateways are critical in connecting onboard video pipes with WebRTC
customers. These gateways accept streams of RTP created by UAV onboard en-
coders and relay them to WebRTC receivers in addition to handling signaling, ses-
sion creation, and protocol translation [61]. Media gateways allow more flexibility
in the design of the system by decoupling the video processing of UAVs with the
delivery to clients.

The latest generation of the lightweight gateway is especially important in the ap-
plication of UAVs, which reduces the extra latency and computational load. These
gateways normally do not engage in transcoding but concentrate on forwarding
streams to maintain quality of video and using less resources. Conversely, advanced
features include media mixing, transcoding, and large-scale distribution, which are
only enabled by more feature-rich gateways at the expense of more complexity and
resource consumption [5].

The gateway architecture affects the performance of the system, their scalability,
embedded platform appropriateness directly. In the case of the UAV systems that
have limited resources on board, the gateway assisted streaming method should be
properly tooled in order to prevent the reduction of the privileges of the hardware-
accelerated video processing.

3.5.5 Proprietary and Commercial Streaming Solutions

A lot of commercial UAV platforms use commercial streaming platform that closely
incorporates software and hardware. Such systems tend to be designed to meet
particular operation needs and may provide satisfactory performance in controlled
conditions [26]. The advanced functionality embedded in proprietary solutions could
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also be encryption, redundancy and vendor-specific telemetry integration.

Although these are the pros, proprietary streaming solutions are generally inflex-
ible and not transparent. They can also be frequently limited in customization and
integration with third-party components, and it is often hard to add such systems
with further functionality like dynamic recording control or custom telemetry over-
lays. Considering research point of view, proprietary systems impede reproducibility
and experimentation as well [12]. This leads to the generality of open and modular
streaming methods in academic and experimental UAV systems, the extensibility
and adaptability of which is paramount.

The common weakness in the studied real-time streaming solutions is that they
focus on live video delivery as a single operation. Numerous are optimized to achieve
low latency and stream continuity, and onboard recording and telemetry integration
is undertaken as disjointed or loosely connected sub systems [40]. This division can
be characterized by duplication of processing phases, high consumption of resources
and coordination problems.

3.6 Research Gap

The survey of literature on UAV video systems shows that there has been a major
advancement in the area of real-time video transmission, video streaming pipelines,
application of hardware based encoding, geotagging and metadata incorporation.
However, the analysis also demonstrates that there are still some fundamental re-
search gaps that restrict the generalizability of available solutions to embedded,
autonomous UAV platforms that need to be operated in real-time and reliable data
analysis of the post-mission period.

3.6.1 Separation of Streaming and Recording

The majority of current UAV video systems are concentrated on the situational
awareness, which is provided by real-time video streaming and onboard recording is
handled as an independent or secondary feature [47]. This isolation tends to cause
redundancy of processing steps and poor utilization of embedded hardware devices
[3]. They are often configured with independent pipelines and both streaming and
recording supporting which adds more complexity to the system and makes the sys-
tems less efficient in general.

Studies on video streaming pipelines highlight the importance of having a low
latency scheme where the processing stages are closely integrated with strict opti-
mization [19]. A lot of systems that are in existence however cannot maintain these
optimizations when other features like recording are added. This means that real

36



3 State of the Art

time streaming allowing onboard recording cannot be properly served in a single,
efficient pipeline.

3.6.2 Limited Integration of Hardware Acceleration

Video processing with hardware acceleration has been generally accepted as a key to
real-time processing of UAV video, which is much lower in latency and power con-
sumption. Embedded platforms that include specific processing units of encoding
and GPUs have allowed complex processing operations on the board [8]. Hardware
acceleration is largely implemented as a single optimization of the video pipeline (as
opposed to being a unified part of the entire pipeline).

Lack of integration between hardware encoders and pipeline architecture may
result in more data moves that are unnecessary, delays in synchronization and un-
derutilization of available hardware capabilities [37]. This restricts the possible
advantages of hardware acceleration, and demonstrates that system-level architec-
tures need to be more effectively designed to include hardware acceleration.

3.6.3 Inadequate Metadata and Geotagging Integration

The meaningful interpretation and analysis of the UAV video data are entirely de-
pendent on geotagging and metadata integration. Current methods tend to be
based on offline synchronization, visual overlay or independent metadata channels.
Although these techniques offer spatial and time references, they present a synchro-
nization problem, and restrict real-time use especially on embedded systems [30][46].

Most UAV video systems focus on metadata exploitation during post mission anal-
ysis and do not address metadata processing in real-time streaming and recording
processes completely. This division further risks the risk of a temporal mismatch
between video and telemetry data as well as decreases the overall trustworthiness of
the geotagged video outputs.

3.6.4 Lack of Integrated UAV Video Solutions

The integrated approach of streaming, pipeline design, hardware acceleration, and
metadata manipulation demonstrates the absence of unified UAV video systems
that cover all these demands at the same time. The solutions are usually focused
on optimizing each component separately and not looking at their interaction to
improve the performance and resource usage of the system. Embedded-friendly
UAV video architectures are clearly required that can enable real-time streaming,
onboard recording and synchronized geotagging in one single stream.
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This chapter introduces the idea and design of the suggested system of video stream-
ing and recording with geotagging in autonomous UAVs working simultaneously.
Expanding on the drawbacks observed in the state of the art, the given approach
assumes the use of a single software architecture integrating real-time video process-
ing, telemetry processing, and network streaming on the base of a single embedded
system.

The autonomous UAV systems in the modern world are generally based on a lay-
ered software architecture that includes flight control layer, a middleware or commu-
nication layer, and high-level application layer. Real-time stabilization, navigation,
and low-level sensor fusion is carried out in the flight control layer, which is typically
thought to be a flight control dedicated to such purposes. High level application
layer It is an application layer that operates on a companion computer and per-
forms tasks that are computationally intensive like video processing, mission logic
and communication with external systems. This separation provides safety in the
flight, and flexibility in relation to application development.

The offered system is brought to the companion computer and it adds to the
traditional video streaming (STR) element the onboard recording and geotagging
capabilities. Rather than entering the process of streaming, recording, and teleme-
try visualization as individual and disjointed subsystems, the approach implemented
in this thesis considers these functions as one and the same multimedia processing
pipeline. The rationale behind this design decision is to minimize redundant process-
ing, enhance the synchronisation of data streams and to achieve effective utilisation
of the limited embedded resources.

In the general architecture, the video information is obtained via an onboard cam-
era and the multimedia subsystem processes it, whereas the telemetry information
like spatial position and attitude of the vehicle is delivered by the navigation and
sensor subsystems via a middleware interface. The Ground Control Station (GCS)
is a remote client, which receives live video images and gives control commands to
the UAV system. The communication between the UAV and the GCS is achieved
by regular network communication systems which allow the platform-neutral access
to real time video data. The architecture of the UAV software at high level provided
in Figure 4.1 depicts how the UAV hardware and sensors interact with the onboard
software system, which in turn interacts with the ground control station where live
video monitoring and controlling are carried out.
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Figure 4.1: UAV Software Architecture diagram

Methodologically, the architecture focuses on modularity, extensibility and effi-
ciency of resources. All the functional blocks such as video acquisition, processing,
streaming, recording and integration of telemetry are well divided at the archi-
tectural level but closely integrated with the unified pipeline architecture. This
contributes to the system being scaled to other different UAV platforms, cameras,
or communication connections with only a few modifications to the fundamental
framework.

Overall, the general UAV software architecture offers the organizational basis of
the proposed system. The approach places simultaneous streaming, recording and
geotagging as a single companion-computer-based architecture, thus bridging the
research gaps found in the literature and suggests the setting up of the detailed
design concepts of the following sections.

4.1 Concept of Simultaneous Streaming and
Recording

This thesis has made a major contribution to understanding of methodology in
that it designed a system that allows real-time video streaming and onboard video
recording concurrently using only one camera source in an autonomous UAV. In
most traditional UAV systems, live video streaming and onboard recording are pro-
vided as disjointed, and usually independent processing lines or redundant encoding
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steps. Although they might meet functional needs, these designs cause more com-
putational load, power consumption and possible discrepancies between streamed
and recorded video data.

The idea presented in this paper is founded on one integrated video processing
pipeline that considers streaming and recording to be the outputs of one processing
pipeline instead of two independent subsystems. The only input to this pipeline
is video frames that have been taken onboard by the onboard camera. This con-
struction will make sure that the further processing operations will be based on the
consistent and synchronized video stream, which will lie at the foundation of the
reliable real-time transmission and correct data storage.

After being acquired, the camera video is forwarded through a video processing
pipeline in which necessary preprocessing functions are executed. Such functions
involve format translation, image sharpening, and addition of image overlay (times-
tamps and geotags). These operations should be carried out at an early stage so that
the live stream and the recorded video can consist of the same visual information,
which should ensure the same consistency of real-time monitoring and post-mission
analysis.

The video stream is preprocessed and an encoded video stream is created with the
help of a hardware-accelerated video encoder. A single encoding stage is a method-
ological decision that is used in order to reduce unnecessary calculation. Encoding
remains one of the most high resource consuming processes in a video pipeline espe-
cially in embedded systems. The system is able to achieve this through the encoding
of the video once and sharing of the resulting compressed stream ensuring that real
time can be achieved with a major reduction in CPU and GPU usage. Figure 4.2 is
the basic concept diagram for simultaneous streaming and recording.

Figure 4.2: Basic Concept of Streaming and Recording
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After the encoding phase the pipeline is divided logically into two parallel output
streams allowing it to run in parallel. In the former, the path is devoted to the
streaming of live videos, in which the coded video is sent to the Ground Control
Station (GCS) via the low-latency network connection. This streaming route is cre-
ated to be timely rather than flawless so the operator is able to be provided with
the current visual data even when the network conditions are variable. Situational
awareness to enable autonomous and semi-autonomous missions of UAVs is sup-
ported by the live stream.

The second route is allocated to onboard video recording in which the same en-
coded video stream is stored in persistent onboard storage. The video is saved in
a container format of Matroska (MKV) which is highly suitable when using long
recordings and is very resistant to unforeseen interruptions like power outages or
system reboots. By saving the video to the local memory, it is guaranteed that
high-quality videos will be maintained regardless of what the state of the commu-
nication connection is in the air.

There is another significant point in this concept; streaming and recording work
simultaneously and independently after the splitting of the pipeline. Live streaming
is not reliant on the recording process and vice versa. This separation helps to make
sure that a transient problem in one output path such as storage capacity or network
problems does not spread to the other path. Meanwhile, the two streams are in sync
as they are based on the same encrypted video stream.

It also promotes dynamic control of recording process based on the concept. Al-
though live video streaming usually can be performed continuously during the mis-
sion, onboard recording can only be necessary at certain mission points, e.g., during
inspection or emergent events. The approach thus permits recording to be turned
on or off at run time without breaking the live video pipe or any re-initiating of the
pipeline. This is especially significant in UAV operations where the storage space is
minimal and the needs of the mission are subject to dynamism.

Along with the onboard storage, the video files of the recorded MKV could be
transferred to the Ground Control Station either after the mission or during the op-
eration based on the bandwidth and the operational requirements. This has made
it possible to analyze the post-mission in detail, record, and archive the visual in-
formation. Since the video recorded already has all the visual overlays that are of
interest, it can be viewed without having to access another set of telemetry logs or
synchronization tools.

The proposed concept in its methodological perspective tackles some of the key
issues that were identified in the state of the art. The design of the system elimi-
nates repetition of pipelines and repetition of encoding steps and thereby the system
enhances efficiency and scalability of the resource on embedded UAV platforms. It
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ensures that there are visual similarities between streaming and recording video
by inserting overlays before encoding. Finally, seeking to integrate recording with
streaming into the same streaming pipeline makes the concept of streaming and
recording easier to design, and more robust and flexible.

4.2 GStreamer Pipeline Design

The coherent idea of streaming and recording that was outlined in Section 4.2 is
fulfilled with the help of the architecture of the modular pipeline with the use
of GStreamer multimedia framework. GStreamer is chosen because its processing
paradigm is a graph, multimedia processes can be presented in the form of intercon-
nected components with distinct roles. The design paradigm promotes low latency
usage, modularity and extensibility hence fits embedded UAV systems well.

At the architectural level, the GStreamer pipeline has a directed processing graph
that takes Raw Video data of onboard camera and converts it to various synchro-
nized outputs. The pipeline starts with a video source element which communicates
with the camera hardware and delivers raw video frames which are uncompressed.
These frames are the Raw Video block that is present in the pipeline diagram and is
the typical input of all the processing stages that follow it. The suggested GStreamer
pipeline, as shown in Figure 4.3, includes the splitting of the streaming with tees to
allow live streaming and onboard recording simultaneously.

Figure 4.3: GStreamer pipeline design concept diagram

Raw video frames are fed through a Pre-processing and Geotagging step where
necessary video format conversion and prep processes are performed in order to make
them compatible with the subsequent components. This is also the logical point of
integration of visual overlays such as timestamps and geospatial content that is di-
rectly rendered on video frames before compression. Conducting preprocessing and
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geotagging in this step is important to make sure that the contextual information
in both live and recorded outputs is the same.

The video stream is preprocessed and further sent to a Hardware-accelerated En-
coding stage where the video is compressed by the H.264 standard. The single
hardware-accelerated encoder is a conscious design decision that would reduce the
amount of computational overhead and minimize the amount of power used and
provide a uniform video representation to all outputs.

The pipeline then uses a GStreamer tee (splitting) element, using which the stream
of the encoded video can be logically duplicated into a single stream into a number
of parallel streams. The tee aspect is the major component of the partitioning of
the pipeline, and the downstream branches may run autonomously without further
encoding or preprocessing required. This component is directly related to tee (sep-
arating) block shown in the pipeline diagram. Below the tee element, there are two
major branches. The first branch is the Packetization and Transportation phase
during which the encoded video stream is ready to be transmitted to the network
by real-time transport protocols. This branch ends at the Live Stream output which
provides low latency video to the Ground Control Station to be real-time monitored
and controlled.

