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Anoraris

Y poboTi IpejicTaBIeHO PO3POOKY, peasi3alliio Ta OLIHKY aJIOPUTMY Kepy-
BaHHs JIJI aKTUBHOI'O CTEYKEHHS 3a 00’ €KTOM Ha HU3bKOBAPTICHOMY JIBOBICHOMY
iJIBiCl, MPU3HAYEHOMY JIJIS 3aCTOCYBaHHA Ha OE3MIJIOTHOMY JITAJIbLHOMY amapa-
i (BILJTA). [Lrardopma noeanye mikpoxkomi'torep Raspberry Pi 4 nst 06pobkn
BiJIeoIOTOKY, ToJiTHH KoHTpoJsiep SpeedyBee F405, mo B3aemojiie mo MAVLi-
nk mporokosty, kamepy IMX378 Ta migBic Ha OCHOBI 8-OITHOT IIJIATH KEPYBAHHSI.
[Iporpamuuit MoTy/Ib KOMIT' IOTEPHOTO 30pY MOBHICTIO TOOY/I0BaHuil Ha Oa3i 610,110~
tekn OpenCV Ta mopiBHIOE JiBa KopeJisiiitHo-giapTposi Tpekepu — MOSSE Ta
CSRT. Iloxubka moJioxKeHHsI 00’€KTa y IKCceJIsiX, OTpUMaHa Bij Tpekepa, 6e31o-
cepeHbo nepeTBopioeThes Ha IITIM-komann misa mijaBicy depes3 3aporioHOBaHe
MEPETBOPEHHS 3 KOEIIIEHTOM MPOCTOPOBOI PO3JILILHOT 3/IATHOCTI, BUBEIEHUM 3
BHYTPINIHIX MTapaMeTpiB KaMepu. Y poOOTi TaKOK BUBEJECHO MPAMY KiHEMaTHKY
JIBOBiCHOI KOHMIrypaliil i BCTaHOBJIEHO 11 TeopeTu4Hi oOMexKeHHs. Excriepumen-
TaJIbHI pe3yJibTaT, OTPUMaHi Ha 3i0paHiil cTaTu4Hii 1aTdopmi, HaIalTh OIIHKY
MOXMOKM CTEXKEHHs 38, 00’€KTOM Ta MATBEPKYIOTH, IO 3aIlPOIOHOBAHUN ITiTXiJT
€ 3JIIIICHEHHUM 3 OIVISIY Ha 3a3HavdeHl 0OMe:KeHHs allapaTHOTO 3a0e31eYeHHs].

Kumro4oBi ciioBa: akTuBHE cTexkeHHsI 3a 00’ekToM, jaBoBicHnii mijgsic, BILJIA,

KoeIIiEHT IPOCTOPOBOI PO3/IL/ILHOI 3/aTHOCTI, HU3bKOBAPTICHMI IIi/IBiC.
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Abstract

This work presents the design, implementation, and evaluation of a control al-
gorithm for active object tracking on a low-cost, two-axis (pitch-roll) brushless gimbal
intended for UAV deployment. The platform combines a Raspberry Pi 4 for vision
processing, a SpeedyBee F405 flight controller communicating over MAVLink, an
IMX378 camera, and a gimbal based on an 8-bit controller board. The vision pipeline
1s built entirely on OpenCV and compares two correlation-filter trackers, MOSSE
and CSRT. Pixel error from the tracker is mapped directly to gimbal PWM commands
through a proposed conversion with a spatial resolution coefficient derived from the
camera intrinsics. The work also derives the forward kinematics of the two-axis
pitch—roll configuration and establishes its theoretical limitations. Experimental re-
sults obtained on the assembled static platform provide an evaluation of the object
tracking error and confirm that the proposed approach is feasible within the stated
hardware constraints.

Keywords: active object tracking, two-axis gimbal, UAV, spatial resolution

coefficient, low-cost gimbal.
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Introduction

Background

Over the last decade, the demand for drones has increased rapidly. This technology
1s now used in many sectors, including the military, inspection and maintenance,
consumer applications, agriculture, and energy, and is expected to continue growing,
with the military market representing a major share [1]. Unmanned Aerial Vehicles
(UAVs) have become essential for a wide range of civilian tasks, such as mapping,
search and rescue, and payload transportation, as well as supporting tasks including
border security, tactical surveillance, exploration, and real-time image transmission
through airborne target tracking [2]. However, enabling fully autonomous tracking
remains challenging. It involves many components and subsystems, leading to high
overall system complexity. In addition, designing robust architectures capable of
reliable real-time operation on board UAVs is one of the main obstacles to achieving
the desired performance. One effective approach is to steer a lightweight gimbal
toward the target, rather than reorienting the entire airframe [3]. This makes gimbal-

based solutions particularly attractive for such applications.

Motivation

Although robust autonomous systems with vision-based target tracking are highly
desirable, many state-of-the-art algorithms are computationally expensive [4, 5] and
rely on powerful, costly hardware with high processing capabilities. This makes them
unsuitable for drones with strict cost constraints and consequently limited on-board
computational resources. There is currently little work that addresses a complete,
low-cost gimbal tracking system that can adequately perform tasks not requiring
high-end, state-of-the-art solutions, while using components that are realistic for
real-world deployment under such constraints [5, 6]. This creates a clear need for
computationally efficient tracking algorithms that can run on low-power microcon-
trollers. Studying the physical and mathematical limits of such systems is a key step

toward bridging the gap between expensive high-performance platforms and scalable
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tactical drones.

