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Abstract— Deploying mobile robots in unstructured envi-
ronments requires control strategies that go beyond classical
kinematic approaches when vision is the primary feedback
channel. Port-Hamiltonian (pH) visual servoing embeds damp-
ing and passivity guarantees directly into the control law,
yet its predicted advantages over classical Image-Based Visual
Servoing (IBVS) remain unverified on physical hardware. This
thesis designs and validates a mecanum rover testbed for a
rigorous comparison between the Sugiura—Hashimoto PI-IBVS
and a reduced pH-IBVS controller. A visual interaction matrix
is derived for bounding-box features, revealing a structural
decoupling between lateral alignment and depth regulation
enabled by the holonomic drive. An integrated three-layer
architecture, comprising a YOLOvVS pipeline on a Hailo-8L
accelerator at 30Hz, an IBVS control layer, and a 50Hz
encoder-based inner wheel loop, provides all signals required for
both controllers. A five-stage experimental campaign evaluates
both laws on feature convergence, feature-space trajectory,
commanded body velocities, and cumulative L, actuation cost.
The pH controller achieves a 34.4% reduction in cumulative ac-
tuation cost and a 25.7% reduction in peak yaw rate compared
to the SH-baseline, at the expense of a longer depth-channel
settling time (11.9s versus 7.1s). These results constitute the
first hardware-level evidence that even a velocity-level pH-IBVS
reduction yields measurable energy-efficiency and transient-
smoothness gains, showing strong potential for extension to full
torque-level energy-based visual servoing on mobile platforms.

I. INTRODUCTION

Modern manufacturing, logistics, agriculture, and service
robotics increasingly operate in dynamic, unstructured en-
vironments where the foundational assumptions of tradi-
tional automation; fixed camera positions, pre-programmed
trajectories, and fully calibrated workspaces, no longer hold.
Applications ranging from flexible assembly and bin picking
to agricultural harvesting and human-robot collaboration face
challenges of high product variability, unknown object poses,
changing illumination, occlusions, and moving targets [1],
[2]. These scenarios require adaptive, real-time, vision-based
closed-loop control that can accommodate uncertainty with-
out scene recalibration.

A concrete example of these challenges arises in the Small
Size League (SSL). The league’s Vision Blackout Challenge
requires each robot to replace the centralised overhead cam-
era system with on-board perception, autonomously detect-
ing and intercepting a moving ball under rapidly changing
conditions [3], [4], [5]. This competition scenario mirrors
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the core industrial challenge: closing a control loop around
visual measurements of a dynamic scene at high speed and
low cost using only on-board sensors.

Such environments require sensors capable of provid-
ing high-rate feedback with minimal infrastructure. Recent
breakthroughs in real-time object detection, particularly ar-
chitectures such as YOLO [6], [7], have transformed the ca-
pabilities of commodity hardware: a standard webcam paired
with frame-rate detection can now extract both angular posi-
tion and an apparent-size depth proxy directly from bounding
boxes, without geometric pre-calibration. This combination
of accessible hardware and robust feature extraction enables
vision to serve as the primary feedback channel for closed-
loop control in unstructured settings [1], [8].

Formalising the camera as a feedback channel leads to
the paradigm of visual servoing. There are two principal
approaches. Position-Based Visual Servoing (PBVS) recon-
structs a three-dimensional target pose from the image and
is therefore sensitive to calibration errors and modeling inac-
curacies. Image-Based Visual Servoing (IBVS), by contrast,
operates entirely in the image plane: it drives a vector of
image features s(t) toward a desired configuration s* via
the pseudo-inverse of the interaction matrix (image Jaco-
bian), without requiring a three-dimensional model of the
scene [1], [9], [10]. This intrinsic robustness to calibration
drift is particularly valuable for mobile platforms, where
vibrations or terrain irregularities continuously affect the
camera-to-body geometry. Accordingly, IBVS has become
the dominant visual-servoing strategy for wheeled robots that
must cope with unstructured scenes, from differential-drive
navigation [11] to omnidirectional platforms intercepting
moving objects with on-board cameras alone [4], [5].

A practical limitation of the classicla IBVS law, however,
is that a single scalar gain A cannot independently shape
the convergence of each feature channel: the horizontal
alignment may have different sensitivities and ranges than
the vertical-or depth alignment. The Sugiura-Hashimoto re-
finement of the classical IBVS law [5], [12] addresses this by
replacing the scalar gain with a diagonal gain matrix Kp that
assigns independent convergence rates per feature channel,
and adds per-channel integral action that effectively rejects
steady-state errors arising from motor dead zones, encoder
quantisation, and modelling mismatch. Despite these im-
provements, both classical and PI-driven IBVS laws operate
at the kinematic level: they prescribe velocity commands
without accounting for inertia, internal dissipation, actuator
limits, or dynamic coupling. As a result, fast maneuvers
or external disturbances can excite dynamic modes that the



kinematic controller cannot anticipate, degrading tracking
performance or even destabilize the closed loop [13].
Addressing this limitation requires a control framework
that accounts for the physical dynamics of the robot rather
than ignoring them. The port-Hamiltonian (pH) formalism
provides such a framework: it describes mechanical systems
in terms of how they store energy, how they dissipate
it, and how energy flows between subsystems [14], [15],
[16]. Controllers designed within this framework, known as
Interconnection and Damping Assignment Passivity-Based
Control (IDA-PBC) [17], reshape the total energy of the
closed-loop system so that it reaches its minimum exactly
at the desired target configuration, while additional damping
ensures that the system settles there without oscillation.

Building on earlier applications of the pH framework

to robotic manipulators with visual feedback [18], [19],
Muioz-Arias et al. [20] recently extended this approach to
mobile robots with camera-based control. Their principal
contribution is the treatment of gyroscopic and Coriolis
forces: rather than cancelling these velocity-dependent terms
as classical computed-torque methods do, they are explicitly
incorporated into the damping injection step, preserving
the energy-based stability guarantees of the pH structure.
Additionally, integral action is introduced directly within the
pH formulation through a leaky integrator that rejects per-
sistent disturbances while providing structural anti-windup,
a mechanism not present in the earlier manipulator-focused
pH-IBVS works [19]. The closed-loop Hamiltonian, which
serves as a Lyapunov function by construction in any pH
system, can then be monitored in real time as a scalar cer-
tificate of controller performance. Simulations on a 6DOF-
robotic manipulator show improved disturbance rejection
and smoother velocity commands compared to kinematic
IBVS [20]; yet no experimental implementation has verified
these predictions. The Sagiuro-Hashimoto PI-IBVS has been
validated on physical hardware in limited experiments [5],
but the pH formulation remains untested outside simulation.
In particular, no study has deployed pH-IBVS on a mobile
rover with real-time vision and encoder feedback. This thesis
adresses this gap with the following contributions:

1) Interaction matrix for bounding-box features. A
visual Jacobian Jyis € R?*3 is derived via Jyis = J rde
for the reduced feature vector s = [u, /], revealing the
decoupling properties specific to the mecanum platform
(Section II-D).