The latter branch is linked to the Multiplexing stage, during which the encoded
stream of video is put into an adequate container format to be stored. This branch
ends at the Save File output, which is the format in which the video is saved onboard
in Matroska (MKV) format. The video tapes thus captured can then be moved to
the Ground Control Station to post-mission analysis and archive. Decoupling of
downstream branches is an important architectural benefit of the tee-based design.
Any delays caused by network issues when using the Live Stream do not affect the
Save File operation and any delays occurring when using the storage do not affect
the transmission of the real video in real time. Meanwhile all the upstream processes
between Raw Video acquisition and Hardware-accelerated Encoding are common to
enhance the effective use of the available resources and natural timing alignment of
the streamed and recorded video.

4.3 Video Streaming Protocol Selection for UAV
Systems

An effective video streaming protocol is a critical design choice when designing a
video system based on UAVs; these choices directly influence the latency, robustness,
scalability and usability of the video system. In contrast to the traditional multime-
dia applications, UAV video streaming has to be run with strict real-time require-

43



4 Concept and Methodology

ments and utilize wireless communication connections which tend to be erratic and
bandwidth constrained. Also, more recent UAV systems are using browser-based
Ground Control Stations, which add additional requirements to protocol compati-
bility and client-side accessibility.

System design wise, video streaming protocols specify how to transfer coded video
data in the form of packets over the network, how to buffer the video at the receiver
and how to render the video to be viewed. Such protocol-level choices affect how
the quality and responsiveness of the video is perceived as well as affect the design
of the UAV video processing pipeline in general. As a result, the choice of the pro-
tocol should be viewed as an inseparable part of the system approach and not an
implementation consideration.

The UAV systems do not have a streaming protocol that can be optimized to
achieve all the desired features, which are: ultra-low latency, high reliability, browser
compatibility, and the efficient use of embedded resources. Consequently, recent
UAV architecture designs have tended to take up a layered or hybrid style in which
more than one streaming technology is integrated to cater to various functional
needs in the same system. Here, the most topical streaming protocols that may be
used in the UAV applications are discussed, and their appropriateness is evaluated
concerning the real-time operation, constraints of embedded platform, and compat-
ibility with browser-based Ground Control Stations.

4.3.1 Requirements for UAV Video Streaming Protocols

The UAV video streaming protocols have to meet a set of specific requirements that
are quite distinct as compared to the traditional multimedia delivery infrastructure.
To enable real-time situational awareness and operator-in-the-loop decision-making,
first of all, low end-to-end latency is needed. Delay of several seconds, which might
be tolerable in video-on-demand, would not be acceptable in UAV missions which
include surveillance, navigation support or emergency response.

Second, the UAV streaming protocols should be resilient to the fluctuating wire-
less network environments. Communications between UAVs are prone to interfer-
ence and signal attenuation as well as changing bandwidth rapidly as the platform
traverses the environment. Streaming protocols should then be able to withstand
loss of packets and changeable network conditions without causing excessive buffer-
ing or interrupt of the stream.

Third, embedded video pipelines compatibility is one of the major requirements.
The companion computers that are used in UAVs usually utilize video encoders
that are hardware-accelerated and multimedia frameworks producing real-time video
streams in compressed form. The streaming protocols have to be able to interact
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with these pipelines with a minimal amount of transcoding overhead, and without
needless processing steps.

Lastly, newer UAV systems are moving towards simpler Ground Control Stations,
based on a browser, which is easy to deploy, and more accessible. Streaming proto-
cols with native browser support allow operators to watch live video through normal
web technologies, without the use of special clients. The combination of these re-
quirements is the strategy of selecting the protocols that are used in the proposed
system.

4.3.2 RTP-Based Streaming over UDP

One of the most straightforward and latency-efficient systems of video transmission
is the RTP-based streaming over UDP. This model is based on the encoding of
video frames into packets with the help of the Real-time Transport Protocol and
the transmission of the packets through the connectionless UDP transport. RTP
also offers sequence numbering and timestamping which allows receivers are able to
reassemble media streams in real time and UDP also reduces protocol overhead by
not requiring retransmission and connection control.

Technically, RTP/UDP streaming is ideally applicable in internal communication
low-latency within UAV systems. It can be used in conjunction with embedded
multimedia pipelines and hardware accelerated encoders, so that the behaviour of
packetization and buffering can be fully controlled. This renders RTP/UDP espe-
cially appealing to the transmission of the video between on-board components or
between the UAV and the processor components in the back-end.

Nevertheless, RTP/UDP streaming is characterized by a lack of congestion control
and is not supported properly in the modern web browsers. Client-side consump-
tion normally needs specific media players or bespoke software and this makes it less
accessible and difficult to implement. In addition to this, session management and
scalability is to be managed externally. Consequently, RTP/UDP streaming can be
used successfully to transport the backend, but is not a feasible application as an
independent solution to browser-based Ground Control Stations.

4.3.3 WebRTC for Browser-Based Real-Time Streaming

Web Real-Time Communication (WebRTC) has become one of the main solutions
to the low-latency delivery of media over the web. WebRTC provides real-time au-
dio and video streaming through the browsing experience of common web browsers
as a result of integrating secure media transport, adaptive congestion control and
intrinsic support of network traversal. WebRTC has all these characteristics, which
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is why it is especially appealing to UAV systems that need live video visualization
and do not require any specialized client software.

The adaptive bitrate and congestion control features of the WebRTC are a major
technical merit since they automatically modify transmission behavior according to
real-time network feedback. This is particularly useful when operating in UAV con-
ditions where the quality of wireless links may vary quickly as the air vehicle moves,
or as a result of interference or the environment. WebRTC can be used to adjust to
the conditions of the network and ensure continuity of streams, with a low number
of latency spikes.

WebRTC also includes common technologies of firewall and network address trans-
lations traversal, to allow media delivery on heterogeneous network foundations to be
dependable. Architecturally, WebRTC makes the client-side implementation much
easier by taking advantage of the support provided by native browsers and Ground
Control Stations can be implemented as a lightweight web-application.

Regardless of these benefits, WebRTC was not developed to interface with com-
mon embedded video encoders. RTP streams normally produced by UAV onboard
pipelines do not include the signaling and session semantics that is needed by We-
bRTC. To close this gap, intermediary elements that can be able to deal with the
signaling, session negotiation and protocol adaption are needed. Although this adds
more complexity to the architecture, the advantages of WebRTC as far as accessi-
bility and real-time performance is concerned, make it worth using in the proposed
system.

4.3.4 HTTP Live Streaming (HLS)

The HTTP Live Streaming (HLS) is an adaptive streaming protocol which is aimed
at transmitting multimedia data over regular HTTP connections in such a way that
it could be reliable. HLS works based on the principle of segmenting a steady video
stream into a series of small bits of media, usually a few seconds in length and sup-
plied one after the other to the client. Accompanied with these segments, a playlist
file indicates the quality levels and sequence of the segments so that the clients can
dynamically choose the right representations based on the network conditions.

Technically, HLS has more robustness and compatibility than latency. Using
HTTP as the transport mechanism, HLS can cross firewalls and network address
translation settings with limited setting up. It is also popular among the video dis-
tribution tools of big scale, as it has great support in most web browsers, operating
systems and media players.
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But, the segment-based HLS nature implies a buffering delay in principle. Multi-
ple segments are normally buffered by clients prior to playout to facilitate continuous
rendering with the latency at the end of end-to-end being several seconds to tens
of seconds. Although there are low-latency additions to HLS, these additions also
create delays which are not acceptable when it comes to real-time UAV systems that
need real-time feedback and operator communication.

The HLS is not suitable in UAV systems in terms of live video streaming of critical
missions in real time. However, it may be useful in the post-mission analysis and
dissemination of videos. Indicatively, captured UAV videos can be converted to HLS
format, which can be easily viewed by using web browsers or mobile devices. In this
case, the latency limitation of HLS takes second fiddle to its scalability and strength.

4.3.5 Dynamic Adaptive Streaming over HTTP (DASH)

Dynamic Adaptive Streaming over HTTP (DASH) is an international adaptive
streaming standard of multimedia that has a lot of conceptual similarities with HLS.
Similar to HLS, DASH transmits video in the form of a sequence of fragmented me-
dia files through HTTP so that clients can adjust the media quality to their current
network properties. DASH is more flexible in its support of codecs and structure of
segments allowing more fine-grained control of video representations.

System design wise, DASH would be very appropriate where the conditions of the
network are not predictable and quality consistency is of utmost importance. Its
standardized format enables it to be interoperated in various platforms and devices
making it a universal preference when it comes to video-on-demand, broadcast-style
applications.

In spite of these benefits, DASH also has the use of buffering and segmented
delivery which inherently adds to the latency. DASH does not obtain sub-second
latency needed to support real-time UAV operations even in optimized settings.
Consequently, DASH cannot usually be applied in those applications where opera-
tor feedback is necessary, including live surveillance or remote piloting assistance.

DASH can be regarded in the context of UAV systems, which can be offline
video inspection, archiving, or analytical mission data replay. It is adaptive and
can guarantee quality playback in different client devices and network conditions.
Nonetheless, as in the case of HLS, DASH does not fit into the real-time streaming
route of the suggested system because of its latency nature.
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4.3.6 Protocol Selection Strategy in the Proposed System

According to the analysis above, the proposed UAV video system will use a layered
technique in selecting protocols; the protocols in the proposed solution will be a
combination of various streaming methods to satisfy different needs of the system.
RTP/UDP streaming that can be used on low level onboard and backend compo-
nents to support efficient and low-latency transport of encoded video data. It works
very well with hardware-accelerated video pipelines and reduces the processing cost
on the embedded platform.

To deliver the WebRTC to the Ground Control Station, WebRTC is chosen as the
red-letter streaming protocol because it has low latency, adaptability, and compati-
bility with the native browsers. This option allows displaying video in real-time and
interacting with it in real time with an application of standard web tools, which is
consistent with the design requirements of the system in terms of accessibility and
facilitation of implementation. Segment based protocols like HLS and DASH are
specifically avoided in the real time streaming path because of their latency prop-
erties, although they may still be useful in the case of non interactive access to videos.

System Com-
ponent

Protocol Purpose Reason

Onboard video
pipeline

RTP/UDP Internal video
transport

Very low latency and
efficient integration
with hardware-
accelerated encoders

Backend / gate-
way interface

RTP/UDP Stream forward-
ing

Lightweight transport
with minimal process-
ing overhead

GCS (browser) WebRTC Live video visual-
ization

Low latency, adaptive
to network conditions,
and native browser
support

Onboard record-
ing

MP4 (H.264
in MP4 con-
tainer)

Post-mission stor-
age

High compatibility
and ease of playback
and analysis

Table 4.1: Protocol selection strategy in the proposed UAV video system

The allocation of streaming protocols between the system components as a re-
sult is highlighted in Table 4.1 as the selection of each protocol is based on the
latency requirement, deployment constraints, and the expected usage in the pro-
posed UAV video system. The proposed system integrates these protocols into one
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architecture, which allows the protocol to use strengths of each method and ad-
dress the weaknesses. This protocol selection scheme has a direct connection to
the system goals of continuous real-time streaming, on-demand onboard recording,
and visualized telemetry, and is within the capabilities of embedded UAV platforms.

4.4 Geotagging Integration Concept

Geotagging will be the core of the proposed system because it will serve to enrich
aerial video data with context information that will enhance situational awareness
and post-processing. Geotagging in the given implementation is implemented by
a two-pipeline architecture where the video processing and telemetry processing
are two concurrent independent pipelines. Camera acquisition, processing, hard-
ware encoded encoding, and further division into live WebRTC streaming and local
MP4 recording streams are all done by the video pipeline. Parallel to this, another
telemetry pipeline receives telemetry data on UAVs via UDP, processes this data via
a Python-based service and shares the data in real-time to be visualized and stored
in a persistent manner. Telemetry data sources are sent to the web interface through
Server-Sent Events (SSE) to display live, and at the same time stored in subtitle
(SRT) and structured JSON. Video and telemetry pipeline synchronization This
is accomplished by a common time reference so that the video and the recorded
telemetry share identical presentation and recording with the video material cor-
rectly aligned to the telemetry data and the metadata is not stored as metadata
directly in the bitstream of the video.

Figure 4.4: Concept of Geotagging

Various architectural approaches can be used to achieve geotagging integration
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into UAV video systems with a different trade-off that includes a different level of
accuracy in synchronization, complexity of the system, accessibility, and robust-
ness. The choice of a geotagging strategy has a direct impact on the mechanism of
capturing telemetry data, its storage, and visualization in regard to video content.
According to the prevalent UAV video systems and multimedia processing practice,
the integration methods of geotagging can be divided into three general methods.

4.4.1 External Metadata Association

The most time-honored solution to geotagging integration is external metadata as-
sociation, in which the telemetry data is archived independently of the video stream.
In this approach, the navigation and sensor information including GPS positions,
altitude, and attitude are stored in external files or databases and the video is stored
separately. During post processing, synchronization between the telemetry data and
video frames is done with the help of the timestamps.

This method will leave the original video material intact and the telemetry in-
formation will be processed or analyzed separately. Nevertheless, it brings a lot of
complexity to the data management and the use of the video and telemetry sub-
systems needs to be synchronized closely in terms of time. Any time difference or
imprecision in the timestamps may cause discrepancies between the video frames
and its context. Moreover, the geotagging information does not necessarily accom-
pany the video file, so the contextual information can be lost in case the video is
opened or shared without its metadata files.

4.4.2 Embedded Metadata Tracks

A more comprehensive solution is to store the telemetry information in the video
container as a special metadata track. This is usually done with a standardized meta-
data format (i.e. the Key-Length-Value (KLV) format) where structured telemetry
data can be multiplexed with the video stream. Under this approach, geotagging
information follows the video and can be decoded or rendered in the video playback
using compatible software.