Objectives and Scope

This thesis aims to develop a low-cost active object tracking system using a gimbal
to keep the object of interest centered in the image frame. The primary objective
is to develop an algorithm for a gimbal-based solution under embedded hardware
constraints, validate its capability in realistic scenarios, and demonstrate the overall
feasibility of the system. In addition, this work seeks to provide a solid theoretical
foundation and supporting experimental results that account for cost-budget limita-
tions, while still enabling the construction of a robust and high-performance tracking

system.

Thesis Structure

The remainder of this thesis is organized as follows. Chapter 1 reviews related
work on system components, gimbal control, and vision-based tracking. Chapter 2
presents the proposed approach, covering the hardware selection and mathematical
foundations. Chapter 3 describes the final system implementation. Chapter 4 reports
the evaluation results. Chapter 4 concludes the thesis and outlines directions for

further work.



1 Related Work

1.1 System Architecture

In the work [7], an architecture for an autonomous indoor photogrammetry drone is
proposed. The design is built around the Raspberry Pi Zero W as the companion
computer, chosen for its small size and very low cost. Because of this choice, the
flight stack must run on a GNU/Linux system. ArduPilot and PX4 (Pixhawk) were
considered as the two main candidates [7], and ArduPilot was selected due to its
higher maturity and broad community support. A key limitation of this architecture
1s the limited computational budget of the Raspberry Pi Zero W. Clarke reports that
ArduPilot alone consumes approximately 75 % of the CPU on average, leaving few
resources for vision-based processing tasks. This constraint affects all subsequent
design decisions and motivates a lightweight overall approach. Building on this
low-cost system design, the present work adopts the same flight stack, configures
the flight controller port parameters accordingly, and follows a similar approach for

selecting the companion computer.

1.2 Gimbal Control

The pointing and tracking performance of a camera on a gimbal system is fundamen-
tally constrained by the inner-loop dynamics, which are determined by the bandwidth
of the gyroscopes and actuators, as well as disturbances induced by platform mo-
tion. To isolate gimbal-mounted sensors from external disturbances, many control
strategies have been proposed. In [8], self-tuning PID-type fuzzy controllers are in-
vestigated. A comparison with a conventional PID controller on a UAV for real-time
tracking shows reduced maximum and total error. In [9], a vision-based neuro-fuzzy
controller is designed for a two-axis gimbal mounted on a small UAV. Despite the
advantages of fuzzy logic for nonlinear systems, control performance can still de-
grade in the presence of internal and external nonlinear disturbances [2]. Since this
work targets a low-cost system with minimal computational overhead and does not

focus on inner-loop stabilization design or comparison, it employs a standard PID
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controller with fixed P, I, and D gains.

The forward kinematics of the two-axis gimbal are defined using rotation
matrices for each axis, where the combined transformation is obtained by multiplying
the individual rotation matrices for each degree of freedom [2, 10]. This work adopts
that formulation, simplified for a 2-axis gimbal system.

Besides, an iterative control algorithm that exploits frame ordering for a 2-axis
gimbal is presented in [11]. The algorithm converts the image pixel error directly into
a PWM position signal for each axis by multiplying it with the derived coeflicients.
In [10], the spatial resolution parameter SR is used to convert a pixel error into a
metric displacement, thereby defining the sensitivity of the error. This work combines
the former approach with the latter idea behind SR, with the modification that the
error between the image plane and the target centers is directly mapped to the gimbal
control signal, with the SR derived from the initial tracking frame and the camera

parameters.

1.3 Vision-Based Tracking

Active tracking requires object detection followed by measuring the deviation of the
detected object from its desired position. To accomplish this, various methods are
used, including deep CNN-based detectors such as YOLOv3 and SSD [10, 12], as
well as classical techniques such as color thresholding and contour extraction [3].

While CNNs offer robust detection performance, they are computationally ex-
pensive and typically require GPU acceleration. For resource-constrained UAVs,
lightweight correlation-filter-based 2D trackers are preferable, as they operate ef-
ficiently without overloading the CPU [12]. Accordingly, this work adopts such
lightweight trackers.

In [12], the problem is formulated as 3D attitude tracking on the SO(3) group,
representing the orientation error as a 3D rotation matrix and designing a Lyapunov-
based controller. By contrast, [3, 10] compute the visual control error directly in the
image plane by subtracting the pixel coordinates of the object’s center from the image
center. Given that the main objective of this work is low-cost system implementation
on a UAV, it adopts this simple 2D geometry-based error formulation.

State-of-the-art UAV vision systems often rely on high-end embedded GPUs

such as the NVIDIA Jetson series to execute computationally demanding convolu-
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tional neural networks [10, 12]. In contrast, the selected platform provides suffi-
cient resources to run lightweight, 2D correlation-filter trackers. Specifically, this
work adopts MOSSE [13] and CSRT [14], which represent two extremes of the
speed—accuracy trade-off among the single-object trackers available in the OpenCV
library. Empirical benchmarks on the OTB-100 dataset confirm that MOSSE is the
fastest OpenCV tracker, whereas CSRT achieves the highest precision and bounding-
box overlap at the cost of lower throughput [15]. Comparable results have been
reproduced on Raspberry Pi hardware, confirming that these performance character-
istics hold for the target platform class.