2) Integrated experimental testbed. A three-layer
mecanum platform is presented that supplies all sig-
nals required for both PI-IBVS and pH-IBVS: real-
time bounding-box features at 30Hz, encoder-based
wheel velocity feedback at 50Hz, and an apparent-size
depth proxy derived from the calibrated pinhole model
(Sections IV-V).

3) Experimental comparison on five performance met-
rics. Closed-loop convergence of g — 0 and ¢ — ¢* is
demonstrated for both the SH PI-IBVS and a velocity-
level pH-IBVS. The two controllers are compared on
feature convergence, commanded body velocities, cu-

mulative L, actuation cost &, error norm |le||, and
feature-space trajectory, providing the first hardware-
level evidence of the efficiency and transient-behaviour
differences predicted by [20] (Sections VI-VII).

4) Open-source implementation. The complete control
software, comprising the SH PI-IBVS and pH-IBVS
control laws, the vision pipeline, the inner-loop wheel
controller and plotting experiments, is released as a
documented Python codebase to facilitate reproduction
and extension of the reported experiments.!

An important remark is that the current platform com-
mands body velocities rather than motor torques, so the pH
law is implemented in its reduced form with (M =1) (Section
VII-C). This reduction preserves the damping-injection and
leaky-integral mechanisms that distinguish the pH controller
from the SH-baseline, but it removes the inertia-shaping and
Coriolis-embedding terms that provide the full energy-based
stability guarantees of [20]. The experimental comparison
therefore evaluates the practical kinematic-level benefits of
the pH structure: smoother transient and reduced actuation
cost through damping injection, while full torque-level de-
ployment with identified motor dynamics is left as future
work.

The remainder of this paper is organised as follows.
Section II derives the IBVS framework and the visual in-
teraction matrix. Section III presents the PI-IBVS and pH-
IBVS control laws. Section IV describes the hierarchical
software architecture. Section V details the hardware, en-
coder characterisation, and calibration. Section VI defines
the experimental protocol, and Section VII reports the results
and controller comparison. Section VIII concludes with
directions and future work. The appendix IX collects detailed
derivations, a KiCad drawing, gain sweep tables and the
Algorithms used in this research.

II. PRELIMINARIES / BACKGROUND

This section establishes the theoretical foundation for the
IBVS platform: the general IBVS framework, the feature
extraction model and the interaction matrix mapping robot
velocity to feature rates.

A. IBVS framework overview

Image-based visual servoing generates robot control com-
mands directly from image-plane measurements, without
explicit reconstruction of the 3-D target pose [1], [12]. The
fundamental objective is to drive a vector of image features
s(t) € R¥ to a desired configuration s* € R* by commanding
appropriate camera velocities. The feature error is defined as

e(r) =s(t) —s* € R¥, (1)

The core kinematic relationship linking features rates to
the camera spacial velocity &, = [v/,®/]T € R® is

$=Lg(s,q) &, 2)
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where L, € R¥¥6 is the interaction matrix (image Jacobian),
dependent on the chosen features and the target configuration
[1], [10]. Specifying the desired error dynamics ¢ = —Ae
with gain A > 0, and substituting equation(1,2) yields

éc = _A’L;L €, (3)

where L] denotes the Moore-Penrose pseudo-inverse. The
specific form of L depends entirely on the choice of features
s, which is the subject of the following subsection.

B. Image Feature Extraction and the Pinhole Camera Model

The image formation process is described by the standard
pinhole camera model [10], illustrated in Figure (1). Consider
a target point with coordinates ‘p = [°X, €Y, “Z] " expressed
in the camera frame X, where the optical axis is aligned with
the “Z-axis and the image plane is located at focal distance f
from the optical centre. Under the pinhole assumption, the

perspective projection yields the image-plane coordinates
c

‘x

H=fu. V=R 4)
where ¢ and v are horizontal and vertical offsets from the
image centre in pixels, and fpx is the focal length in pixels.
For a camera with square pixels the horizontal and vertical
focal lengths are approximately equal (fy, = fy), allowing the
use of a single calibrated focal parameter fp,x throughout. The
value of f,x is determined experimentally in Section V-C.
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Fig. 1: Pinhole camera model showing the projection of a three-dimensional point
P(°X,°Y,“Z) onto the image plane at p;, = (i, V). The focal length is denoted by f,
and the optical centre is indicated by o.

Equation (4) provides the two-dimensional image position
(u,v) of the target, but depth along the optical axis °z is
not directly observable from a single monocular view. A
standard strategy is to exploit the known physical extent
of the target [10]. If the target has a constant physical
height Ay, its apparent height in the image

0 — f v Chob_]’ (5)
Z
varies inversely with depth: ¢ grows as the camera ap-
proaches and shrinks as it recedes. Inverting this relationship
yields the monocular depth estimate

_ Jho

Z
E )

(6)

image plane
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Fig. 2: Image plane representation of visual features. The dashed rectangle denotes
the desired feature configuration (u*,v*,¢*), while the solid rectangle represents the
current feature state (1, v, £). The apparent size ¢ serves as an estimate for camera-to-
target distance, enabling monocular depth estimation through perspective scaling.

where f must be calibrated for the specific camera (Sec-
tion V-C).”> Together, (u,v,f) characterise the complete
apparent configuration as seen from the camera (Fig. 2).
Figure (2) illustrates these three channels and the servoing
task to drive the solid rectangle onto the dashed one.