Metadata insertion maintains the video and telemetry separation and still ensures
that they are synchronized, so it is appropriate in an application where accuracy in
space and time is paramount. Nevertheless, with such a system, complexity is raised,
and it relies on specialized playback software with the ability to read the metadata
tracks. Embedded telemetry is not a universal concept and is not supported by all
media players and browser-based environments, which reduces its practical applica-
tion on lightweight Ground Control Stations. Moreover, such metadata may need
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bespoke visualization to display in real-time.

4.4.3 Visual Overlay-Based Geotagging

The third method is that of visual overlay-based geotagging in which the telemetry
data is overlaid on the video frame as text or graphical overlay. Within this ap-
proach, the information on geotagging is involved in the visual content and cannot
be separated together with the video stream. The overlays are produced in the video
processing pipeline, as is usually part of an earlier stage of the processing (before
encoding).

Geotagging using visual overlays has a number of benefits. It makes sure that
the context is not lost no matter what the playback environment or software to be
used is and it is universal and strong. This simplifies the architecture of the system
because parallel streams of metadata are not required or post processing synchro-
nization. It however compromises the fact that it can access raw video material
without overlays and restrict the flexibility of extracting post-hoc data.

Regardless of such constraints, visual overlays are especially practical in real-time
UAV applications, where the contextual information is more valuable than video-
metadata separation. This simplicity and reliability of this method encourage the
use of embedded systems and browser-based Ground Control Stations.

Geotagging
Method

Post-Mission
Analysis
Capability

Resource
Utilization

External metadata
files (JSON / SRT)

High
(machine-readable,
easy correlation with

video frames)

Low to moderate (no
impact on video
encoding pipeline)

Embedded metadata
tracks (e.g., KLV)

Moderate (requires
specialized tools for

extraction and
analysis)

High (additional
parsing, muxing, and
decoding overhead)

Visual overlay +
synchronized external
telemetry (proposed

system)

Very high
(human-readable

overlays + structured
telemetry logs)

Low
(hardware-accelerated

video pipeline
remains unaffected)

Table 4.2: Comparison of geotagging approaches with respect to post-mission anal-
ysis and resource efficiency
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Table 4.2 includes a comparative summary of geotagging integration methods in
terms of the ability to provide a post-mission analysis and efficiency of the system
resource consumption. The findings indicate that the various geotagging practices
have different trade-offs in respect to the flexibility of the analysis, the overhead
of the processing, and usability of the operation. External metadata association
provides good support on post-mission analysis with the help of structured telemetry
files, but it requires accurate timestamp synchronization between the video and
telemetry streams. Embedded metadata schemes, like KLV-based integration, offer
closely bound metadata at a high cost, and have the disadvantage of only being
playable in a limited set of decoding settings. Conversely, the proposed system is
hybrid based on the combination of real-time visual overlays and external telemetry
that is synchronized. Thus, the visual overlay-based geotagging approach used in
the present project offers the best balance between the analytical strength, the
capability to play back the information, and the ability to use resources effectively,
which is why it is well adapted to conducting real-time UAV jags and analyzing the
gathered information offline.

4.5 Design Constraints and Trade-offs

A variety of technical and operational limitations has an inherent effect on the de-
sign of a system capable of delivering simultaneous video streaming and recording
of autonomous UAVs with geotagging. These limitations are due to the nature of
the UAV platforms, the real-time demands of video streaming, and the demands of
good data capture in dynamic environments of the missions. The suggested system
architecture and approach constitute a progression of trade-offs made to balance
between performance, flexibility, and robustness.

Among the major limitations that have been factored in this work is the limited
computational and power that can be operated on the UAV companion computer.
Video processing more so encoding is a computationally intensive task. To overcome
this limitation, the system takes the single hardware-accelerated encoding step which
is common to all output paths. Although such design is very efficient in terms of re-
sources and minimizing power usage, it also limits all outputs to the same encoding
parameters. The trade-off is not objectionable in the light of the proposed system,
as it would guarantee consistency in live and recorded video and also allow it to be
in real time.

The other important limitation is associated with the real time latency require-
ments. Video streaming of UAV operations is not very much concerned with the
reliability but with timely delivery. The system thus prefers the low-latency trans-
mission schemes that can accommodate the occasional losses of packets in case of
unfavourable network conditions. This design solution will enhance the situational
awareness in the air but at the expense of assured video delivery. The effect of
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such trade-off is offset by onboard recording, which stores high-quality video data
regardless of the network performance.

The decision to use Matroska (MKV) as the onboard recording file type is an
indication of a compromise between compatibility and robustness. MKV has the
advantage of being resilient to interruptions and available to support long-duration
records, so it is suitable in UAV missions. MKV files however can be processed
further or converted to be able to work with some playback or analysis software.
Such a trade-off is deemed to be acceptable in the light of the focus on the reliability
of data capture and accessibility after the mission.

The addition of geotagging brings more designing factors. The fact that telemetry
information can be embedded into the video stream as visual overlay will help to en-
sure that the geospatial context will be present at all times throughout the playback.
This however minimizes flexibility as compared to storing metadata using separate
tracks because the information embedded can never be edited or removed once the
tracks have been recorded. The compromise between the operational resilience and
the flexibility of post-processing that goes with burned-in overlays supports this op-
tion.

A tee-based pipeline splitting mechanism brings about a trade-off between the sim-
plicity of the pipeline and lack of dependence on the output. Although tee is able
to readily replicate the video stream that is being encoded, downstream branches
are still at the mercy of the stability of upstream pipeline phases. The problem is
thus that design of the pipeline must be careful so that delays or failure in one of
the branches does not spread upwards. This trade-off is resolved in terms of the
pipeline decoupling strategies and independent downstream processing which have
been presented in the above sections.

Finally, a concern of the system design is its emphasis on modularity and exten-
sibility rather than a highly optimized system with a specific goal or proprietary
hardware or proprietary software development kit. Even if there is a potential per-
formance benefit from a more proprietary system with hardware or a proprietary
software development kit, this would negatively affect system transparency and flex-
ibility, which is contrary to the research-based objectives of the current thesis topic.
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This chapter discusses the implementation of the proposed architecture on the em-
bedded UAV companion computer on the constraints of computational power and
the necessity to make the system robust and stable which exist in the real world.
The previous chapter discusses the concept of the proposed system to possess the
capability of video streaming and recording simultaneously with the option of geo-
tagging on the autonomous UAV, which focused on the description of the proposed
system and the methodology on the architectural level.

The implementation is based on a modular design pattern, which is almost iden-
tical to the unified pipe architecture described above. Activities such as; video
acquisition, video preprocessing, video encoding, video streaming, and geotagging
are broken into well-organized and logically segmented pieces in one multimedia pro-
cessing pipe. This helps in efficient reuse of processing entities and synchronization
of live and recorded video streams. Close attention has been given to the application
of hardware acceleration, as well as, effective multimedia frameworks to low latency
on embedded systems. In addition, there has also been an inclusion of runtime
control, handling and tolerance mechanisms to the system so that realistic UAV
missions can be conducted. Figure 5.1 shows the overal implementation steps in the
thesis. The following sections will address the development context and details of
implementation of each part in the system.

Following this, the chapter will initially describe the environment where the pro-
posed system has been deployed, that is, the embedded hardware components and
the software environment. It will further move to the description of the implementa-
tion of video input processing and subsequently the processing of video compression
using hardware to attain real-time compression. The next step of the chapter will
be the description of the branching of the video pipeline to obtain the capability
of live streaming and recording, and then the description of the implementation of
the network transfer and storage. The chapter will then elaborate how the teleme-
try information is realized in terms of its integration by means of the retrieval and
rendering of its values. Lastly, the chapter will explain how error handling will be
realized.
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Figure 5.1: Implementation Diagram

5.1 Environment Development

The development platform is the basis on which the proposed system is developed
and tested. The selection of hardware and software components is critical to the
proposed system to guarantee the real-time processing capabilities while maintaining
the practicality of the system as it would be on an autonomous UAV. This section
discusses the hardware platform on which the system is developed and the software
components.

5.1.1 Hardware Platform: NVIDIA Jetson Nano

The deployment of the proposed system is done using the NVIDIA Jetson Nano,
which will be used as the companion computer of the UAV. The NVIDIA Jetson
Nano is an embedded computing board with low power consumption, and it is
appropriate for real-time multimedia applications. Its size, power, and processing
capabilities match the requirements of the UAV.

The hardware components of the Jetson Nano include the quad-core ARM Cortex-
A57 processor and the NVIDIAMaxwell graphics processing unit, which is composed
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of 128 CUDA cores. The combination of these components makes it possible to run
control and graphics-intensive computations concurrently. In the proposed system,
the capability to run computations concurrently is important because the video pro-
cessing pipelines require control and graphics-intensive computations.

The other feature of the Jetson Nano that is relevant to the proposed research is
the capability to encode and decode video hardware. The hardware allows the use
of special multimedia processors so that it can support real-time video compression
and decompression with the H.264 and H.265 algorithms. The software video en-
coding feature is relevant to the proposed study as it allows the system to stream
the video and record it at the same time.

On a data processing perspective Jetson Nano has been optimized with mem-
ory paths that can be used to efficiently transfer frames between camera interfaces,
GPU memory, and encoder hardware. It comes in handy to avoid redundant copies
of frames within the video processing pipeline, which is directly coupled to the in-
tegrated pipeline architecture that the work of this thesis has.

The Jetson Nano provides a variety of interfaces that would be appropriate for
integration with UAVs, including camera ports, Ethernet networking, and general-
purpose I/O. Furthermore, it has a small footprint and a moderate power draw
suitable for small aerial platforms. Overall, the Nano Jetson is presented as a
practical and representative embedded computing solution for the proposed system
to be tested on.

5.1.2 Software Stack and Development Tools

The thesis relies on the software stack and development tool set of choice for real-time
multimedia processing, utilizing the embedded platform resources as much as possi-
ble and providing for dependable system development and deployment. The project
relies on the Linux-based operating system, takes advantage of the open-source mul-
timedia libraries, and incorporates standard remote-access solutions, providing for
a transparent and reproducible development environment.

Operating System

Ubuntu Linux is the preferred OS, which is based on the embedded companion
computer. Although other choices can also be offered, Ubuntu is a high-quality
documented platform with a good support of multimedia, networking, and low-level
control. Linux kernel and the device drivers make us able to interact with cameras,
networks and storage equipments which we need to have in order to stream video
continuously.
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Linux is a powerful operating system that has sufficient process control and inter-
process communication. In this scenario, the functions of Linux are involved in
coordination of multimedia pathways and low-complex processes. Some of the util-
ities that exist between processes that enable real-time data exchange are named
pipes and redirection to output; therefore, it is possible to include telemetry data in
a video footage real-time. This is a very important necessity of a UAV since it has
to be operable all the time. More so, the choice of Linux-based OS as a platform
on which the system will be operated makes it compatible and easily debuggable
and loggable, which is central to the project. As a matter of fact, all of the men-
tioned characteristics contribute to the stability of the system as well as simplify
the development process.

Multimedia Frameworks

The system has multimedia capabilities that are founded on the GStreamer plat-
form. Actually, GStreamer multimedia framework is founded on the concept of
pipelines that transform the multimedia tasks of complex nature to directed graphs
and modules to perform the tasks. A specific functionality is applied by each module
or graph which includes video recording, format conversion, overlay drawings, and
encoding, splitting, network sending, and disk writing.

Secondly, the pipeline design is manifested in the unified processing mode de-
signed in this thesis. The whole video processing pipeline has been made into a
single pipeline with GStreamer full; hence; reuse is simple and consistent when the
output is redirected to other destinations. Meanwhile, buffering and timing are to
a large extent under control due to the design of the pipeline.

The ability to exploit hardware-accelerated multimedia pipes is one of the greatest
benefits of GStreamer in this respect. These pipes enable intricate functions like
video compression be to be outsourced to special hardware. This improves real-time
video compression and video streaming. Moreover, GStreamer has an extended
architecture. This means that alterations and experimentation on the pipes would
not cause a radical change in the setup.

Programming and Scripting Languages

The shell scripts are used as the major implementation of the brain of the con-
trol logic. Naturally this comes in very convenient when synchronizing Multimedia
Pipelines and so on. All this is done through these scripts to bootstrap, tune runtime
knobs and control jobs. This type of design is quite appropriate to an embedded sys-
tem where there is low overhead and direct use of OS services is exploited. Telemetry
is also handled by scripts to ensure that it is formatted in a manner that is friendly
to the video stream. The telemetry data is constantly being decoded into text over-
lay data and sent together with the multimedia stream in real time. This enables
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geotags to be dynamically updated without the need to streamline the stream.

The use of scripting languages introduces flexibility and capability to repeat.
Should you desire to add another functionality or a new feature, you just change
the scripts without necessarily re-compiling and it is also easier to test and debug.
As a matter of fact, by following the normal scripting tools, it increases portability
even in embedded platforms based on Linux.

Besides the system scripts, the Ground Control Station browser interface is devel-
oped with the following web technologies: The layout of the web page is presented in
terms of HTML, and JavaScript is employed in order to create the rules or behavior
concerning the processing of events and dynamic chat with the live stream server.
The JavaScript also has the role of setting up and maintaining the WebRTC con-
nection and real-time updating of the display of the videos. All the web tools and
technologies make the live videos watchable in any platform through the Ground
Control Station as it supports any modern web browser.

Remote Access and File Management Tools

The developers access remotely the embedded system in the development process,
testing and evaluation stages using the Secure Shell (SSH) protocol. SSH will also
give secure command-line access, which means that you will be able to start and
stop multimedia pipelines, and tune settings and keep an eye on its actions without
necessarily having to touch the UAV. This kind of remote control is very vital in
the operation of UAVs, as it may not be easy to reach hardware parts.