OpenCV is adopted as the vision framework not only because it provides well-
tested implementations of both trackers, but also because it offers a broad ecosystem
of functionality required by the overall system, including real-time video capture
and frame manipulation. This tight integration within a single library simplifies the

software architecture.

1.4 Camera Resolution

The choice of camera operating resolution in resource-constrained UAV platforms
1s driven primarily by computational and bandwidth limitations rather than by the
native sensor capability.

In [7], Clarke employs the Raspberry Pi Camera Module v2.1, which houses a
Sony IMX219 sensor with a native resolution of 3280 % 2464 pixels. The experiments
show that reducing the resolution from 1920 x 1080 to 640 x 480 at 15 frames per
second (FPS) rate drops the output traffic from over 1 000 KB/s to approximately 300
KB/s at a bitrate of 1.5 Mbit/s.

This work adopts a similarly reduced operating resolution for the tracking
camera. A lower resolution not only conserves bandwidth but, critically, reduces the

per-frame processing time for efficient object tracking.



2 Approach

Since the primary focus of this work is on developing an algorithm for a low-cost
gimbal tracking system, every hardware and software choice is driven to minimize
computational load within the capabilities of chosen components. The mathematical
foundations presented in the subsequent sections are therefore formulated with these

constraints in mind.

2.1 Companion Computer

The companion computer is responsible for the entire vision pipeline: capturing
frames from the camera, running the object tracker, computing the visual error
signal, and issuing gimbal commands over a serial link through the flight controller.

In [7], Clarke’s system is built around the Raspberry Pi Zero W, showing that
lightweight vision tasks can run on very limited hardware. The system in this work is
more demanding because of the added tracking and control overhead. Accordingly,
two less constrained candidate single-board computers were evaluated to fit additional
computations — a Raspberry Pi 3 (2 GB RAM) and a Raspberry Pi 4 (4 GB RAM).
Early experiments on the Raspberry Pi 3 revealed that the limited memory and CPU
throughput could not sustain pipeline simultaneously. The Raspberry Pi 4, with its

faster processor and larger memory, is therefore adopted for all subsequent work.

2.2 Flight Controller

The flight controller serves as a communication bridge between the companion com-
puter and the gimbal actuators. In the architecture, it transmits serial commands
generated by the companion computer to the gimbal’s motor driver, and forwards
telemetry data back to the companion computer over MAVLink. The selected board
is the SpeedyBee F405 V4, a widely available and community-supported autopilot.
It provides multiple UART ports for simultaneous MAVLink communication and
gimbal control, as well as dedicated PWM outputs used to drive the gimbal motor

channels.
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2.3 Camera

The camera provides the visual input from which the tracking error is derived.
This work employs the IMX378-based Waveshare 12MP USB camera module, a
low-cost consumer-grade sensor that follows a similar selection consideration to the
Raspberry Pi Camera Module v2.1 (Sony IMX219) used by Clarke [7]. Both are
inexpensive, compact modules from the Sony IMX family designed for integration
with single-board computers. However, the IMX378 offers improved specifications

across key parameters. The key parameters comparison of both sensors is provided
in Table 2.1.

Table 2.1: Comparison of key camera sensor parameters

Parameter IMX219 [7] IMX378 [16]
Sensor Sony IMX219 Sony IMX378
Sensor resolution 3280 X 2464 px 3840 x 3032 px
Pixel size 1.12 ym x 1.12 um —

Focal length 3.04 mm 4.7 mm
Interface CSI (ribbon cable) USB 2.0 (Type-C)

The USB 2.0 interface simplifies connectivity with the Raspberry Pi 4, avoiding
the ribbon-cable routing constraints of the CSI-based camera modules and allowing
more flexible physical placement on the gimbal platform.

Despite the sensor’s native capability, the camera is operated at a significantly
reduced resolution to fit the computational constraints of the low-cost companion
computer. As with [7], the operating resolution 640 X 480 pixels is chosen to ensure

that the tracking pipeline runs in real time on the hardware.

2.4 Gimbal

The gimbal used in this work is a low-cost, AGM-based two-axis brushless unit orig-
inally designed for action-camera stabilisation and dating from 2013 with techincal
specifications listed in Table 2.2. It is driven by a proprietary 8-bit microcontroller
and exposes basic PID tuning through a minimal desktop GUI.

The deliberate choice of an older, inexpensive gimbal serves as a representative

worst-case hardware baseline to test of the system’s architectural assumptions before
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committing to more expensive components.