C. General Planar Rover Simplification

For the platform considered here, a planar rover with a
rigidly forward-facing camera, the vertical image coordinate
v is not independently controllable. Because the camera is
mounted at fixed height and pitch, v depends only on the
target’s height and the camera elevation, neither actuated by
in-plane motion. Including v would introduce a redundant
constraint causing rank deficiency in the visual Jacobian.
Therefore, a reduced feature vector s = [u, £]" is adopted,
decoupling the servoing task into two independently regula-
ble objectives: horizontal alignment (U — U*) and distance
regulation (¢ — £*). With the feature vector established, we
now derive the interaction matrix associated with this choice.

D. Interaction Matrix for Bounding-Box Features

In the general framework of Section II-A, the interaction
matrix L, € R¥*¢ relates k feature rates to the full camera
spatial velocity &, € R®. The reduction to s = [u, {]T (k=2)
and to three actuated body DOF &, = [vy, vy, @] " collapses
L; into a 2 x 3 visual interaction matrix Jy;s that maps robot
body commands directly to feature rates. This composed
form, adopted in [3], [5], [20] and used throughout the
control laws of Section II-D, is obtained via the chain-rule
decomposition

s =J, 08, 7

2The apparent height of the bounding box (fy) is chosen as the depth
proxy rather than the width, because the physical height of the target remains
approximately constant across viewing angles, whereas the apparent width
varies with the object’s orientation relative to the camera.



where J; € R?*6 relates feature rates to the camera spatial
velocity £, = [v/,®/]", and J. € R®3 maps robot body
commands to camera-frame velocities. The full algebraic
derivation, based on [3], [20] with adaptations for the
bounding-box height feature, is provided in Appendix IX.
Image Jacobian Jy:  Differentiating the pinhole rela-
tions (4) and (5) with respect to time, for a static target under
planar motion (v; =0, @, = @, = 0 in the robot frame):

2
/T % 0 —(fu+;> 0
Jr(w.t.2) = . e
0 0 = 0 -= 0
Z Ju

®)
Geometric coupling J.: to evaluate (7), the camera spatial
velocity &, must be expressed in terms of the robot body
twist &,. This requires knowing the geometric relationship
between the robot body frame X, and the camera frame X..
Figure (3) illustrates this frame assignment. Under planar
motion, this rigid-body transformation gives the kinematic
Jacobian:

0 -1 —d.
0 O 0
1 0 0
Ec=J8n J=1y o o |€R™ O
0 O —1
0 O 0

encoding three geometric relationships between the rover
body twist and the camera-frame velocity.

o ¢ = —vy—d.m,: lateral camera motion arises from the
rover’s sideways velocity vy, with an additional lever-
arm contribution from the yaw rate @, acting through
the camera offset d.;

o ¢ =v,: the camera depth rate equals the rover’s forward
velocity;
e @y = —;: rover yaw maps directly to camera pan.

Image ;.
frame

Camera

Fig. 3: Coordinate frame assignment for the mecanum rover platform, adapted from
Ito et al. [3]. Three frames are shown: the world frame X,, (black), the robot body
frame X, (blue), and the camera frame X, (red). The camera is rigidly mounted at a
longitudinal offset d. forward of the rover’s centre of rotation and at height &.. To
conform with the standard optical convention (z-forward, x-right, y-down), the frame
axes are mapped as follows: camera optical axis “z aligns with rover "x, horizontal
camera axis “x aligns with rover "y, and vertical camera axis “y points along —'z.
Since the camera is fixed with no pitch or roll, only the rover’s yaw angle ¢ couples
the two frames, yielding the camera angular velocity *@. = [0,0, ¢] .

Total visual Jacobian J,;;: Multiplying J¢ (8) by J. (9)
yields the 2 x 3 visual interaction matrix that maps the robot
body twist &, = [vy, vy, @] " directly to feature rates:

T u> | fude
. E ? fp“rﬁ—Ff
JViS(.u'7€7Z) = e E/J b) (10)
= 0 —
Z Su

where the depth Z is not measured directly but computed
from the apparent height via (6).

III. CONTROL STRATEGY

With the visual interaction matrix Jyis (10) established,
the servoing task reduces to choosing a control law that
maps the feature error e =s—s* to a robot body twist &,,.
Both controllers presented below operate on the same feature
vector s = [, £] " and the same Jacobian; they differ only in
how they compute the commanded velocity.

A. Sugiura—Hashimoto PI-IBVS

The SH controller of Kota [5] and Hashimoto [12] refines
the classical law (3) in two ways. First, the scalar gain A
is replaced by a positive-definite diagonal matrix kp =
diag(xpy, kp¢) > 0, assigning an independent convergence
rate to each feature channel so that the lateral alignment ()
and depth regulation (¢) dynamics can be tuned separately.
Second, per-channel integral action is added to accumulate
residual feature error over time, rejecting the steady-state
offsets caused by motor dead zones, encoder quantisation,
and modelling mismatch. Applying these modifications to
the composed visual Jacobian J,is derived in Section II-D
yields the PI control law

t
E(t) = X (1.0) [srelt) + 5 /O e(r)de|, ()
where kp = diag(kpyu,kpy) > 0, & = diag(kyu, kpe) > 0,
and Jiis is the right Moore-Penrose pseudo-inverse Jiis =
~1
J;ris (JViS J;rls) .
B. Port-Hamiltonian IBVS: Comparative Benchmark

The SH law (11) operates at the kinematic level: it
prescribes velocity commands without accounting for inertia,
dissipation, or dynamic coupling. The pH-IBVS controller
of Mufioz-Arias et al. [20] addresses this by embedding the
visual-servoing task within a port-Hamiltonian energy-based
framework. The full derivation and stability proofs are given
in [20]. This section summarises the structure and records
the reduced form implemented on this platform.

The robot and visual-error dynamics are cast into the
standard pH form

x = [J(x) —R(x)] %—H + G(x)u,

X
where x collects generalised momenta and visual error, H(X)
is the system Hamiltonian, J(x) = —J7 encodes conser-
vative interconnection (including gyroscopic and Coriolis

(12)



couplings), R(x) > 0 encodes natural dissipation, and G(x)
is the input port matrix [20]. The control input upy is
designed through Interconnection and Damping Assignment
Passivity-Based Control (IDA-PBC) [17]. The closed-loop
system possesses the desired Hamiltonian

T

Hy = te'xpe+ L1z'x;'z > 0, (13)

where z is the leaky integral state. By construction, H; serves
as a Lyapunov function: Theorem 1 of [20] guarantees that
H; < 0 along closed-loop trajectories, ensuring asymptotic
convergence to s*. In principle, logging H; in real time
provides a scalar certificate of controller performance; this
capability is not exploited in the present experiments but is
available in the open-source implementation for future use.