WinSCP is used in file transportation and control where communication between
an embedded system and a development station takes place in case of the secure
data. WinSCP has the ability to transport source code files, configuration and videos
taken of the system when it is operating. WinSCP is compatible with multimedia
files and it has a graphical user interface which can be used to manage files.

The combination of SSH and WinSCP will provide a smooth process of develop-
ment and maintenance. SSH and WinSCP will enable rapid update deployment,
download of experimental outcomes, and help analyze logs of the system, which will
help make the development process more effective.

5.2 Camera Input and Preprocessing

The camera input and preprocessing section is the first point of the video processing
pipeline and it has the task of capturing the raw video data of the on board camera
and converting it to a form that can be further encoded, streamed, and recorded.
This step is very essential in ensuring that the compatibility of the video stream
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with downstream pipeline components is achieved without compromising the real-
time performance of the embedded UAV platform.

The system is connected to a camera device which is in turn connected to the
companion computer that supplies the system with a constantly changing stream
of raw video frames. The camera has a fixed resolution and frame rate that is ap-
propriate in the aerial video real time and is balanced because the visual quality
and processing needs of the camera. The camera hardware captures video frames in
a compressed image format, which is compatible with the camera hardware, which
lowers the data rate of the captured image and minimizes the bandwidth consump-
tion on internal system buses.

After this, the camera output is deciphered and converted into a raw video signal
which can be processed further in the multimedia pipeline. This step of decoding
is necessary to make sure that further processing components work with a uniform
and standardized video representation. Conversion of format to that of the color
space and memory layout anticipated by a hardware-accelerated encoder in the lat-
ter stages of the pipeline is done. This preprocessing will be necessary to prevent
format conversions that might be avoidable downstream and that may otherwise
encourage more latency and computation.

Besides conversion of format, the preprocessing phase offers a logical point of vi-
sual insertion of visual enhancements and metadata overlay. Timestamps are drawn
on the video frames, to offer time reference when viewing the live surveillance and
after mission analysis. This timestamp overlay provides every frame with unique
capture time that is especially useful in matching video data with telemetry data or
other sensor values.

Integrating the geotagging overlays mentioned in Section 4.4 is also the task of
the preprocessing stage. The information obtained via telemetry including the geo-
graphic position and vehicle attitude are represented in the form of textual overlay
on the video frames. The system ensures that the live video and the recorded one
have the same visual annotations by doing this integration prior to video encoding.
This will make it easier to synchronize and capture that contextual information de-
spite having watched the video without the UAV system.

Implementation wise, the operations in the preprocess are implemented to be
lightweight and deterministic so that real time performance is not affected. Ele-
ments in the processing path are positioned in such a way as to reduce buffering and
memory duplication and permit frames to pass efficiently through the pipeline. The
sequence of decoding, conversion and overlay rendering is very selectively adopted
so as to sustain compatibility with hardware-accelerated encoding and to evade the
unnecessary incurring of multiple processing steps.
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In general, the camera input and preprocessing step defines a consistent and
constant video stream on which the further processing of the encoding, bifurcation
of a video pipeline, streaming and record processes are based. The system guarantees
consistency in video content in all outputs and low latency and resource consumption
by decoding, converting formats, timestamping, and geotagging at the early stage.

5.3 Hardware-Accelerated H.264 Encoding

Once the camera has been fed and preprocessed, the video stream is sent to the
encoding phase, where the raw video frames are compressed to lower the data rate
and make transmission and storage of the raw video and other video data more effi-
cient and at a reduced rate. The proposed system uses hardware-accelerated H.264
encoding in order to address the very high latency and performance demands of
autonomous UAV applications with a resource-constrained embedded platform.

H.264 video coding standard is chosen because it is the most common, highly
compression and capable of being used with both streaming protocols, web-based
clients and media containers. It is more specifically applicable in the real-time aerial
video streaming and recording due to its tradeoff between compression capability
and computational requirement. By employing H.264, the live video stream may be
provided with high reliability to the Ground Control Station and have the visual
quality of moderate bitrates. In order to have real time performance, the system
makes use of video encoding hardware, which is present in the embedded companion
computer. The system also helps to take the encoding procedure off of the CPU
by utilizing specialized hardware units, whereas software-based encoding methods
use a large portion of the CPU load. The purpose of this is to enable the CPU to
be used in other processes like telemetry processing, pipeline control, and system
monitoring and therefore enhances system stability in general.

Implementation-wise, the encoding part is set to run to a fixed frame rate and a
target bitrate that balances the quality of the video and the usage of the network
bandwidth. To achieve low-latency operation the encoder is designed with minimum
internal buffering and results in regular keyframes thereby enhancing stream robust-
ness and decreasing start up latency on a live playback. These environments are
specifically significant when it comes to a UAV scenario, where changes in scenes and
dynamic movement are frequent. The encoding step is placed at the head-end of the
video pipeline with all the output branches. This architectural choice will make sure
that the video stream is only encoded once and that the same compressed stream
is also used in live streaming as well as onboard recording. The system lowers the
level of computation redundancy by not undertaking several encoding processes and
ensures the uniformity of video representation in the various outputs.

Those video frames are captured by the camera in Motion JPEG (MJPEG) for-
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mat and processed by extracting raw video frames with the help of a Hardware-
accelerated decoder and decoding them. These decoded frames are subsequently
run through a number of color space conversions to produce the downstream pro-
cessing and hardware encoding compatible format. Before encoding, the timestamp
data and the subtitle overlays based on telemetry are coded on top of the video
frames, so that the contextual information always is embedded into the video itself.

Encoding step applies a hardware-based H.264 encoder which works on video
frames held in accessible memory to the hardware. This encoder takes the intensive
compression operation of the CPU and transfers it to the specialized multimedia
hardware, which can dramatically reduce system load and allow operation in real
time. The hardware acceleration is especially critical in application of the UAVs,
where the companion computer has to process video all the time, and at the same
time, it needs to handle the telemetry integration, network communications and
system control activities.

The encoder will be set to operate at low latency, having a constant target bi-
trate and keyframe periodic insertion. Having a large number of parameter sets and
keyframes makes streams more robust and decreases the time taken to recover in
case of packets being lost during live transmission. They are necessary in the case
of aerial video streaming, where dynamic and rapid movement is the rule, and the
network conditions can change throughout the flight.

The architectural choice of the H.264 encoding stage being placed on an upstream
position in the pipeline is an important one. This guarantees that the video stream
is only encoded once and the resultant compressed stream of bits is used as a shared
source by all downstream side products. The system reduces the number of compu-
tational steps, maintains a constant video quality, and increases the energy efficiency
of the system by avoiding unnecessary encoding processes. Figure 5.2 is the complete
pipeline generated after the implementation.

5.4 Pipeline Branching for Streaming and Recording

The video pipeline is split into simultaneous video streaming and recording into
several output paths after the encoding of H.264 bitstreams and the decoding of bit-
streams which is accelerated by the hardware. It is achieved by means of a pipeline
branching mechanism, which enables a single stream of an encoded video to be
broadcast to many consumers without replicating upstream processing steps.

The branching is accomplished with the help of a stream splitting element that
copies the H.264 bitstream that has been coded into separate branches. The branches
are separated by buffering queues so that the differences in speed of processing or
network conditions in one of the branches do not affect the other. This separation
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Figure 5.2: Generated GStreamer pipeline after implementation
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is critical in keeping the real-time performance constant especially in cases where
streaming and recording processes are characterized by different timing aspects. The
pipeline has a branch that is devoted to real-time video transmission. The H.264
encoded stream is packetized in this branch into RTP packets that can be sent using
the network. The UDP packetized stream is then sent over the low-latency connec-
tion to a media gateway which serves to make the live video accessible to the Ground
Control Station. It is a branch that is geared towards minimal buffering and timely
delivery, real-time situational awareness is more important than guaranteed delivery.

The second branch serves as a recording tap and takes the same encoded and pack-
etized stream of video. This branch is intended to provide downstream recording
or storage mechanisms without having an impact on the live stream. The system
circumvents the extra encoding overhead by using the encoded stream instead of
raw video frames so that the recorded data is temporarily synchronized with the
live video.

There are a number of benefits of using a common encoded stream. First, it en-
sures that time has been made consistent between the live stream and the recorded
video since both come out of the same compressed bitstream. Second, it enhances
efficiency in the use of resources through the removal of unnecessary stages of pro-
cessing. Third, it improves robustness of the system, since failures in a single output
channel like network congestion or storage delays which do not cascade to other
branches are avoided.

In general, the pipeline splitting approach makes it possible to apply video pro-
cessing in a multi-output mode and be flexible and efficient in a single pipeline. With
hardware assisted encoding, stream splitting and isolating branches, the system is
capable of running both low-latency streaming and reliable recording at the same
time, which is the essence of the intended UAV video system.

5.5 Network Streaming Implementation

The proposed system network streaming element is configured and provided with
an aim of transferring live video on the Jetson nano on the UAV straight to Ground
Control Station with as minimal a latency as achievable and satisfactory depend-
ability to realize a live video viewing. To realize this functionality we use a protocol
stack that uses both live video transport in combination with a live video solution
that can be accessed by a browser. The entire live video transport chain is meant
to be installed smoothly into the single video pipe, as well as latency constraints,
which are to be followed during UAV operation.

Streaming is made up of two levels of processing. To begin with, the video, which
has been encoded, is sent out of the Gstreamer processing system via real time and
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low latency transport protocols. Lastly, the video is converted in a manner that
it can be viewed directly through a standard web browser in the Ground Control
Station without the need to have additional functionality provided through the ex-
tension of WebRTC connection.

Figure 5.2 shows the whole end to end implementation pipeline. The roles of
the elements in the generated GStreamer pipeline are differentiated only through
the application of different colors in the generated GStreamer pipeline overlay, as
there is no visual clarity. Red elements often represent a pictogram of source as
well as application-level components, the locations where data enter the pipeline.
Green processing and transformation elements, like decoders, converters, encoders
and parsers, indicate active stages of media manipulation. The sink elements, such
as network and file outputs are presented in blue or purple, which is the last source
of data output. The outgoing and incoming arrows of the blocks indicate the flow
of data direction and the label of the arrows identifies the negotiated media format,
resolution and frame rate respectively. Gstreamer does not standardize the color
coding scheme but it is a way to help make sense of the pipeline structure and data
flow.

5.5.1 RTP Streaming from GStreamer

During the final video processing pipeline stage the H.264-encoded video stream is
divided into RTP packets. RTP packets are a real time audio/video protocol and
give a nice sequence numbers and timestamps facility. This comes in handy in cases
of dealing with video streaming.

These RTP packets are delivered through UDP and this minimizes latency. UDP
eliminates the idea of retransmission, where there is a wait period associated with
delivery of packages assured. This is not a loss in the situation of live video stream-
ing, as the latest frames are received as soon as the package is received, and new
frames are viewed as more valuable than late ones. It is corresponding with the
concept of the UAV in which new frames are superior to perfect packages reception.

RTPoverUDP combined with GStreamerPipeline allowed delivering the stream of
vital video information and having little overhead. This RTP/UDP data path can
be defined as the handshake between the embedded processing and media server.

5.5.2 Janus Gateway Integration

The proposed system implements the Janus Gateway to be a WebRTC media gate-
way to allow a real-time delivery of video to a browser-based Ground Control Sta-
tion (GCS). Janus is a mediator between the onboard video processing pipeline and
web-based clients, which means that low-latency RTP video streams, created by
GStreamer can be consumed by the WebRTC on a standard web browser. This
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section outlines the role that Janus would play in the system and details the imple-
mentation of the integration.

Janus Gateway Overview

Janus Gateway Janus Gateway is an open-source general-purpose WebRTC server
to facilitate real-time audio and video calls using web browsers. In contrast to
monolithic media servers, Janus is based on a lightweight and modular design with
the basic WebRTC implementation being augmented by a collection of independent
plugins. Each of the plugins provides a single media handling or signaling behavior,
making Janus able to be configured to suit a large variety of real-time communica-
tion situations.

Under the system architecture, Janus is used as a WebRTC end of life component,
which handles signaling, session negotiation, and secure media transport between
WebRTC clients and external media sources. It is not a rigid system of media
processing but rather permits external media streams to be injected in WebRTC
connections. The design of Janus makes it especially well suited to be used hand-
in-hand with embedded systems and custom multi-media pipelines, where video
capture and video encoding are not processed within WebRTC. It also embraced
common WebRTC features like Session Description Protocol (SDP) negotiation, In-
teractive Connectivity Establishment (ICE) and secure media transport that allow
it to work reliably in a heterogeneous network environment. Simultaneously, its sim-
ple design does not include any redundant media processing, therefore, the latency
and the computational overhead is kept minimal.

Janus is a good solution in the context of the UAV video systems to bridge low-
level video pipelines, which rely on RTP, and browser-based Ground Control Sta-
tions. Its plug-in structure enables the UAV systems to open the live video stream
to the web clients without re-configuring the video processing pipeline. This feature
makes Janus highly suitable when it comes to real-time UAV applications with low
latency, modularity, and a low-deployment requirement.

Role of Janus as a WebRTC Media Gateway

Janus is an open, lightweight, modular WebRTC server that allows to bridge media
sources not based on WebRTC with WebRTC based clients. In the suggested sys-
tem, video capture and video encoding are not done by Janus. Rather, it accepts
pre-dominated video circulations of the onboard GStreamer pipeline and directs it
to linked WebRTC customers.

This design decision leaves the computationally expensive work in the develop-
ment of the video capture, video preprocessing, video encoding, and video overlaying
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to the Jetson Nano. Janus concentrates only on signaling, session control and pro-
tocol translation. The system no longer requires WebRTC processing at the point
of delivering a media stream to the server, meaning it is modular and scalable and
reduces the extra processing load on the embedded platform.