The gimbal operates with two control loops. The inner loop is responsible
for inertial stabilisation and is driven by a PID controller, using feedback from the
on-board IMU. The outer loop is the vision-based tracking loop implemented on the
companion computer, which computes the visual error signal and issues angular-rate
commands to the gimbal. This work focuses primarily on the design and evaluation
of the outer loop. However, the inner loop must be adequately pre-set for the overall
system to function correctly. In the present setup, the PID parameters of the inner
loop remain at their factory defaults, as the proprietary configuration GUI is no
longer compatible with current operating systems and could not be used for tuning.
Consequently, the gimbal’s stabilisation response is slower than what the hardware
could achieve with optimised gains, representing a known limitation of the current

prototype.
Table 2.2: Technical specifications of the AGM-based 2-Axis Brushless Gimbal

Parameter Value

Supported receivers DSM?2 / DSMJ / DSMX

Supported remote interfaces PPM /PWM /2.4 GHz

Working voltage DC 7.4V - 14.8V (recommended 12V, 3S Li-Po)
Working current 100 mA - 500 mA

Operating temperature —15°Cto 65°C

Processor High-speed 8-bit MCU

Sensors 3-axis MEMS gyroscope, 3-axis MEMS accelerometer
Maximum angular rate 2000 °/s

Maximum acceleration 16 G

Control frequency 2kHz

Motor drive frequency 32kHz

Control accuracy 0.1°

Control angle range (roll) —45° to +45°

Control angle range (pitch) —60° to +60°

Pose solver algorithm Decoupled EKF for brushless gimbal drive
Compatible camera GoPro Hero 3 (and similar form-factor)

2.5 Development Environment

Because the companion computer is a device mounted on the UAV airframe, all

software development and debugging is carried out remotely from a separate work-
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station. Two complementary remote-access methods are employed. For tasks that
require a full graphical desktop — such as visualising tracker output in real time
or inspecting camera feeds — NoMachine is used to provide a low-latency remote-
desktop session over the local network. For code editing, terminal access, and general
development work, a Visual Studio Code Server instance runs on the companion com-
puter, allowing the developer to connect from the VS Code IDE on the workstation
through a standard SSH tunnel. This combination offers the responsiveness of a local
development experience while keeping all execution on the target hardware, ensur-
ing that performance profiling and resource measurements reflect the true on-board
conditions.

Source code is managed with Git and hosted on GitHub, providing version
control, issue tracking, and a clear history of changes throughout the iterative de-
velopment process. The repository is structured so that configuration files, tracker
parameters, and experiment scripts are separated from the core control logic, facil-
itating reproducibility of experiments. The software stack is built on Python 3.12,

chosen for its extensive ecosystem of scientific and computer-vision libraries.

2.6 Gimbal Lock

Gimbal lock is a problem that can arise during rotations about gimbal axes. It occurs
when the system loses one degree of freedom, causing rotations about different axes
to become indistinguishable.

The gimbal used in this work follows a 2-axis reduced XY (roll-pitch) rotation
order. Due to the nature of gimbal lock, this problem cannot occur in the present
system for two main reasons.

First, the gimbal considered here has one rotational degree of freedom and one
image-stabilization degree of freedom, as proved in Section 2.8. A complete loss
of degrees of freedom would render the gimbal immovable. In this configuration,
however, changes in image orientation about the roll axis do not affect rotation about
the pitch axis, ensuring that motion remains possible.

Second, gimbal lock arises only when one of the gimbal’s rotational axes
reaches a rotation of 90°. Figure 2.1 illustrates this issue for a ZXY rotation order,
where Z denotes the yaw axis and circles denote rotation of the object about the

corresponding axes; the yaw axis is not present in the system. According to the
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technical specifications in Table 2.2, the controllable pitch angle never reaches this
critical value. Consequently, the rotational space cannot be compressed to a lower
dimension in this setup, and the system retains the ability to reach the desired ori-
entations. Therefore, explicit handling of the gimbal lock problem is not required in

the current work.

Figure 2.1: Gimbal lock under the ZXY (green-red-blue) rotation order [17]

2.7 Power Distribution System

The system components are interconnected through a distributed power architecture
that relies on a single LiPo 6S battery as the unified power source. Rather than
employing separate power supplies for each subsystem, the architecture routes the
battery output through a central power distribution system (PDS) that partitions it into
the appropriate voltage rails. This single-source design keeps the wiring minimal
and makes the platform straightforward to modify or extend.

From the PDS, the flight controller is powered directly via its VCC input at the
full battery voltage. The gimbal requires a regulated 12 V supply, which is provided
by a dedicated Battery Eliminator Circuit (BEC) that steps down the battery voltage
accordingly. A second BEC provides a stable 5 V at up to 3 A for the Raspberry Pi 4,
delivered through its USB-C power input. This separation of voltage rails ensures

robust electrical isolation between the system components.
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2.8 Mathematical Foundations

To control the position of the gimbal, this work is adopted rotation matrices convention

for the gimbal system [2, 10]:

—c0s91 —sin 64 0]

R(01) = |[sinf; cosf; O 2.1)
0 0 1]
(1 0 0
R(#;) = [0 cosf, —sinb, (2.2)

|0 sinfy cos6,

[ cos 63 0O sin 93—
R(63) = 0 1 0 (2.3)
|—sinf3 0 cosOs

For a 3-axis gimbal, the full rotation from the base frame to the camera frame is

obtained by multiplying all three matrices in the yaw-roll-pitch order [2]:
R3 =R(61) - R(62) - R(63) (2.4)
Expanding (2.4):

C1C3 — 18283 —C281 C183 +C35182
R; = C3S1 +C1852853 C1Cy  S§18S3—C1C382 (25)

—C253 $2 €203

where the shorthand notation ¢; = cosé; and s; = sin6; for i = 1,2,3 is used for
compactness.