C. Reduced-pH

The general law of [20] is derived for a full six-DOF
mechanical pH system. Three simplifications reduce it to the
form implemented on this platform:

a) Flat floor (V =0, I' = 0): Motion is confined to
the horizontal plane, so the gravitational potential energy
vanishes and gyroscopic forces are negligible. The intercon-
nection matrix J(x) consequently carries no terrain-coupling
terms.

b) Velocity-level operation (M =1): The complete pH
law requires the inertia matrix M(q), the Coriolis matrix
C(q,q), and their estimates in real-time. At the velocity level
with constant unit inertia, these terms vanish, reducing the
implemented control law to

&yl) = T [mre) + 2] — T kidus&y(0), (14)

where k; = diag(kyy, Kz¢) > 0 is the damping injection gain
and the leaky integral state evolves as Z = € — Ajeqk Z.

c) Reduced feature set: The vertical image feature v
evolves passively on a flat floor with a fixed camera; it is
not included in e and enters the interaction matrix only as a
parameter, as established in Section II-C.

When x; = 0 and Aje.x = 0, equation (14) algebraically to
equation (11), confirming that the pH controller generalizes
the kinematic baseline.

D. Energy-Based Comparison Methodology

A principled comparison of the two control laws requires
a metric that captures both task performance and control
effort. Following Ma et al. [21], who compare a port-
Hamiltonian force-impedance controller against a classical
Euler-Lagrange counterpart on the PERA manipulator, we
adopt the cumulative L, actuation cost

e= ["le0pa,

evaluated up to the convergence time 7.

In the velocity-level setting where M = I, the squared
norm ||&,||* is proportional to commanded kinetic energy.
The integral in (15) therefore penalises both the magnitude
and the duration of actuation, rewarding controllers that drive
the features to their setpoints with minimal cumulative effort.

(15)

This property makes & particularly suitable for comparing
controllers that achieve similar convergence times but differ
in transient behaviour.

Because both controllers share identical inner-loop dy-
namics and hardware, the relative ranking of £ constitutes
a valid comparison metric. We note, however, that ||&,|*
quantifies commanded actuation intensity rather than true
electrical energy consumption; this would require integration
of motor currents, which lies outside the scope of this study.

IV. SOFTWARE SYSTEM ARCHITECTURE

The software implements a hierarchical control architec-
ture separating high-level perception from low-level actua-
tion (Fig. 4), with Algorithms (1-4) in Appendix IX. The
three cascaded layers are described below.
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Fig. 4: Hierarchical system architecture. (1) Vision Pipeline (30 Hz) extracts features s;
(2) IBVS Controller computes body twist v.; (3) Inner-Loop (50 Hz) regulates wheel
speeds .

A. Vision pipeline

The vision pipeline runs at 30 Hz using a Logitech C270
webcam. Frames are preprocessed and fed to the Hailo-8L
accelerator running YOLOVS inference on a COCO-trained
model supporting multiple object classes. Detections are
filtered by class (“bottle””) and confidence threshold (> 0.4),
with hysteresis-based filtering to reject transient noise.

The visual features u, ¢, and depth estimate Z are extracted
from the detected bounding box as described in Algorithm 1.
The horizontal feature u and vertical feature ¢ are computed
from the box center coordinates, while depth 7 is estimated
from the apparent height.

B. Control laws

The control layer computes the feature error e = s —s*,
evaluates J,;; at the current feature state and depth estimate,
and applies either the SH law (11) or the reduced pH law (14)
to generate the body twist &,



C. Inner wheel loop

The inner wheel loop operates asynchronously at 50Hz,
responsible for translating the commanded body twist &,
into individual wheel velocity setpoints @* via the inverse
kinematics model (Eq. 16). A proportional-integral (PI) con-
troller regulates each wheel’s speed using quadrature encoder
feedback, adjusting the PWM duty cycle D;.

1) Mecanum Rover Kinematics: Following Lynch and
Park [22], the mapping from &, = [vy,vy,@;]" to wheel
angular velocities @ = (@), @, @3, @y " is

o 1 -1 —(Ly+Ly)
o _ L1 1 (Lt L)
w3 - ol 1 _(LX+L}') gb) (16)
[on 1 -1 (Lx—l—Ly)

where r is the wheel radius, L, and L, are the half-length
and half-width of the wheelbase, and wheel numbering
follows the convention 1=FL, 2=BL, 3=FR, 4=BR (Figure 5).

2) Wheel Velocity Feedback: The angular velocity of each
wheel is estimated from the quadrature encoder output. At
each control cycle (period Ar = 0.02s), the inner loop reads
the cumulative encoder count pos; and computes the count
change Apos; since the previous cycle. The wheel angular
velocity follows as

~_ Apos; 60
C Ar CPRwheel’

A

A7)

where CPRypee is the number of encoder counts produced
by one full revolution of the wheel shaft. Here, CPRypee; 1S
a calibrated constant determined in Section V-B.

V. EXPERIMENTAL SETUP

A. Hardware architecture

The experimental platform is based on the Rover-5 tracked
chassis [23], modified with mecanum wheels to enable
omnidirectional holonomic motion. Key specifications are
summarised in Table I; the electrical architecture is illustrated
in Figure 6 and the KiCad schematics are also given in
Appendix Figure (19).

TABLE I: Experimental Platform Specifications

Component  Specification

Chassis Rover-5 (modified)

Mass 3.0kg (total)

Gear ratio 86.8:1

Encoder ~2 333 CPR (quadrature)

DC Motor 11V, 2.5A stall

Camera Logitech C270 (720p, 55° FoV)
Computer Raspberry Pi 5 (8 GB) + Hailo-8L
Battery 4S LiPo (11.2V nominal)

Drivers 2x L298N Dual H-Bridge

=

[

Fig. 5: Rover-5 chassis modified with mecanum wheels (» = 0.06 m). Kinematic
parameters (Eq. (16)): £, = 0.093 m (half-length), £, = 0.087 m (half-width). Camera
offset: d. =0.09 m forward, i, = 0.08 m height from robot center, optical axis (‘z
aligned with "x-axis.