RTP to WebRTC Conversion

The GStreamer pipeline that will be used in the implemented solution is set up to
generate an encoding video stream with the H.264 codec on the Jetson Nano. Once
the video frames have been compressed the resultant coded video frames are then
packetized into RTP packets and sent out using UDP. This packetization is done on
the GStreamer pipeline with the help of RTP payloader elements which wrap up the
coded frames along with the timing and sequence data used to deliver in real time.

The RTP stream is sent to one of the local UDP ports which are specially set to
be observed by the Janus Gateway. This type of handoff between port and onboard
video processing pipeline and WebRTC delivery subsystem is created. The point
of RTP over UDP allows the system not to incur connection-oriented overhead and
retransmission delays, and thus the low end-to-end latency is maintained.

When Janus receives the packets of the RTP stream, it consumes and links it to
a WebRTC session. On the inside, Janus identifies the incoming RTP stream as a
WebRTC PeerConnection by using matching codec parameters like payload type,
clock rate and encoding format. Janus does not do any transcoding or re-encoding
since the video is already coded by H.264 - a codec that is supported by WebRTC.
The RTP packets are instead made to pass into WebRTC media pipeline.

This direct RTP to WebRTC forwarding route is one of the design decisions in
the proposed system. It does not add a lot of computational load to the embedded
platform, and it does not add any extra latency that would otherwise be caused by
decoding and re-encoding. Due to this fact, the live video stream sent to Ground
Control Station is highly similar in terms of timing and quality to the original stream
that is encoded by GStreamer.

Janus Streaming Plugin Configuration

The GStreamer-Janus integration is based on the Janus streaming plugin that is
specifically made to bring to the WebRTC clients the externally generated RTP
streams. Within the suggested system, the streaming plug will be configured by a
specific configuration file that will specify the characteristics of the received RTP
stream.

The configuration includes parameters like the type of video codec (H.264), the
payload type of RTP, network interface and the UDP port number, on which Janus
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waits to receive the packets of RTP. These parameters can be explicitly defined, and
then only by means of them will Janus correctly interpret the incoming RTP stream
and identify it with a named streaming resource.

On start up of the system, Janus performs loading of the streaming plugin config-
uration and streams the RTP stream as a media source. Notably, such registration
will take place without any client affiliations. Consequently, the GStreamer pipeline
is able to start streaming RTP packets immediately after being started, whether or
not a Ground Control Station client is already connected.

As a client who is a browser then connects to Janus with a request to the re-
quested stream, the streaming plugin dynamically creates a WebRTC session and
starts sending the received RTP packets to the client. This decoupled model of
initialization is intended to make the video pipeline run continuously and not rely
on the time of connection of clients, which is especially relevant when using UAVs
since intermittent connectivity can occur.

Interaction with the GStreamer Pipeline

GStreamer pipeline and Janus Gateway interaction is based on a unidirectional
RTP-over-UDP model of communication. After starting the GStreamer pipeline, it
will keep relaying the encoded RTP stream to the UDP port that is set to Janus.
There are no messages of signaling or control between GStreamer and Janus that
occur in normal operation.

This weak interconnection of the two components makes the system architecture
less complex. GStreamer performs no other functions other than media production,
such as video capture, preprocessing, overlaying, encoding, and RTP packetization.
In its turn, Janus deals with signaling, session negotiation, and WebRTC media for-
warding. All the components act on their own and only communicate via the RTP
stream.

This is better separation of concern, it enhances fault tolerance and robustness.
In case of disconnection of the browser client, the GStreamer pipeline will stream
data in the form of RTP packets without stopping. Likewise, when the video cap-
ture and encoding process is restarted, when the video capture/4=0 and the video
encoding/0 is restarted as well, no restart of the video capture and encoding process
is necessary. As soon as Janus becomes operational, it may start absorbing the RTP
stream again. This option of design contributes to the stability of the system and
enables the media generation and media delivery parts to be controlled indepen-
dently.
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5.5.3 WebRTC Streaming to Ground Control Station

The last stage of streaming configuration in the network is the delivery of the live
video provided by the UAV to the Ground Control Station (GCS) with the WebRTC.
To make the system user-friendly to the operator, the answer is the development
of a web based client which incorporates the Janus demo GUI with a control page
which was designed with the purpose of providing the required support.

The Web UI is created with usual Web technologies, HTML to organize, client-
side scripting with JavaScript and designs with CSS. We do not want to write our
WebRTC client on our own, so we chose the Janus demo site, where simple signal-
ing and processing are already provided. The code of the demo page is increased
and integrated into a custom page with only the necessary features being displayed
leaving no superfluous information on the eyes of the operator.

The customized webpage will act as the main interface of the Ground Control
Station. The video player is embedded in the webpage and further extended with
the functions of the controls by the Janus WebRTC client. The controls that have
been incorporated and used with the system are that of activation of the live video
stream, activation of onboard recording of the UAV, termination of the recordings
and, lastly, of termination of the live video stream.

The webpage controls the interaction with users and communicates with the Janus
Gateway and UAV control systems. When a user decides to open a stream, it would
connect to Janus through WebRTC, which would subscribe to the live video feed
of the UAV. The recording operations are then converted into a command that
changes the recording stream of the combined video graph without interruptions to
the stream. When integrating the Janus demo functionality and the tailor-crafted
web user interface, the system exploits the good WebRTC elements in addition to
bringing in application aspects. This keeps the process of the development phase
simple and the solution cannot be complicated to UAV operator by the bad inter-
face. The system operates on the browser and thus does not need any dedicated
client software to access the live video feed, which means that the UAV operator
does not need any specialized systems to be operational.

In general, Ground Control Station web application is a useful destination point
of WebRTC streaming and it unites live video processing and control of streaming
and recording. It finishes a live streaming chain of the video processing chain on
board and between Janus and the control station that is introduced at the operator
level.
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WebRTC Session Establishment

Upon a request transmitted to the browser-based Ground Control Station to open
the live video stream, Janus starts the process of opening a WebRTC session. This
starts by establishing a WebRTC PeerConnection that acts as a conceptual point of
real-time media that occurs between Janus and the browser client. Janus creates an
offer in the form of a Session Description Protocol (SDP) which specifies the media
parameters it can support on the server, such as the type of codec, the format of
the payload, and the transport properties.

The browser gives an SDP response, which confirms the similarity of media param-
eters, and finalizes the negotiation of the media session. In this stage, the network
connectivity data is shared in order to find the most appropriate route between
Janus and the browser. This negotiation makes sure that the connection between
the result is secure as well as low-latency optimized ensuring that the real-time UAV
video monitoring is possible.

When the WebRTC Peerconnection is correctly set up, Janus binds the incoming
stream of RTP, taken into it through the GStreamer pipeline using UDP, to the
negotiated WebRTC media track. Janus does not do any re-transcoding and re-
encoding since the video stream is already in a WebRTC-compatible form of H.264.
This direct forwarding scheme greatly minimizes the processing overhead as well as
the end to end latency and maintains the real-time nature of the video stream.

Figures 5.3 depict the Ground Control Station interface that is browser-based and
which is employed in the control and management of the live video streaming and
onboard recording capabilities of the UAV system. Figure X represents the first or
dormant position of the interface where the operator has access to control buttons
to start and stop streaming and recording, to show and hide subtitles as well as the
logs but there is no video on display. The WebRTC video area in this state is not
active until the process of streaming is initiated by the operator specifically.

The active streaming state of the interface is shown in figure Y. Once the oper-
ator clicks the Start Streaming button, the Janus Gateway will create a WebRTC
session with the browser and will then start relaying the RTP video stream that is
created by the GStreamer pipeline. Consequently, the live video feed is seen on the
browser. This is what indicates that video rendering in the Ground Control Station
is event-based and relies on user interaction to guarantee that there is controlled
access to live video streams. The two figures can be used together to visually verify
that the GStreamer pipeline, Janus WebRTC gateway and browser-based Ground
Control Station have been correctly integrated.
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Figure 5.3: The browser-based Ground Control Station interface in idle

Video Rendering in the Browser

Once the WebRTC-session is established, the browser starts receiving the live video
stream via the WebRTC media channel. The browser decodes the video frames it
receives with its inbuilt WebRTC decoding support which is also designed to sup-
port real time media playback. This operation is carried out on the client side and
consumes no extra complications or external software.

The video frames that are decoded are displayed directly through the web-based
Ground Control Station interface. Because the embedded geotagging overlays are al-
ready embedded therein into the video stream inserted previously in the GStreamer
pipeline, the video being displayed also contains all the associated contextual infor-
mation including geographic coordinates, elevation, time and car orientation. This
means that the browser does not need any further telemetry processing and visual-
ization logic.

This design also makes the implementation of the design simpler on the client-
side and guarantees that it is consistently visualized across various platforms and
devices. The live UAV video can be accessed with the common web browsers, which
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can be advantageous in terms of real-time functionality as well as immediate access
to mission-related contextual information to the operators. The browser rendering
solution also enables the incorporation of user interface controls such that when op-
erators are watching the live video stream they are able to interact with the system.

Continuous Streaming and Client Independence

One of the architectural aspects of the proposed system is the decoupling of onboard
video pipeline and client side viewing process. On the Jetson Nano, the GStreamer
pipeline is always running capturing, processing, encoding, and streaming video in-
dependent of the connectivity of the Ground Control Station. The unidirectional
connection between GStreamer and Janus initiated by RTP-over-UDP transfer that
is not required to rely on client-side signaling makes this behavior possible.

Onboard video pipeline is not affected by the disconnection, refresh, or recon-
nection of the browser. RTP stream generation and transmission to Janus is not
stopped. Creating a new browser connection, Janus only takes a new WebRTC con-
nection and starts to send the old RTP stream to the client. This design guarantees
the system robustness and also prevents useless restarts of the video capture or video
encoding part.

In the same way, the system offers dynamic control of onboard recording where
there is an active streaming session. The ability to start and stop recording with-
out interfering with video delivery to Ground Control Station can be used. Such
decoupled operation enables the system to sustain continuous real time streaming
and at the same time has the ability to flexibly control onboard storage which aids
in efficient use of resources and continuation of operations.

5.6 Onboard Recording Implementation

Among the parts of the system that would be suggested is the video recording fea-
tures that will record the video on the computer that will be with UAV as the process
of the video stream in real-time is performed. This would guarantee the availability
of the most valuable videos made to be clear of missions achieved to be saved even
when the networks of live video continue to cancel each other as operations proceed.
Insofar as its implementation is involved, the recording to the device is achievable
via a stream-splitting method in which the video stream is split once the H.264 video
encode hardware acceleration is completed. This is intuitively the same as to say
that the video being transmitted in the live feed as H.264 also becomes the source
of the video recorded. Thus, the system is self-synchronous because it does not need
the extra encode.
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One of the important design factors is recording or streaming. Live video stream-
ing is not interrupted in any way to facilitate situational awareness at the Ground
Control Station. The recording service is however, an on-demand service meaning
that it may start and end without affecting the live video streaming process and it
may not need the Multimedia pipeline to be initialized. This will enable the opera-
tors to selectively log the mission-critical events.

The recording path is charged with the responsibility of capturing the encoded
video data into an MP4 file format which is the desired choice in this case as it is
supported by most of the multimedia players, analysis programs and post processing
software in the market. The merits of using MP4 file format are the ability not only
to store very long records in a convenient way but also to play the files in another
setting easily. The files stored are therefore able to be opened easily so as to be
analyzed without the process of undergoing any form of decoding. They also have
overlays; timelines and telemeters which have been imposed upon the videos, as an
extra feature of the video files themselves. In the real processing of the videos, the
overlays are put in and included in the files in the subtitle format. Therefore, their
data is now stored separately in the file, unlike the need to interrupt during the
process of synchronization to see the real data holding each file.

The recorded videos are stored in the local drive of the companion computer and
could be reinstated once the mission is over, provided that the network connectivity
is made, by moving the video to the Ground Control Station. As the overlay and
encode operations apply to the video streaming and video recording, the images that
are seen when the video is streaming, are the same images that are stored in the video
file exactly as they are in it. In this pronouncement, the narrator emphasizes on the
ability to store and get the video after the mission once the network is created. The
recorder on board has no dependability on the streaming path in terms of resilience.
The glitches in networking and loss of packets and even temporary failures in the live
streaming will not disrupt the recording procedure and the mission information will
be secure. This contributes to the credibility of the system as there is low latency
in live streaming.

5.7 Implementation of Telemetry

The telemetry integration is a vital component of the proposed UAV video streaming
and recording system because it will be used to retrieve the necessary background
data that will be used to increase the interpretability and usefulness of aerial video
data. In the present implementation, telemetry processing is purposely constructed
as a separate but time-synchronized pipeline, which is running with the video pro-
cessing pipeline. The rationale behind this architectural choice is that telemetry
processing is decoupled both from video encoding and transport and yet succeeds
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in being time-synced to live video streams and recorded video streams. The UAV
has the sensors of the inertial measurement unit (IMU) and the Global Positioning
System (GPS) as sources of telemetry data, supplying such parameters as the ge-
ographic position, altitude, orientation (roll, pitch, yaw), speed, and heading. The
system also supports simulated telemetry sources that create time-varying values in
a smooth manner so that the system can be tested and developed. All the telemetry
data are structured as objects, regardless of origin, and are of the format of struc-
tured JSON objects, making them consistent and extensible. A telemetry packet
contains the exact UTC time that is the common time in the system.

Telemetry information is sent to the Jetson platform in the User Datagram Pro-
tocol (UDP) over a special port. UDP is selected based on its low-latency property
and minimal overhead that it has, and when application telemetry delivery requires
real-time and consideration of instances of packet loss is not a critical factor in sys-
tem operation, it is appropriate. The system also ensures that all the telemetry
transport does not introduce any additional load to the video transport, ensuring
that video streaming and recording processes remain deterministic.