For the 2-axis gimbal, the yaw angle is absent (6; = 0). Substituting into (2.5):

C3 0 S3
R = Ra(62,63) = Rs|, o = R(62) -R(63) = | s255 2 —casn (2.6)

—C253 82 €203

In [2, 10], the base frame of gimbal is differently oriented with identical rotation

conventions.
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In the system presented in this work, the optical axis of the camera is aligned
with the roll axis at the initial position. The roll and pitch motors rotates around X
and Y axes respectively as shown in Figure 2.2. The pitch axis is perpendicular to the
optical axis, and the absent yaw axis (Z) points up.

Consequently, the optical axis direction ng is given by the first column of Rj:

C3
ng = R2 €1 = | 52953 (2-7)

—C283

At initial position ng = e¢; = [1, 0, 0], when 6, = 63 = 0, confirming the
camera looks along X.

Object centre

Image plane centre

Figure 2.2: Coordinate system for gimbal

For a target at position q = [g, ¢, g.]" relative to the gimbal base (with X

forward, Y left, Z up), the pointing condition requires ny = k q for some scalar k € R.
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From (2.7), this gives the system of equations:

c3 =k qx
3 §283 = qu (28)

—c2853 = kg,
From (2.8), dividing the second equality by first yields:

sin 6 tan 63 = (2.9)
dx
Assuming a practically feasible pitch angle |03| < /2 and a target in front of
the gimbal (g, > 0), and noting that | sin 6,| < 1, equation (2.9) can hold only if

4y

| tan 63| > . (2.10)

X

Since tangent function is monotonically increasing on (—n/2, 7/2), this is equivalent

to

|63] > arctan 1
qx

Q2.11)

Taking the limit as the lateral offset grows large relative to the longitudinal one,

Iim arctan
|gy/qx|—+00

q—y = g (2.12)
X

so the required pitch angle approaches the boundary of its feasible range. In other
words, as the target moves laterally, the pointing condition demands an increasingly
extreme pitch angle, which the mechanism cannot supply.

This exposes a structural limitation of the configuration. The roll axis rotates
the camera about its own viewing direction, reorienting the image without redirecting
it. The gimbal therefore has one pointing degree of freedom (pitch) and one image-
stabilization degree of freedom (roll).

However, the roll motor can rotate the image plane around the optical axis,
which shifts the projection of the target within the image. A target at position q in

the world frame has coordinates in the camera frame [12]:

qc =R q (2.13)
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Expanding using (2.6):

4xC3 t qyS$253 — ;€253
qc = qyC2 + q;52 (2.14)

qxS3 — 4yC352 + q;C2C3

From (2.14), the lateral centering condition is:
qycosfr +q,sinf =0 (2.15)

Consider the target with no vertical offset g, = 0 which has lateral position offset

only. Equation (2.15) reduces to:

qycostr =0 (2.16)

Since cos#, # 0 for any possible gimbal’s roll angle (|6;| < 7/2), equa-
tion (2.16) is satisfied only when g, = 0. The roll axis is therefore unable to
compensate for any lateral offset, and this constitutes the fundamental limitation of

the 2-axis configuration.

2.9 Motor Command Formulation

A dead zone on the pixel error is the standard approach for preventing continuous
small fluctuations around the setpoint and gimbal overheating [18]. The gimbal is
driven by PWM signals sent from the Raspberry Pi, via the flight controller, to the
gimbal control board. The motor accepts PWM values in the range 1000-2000 wus,
with 1500 us corresponding to the neutral position.

The motor position command is defined by an iterative update of the previous
PWM signal:

Pi+l = (2.17)
max{lOOO, min{ZOOO, pi+ SR - (¢; - %)}} , otherwise

for tracking cycle iterations i = 0, 1, 2, ..., where c; is the detected target-center
coordinate along the corresponding axis in pixels (see Figure 2.3), ¢; = ¢; — N/2 is

the per-axis pixel error, N is the image dimension along the same axis, and SR is the
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spatial resolution coefficient (us/px). The initial pulse width is set to any value from
the acceptable range.

Before each PWM update, the magnitude of the per-axis pixel error is compared
against a configurable dead zone threshold 6. While |e;| < ¢, the PWM command
1s held on that axis and the corresponding motor remains at its current commanded
position. Otherwise, the command is updated from the current pixel error and clipped
to the operational range. A single threshold is shared between the two axes. For the
expected small values of ¢, the camera field of view (FOV) maps equal pixel margins

to nearly equal angular margins.

W
A

Object centre

Image plane centre

Figure 2.3: Image coordinate system

The optimal value of SR can be derived directly from the camera and gimbal
geometry, without reference to target distance or empirical tuning. The camera
employs a rectilinear lens with manufacturer-specified diagonal FOV y,; = 79.8° and
distortion < 0.39% [16], and the object detector operates on the reduced operating
image resolution of W X H = 640 X 480 pixels. Under the pinhole camera model [19,

20], the horizontal, vertical, and diagonal FOV are related to the corresponding pixel
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extents by

tan(%) = %, tan(%) = %, = % (2.18)

where v, v,, and vy, are the horizontal, vertical, and diagonal FOV, W and H are

Vd)
t -
an( 2

the image width and height in pixels, D is the image diagonal in pixels, and f is the
focal length. In subsequent derivation, f is measured in pixel units rather than in
millimeters regarding image frame expression in pixels.