Logitech
€270

Raspberry Pi 5
Hailo-8L HAT
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M.2V->5V
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Voltage Divider
5vV->33V

Driver Modules

Encoder (BR,
BL.FR,FL)

> -m, BL,FR, FL)
PWM + DIR

Fig. 6: System integration schematic illustrating the electrical architecture and signal
flow between major components. Power distribution (red): The 4S LiPo battery (11.2
V) supplies the L298N motor drivers directly and feeds the Raspberry Pi 5 via a Pololu
buck converter (11.2 V — 5 V). Control signals (blue): PWM and direction commands
are sent from Raspberry Pi GPIO to the motor drivers. Encoder feedback (green):
Quadrature encoder signals from each wheel are level-shifted from 5 V (L298N VCC)
to 3.3 V via voltage dividers for GPIO compatibility. The Logitech C270 webcam
interfaces via USB, while the Hailo-8L accelerator is mounted as a HAT module. 4
DC motors included, see Table I for specifications.

B. Encoder Characterization

Accurate velocity estimation via (17) requires a reli-
able value of CPRypee;. The Rover-5 datasheet specifies
CPRyheel = 333 counts/rev [23], but the exact value can devi-
ate. Therefore, an independent characterization is performed
to verify this specification on each wheel.

The encoder resolution was measured by counting the total
number of encoder ticks accumulated over a known number
of complete wheel revolutions:

AC
CPRwheel = Ni y

rev

(18)

where AC is the total encoder count change and Ny is the
number of full revolutions. A visible mark on the wheel rim
was aligned with a fixed reference on the chassis and the en-
coder count was reset to zero. Then, the wheel was rotated at
low speed, and the cumulative count was recorded each time
the mark returned to the reference. Multiple revolutions were
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Fig. 7: Calibration of the vertical focal length f,. Linear regression (R?> = 1.0) of
actual distance versus 1/¢ yields a slope of 322.81 mpx (solid line), corresponding to
fy = 1403.5 px. The intercept of —0.213 m reflects a systematic offset in the distance
reference.

collected per wheel to obtain a per-revolution breakdown and
verify consistency.

Table II reports the cumulative encoder counts after each
revolution for all four wheels. The per-revolution increments
O0C, = C, — Cy_1 (with Cy = 0) deviate by a few counts
around the mean, which is the lack of visual alignment.

TABLE II: Cumulative encoder counts C; after each complete wheel revolution, and
the resulting mean CPRyhee1. Per-revolution increments 6Cy, = Cy — Gy are given in
parentheses.

FL (wheel 1) BL (wheel 2) FR (wheel 3) BR (wheel 4)
Cy (6Cy) 331 (331) 330 (330) 340 (340) 341 (341)
C (6Cp) 664 (333) 670 (340) 677 (337) 670 (329)
C3 (6C3) 1001 (337) 1000 (330) 1001 (324) 1000 (330)
Nrev 3 3 3 3
Total AC 1001 1000 1001 1000
CPR (mean) 333.7 333.3 333.7 333.3

The measured resolution is 333.3-333.7 counts/rev across
all four wheels, in close agreement with the datasheet value.

C. Focal Length Calibration

The depth model (6) requires the vertical focal length f,
of the camera, expressed in pixels. Rearranging the pinhole
relation into the linear form Z = (f, hop;) - (1/¢) shows that f,
can be recovered from the slope of a least-squares fit of
measured distance Z versus inverse apparent height 1/.

An iterative calibration procedure was carried out to
determine f, reliably. In each iteration, the target bottle
(hobj = 0.23m) was placed at three known distances (Z =
1.0,2.0,3.0m) and the mean bounding-box height ¢ was
recorded in pixels at each position. Successive iterations
refined the camera placement and detection filtering until
the regression residuals stabilised.

The final calibration result is shown in Figure 7. A linear
least-squares fit of the measured distance Z against the
inverse apparent height 1 /¢ yields a slope of 322.81 m px and
an intercept of —0.213m, with a goodness of fit R = 1.0.
The non-zero intercept indicates a systematic offset between
the reference plane used for distance measurement and the

optical centre of the camera. The vertical focal length follows
as f, = slope/hop; = 322.81/0.23 = 1403.5 px.

VI. EXPERIMENTAL PROTOCOL

All experiments are conducted in a controlled indoor envi-
ronment on a 2 x 1.2 m testing area (Figure 8). A target bottle
(hobj = 0.23m) is placed at prescribed lateral offsets from
the rover centreline at an initial distance of approximately
2.06 m. Each configuration is repeated at least three times to
verify repeatability (except for the gain sweeps).

A. Performance Metrics

Closed-loop performance is evaluated per feature channel
i €{u, £} using four indicators:

« Rise time 7;: the earliest time at which |e;| drops below
10% of its initial peak. The reference peak is taken
as the maximum of |e;| over the first quarter of the
detection window, to avoid inflation by later transients.

« Settling time 7;: the earliest time after which |e;l
remains within a convergence band for at least five
consecutive frames. The bands are +0.01 for both u
and /.

o Mean absolute error (MAE): the time-averaged |e;|
over the entire detection window, including the tran-
sient.

o Steady-state error (SSE): identical to MAE but re-
stricted to samples at t > T, capturing only the con-
verged portion. Returns (—) if the controller does not
settle.

B. Experimental Campaign

The campaign proceeds in five stages, each building on
the previous. Table III provides a compact overview of the
stages, the corresponding result figures in Section VII, and
the appendix tables containing the full numerical data.

TABLE III: Experimental campaign overview.

Stage Description Figures Tables
1 Baseline repeatability 9-10 v
2 Gain tuning (P, then PI) 11-12 V-VI
3 Reduced pH equivalence 13 Vil
4 Reduced pH Damping sweep 14 VI
5 Comprehensive comparison 15-16 IX

1) Baseline repeatability The SH PI-IBVS law (11) is
run from symmetric 0.5 m lateral offsets in holonomic
mode (v, enabled). Three trials per side establish the
within-side standard deviation of all four metrics, con-
firming that the platform produces repeatable closed-
loop trajectories suitable for comparative evaluation.