Figure 5.4: Implementation of geotaging.
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5.7.1 Telemetry Acquisition and Parsing on Jetson

The telemetry acquisition within the proposed system is a software process that is
a standalone operation on the Jetson board. This component receives telemetry
data produced by the UAV navigation and sensing subsystems, decodes the data
received, and transforms it into a formal structure that is taken inside the system
as an internal representation. Telemetry information is sent using User Datagram
Protocol (UDP) socket to a port located at a fixed position on the Jetson device.
UDP is chosen because it has low overheads in communication and is suitable in
real-time data communication whereby the latest telemetry data has a higher pri-
ority than ensuring each packet has been delivered.

A python based telemetry listener is used to constantly monitor the UDP port
and handle packets as they come. The packets are decoded in a text representation
and parsed as a JSON object. The JSON format allows the recognition of the sepa-
rate telemetry variables like latitude, longitude, altitude, pitch, yaw, roll, speed, and
heading. This structured representation can be easily processed in real-time and is
easily stored over time and also can enable the easy expansion of telemetry fields in
the event of any subsequent revision to the system. The telemetry values are inter-
preted into numeric formats where applicable and checked to be consistent once they
have been parsed. The latest telemetry snapshot is saved in a common data format
which is available to other system assets. This architecture will see to it that down-
stream consumers will always have a consistent and current view of the state of the
UAV. When the telemetry updates cannot be received, the system will use the final
sound snapshot that will ensure continuity in both the display and recording output.

Significantly, there is no relationship whatsoever between telemetry acquisition
and parsing and the video processing pipeline. Telemetry information is not routed
through GStreamer elements or can make any difference in video encoding or trans-
port performance. This segregation boosts the resilience of the system and eliminates
any telemetry processing that could add to the video stream in terms of latency and
instability.

5.7.2 Time Synchronization Strategy

Time synchronisation becomes the key factor in the harmonisation of telemetry data
with the related video material. Synchronizing and proposing system In the pro-
posed system, a software-based timestamping plan will be used based on a common
time reference on the Jetson platform. When the system receives a telemetry packet,
it allocates a timestamp based on Jetson system clock which is set to work accord-
ing to Coordinated Universal Time (UTC). This time is the exact time when the
telemetry data is made available to the processing pipeline.
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Video recording sessions start time are set using the same system clock reference.
As the recording operation starts, the time at which that point is recorded is taken
as recording start epoch. The time of all the telemetry measures taken in the same
session is relative to this reference. This means that the timing of telemetry and
video timelines has a common time base and through this, video frames and teleme-
try values can be properly correlated while viewing and analyzing their data.

In this strategy of synchronization, no hardware timestamping is required or direct
interconnection of the telemetry packets and the video frames. Temporal alignment
is rather pursued by using the same system time in independent pipelines. It is
an appropriate methodology to software-defined UAV systems, where the accent is
made on flexibility, portability, and integration simplicity. It can also be used to
provide post-mission analysis to run telemetry data replayed and compared to par-
ticular locations in the recorded video based solely on timestamps.

5.7.3 Telemetry Distribution

Once telemetry data has been collected, processed and time-stamped, it is sent con-
currently to two different processing streams, a live telemetry distribution stream
and a recording telemetry stream. Both routes are based on the same synchro-
nized telemetry snapshot, and the real-time visualization and the data will be equal.
Server-Sent Events (SSE) is used to push the telemetry data to the web-based user
interface in the live telemetry distribution path. The Jetson system is an SSE server
that iteratively transmits telemetry messages to web clients that are attached to
it. JavaScript logic on the client side is then updated with this and displays the
telemetry data as an HTML overlay on the WebRTC video stream. This overlay is
also dynamic and indicates the latest telemetry snapshot to allow operators to view
the UAV state in real-time and the live video feed. The overlay is created at the
browser level, which means that it does not deal with changing the underlying video
stream, and presents no extra encoding burden.

Simultaneously, the recording telemetry route is a process that provides the con-
tinuous storage of telemetry information when recording video. Telemetry snapshots
are written periodically when recording is enabled to two complementary file for-
mats, a file containing system state as a JSON Lines (JSONL) file and one containing
a transcript as a SubRip subtitle (SRT) file. The JSONL document saves the raw
telemetry data in a machine readable format that can be used later in the data
analysis, visualization, or integration of post mission telemetry data. The SRT file,
in contrast, gives a time-stamped text record of telemetry data that may be replayed
on the MP4 video recorded in regular media players.

Both the JSONL and SRT like are based on timestamps expressed with reference
to the common starting point of recording, so that the reported time is accurately
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correlated with the video content being recorded. This bi-format storage plan pro-
vides a balance between human readability and flexibility of analysis and does not
imply the complexity of using embedded metadata standards. This means that the
telemetry data and recorded video is self-contained, descranged and can be viewed
with no special decoding software.

5.8 Robust Pipeline Control and Operational
Reliability

Quality work in dynamic environments UAV-based video streaming systems require
reliability due to frequent user-controlled actions, variability of the network, and
long run-times. In order to compensate these difficulties, the suggested system is
equipped with robustness-based design decisions and regulated pipeline operation
tools, which assist in maintaining stable operation in the case of long-term missions.

This is done by explicit operator commands via a web-based interface which con-
trols the startup and termination of the video processing pipeline. Onboard record-
ing and streaming are independent and can be started and stopped without starting
the whole pipeline. The safe and smooth closure with the end-of-stream processing
is guaranteed by the active closing of the GStreamer pipeline and the ability to run
buffered videos and properly end video files.

Functional decoupling is another way of improving system robustness. The live
streaming, onboard recording, and generation of telemetry are enforced as au-
tonomous subsystems that have a common upstream processing step. Subsequently,
onboard recording is not affected by interruptions to the streaming subsystem in-
cluding temporary network failures or browser loss of connection. Equally, video
capture and encoding is not interrupted by the delay in telemetry updates.

The acquisition of telemetry is non-blocked through the integration of an exter-
nal process that produces data on subtitles continuously. This information is fed
to the video pipeline without interrupting the video processing. Without providing
new telemetry, the video pipeline will keep running normally, providing continuous
streaming and recording.

Telemetry generation necessitating auxiliary processes are checked upon system
startup and started otherwise. This will enhance the reliability in operation without
wasting time by restarting the pipeline. The system is made to be long-run, taking
advantage of the hardware based video processing and not having to restart the
pipeline too often keeping the resource usage steady.
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To conclude, the proposed system can be said to have robustness in terms of
the controlled pipeline management, decoupling of sub systems, and non-blocking
telemetry integration. The design considerations allow to guarantee real-time stream-
ing and onboard recording reliability at different operational conditions that usually
arise during UAV deployments.

77



6 Results and Evaluation

6.1 Functional Evaluation

The functionality check of the proposed video streaming and recording system of the
UAV is done to ensure that all the components employed are working properly in
the usual conditions of operating the system. The main aim of this test is to prove
that the system meets its functional requirements, such as the live video capture
and processing, live video streaming to a browser-based Ground Control Station,
on-demand onboard recording, and built in geotagging and telemetry overlays.

The initial validation of the proper operation of the GStreamer-based video pro-
cessing pipeline is the validation of the successful video capture, preprocessing, en-
coding, and pipeline branching. The live streaming subsystem is tested on functional
behavior through the next step of ensuring web to end video delivery is imple-
mented using WebRTC. Active streaming session selective recording capability is
then analyzed in order to ascertain the independent and reliable onboard recording.
Lastly, the integration of the telemetry and the timestamp data in the streamed and
recorded video outputs, proper functionality of the web-based control interface, etc.
are assured.

The outcomes provided in this section form a checkpoint confirmation of system
accuracy and robustness, which forms the required basis of the quantitative perfor-
mance test given in subsequent sections.

6.1.1 Verification of the Video Processing Pipeline

The main part of the developed system is a multimedia pipeline based on GStreamer
and running on NVIDIA Jetson Nano. The video acquisition of the pipeline starts
with the usage of a USB camera with Video4Linux2 (V4L2) interface. The camera
has a 1280x720 pixel Motion JPEG (MJPEG) video, which is captured at 30 frames
per second. As MJPEG is a compressed format, the incoming frames are first decom-
posed and decoded with the aid of NVIDIA hardware-accelerated MJPEG decoder
followed by conversion into a raw video format which can then be further handled.

At the preprocessing stage, the telemetry information produced by the UAV sys-
tem such as timestamps and geospatial data are incorporated. A background teleme-
try process continuously writes telemetry values in a subtitle (SRT) file, and super-
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imposes the values on the video frames in real time with a subtitle overlay element.
This guarantees the encoding of geotagging information as an integral component
of the visual information.

Designed to be used on the NVIDIA hardware encoder (NVENC), the video
stream is preprocessed followed by overlay integration, followed by compression of
the video stream. Hardware encoding is far more efficient in terms of CPU overhead
as well as permitting real-time operation. The coded stream is then divided with a
tee element into several branches whereby, the live streaming can be performed and
onboard recording can be seen using one encoding stage, simultaneously.

One of the streams encodes the H.264 stream as RTP packets and transmits them
over UDP to the Janus Gateway, and the second branch sends the encoded stream
to be recorded. The two branches work simultaneously and autonomously, thus,
there is no interference between live streaming and recording.

Figure 6.1: Pipeline startup and NVENC initialization log

The pipeline is initialized and works correctly due to the confirmation of the run-
time logs and system observations. The pipeline as depicted in Figure 6.1 manages
to move to the PLAYING state after moving out of the PAUSED state, which means
that all the elements are properly configured and connected. The activation of the
NVIDIA multimedia components and H.264 encoder is further confirmed by the log
output, which proves that hardware acceleration is being used.

Process inspection is used to verify the active pipeline instance with the full
GStreamer command line showing that preprocessing, overlaying integration, hard-
ware encoding, tee-based stream splitting, and RTP transmission components all
exist. This gives first-hand evidence that the planned pipeline is operating as de-
sired. Lastly, the verification at the network level is done with the help of a packet
capture on the UDP port that is used to setup RTP streaming. Various UDP pack-
ets are observed to have constant packet sizes and lack of packet drops caused by
the kernel as indicated in Figure 6.2.
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Figure 6.2: RTP packet capture using tcpdump

This proves that the RTP stream is being produced and sent on a continuous
basis, which confirms that the streaming section of the pipeline is right. All these
observations taken together prove that the video processing pipeline is fully func-
tional, does the real-time capture, overlay, encoding and stream generation and gives
a stable base to both live streaming and onboard recording.

6.1.2 Live Video Streaming Verification

Live video streaming functionality of the proposed system was functionally tested
with the help of browser-based Ground Control Station (GCS) interface and runtime
logs of the Janus Gateway and onboard Jetson Nano. The proper start of the We-
bRTC streaming backend is proven by the logs of Janus server. Logs show that the
Janus streaming plug is loaded and initialized and that the transport is the HTTP.
Such messages affirm that using the onboard system, Janus is properly set up and
ready to consume RTP streams and open them to WebRTC clients untranscoded.

Figure 6.3 shows what happened to the Ground Control Station (GCS) web in-
terface as soon as the operator clicks the Start Streaming button. This button in
the present system activates the onboard GStreamer video pipeline on the Jetson
platform by a REST API request. When a trigger is received, the camera feed is cap-
tured, processed, encoded and sent to the Janus WebRTC gateway. Consequently,
the live video stream is visible in the browser interface at the desired resolution of
1280x720.

The WebRTC connection is already established with the help of the Control We-
bRTC. This is attested by the log panel on the right-hand side where messages like
the one below are displayed: ”Janus connected. Added streaming plugin attaching
as well as Remote track: kind=video on=true. These log entries prove that the
browser has negotiated a WebRTC session successfully with the Janus server and it
is now preparing to accept media when streaming is started. The fact that the live

80



6 Results and Evaluation

Figure 6.3: WebRTC video stream live in the browser following the activation of the
Start Streaming.

video feed is not provided until one presses Start Streaming proves that the media
pipeline is not in a running state but is provided on demand by the operator.

Besides the video, there is a telemetry overlay that is presented at the top of the
live stream. Such overlay also contains real-time data in the form of UTC times-
tamps, latitude, longitude, altitude, speed, heading, and attitude (pitch, yaw and
roll). The fact that this data is being received independently and that the Python
telemetry service is being used to process this independent data, that time-synching
has taken place, and that data has been rendered in the browser by using Server-Sent
Events (SSE) substantiates this point. Log messages reported on telemetry updates
also substantiate the fact that telemetry distribution is working and in sync with
video playback.

The interface state is depicted in figure 6.4 following the operator press desecating
the Hide Subtitle button. This has an influence on the client-side visualization of
telemetry only. After activation, the telemetry overlay is dropped off of the video
display and the subtitle status is changed to hide, as indicated below the video
panel. Notably, the video stream is not interrupted in any way and telemetry is
being processed and stored in the background. This shows that the telemetry visu-
alization can be decoupled with video capture and telemetry acquisition and offers
the flexibility of user control without affecting the operations of the core system.

Stop streaming button will stop the onboard GStreamer streaming pipeline leav-
ing the WebRTC connection. This behavior is indicated by the log output where
it is indicated that the stream has been stopped and still the Janus session is ac-
tive. Consequently, the video screen is frozen or disappears but the browser is open
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Figure 6.4: State of browser interface on selecting Hide Subtitle.

and connected to restart a stream should the operator presses Start Streaming once
more. This proves that the system is capable of dynamic start-stop enabling video
transmission without the need of complete reconnection.

6.1.3 Onboard Recording Verification

The video recording capability was tested to confirm that the system is capable of
recording mission-relevant video along with its related telemetry reliably without
interfering with the live streaming. The recording mechanism is supposed to be
selective, operator-controlled so that only when needed, it can be stored. This is
especially applicable to UAV missions when there is no need to record continuously
and onboard storage capacity has to be spared.