From (2.18), f can be derived directly:

D = VW2 + H2 = V6402 + 4802 = 800 px (2.19)

D 800
2tan(yg/2) 2tan39.9°

Substituting back into the horizontal and vertical relations in (2.18):

f= ~ 478 .4 px (2.20)

w H
Vi = 2arctan(ﬁ) ~ 67.6°, Yy = 2arctan(ﬁ) ~ 53.3° (2.21)

Proposal 1. Let A« be the full control angle range of a gimbal axis, Apmax be the
full PWM command span, and 'y and N denote the FOV and pixel extent of the image
along that same axis. Under the pinhole camera model (2.18), the spatial resolution

coefficient that drives the pixel tracking error to zero in a single step is

_20n(y/2) - Apmas

SR
N - Amax

(2.22)

where Anax is expressed in radians.

Proof. Consider a pixel error e = ¢ — N /2 along the axis, where c is the object center
coordinate on that axis, and N is the image extent along that axis. The angle vy,
between the target ray and the optical axis satisfies the pinhole relation (2.18):
N/2
an(r) = S, tan(y/2) = 22 223)
f f
Dividing these two relations eliminates f and yields a direct geometric dependence

between the two angles:
t e 2
anye) _ e _2e (2.24)
tan(y/2) N/2 N
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Since the pinhole relation (2.18) is monotonic, y, — 0 as e — 0, so the angle vy,
becomes arbitrarily small as the tracker drives the pixel error toward the image center.
The half-FOV /2, in contrast, is a fixed camera property. The Maclaurin expansion
of the tangent function [21] is

3 5

2
tan(x) = x + % + % +0(x") (2.25)

so that the first-order approximation tan(y,) =~ vy, holds, with residual vanishing as
e — 0. Solving (2.24) for v,:

_ 2e - tan(y/2)

Ye N (2.26)
A PWM correction Ap rotates the gimbal axis by
A
A=Ap —= (2.27)

AP max

Single-step convergence requires that a pixel error e commands a PWM change
Ap = e - SR rotating the gimbal by exactly 8, that is A = v,. Equating (2.26)
and (2.27), and solving for SR, yields (2.22). O
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3  Solution

3.1 Hardware Integration

I
Dsvelopmant Compitar 6S LiPo Power System
NoMachine VS Cade Buiion 20A

.I L] .
] 1 ] 7
! 1 BEC 5V ‘ VBAT 22.2V ‘ BEC 12V
1 ]
1 SSH
1 TCP/IP USB-C XT60 connector
X ' XT60 connector

h 4 v v

Raspberry Pi 4 SpeedyBee F405 V4 AGM 2-Axis Gimbal

GND GND GND GND
GPIO14 (UART TX) - P RE (RX) M7 (PWM) > Pitch (S)
MAVLink PWM
115200 baud I 1000-2000ps
GPIO15 (UART RX) & T6 (TX) M8 (PWM) » Rall (S)
A |
IMX378 Camera
USB-C (Waveshare 12MP)

Figure 3.1: System design

As shown in Figure 3.1, the final system design consists of the following

physical components:

Raspberry Pi 4 — companion computer;

SpeedyBee F405 V4 — flight controller;

AGM 2-axis gimbal;

IMX378 camera;
* Power system.

The power system uses an independent 6S lithium polymer battery as the sole
energy source. A 6S LiPo provides a nominal voltage of 22.2 V. A mini power
distribution hub splits this input into regulated rails for each subsystem. The hub’s
5 V BEC output supplies the Raspberry Pi 4, which expects a5 V /3 A input. The
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12 V BEC output powers the gimbal, whose specifications call for 7-14 V /0.5 A
(3S—4S equivalent). The flight controller accepts the battery voltage directly through
its VBAT input, rated for 3S—6S LiPo [22]. The gimbal and flight controller are
connected to the PDS via XT60 connectors, and the Raspberry Pi 4 is connected via
a USB-C cable.

The companion computer transmits gimbal commands to the flight controller
at 20 Hz via MAVLink. The frequency is chosen during the development as it
guarantees capability of the gimbal system.

Despite default PWM update rate on the flight controller of 50 Hz [23], the
higher or lower frequencies lead to lagging during remote image transmitting or to
increasing one tracking cycle delay as described in more details in Chapter 4.

The companion computer communicates with the flight controller via the
MAVLink protocol over a serial connection at 115200 baud. The Raspberry Pi’s
UART TX and RX lines are wired to the R6 and T6 pads on the flight controller,
which is configured as a MAVLink endpoint. The flight controller maps the specified
channel values to servo outputs and generates the corresponding PWM signals on the
assigned output pads. The gimbal’s pitch and roll motors are connected to the M7
and M8 output pads respectively.

The IMX378 camera is mounted on the gimbal’s camera frame using weight
plates to match the payload mass expected by the gimbal’s internal stabilization
controller. The camera is connected directly to the Raspberry Pi via a USB-C cable.

The resulting physical layout of the components on the UAV frame is shown in
Figure 3.2.

Since this work focuses on algorithm development for a low-cost gimbal-based
system, the final setup is implemented as a static physical layout, without flight

capability.