2) Gain tuning Proportional gains are swept first (with
K; = 0). Following Lynch and Park [22], the propor-
tional gains are selected to achieve the fastest settling
without overshoot, corresponding to a near-critically-
damped first-order error response. Integral gains are
then introduced incrementally using the standard heuris-
tic K = 0.1Kp [22], and adjusted to minimise the
steady-state mean (SSM) without inducing integral
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windup. The combination that best balances 7;, T, and
SSE is selected for all subsequent stages.

3) Reduced pH equivalence The pH law (14) is evaluated
with K; =0 and A, = 0, which algebraically recovers
the SH law. Three runs per controller verify that both
implementations produce statistically indistinguishable
trajectories, confirming code-level equivalence before
activating the pH-specific terms.

4) Damping Sweep The pH law (14) is evaluated with
sweeping K, # 0 and fixed value Ajeax = 0.03. Perfor-
mance is assessed on 7;, SSE, and the cumulative L,
actuation cost & (15).

5) Comprehensive comparison The full pH controller,
with damping injection and leaky integration active, is
compared against the SH PI-IBVS baseline. The pH-
specific gains (K, Ajeax) Were selected from preliminary
sweeps. Following Mufioz-Arias et al. [20] and Ma et
al. [21], both controllers are matched for convergence
performance and compared on five metrics: feature
convergence, feature-space trajectory, commanded body
velocities and cumulative L, actuation cost € (15) in the

(1, £) plane.

VII. EXPERIMENTAL RESULTS

This section reports the experimental findings obtained
following the five-stage protocol defined in Section VI. Each
subsection corresponds to one campaign stage: baseline re-
peatability, gain tuning, reduced pH equivalence verification,
and the comprehensive controller comparison.

A. Baseline Repeatability

Three trials per side were conducted from £0.5m lateral
offsets under identical SH gains with holonomic motion (v,

enabled). Full numerical results are collected in Appendix
Table IV.

1) Holonomic Mode Repeatability: The holonomic kine-
matics permit simultaneous p correction through yaw and
lateral translation, exploiting the structural decoupling es-
tablished in Section II-D. As shown in Figure (9) and
Table 1V, left-side trials yield 7,(u) =2.564 £0.032 s and
Ty(u) =7.736 £1.599 s, while right-side trials yield 7, (u) =
3.897£0.113 s and Ty(u) = 4.291 +£0.266 s. The depth
channel converges with T;(¢) = 18.414 +2.143 s (left) and
T;(¢) = 12.596 4+ 1.239 s (right).

Within each side, per-trial standard deviations remain
below 2 s across all metrics, confirming acceptable run-to-
run repeatability. The approximately 6 s left-right asymmetry
in the ¢ settling time originates from two sources: initial
manual placement tolerances and an asymmetric battery
mass distribution that biases the rover’s centre of gravity
toward the left. During left-offset trials, the rover advances
nearly straight toward the target, prioritizing ¢ due to its
high error and keeping p small throughout the transient.
During right-offset trials, the rover initially commands a
large forward velocity v, driven by the depth-channel error.
This aggressive approach is a consequence of the £2/( fyhob;)
nonlinearity in the visual Jacobian, which amplifies v, when
the rover is far from the target and ¢ is small (see Sec-
tion VIII for a detailed analysis). The resulting forward
surge temporarily increases p through the yaw coupling in
column 3 of Jyis (10), pushing the bounding box toward the
image boundary before a sharp compensating yaw re-centres
the target. Combined with the platform’s mechanical left—
right asymmetry (off-centre battery mass, imperfect wheel
alignment), this coupling between the /- and p-transients
produces the curved trajectories visible in Figure (10). De-
spite this systematic offset, within-side consistency across
three runs validates the platform as a comparative controller
testbed.

B. Gain Tuning

To avoid “favouring” the left-side asymmetry, all subse-
quent experiments place the target on the rover’s right. With
integral action disabled (K; = 0), proportional gains were
varied across Kpy, € [1.5,30.0] and Kp, € [0.2, 0.6]. The full
parameter sets and metrics are listed in Appendix Tables V-
VI and illustrated in Figures 11-12.

1) Proportional Gains: Low proportional gains (Kpy <
1.5) produced sluggish yaw responses with settling times
exceeding 25 s, resulting in impractical configurations. Pro-
gressively increasing the gains to Kpy > 12, Kpy > 0.4
(gaind4+) reduced Ty(u) from > 20 s to ~4.4 s and T;(¢) to
~ 12 s. However, raising Kp, beyond this point introduced
overshoot and oscillatory behaviour, while setting Kpy > 0.7
over-prioritised depth regulation, causing the lateral error
to grow until the target exited the camera’s field of view.
Conversely, under-prioritising ¢ (gain6, Kp, = 0.2) achieved
faster u centering (7T;(u) = 3.925 s) at the cost of pro-
hibitively slow depth convergence (7(¢) did not settle within
the 30 s window).
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During aggressive forward motion, ¢ showed transient
spikes at relatively high gains, which is attributed to partial
bounding-box occlusion.

Based on these sweeps, the proportional gains that achieve
the fastest settling without overshoot were identified (
gain3_3), yielding the working-point kp, = 17.0, kp, = 0.5.

2) Integral Gains: Integral action was introduced incre-
mentally using the standard heuristic K; ~ 0.1 Kp [22] as a
starting point. Table VI and Figure (12) present the PI tuning
results.

Adding Ky, = 0.003 (gain3_1) reduced the steady-state
error from SSE(u) = 3.317 px to 2.664 px. Increasing to
Kp, = 0.005 (gain3_2), however, elevated SSE(u) back to
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Fig. 11: Proportional gain sweep: u and ¢ error trajectories under varying gain
combinations (Table V).

3.428 px without a corresponding improvement in settling
time, indicating already integral overshoot.

In the depth channel, raising K;, to 0.005 (gain3_4),
increased in SSE(u) from 1.914 px to 6.900 px, indicating
no integral term is needed for ¢, but surprisingly lower
Ty(u,?) =3.925 s. Activating integral action in both channels
simultaneously with K, = 0.002, K;, = 0.001 (gain3.5)
achieved a steady-state error comparable to the proportional-
only baseline while slightly reducing 7;(ut) at the cost of a
2 s increase in T;(¢).

The PI configuration, Kp,, = 17.0, Kpy = 0.5, K;,, =
0.002, K7, = 0.001 is selected, which represents a baseline
for subsequent pH controller experiments. While pure pro-
portional control achieved better performance, integral action
is necessary for the port-Hamiltonian formulation to enable
the leaky integrator and integral action. The chosen gains
Kj i, Kp e are intentionally small to balance integral action
with transient performance and stability margins.