The Ground Control Station (GCS) interface can be used to control recording
via dedicated Start Record and Stop Record controls and is web-based. After click-
ing the Start Record button, the already running H.264-encoded video data stream
is kept running through the transmission of the stream to the browser through the
WebRTC, and the parallel recording process on the Jetson platform is implemented.
The video stream is diverted to the recording branch and recorded on the local disk
in an MP4 container without affecting the live stream. Meanwhile, telemetry ac-
quisition is started and received telemetry data are incessantly time-stamped and
logged to neighboring SRT subtitle files as well as JSONL telemetry logs in the same
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recording directory. This makes every video piece recorded always to be linked with
the telemetry data.

When the Stop Record control is activated, then the recording of video is grace-
fully ended and the MP4 container is completed to maintain its integrity. At the
same time, logging telemetry is also ceased under the controlled nature, such that,
subtitle and telemetry files are fully formed and aligned properly with the video that
is recorded. Notably, pausing the recording is irrelevant to the live WebRTC stream,
which proceeds with a normal operation and the operator can restart recording at
any point of time in the mission.

Figure 6.5: Video files recorded on the Jetson Nano as MP4 files.

The video files and telemetry files will be recorded in a specified recordings di-
rectory on the Jetson Nano as shown in Figure 6.5. Folders with timestamps are
created in multiple folders, in accordance with a start and stop actions initiated by
the user. The existence of the valid MP4 files, and the corresponding SRT files and
the JSON telemetry files, with appropriate file sizes and modification dates, proves
that every recording session is completed successfully and closed correctly.

The playback tests involving external systems ensured that the recorded MP4 files
are sound, properly encoded and not corrupt. In playback mode, it is possible to see
the same telemetry data as can be seen on the live stream display, i.e. timestamps,
geographic position, altitude and vehicle attitude via the subtitle overlays. This
shows that the telemetry information is synchronized with the video material and
stored with it to be analyzed later during mission.

It is worth noting that, recording starts or stops do not disrupt the live video
broadcast. WebRTC stream is continuous regardless of recording state changes,
which is a confirmation that the system architecture can effectively separate live
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streaming and recording functions without losing the synchronization. This sup-
ports the usability of the proposed system in the real-world UAV applications where
the operator might require the ability to selectively record vital mission footage and
related telemetry without interference with real-time surveillance.

6.1.4 Geotagging and Telemetry Overlay Verification

Geotagging capability was also tested to confirm that telemetry information, live
and recorded video streams were obtained, synchronized, and displayed correctly.
The proposed system also receives telemetry data (data about the time, spatial posi-
tion, altitude, and vehicle attitude) without being filtered through the video pipeline
and acts on the Jetson platform. It uses this telemetry data to produce real-time
visual subtitles to be viewed live and synchronized subtitle and log files at the time
of recording.

When used in live, the WebRTC video shown in the browser will show an incoming
stream of telemetry information in the form of a readable overlay. The timestamps
displayed in the overlay are real time and are synchronized with the system clock
and indicate that the telemetry updates are handled and sent without any observ-
able latency. This validates real-time association between the received telemetry
data and the visualized video frame in spite of the video and the telemetry being
carried by separate channels.

The corresponding telemetry is stored when recorded MP4 files are replayed either
as a synchronized subtitle (SRT) and structured JSON log files created during the
recording session. The entries in the subtitle have been made at the time of the video
recordings and this guarantees that a similar mission-relevant telemetry situation
that is present on the screen during live operation can be examined after the mission.

The system has the benefit of keeping both the live streaming and recorded out-
puts self-contained in terms of contextual information by separating the telemetry
handling and the video transport yet having a common time reference. The overlay
format and update rate were created in such a way that the important visual infor-
mation is not hidden to ensure that it can be read and it can be viewed in real time
as well as offline.

Altogether, the findings prove that the introduced system is stable to combine syn-
chronized geotagging data and UAV video outputs. Incorporation of Live Teleme-
try overlays to WebRTC viewing in conjunction with synchronized telemetry files
to recorded sessions meet the functional needs of the UAV video systems offering a
realistic balance in usability of the systems in real-time, the ability to analyze the
session post-mission, and the complexity of the systems.
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6.2 Quantitative Performance Evaluation

After the successful functional testing of the proposed UAV video streaming and
recording system, this section provides a quantitative analysis of the performance
of the same. This evaluation aims at evaluating whether the implemented architec-
ture can be used to meet real time operational requirements when deployed on an
embedded UAV platform. The quantitative evaluation also places less emphasis on
usability and mission effectiveness as compared to the functional evaluation which
evaluates the aspect of behavior in terms of correctness.

The performance measurements will focus on three areas: the end-to-end latency
of the live video stream, the stability of the streaming and frame continuity in the
working conditions, and the use of resources on the Jetson Nano platform. The
metrics are important in real time applications of the UAV, as delays in the visual
feedback, unstable streaming, or excessive computation can be detrimental to the
operator decision-making and the overall reliability of the system.

Each and every measurement is taken when the system is working in its full-
integrated state, and on-demand live WebRTC streaming and onboard recording
are turned on. This makes sure that the stated results are realistic in terms of
deployment.

6.2.1 Resource Utilization Analysis

Resource utilization the ratio between the available system computational and mem-
ory resources and the workload done by the system. Resource use is a key perfor-
mance indicator in embedded real-time video processing systems, e.g. unmanned
aerial vehicle (UAV) video streaming platforms. Efficient use would make sure that
the system is able to operate continuously, allow real-time constraints and even fu-
ture functionalities without affecting performance. On the other hand, overuse can
lead to the rise of latency, lost frames, thermal throttling or instability of the system.
Thus, the CPU, GPU, and RAM utilization will have to be studied thoroughly to
assess the efficiency and scalability of the offered video streaming, video recording,
and telemetry architecture.

In order to measure system resource utilization accurately, tegrastats utility by
NVIDIA was used in all experiments, which is a lightweight, real-time monitoring
utility, unique to NVIDIA Jetson platforms, and it reports periodically CPU load,
GPU utilization, and memory consumption with low overhead. This gives it good
compatibility with performance profiling of embedded systems where intrusive pro-
filing tools can introduce undesirable effects in real-time behavior.

In both experiments, the tegrastats was constantly running in the background as
the video pipeline based on GStreamer was active. The tool created a record of
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all timestamps of CPU use in all cores, GPU use, and RAM use at specified time
intervals. These logs were diverted to files and eventually processed offline in order
to extract quantitative metrics. This will make sure that the reported measurements
are a measure of actual runtime behavior and not a snapshot of the behavior.

Experimental Setup and Test Case Execution

In order to have accurate and representative measurements a period of 10 minutes
was carried out in each test case. This wait time was selected to ensure that the
system had stabilized and to reduce the impact of the short lived transient effects
like the initiation of the pipeline, cache warming and allocation of buffers. Executing
each setup over a long duration also allows monitoring any spikes in the consump-
tion of resources that are significant in determining the robustness of the system.

In both cases, the tegrastats logs were recorded and both the mean and peak
values of CPU utilization, GPU utilization and RAM consumption were calculated.
Mean values indicate the demand on resources when the system is operating at
normal performance whereas maximum values characterize worst-case behavior, es-
pecially when critical performance is required by the system in real time.

The tests were performed at two resolutions of the videos 1280x720 (720p30)
and 1920x1080 (1080p30) and three different working modes:
1. Streaming only, in which real video is served using WebRTC.
2. Streaming along with recording, during which the video stream is being

recorded to file.
3. Streaming with recording and telemetry(Geotagging) This is where the

video streaming and recording are coupled with real-time telemetry data processing.
With this arrangement it is possible to perform a systematic study of the impact

of the increase of functional complexity and video resolution on the use of system
resources.

Quantitative Resource Utilization Results

Table 6.1 shows the average and peak CPU utilization, average and peak GPU uti-
lization and average and peak RAM utilization of all of the six test cases. In the
streaming-only case, where the 720p30 system is used, the system has an average
CPU load of 27.57% with a peak of 53.50%. The peak value is relatively higher
and this is attributed to the short term events like the startup and network I/O
operations of the pipeline. The usage of GPUs is low (4.72%) and means that the
hardware process of encoding takes place efficiently, and the average amount of
RAM used is 1812.8 MB that represents a constant memory footprint during steady
streaming.
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Test case
CPU Usage (%) GPU Usage (%) RAM Usage (MB)

Avg. Peak Avg. Avg. Peak

720p30 – Streaming 27.57 53.50 4.72 1812.8 1815

720p30 – Stream +
Record

27.44 29.50 4.75 1814.4 1817

720p30 – Stream +
Record + Telemetry

27.53 29.75 3.84 1840.4 1843

1080p30 – Streaming 26.36 32.00 5.26 1813.1 1814

1080p30 – Stream +
Record

26.63 28.50 6.22 1816.1 1819

1080p30 – Stream +
Record + Telemetry

26.86 50.75 6.34 1853.7 1857

Table 6.1: Average and peak CPU, GPU, and RAM usage for different operating
modes and video resolutions.

When it is recorded at 720p30, the average CPU usage is almost the same at
27.44% and the maximal CPU usage drops to 29.50% implying more stable load
distribution in the sustained operation. The usage of GPU is not much higher (4.75
%) and the consumption of RAM is growing a bit more (1814.4 MB) as extra buffer-
ing and file I/O traffic is related to recording.

Adding telemetry at 720p30, the CPU usage is nearly the same, with 27.53%, and
the GPU usage is slightly lowered to 3.84%, because telemetry processing is rather
CPU- and memory-intensive. Nevertheless, average RAM consumption is raised to
1840.4 MB, and the highest value is 1843 MB as the memory consumption is over-
head with telemetry data structures and synchronization.

At 1080p30, the same tendencies can be observed, although resolution is the
primary factor with which to influence the use of the GPU. During the 1080p30
streaming-only scenario, we see that the average CPU consumption is 26.36% and
that the average use in the case of the graphics card is 5.26% since the more inten-
sive video frame encoding requires more computation. The amount of RAM used is
constant at 1813.1 MB which means that the resolution changes alone do not have
much effect on the memory usage.

In the case of 1080p30 recording, the average use of CPU 26.63% and GPU use
is even higher 6.22% and the use of RAM is also slightly higher 1816.1 MB. The
1080p30 stream + record + telemetry configuration indicates the greatest total use
of the resources with an overall average of 6.34% of the GPU used and 1853.7 MB
average of the RAM used with the highest value of 1857 MB. Nonetheless, the sys-
tem is stable, and not subject to overuse of resources.
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Figure 6.6: Resource Utilization Comparison.

The summary of the resource utilization data is contained in Table 6.1 and the
graphical representation of the data in table 6.1 is given in Figure 6.6 in the form
of a grouped bar chart. The graph shows the average and peak CPU utilization,
average GPU utilization, and normalized average and peak RAM utilization of each
test case allowing one to directly compare across the configurations.

The stability of the CPU usage at all the resolutions and operating modes is also
clearly depicted in the graphical representation which confirms that CPU is not a
limiting factor in the proposed system. The progressive rise between 720p30 and
1080p30 in the usage of the GPU is obvious, which shows the resolution-based char-
acter of video encoding loads. Also, the graph highlights the incremental trend of
the RAM utilization when recording and telemetry are on, especially at higher res-
olution. On the whole, the agreement between the table-based data and the trend
on the graphs proves the authenticity of the experimental findings and proves that
the given architecture effectively manages the resources of the system.

As the analysis of resource utilization shows, the given video streaming, recording,
and telemetry system is efficient in all the test configurations. The use of hardware
accelerated encoding makes sure that the CPU load is kept low and remains constant,
the use of the GPU will increase predictably with the resolution, and the use of
memory will increase relatively with the added features. Such findings indicate
that it can easily be integrated into real-time embedded systems on NVIDIA Jetson
systems, with enough computational and memory capacity to allow future extensions
and extended lifetime.
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6.2.2 Internal Latency Analysis

Internal latency is the time spent by a video frame to pass through the internal
processing stages of a multimedia processing pipeline, beginning at a video cap-
ture source and ending at a given processing or output element. Internal latency
separates the delay added by the pipeline elements (decoding, colour conversion,
encoding, buffering and branching operations) unlike the end-to-end latency at the
receiver. Internal latency is also important to measure the pipeline efficiency and
to detect the performance bottlenecks, particularly in real-time systems like in the
UAV video streaming application.

The internal measurements of latency in this work were measured by the GStreamer
latency tracer, which belongs to the built-in tracing framework of GStreamer. La-
tency tracer captures the latency of each of the buffers in the pipeline that propagates
between a source pad and sink pad. It is possible to measure internal delays by turn-
ing on the tracer when the pipeline is running, and does not require that the pipeline
be changed or any extra timing logic be inserted. This model will provide the cor-
rect, non-interfering latency measures that are indicative of the real-life performance.

Test Cases and Measurement Methodology

The latency was measured in two video resolutions, 720p30 and 1080p30. Three
internal pipeline paths of each resolution were considered:
1. v4l2src - tee: Latency Measures the latency to the point of branching the

pipeline, and it is the minimum processing delay at which the stream can be dupli-
cated.
2. v4l2src - udpsink: Measures the internal latency to the streaming output,

that is, decoding, conversion, encoding, and RTP packetization.
3. v4l2src - filesink: Checks internal latency as far as recording output, encod-

ing and container multiplexing.

The test cases were run with 383 video frames, to have about 12.8 seconds of
uninterrupted running time at 30 fpm. Mean latencies were calculated using the
tracer samples taken in each of the test cases and statistically stable and similar
values were obtained in different configurations of the pipeline.

Results of Latency Analysis

The mean values of the internal latencies were obtained in all the test cases and
they are summarized in Table 6.2 and graphically compared in Figure 6.7. In both
resolutions, the v4l2src - tee path has the least latency since the path has only nec-
essary preprocessing steps before branching to the pipeline. The mean latency to
the tee at 720 p.30 is about 6.6 ms which rises to 7.7 ms at 1080 p.30 because of the
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augmented workload on the pixel processing tasks.