3.2 Parameters Definition

As motivated in Section 1.4, the vision pipeline operates on a 640 X 480 frame stream
captured directly from the camera over USB-C.

Pretrained MOSSE and CSRT single-object trackers are integrated. Both are
correlation-filter implementations that run entirely on the CPU regarding computa-

tional constraint on the Raspberry Pi 4. In the implementation, they share common
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. el

Figure 3.2: System physical layout

initialization, so the active tracker can be switched at startup through a configuration
flag without changing any other component of the pipeline.

The pixel error is converted into a PWM signal for each gimbal axis through the
spatial resolution coefficient introduced in Section 2.9. From Table 2.2, the gimbal’s
control angle ranges are +60° and +45° on pitch and roll axes accordingly, giving
full ranges 120° ~ 2.094 rad and 90° ~ 1.571 rad. Both ranges have identical the full
PWM command span Apmax = 1000 us. Pairing each axis with its corresponding
image extent and FOV from (2.21) gives:

2tan(33.8°) - 1000

SRron = ~ 1.33 3.1
roll 640 - 1.571 lus/px ( )

2 tan(26.65°) - 1000
480 - 2.094
These coeflicients are stored as constants in the configuration file and loaded once

SRpitch =

~ 1.00 us/px 3.2)

at start. They are intentionally treated as time-invariant with no dependence on the
target distance, so no continuous update is required.

Before any tracker update can run, the system must be told what to track. The
target is selected interactively at start. The same selection routine can be re-triggered
at any time during a run to recover from target loss or to switch to a different object
without restarting the camera or rebooting the companion computer.

The dead zone is set to 6 = 25 px that corresponds to roughly 5% of the smaller
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image dimension, a fraction which is small enough that the target still appears centered

yet large enough to mask a few-pixel jitter of the tracker.
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4  Evaluation

This chapter presents plot-scale testing aimed at identifying system drawbacks and
validating the proposed solution with respect to its general capability and feasibil-
ity in realistic scenarios. The experiments are carried out mostly under low-wind
conditions, and the reported results correspond to these conditions. All trials are
performed on an experimental area of approximately 200 m?. The system is mounted
in a static position at 2 meters elevation above ground level and tested in several
environmental settings. Because the default gimbal position is centered on each axis,
the area directly below the gimbal lies outside the FOV at this height. To compen-
sate, the initial motor position signal for the pitch axis is changed from 1500 us to
1800 us (tilting downward), while the roll axis remains at its default value, ensuring
the desired initial viewing angle of the monitored area.

Figure 4.1 shows examples of camera image during live tracking. In the upper-
left corner, the tracking error is displayed with respect to the Xz and Yz image-frame
coordinate system defined in Figure 2.3, together with the current object size. The
gray cross marks the image-frame center, and the green region represents the object-

of-interest bounds selected during the live selection step before the tracking stage.

ANVLink Gimbal Tracker
GRo0eBEBEEE

GRoLEeBEOAEREE

Error: (+4, =31 ll l
; \
ST i
d

Error: (-B1,

Figure 4.1: Live object tracking for CSRT

As discussed in Section 3.2, this work employs MOSSE and CSRT trackers,
and both are evaluated. Overall, they demonstrate similar behavior on the control
algorithm defined in Section 2.9, with good tracking performance and only occasional
objectloss or lag. However, MOSSE is more prone to losing distinct object boundaries

when the object moves away from the camera and is particularly sensitive to rapid
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motion or flicker, which can cause complete loss of the target. By contrast, CSRT
tends to exhibit more lag due to the limited computational resources of the companion
computer, but it typically yields more accurate and stable bounding boxes.

Each final experimental run lasts 5 minutes. The target is a human moving
within the experimental area. Since both trackers exhibit similar behavior with respect
to the control algorithm and share the same limitations, the final results are reported
for CSRT only, as the more robust of the two. As shown in Figure 4.2, the resulting
object trajectory mainly tries to affect the pitch axis with the vertical motion, which
is the only rotational degree of freedom of interest in this configuration. The roll axis
provides a correspondingly poor approximation of the horizontal axis error, because
it is responsible for orientation change only as described in Section 2.8. The tracking

error of the CSRT on each axis is plotted in Figure 4.3.

X (pixels)
100 200 300 400 500 600

100 A

End

Start
200 4 l /

Y (pixels)

300 A

400 A

Figure 4.2: Object movement trajectory for CSRT

The effectiveness of the chosen parameters is primarily affected by the con-
straints described in the following paragraphs. Thus, lowering SR as the key parameter
for signal control yields the expected centering for the pitch axis, yet with slower con-
vergence. To validate this, in the final evaluation the derived SR is reduced to 0.1
based on the observed delay between the desired and actual setpoints in Figure 4.4.

The experiment duration with the predefined parameters is shortened to 3 minutes to
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exhibit more distinct behavior.
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Figure 4.3: Object tracking error for CSRT on both axes with SRpj¢cn = 0.1

The main issue observed during testing is oscillation around the object center.
In practice, the gimbal tends to remain within the upper or lower bound of the
dead zone around the target but rarely points exactly at the center with predefined
parameters as shown in Figure 4.4.

This behavior is primarily caused by inherent system limitations and design
choices and can be attributed to two main factors.