C. Reduced pH Equivalence Verification

With Kp = 0 and A = 0, the pH control law (14)
algebraically reduces to the SH law (11). To verify code-
level equivalence, three runs were conducted per controller
under matched proportional gains (Kp, = 17.0, Kpy = 0.5)
with all integral, damping, and leaky terms disabled.

As shown in Figure 13 and Table VII, the feature-space
trajectories of both implementations overlap closely. The
mean rise and settling times differ by less than 0.4 s across all
metrics, and the standard deviations remain below ~ 1 s in
both channels. The steady-state errors (SSE(u) = 3.65 px,
SSE(¢) ~ 2.5 px) and the cumulative actuation cost (E ~
6 (m/s)?-s) are statistically indistinguishable between the two
implementations. This equivalence confirms that the pH code
path introduces no unintended numerical deviations and that
any performance differences observed after activating the
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pH-specific terms can be attributed to damping injection,
leaky integration or small offset changes.
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Fig. 13: Feature-space trajectories of the SH PI-IBVS (blue) and the reduced pH-IBVS
(red) under matched gains. The target is placed at +0.5 m lateral offset, corresponding
to pu ~ —300 px; the desired ¢* =471 px is indicated by the star.

D. Damping Injection and Leaky Integral Activation

Building on the verified reduced pH controller, the two
mechanisms absent are the damping injection (Kp) and leaky
integration (Ajeax) that are activated now. The leaky coeffi-
cient was fixed at Ajeax = 0.03 throughout, while damping
gains were swept across Kp , € [0,0.5] and Kp € [0,0.3].
The results are summarised in Table VIII and Figure 14.

Introducing damping in the g channel alone (Kpy = 0.3,
gainl) slightly increased the settling time of both channels
compared to the undamped reference (redPH), but produced
a smoother yaw trajectory, reducing the peak angular velocity

10

from 2.877 rad/s to 2.337 rad/s and the cumulative actuation
cost from E = 6.551 to 4.310 (m/s)*-s. Increasing Kp , fur-
ther to 0.5 (gain3) lowered E to 3.382 (m/s)?-s, respectively,
each time reducing the maximum yaw rate while accepting
a moderate increase in Ty(/).

Damping the ¢ channel was investigated more conser-
vatively, since the depth response was already converging
smoothly in the undamped case. However, when Kp , is
large, the p-channel damping can delay the initial centering
phase and, through the coupling in Jyis, induce transient
overshoot in u as the rover approaches. Adding a small
Kp,¢=0.1 alongside Kp ;, = 0.5 (gain3) mitigated this cou-
pling, yielding the lowest SS-MAE(u) = 2.586 px and the
lowest overall actuation cost E = 3.382 (m/s)?-s. Increasing
Kp ¢ to 0.3 (gain4) raised E again to 4.696 (m/s)?-s due to
excessive suppression of the forward velocity transient.

The trajectory plots in Figure (14) illustrate this trade-
off: higher damping steers the feature-space path relatively
closer to a curved smooth line from the initial condition to
the setpoint, representing the minimum-energy trajectory, but
at the cost of a longer convergence time.
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Fig. 14: Feature-space trajectories under varying damping configurations. Baseline in
yellow. Increasing Kp steers the trajectory toward the straight-line minimum-energy
path at the expense of longer convergence.

E. Comprehensive Controller Comparison

Two controller configurations were selected for the final
comparison: the SH P-IBVS baseline (SH_P_gain3_2) and
the full pH controller with combined damping and leaky
integrator (redPH_PIDL gain3). Both controllers share the
proportional and integral gains Kpy = 17.0, Kp, = 0.5,
Kj ;= 0.002, K7, =0.001; the pH variant additionally uses
Kpu=0.5,Kpy=0.1, and Ajeax = 0.03. Each controller was
run three times, and the comparison metrics are reported in
Table IX and Figures 15-16.

1) Feature Convergence and Trajectory (Figs. 15-16):
The feature-space trajectories and error time histories of
both controllers are qualitatively similar, as expected from



the shared proportional and integral structure. Both follow
a curved path that initially over-prioritises the ¢ direction,
driven by the large forward velocity commanded by the
depth error, before correcting p through an aggressive yaw
that overshoots the yt = 0 line. The pH controller, however,
traces a slightly smoother path toward the setpoint, closer to
the straight-line minimum-energy trajectory connecting the
initial condition to (u*,¢*), as the damping term moderates
the overshoot.

This difference is visible in the error time histories
(Fig. 16). In the u channel, both controllers achieve com-
parable settling times (7y(u) = 4.006 +0.313 s for pH
versus 4.421 +0.110 s for SH) and steady-state errors
(SS-MAE(u) = 3.256 £0.669 px versus 3.588 +0.376 px).
In the ¢ channel, the pH controller converges more slowly
(Ty(£) =11.9314+2.185 s versus 7.149+0.457 s) but reaches
a lower steady-state error (SS-MAE(¢) = 1.7134+0.118 mm
versus 2.722+0.677 mm), as the damping suppresses the
initial forward velocity peak and the overshoot visible in the
SH response. The per-controller standard deviations across
three runs remain small for both configurations (Table IX),
confirming that the observed differences are systematic rather
than run-dependent.
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2) Commanded Body Velocities (Fig. 17): The com-
manded velocity profiles of both controllers are qualitatively
similar, as expected from the shared proportional and integral
structure. The key difference lies in transient smoothness:
the pH controller produces fewer oscillations in both @, and
vy during the initial centering phase. The peak yaw rate is
reduced from |@;|max = 2.6224+0.132 rad/s (SH) to 1.949+
0.109 rad/s (pH), a 25.7% reduction that is directly at-
tributable to the damping injection term —J;SKDJviséb. The
maximum forward velocity remains essentially unchanged
([v|max = 0.765 m/s for both).
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3) Cumulative L, Actuation Cost (Fig. 18): The cumu-
lative L, actuation cost, defined in (15), provides a scalar
summary of control effort. The pH controller achieves E =
4.11740.512 (m/s)?-s, representing a 34.4% reduction com-
pared to the SH baseline at £ = 6.271 +0.581 (m/s)?-s. This
reduction is consistent with the lower peak yaw rate and the
damped velocity profile mentioned above. The standard de-
viation between runs is small for both controllers, indicating
that the efficiency gain is repeatable.