The internal latency is much greater with both streaming and recording paths.
This is mostly due to the inclusion of hardware-based H.264 encoding and its output
processing. The means of the latency of both recording and streaming paths are
around 13.3 ms at 720p30 and 20.9 ms at 1080p30. The fact that the values of
streaming and recording latency are so closely related means that the encoding
part of the latency is mainly the largest part whereas the difference in network
transmission and file writing is slightly higher than the overall latency.

Test Case Avg. Latency (ms)

720p30 – v4l2src → tee 6.58

720p30 – v4l2src → udpsink 13.25

720p30 – v4l2src → filesink 13.30

1080p30 – v4l2src → tee 7.66

1080p30 – v4l2src → udpsink 20.91

1080p30 – v4l2src → filesink 20.92

Table 6.2: Average internal pipeline latency for different test cases.

Figure 6.7: Internal latency comparison over test cases.

Figure 6.7 above shows the bar graph that visually indicates how the internal
latency is affected by the resolution. The increase in the latency between 720p30
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and 1080p30 is the same in all the test cases, which proves that the high spatial res-
olution directly influences the internal processing time. Although such an increase
has occurred the measured latencies are within a range considered acceptable to
real-time UAV video streaming applications.

This internal latency analysis shows that major factors that affect pipeline latency
are resolution and encoding steps and not the output modality. The latency tracer
of GStreamer gives an accurate data on how the internal pipeline operates, allowing
a knowledgeable design choice on the optimization of real-time multimedia pipelines
in resource-constricted embedded systems.

6.2.3 Frame Continuity and Drop Analysis

The end-to-end frame continuity and frame rate of playback were tested to deter-
mine the stability of the suggested UAV video streaming pipeline in the realistic
conditions of operating. This analysis has been done with a special receiver-side
GStreamer pipeline that ended in fpsdisplaysink. This sink reports runtime infor-
mation on how many frames have been rendered, how many frames are skipped
before being rendered, and the actual playback frame rate, and thus offers a whole
end-to-end evaluation of performance of video delivery.

The receiver pipeline was subscribed to the UDP monitoring branch on the port
(6000) where the same encoded H.264 video stream is contained as the WebRTC one
that drives the browser-based visualization. As the count of frames is incremented
when they have been handled by the full receive-side pipeline, which includes RTP re-
ception, jitter buffering, depayloading, decoding, and synchronization, the reported
statistics are invariably related to the collective effect of all the upstream process-
ing capabilities, such as camera capture, encoding, packetization, transmission, and
scheduling by the receiver. Due to this, the measured values are of realistic end-to-
end video delivery properties, as opposed to component-level behavior.

In the course of the measurement, 2500 frames were rendered at the receiver with
no dropped frames and this translates to an end-to-end frame drop rate of 0.0%.
This finding proves the hypothesis that the suggested streaming pipeline provides
a consistent frame continuity, and there is no noticeable loss of frames in the entire
delivery chain. No dropped frames means that the system can support the amount
of workload configured without overflow of buffers, undue back-pressure in queues
or decode side starvation with the conditions tested.

The average playback frame rate at the receiver was found to be 16.65 FPS and
the current frame rate at the receiver was about 16.70 FPS towards the end of the
measurement period. The playback frame rate was lower than the nominal frame
rate set up in the camera input, but does not mean frame loss. Rather, it captures
downstream processing and synchronization limitations such as hardware encoder
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Metric Measured Value

Rendered frames 2500

Dropped frames 0

End-to-end drop rate 0.0%

Average playback FPS 16.65

Table 6.3: End-to-end frame continuity and FPS .

scheduling, RTP buffering, decode throughput and sink level clock synchronization
(sync=true).

Notably, the fact that the playback frame rate is reduced but maintained constant
as well as the fact that frame drop rate is zero suggest that the streaming system
is well behaved and is more concerned with continuity and temporal consistency
rather than high-performance frame delivery. In the case of UAV situational aware-
ness and remote surveillance, this kind of behavior is usually desirable as compared
to increased nominal frame rates with frequent frame drops or visual artifacts. As
such, the obtained experimental findings support the hypothesis that the specified
video streaming design offers a stable and secure end-to-end video feed that could
be utilized in running UAVs live.

6.3 Summary of Evaluation Metrics

This part is a synthesized overview of the outcome of the evaluation performed in
both the functional and quantitative analysis discussed in this chapter. The aim of
the summary is to present a concise overview of the system performance as per all
the major dimensions, such as proper operation, real time behaviour, stability as
well as resource efficiency.

Based on the functional assessment, it was possible to note that the system showed
the appropriate and stable work of all significant elements. It was successfully possi-
ble to stream live video to the browser-based Ground Control Station using the We-
bRTC, and onboard recording could be initiated and stopped dynamically, without
disrupting the live stream. Information (timestamps and telemetry) on geotagging
was always included as well in both the streamed and recorded video output. The
control interface in a web-based format worked as expected and allowed the control
of the streaming and recording process remotely.

The quantitative analysis was also used to verify the actual performance of the
system in real-time. According to internal pipeline latency with the GStreamer
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latency tracer, steady-state processing delay with pipeline warm-up was very low.
The end to end latency had not exceeded acceptable limits in terms of real-time
UAV monitoring and streaming stability analysis established that there were no
frame-drops and streaming playback showed no obstructing artifacts. Measures of
resource usage showed that the system can use the resources efficiently under the
computational limits of the NVIDIA Jetson Nano, even when both streaming and
recording are done at the same time.
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In this chapter, one can find a detailed discussion of the findings of the implemen-
tation and testing of the offered UAV video streaming and recording system. This
chapter has the objective of interpreting the results of the experiment and evaluating
the effectiveness of the design choices and to correlate the behavior of the observed
system with the initial research objectives. Moreover, the possible paths of the fu-
ture expansion and improvements of the proposed system are described, which also
provides the possible prospects of research and development in the future.

7.1 Discussion

The findings achieved in this thesis indicate that a single multimedia processing
architecture may be useful in enabling simultaneous real time video streaming, on-
demand onboard recording, and geotagging on a resource constrained UAV platform.
The implications of the findings of the experiment, the design choices implemented
to develop the system, and the context of the experimental findings to the scope of
the UAV video systems, are discussed in this section.

An important consequence of this work is that it has become possible to con-
solidate various video capabilities into one processing pipeline in a coherent way.
Prior to the development of the new video recording system, UAVs frequently used
separate pipelines or loosely integrated components based on streaming, recording,
and telemetry. These designs create a redundancy, augment computation costs and
add complexity to video/metadata synchronization. The proposed system, on the
contrary, uses a single GStreamer based pipeline where the video capture, prepro-
cessing, encoding, and output distribution is much more closely interrelated. The
results of the evaluation prove that such a strategy can bring considerable efficiency
without affecting the operational strength.

The choice to make use of the hardware-accelerated video encoding on the NVIDIA
Jetson Nano formed part of its core in the successful real-time performance. The
qualitative analysis demonstrates that the use of the CPU is not that intensive
when the acts of streaming and recording are conducted at the same time, which
proves that the implementation of computationally demanding encryption processes
is efficiently put on the dedicated hardware units. This is especially necessary in
the UAV platforms where the processing resources are strictly constrained and fre-
quently need to be shared with the navigation, control and sensor fusion workloads.
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The availability of enough headroom in the computation indicated by the perfor-
mance of the system on evaluation indicates that the system can be incorporated into
larger UAV software stacks without impacting negatively on flight-critical processes.

The discussion has also presented another critical aspect namely latency behav-
ior. Measurement of internal latency in the GStreamer latency tracer showed a huge
constant processing delay following initial warm up. These findings suggest that the
video processing pipeline is not a bottleneck and most of the end to end delay is
caused by encoding, network transmission and decoding at the browsers. The end
to end latency stability of the system during continuous operation and state change
of the recording mode proves the system design avoids excessive buffering and has
predictable timing behavior. Where real-time situational awareness is needed, e.g.
in UAV applications, this kind of predictability is frequently a higher priority than
absolute latency reduction.

The continuity of the frame and the streaming stability also enhances the strength
of the proposed architecture. The lack of dropped frames at the receiver as well
the constant playback behavior is a good pointer that the pipeline has a constant
throughput and does not experience buffer underflows or overflows. Even though the
real-time streaming rate realized in the course of testing was lower than the camera
capture rate, it was still fixed and without artifacts. This observation highlights a
major research difference between frame rate and frame reliability. Whereas in most
instances of UAVs, reliable and steady video transmission is more important than
maximum possible frame rate, especially when network or processing resources are
limited.

The WebRTC integration through Janus Gateway is an artificial performance or
accessibility trade-off. The system ensures a low-latency delivery and it still remains
compatible with regular web browsers by sending pre-encoded RTP streams directly
into WebRTC sessions without any transcoding. This design option makes client-
side requirements easier and can be used to implement Ground Control Station on
cross-platform. The testing has verified that this scheme offers consistent video pre-
sentation and can withstand client reconnection without interrupting the onboard
pipeline which is needed to have operational resilience.

The other area where the discussion indicates the strengths and trade-offs is geo-
tagging integration. The direct addition of telemetry data as visual overlay on to
video frames makes sure that recorded and live videos are self-contained and can
carry contextual data when being transferred or replayed without relying on the
UAV system. This is because it does not require the complexity of dealing with
parallel metadata streams and also does not cause synchronization problems during
post-processing. Although such approach restricts automated metadata extraction,
the testing shows that it is a reliable and universally applicable solution that can
be used with a variety of operational UAV applications, especially when it comes to
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using human operators.

At a system-level, the findings confirm the design philosophy of the design that
was driven by simplicity, robustness and efficiency compared to complex features.
The average resource overhead that is recorded when recording and the consistency
of latency and streaming conditions shows that the system will have a well-balanced
trade-off between functionality and performance. This compromise is essential to
autonomous UAV operations, where predictability and stability of the system can
be more important than more complicated platforms, which are delicate.

Overall, the argument presented above validates that the suggested system will
respond to the research questions set in this thesis. The integrated pipeline frame-
work, hardware acceleration, and WebRTC-based streaming and recording of real-
time UAV video and geotagging is a viable and scaled solution to real-time UAV
video streaming and recording. The experience of this work can be used in the con-
tinuous evolution of effective multimedia systems of autonomous aerial platforms
and serve as a solid basis when improving the same in the future.

7.2 Future Scope

Despite the fact that the proposed system proves to be quite reliable in its per-
formance and addresses its main goals, it is possible to distinguish a number of
directions that can be enhanced in the future. The use of structured metadata for-
mats, e.g., Key-Length-Value (KLV), alongside the current visual overlays is one of
the possible directions. This would allow automatic retrieval and processing of the
telemetry data and retain the advantages of readable overlays.

This may also be optimized in future by making the pipeline more efficient at
giving higher and adjustable frame rates. Modifications to the encoder parameters,
camera interfaces, or pipeline buffering policies can enhance the temporal resolution
to be used in applications which require a higher frame rate like in a high-speed
inspection or tracking task.

Another potential extension is network adaptability. The addition of adaptive bi-
trate functions or future-generation communication capabilities like 5G might help
to increase resilience in changing network conditions and increase working distance.
Also, multi-camera-based systems would allow more advanced UAV functions, such
as stereo vision, panoramic views or multi-sensor fusion.

Lastly, more sophisticated visualization and analysis capabilities can be added
to the web-based Ground Control Station including map-based video overlays, syn-
chronized telemetry dashboards and built-in video replay technology. Such improve-
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ments would additionally result in better situational awareness, and help analyzing
the mission after the fact more effectively. Collectively, these directions into the
future expand on the base set in this thesis and avenue opportunities to more com-
petent and smart UAV video systems.
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8 Conclusion

This thesis detailed the design, implementation and testing of a single video process-
ing system to be used with autonomous unmanned aerial vehicles (UAVs), able to
handle real time video streaming (simultaneously), on-demand on board recording
and embedded geotagging. The overall driving factor of this work was to overcome
the shortcomings of current UAV video systems, which tend to use independent
and inefficient video processing pipelines to support streaming, video recording, and
metadata processing, resulting in a bigger latency, resource utilization, and synchro-
nization cost. In order to pursue the mentioned goals, a modular and at the same
time unified multimedia software framework was devised based on the GStreamer
framework on an embedded NVIDIA Jetson Nano platform. The described system
incorporates video capture, pre-processing, telemetry overlay, Hardware-accelerated
H.264 encoding and branching in the output into a single pipeline. Through the
use of a tee-based scheme, the video stream to be encoded is effectively transmitted
to both a live streaming path as well as a recording path without unnecessary pro-
cessing. WebRTC enabled through the Janus Gateway made real-time UAV video
available to a browser-based Ground Control Station with all the low-latency re-
quirements and platform independence. Functional and quantitative analyses were
carried out thoroughly to determine system correctness, performance and efficiency.
The findings reveal that the system is stable in supporting continuous live stream-
ing, dynamic start and stop of onboard recording, and geotagging of both streamed
and recorded video products. The resource usage metrics also indicated that the
system is well within the computational capabilities of the Jetson Nano, even in
cases where streaming and recording are both being done.

Within the proposed system telemetry data will be visually superimposed onto
the video stream in real time to offer a convenient and dependable way of relating
flight data with the image data obtained. By storing mission-relevant parameters
in spatial and time, e.g. position, altitude and time stamp, into every video frame,
the recorded and streamed video can be self-permeating and can be analyzed with-
out reference to outside telemetry files. This strategy simplifies the review of a
post-mission and also provides the ability to provide consistency in interpretation
to various video playback environments. Even though the overlay mechanism in
place does not offer machine-readable metadata streams, the mechanism is a vi-
able trade-off between implementation simplicity, robustness and usability in oper-
ational scenarios, especially in real-time UAV deployments on resource-constrained
platforms.
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