First, the total delay of a single tracking cycle is too large to enable effective
real-time tracking. As described in Section 3.1, the transmission frequency between
the flight controller and the companion computer is set to 20 Hz, even though a higher
frequency is theoretically possible. When combined with the time needed to process
object bounds, transfer image data from the camera to the companion computer, send
the processed commands from the computer to the flight controller at the selected
rate, and apply the signals on the gimbal controller, the resulting end-to-end latency
becomes substantial and interacts with the second issue.

Second, the gimbal speed is limited because the inner-loop PID controller of the
gimbal could not be configured in the designed system, as discussed in Section 2.4.

This is the case even though the manufacturer specifications claim a maximum
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rotational speed of 2000°/s (see Table 2.2). Together with the mentioned latency,
this limitation leads to a situation where the gimbal cannot physically reach the
commanded position before a new command is issued. At each step, the control
algorithm assumes that the gimbal has already reached the previously commanded
position, and it updates the position signal to further reduce the error to the object
center. In reality, however, the gimbal is still moving toward the previous target.
As a result, the cumulative corrections in the presence of delay produce overshoot,
causing the gimbal to pass beyond the object center. Once the system assumes that
the calibration is complete, the gimbal has already rotated out of the dead zone, and
the next control step continues the same oscillatory behavior.

A detailed analysis of the total latency and the delay introduced at each stage
of the pipeline is outside the scope of this work.
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Figure 4.4: Object tracking error for CSRT on both axes with SRpjcch = 1

The final evaluation results for CSRT on the pitch axis in Table 4.1 show a
clear improvement in centering as the scaling ratio is reduced. With SRy = 1.0, the
mean tracking error reaches 22.26 pixels with a standard deviation of 58.69, which is
consistent with the oscillatory behavior observed in Figure 4.4. Reducing the spatial
resolution factor to SRpiecn = 0.1 lowers the mean error to 2.32 pixels and the standard

deviation to 41.80, confirming that smaller per-step corrections soften the cumulative
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overshoot discussed above. The trimmed statistics, computed over the central 95%
of samples to reduce the influence of brief, drastic target movements, follow the same
trend and indicate that the improvement is not driven by isolated extreme values but
reflects the steady-state behavior of the control loop. Although the standard deviation
remains high even at SRpich = 0.1, this residual variability is consistent with the
system limitations identified earlier and cannot be eliminated through the SR change

alone.

Table 4.1: Pitch error statistics at different SR

All samples  Trimmed (95%)
Scale Mean Std Mean Std

0.1 232 41.80 1.85 34.99
1.0 2226 58.69 21.79 55.25

Throughout development and testing, the gimbal was able to handle the applied
loads without overheating or noticeable electrical spikes. During the final experi-
ments, the FPS rate was set to 20 for both trackers. The CSRT tracker exhibited
undesirably higher lag in the camera image at higher FPS rates.

To further assess computational limits and overall system performance, addi-
tional tests are performed with flight controller signal transmission frequencies of
20, 50, and 100 Hz. At 50 and 100 Hz, the Raspberry Pi 4 is unable to process the
data stream in real time. After a few seconds of operation, the camera image freezes

during the processing pipeline.
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Conclusions and Further Work

Conclusions

This work demonstrates the feasibility of developing a low-cost gimbal-based track-
ing system with the proposed algorithm, despite significant embedded hardware
limitations.

The experiments confirm that the system is capable of maintaining a moving
human target within the camera FOV, with the CSRT tracker providing more stable
bounding boxes than MOSSE at the cost of additional lag on the companion computer.
The control algorithm successfully reduces the tracking error on the pitch axis, while
the roll axis behaves as expected given that it controls image orientation.

The evaluation also identifies the principal drawbacks of the current implemen-
tation. The dominant issue is sustained oscillation around the object center, which
arises from the interaction between the end-to-end pipeline latency and the limited
achievable gimbal speed. The resulting cumulative corrections produce overshoot
and prevent the gimbal from settling within the dead zone. Reducing SR partially
compensates for this effect, lowering both the mean and the standard deviation of
the pitch error, but it does not eliminate the underlying coupling between latency
and actuator dynamics. Beyond the gimbal itself, the Raspberry Pi 4 adds a further
constraint, as it cannot process the data stream at transmission frequencies above
20 Hz in real time.

These findings establish a baseline for the improvements outlined in the next

section.

Further Work

The following directions are identified for future work:

Total delay of a single tracking cycle. As described in Chapter 4, the system ex-
hibits a large total delay during tracking, which results in poor latency in

gimbal movement.
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Limited degrees of freedom. As described in Section 2.8, the gimbal provides only
one rotational degree of freedom and one image-stabilization axis, and can

therefore compensate for errors along the pitch axis only.

Gimbal speed. As described in Section 2.4, the gimbal relies on its default inner-
loop calibration. Effective tracking at higher frequencies would require a newer

gimbal that allows proper tuning of the PID controller parameters.

Absence of real flight testing. The final system is gimbal-based, with components
selected for a real UAV platform. Building a fully flight-capable system is
beyond the scope of this work — further investigation of system behavior

under real flight conditions is therefore required.

Code optimization. The current implementation is written in Python and prioritizes
correctness over runtime performance. General code optimization could reduce

per-cycle execution time and improve tracking responsiveness.
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