Figure 18 shows both the instantaneous sum of com-
manded body velocity magnitudes (Sum of Figurel7) and the
cumulative integral. The pH curve rises more slowly through-
out the transient, confirming that the controller distributes its
actuation energy more evenly rather than concentrating it in
a brief, aggressive correction phase.
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Fig. 18: (a) Instantaneous sum of commanded body velocity magnitudes (|v.|+ [vy|+
|@,]). (b) Cumulative L, actuation cost E(t) = [ ||€,||>dt for both controllers.

VIII. CONCLUDING REMARKS & FUTURE WORK

The experimental results confirm that even a velocity-level
reduction of the pH-IBVS framework provides measurable
benefits over the established Sugiura-Hashimoto PI-IBVS
baseline: a 34.4% reduction in cumulative L, actuation cost
and a 25.7% reduction in peak yaw rate, achieved solely
through damping injection without altering the proportional
or integral gain structure. The physical mechanism is clear;
the damping term —Jzis kpJvis ), acts as velocity-dependent
friction in the feature space, attenuating the aggressive for-
ward surge that the ¢2/(fyhopj) nonlinearity in the visual
Jacobian produces at large distances. The trade-off is a longer
depth-channel settling time (11.9s versus 7.1s), a trade-off
that favours energy-sensitive applications over time-critical
ones.

A notable aspect of the comparison is that these benefits
emerge despite operating at the kinematic level (M = I),
where the inertia-shaping and Coriolis-embedding terms of
the full pH formulation are absent. This suggests that damp-
ing injection alone, the simplest pH-specific mechanism,
already captures a practically relevant portion of the theoret-
ical advantage. Whether the remaining energy-shaping terms
yield further improvements on physical hardware remains
an open question that motivates the torque-level deployment
identified below.

The platform itself proved adequate as a comparative
testbed: within-side repeatability was consistent across all
five experimental stages, and the reduced-pH equivalence
verification confirmed that observed performance differences
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are attributable to the pH-specific terms rather than im-
plementation artefacts. At the same time, the experiments
exposed several limitations. The left—right mechanical asym-
metry, the sensitivity of the ¢ feature to partial bounding-box
occlusion at high speeds, and the reliance on a general-
purpose COCO-trained detector all constrain the current
results to a narrow operating envelope: a single initial con-
dition, a static target, and flat-floor operation.

The initial implementation used normalised image co-
ordinates with A, = 1.92. A subsequent update converted
the pipeline to pixel coordinates by scaling this value with
the image width rather than the image height, yielding
foft = Ay x W = 1.92 x 1280 = 2457.6 px, which substantially
exceeds the calibrated vertical focal length of fpx = 1403.5 px
(Section V-C). As a result, the depth estimate Z is approx-
imately 1.75x too large, causing the rover to perceive the
target as farther away than it actually is. This inflated Z
reduces the Jacobian entries that contain 1/Z (such as £/Z),
making the pseudo-inverse larger and the velocity commands
more aggressive for a given gain, an effect amplified at
large distances by the ¢2/(fyhobj) nonlinearity in the visual
Jacobian. However, because the IBVS setpoint is specified
in image space (¢* =468 px) and both controllers share the
identical Jacobian throughout all experiments, the systematic
scaling did not influence the relative controller comparison as
the empirically tuned gains absorb the magnitude difference.
The corrected pixel-space focal parameter is adopted in the
updated codebase released with this thesis for use in future
experiments.

Looking forward, the most impactful next step is a torque-
level pH-IBVS deployment with identified motor dynamics,
which would activate the full energy-shaping guarantees
of Mufioz-Arias et al. [20] and allow direct monitoring
of the closed-loop Hamiltonian H; as a real-time stability
certificate. On the other side, replacing the general-purpose
YOLOVS5 model with a single-class detector fine-tuned on the
target object, adopting a 360° panoramic camera to eliminate
field-of-view constraints, or a camera with a faster frame
rate to increase the computation speed further. Additional
directions include depth-channel gain scheduling, either con-
ditioning kp, on the current error magnitude or reformulating
the feature as In(¢/¢*) to linearise the depth mapping,
and broader experimental validation with moving targets,
multiple starting offsets, and external disturbances. Together,
these extensions would move the platform from a proof-of-
concept comparison toward a versatile testbed for energy-
conditioned visual servoing in unstructured environments.
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IX. APPENDIX

A. Image Jacobian J¢

This subsection derives the two-row image Jacobian
Jr € R2X6 that maps the camera spatial velocity &, =
¢S, ¢, ¢, of, @), o ]T to the feature rates § = [, /],
as introduced in (8)

a) Step 1 — Rigid-body point velocity.: For a static
target observed by a moving camera, the time derivative of
the target position expressed in the camera frame is [10]:

0 - of
P=—Ve—[0]x ‘P, (@]« = | f 0 —a
—0f o 0
19)

b) Step 2 — Planar reduction.: Under planar motion
the camera height is constant (‘y =~ 0) and only the yaw
component of the angular velocity is non-zero (@g = w¢ = 0).
Expanding (19) under these constraints gives the two scalar
rates required for the feature derivatives:

G=—¢— oy 'z, Z=—¢+ oy x. (20)

c) Step 3 — Differentiation of W (row 1).: From the
pinhole projection (4), p = fyx/Z with Z = . Applying
the quotient rule and substituting (20):

. _f,u c. l'LC'
f="%-5%
=f—“<—c;—w;z>—§<—cz+ms°x>
fﬂ -C :ucx c

Replacing the last term via %x = uZ/fy, (from (4)) yields the

compact form used in (8):
12
C
rhe- ()

Only f,, appears, because (i is defined through the horizontal
focal parameter.

f/v‘c

5 Cx (22)

‘L.L:

d) Step 4 — Differentiation of ¢ (row 2).: From the
apparent-size model (6), £ = fy hop; /Z:
. ! .
l=—=Z7. 23
Z (23)
The depth rate follows from (20): Z = & = —¢; + o) ‘.
Substituting and replacing x = pZ/ fy;:
.l 4
(= —Ear. 24)
Z Su

Note that f,, does not appear explicitly: it is absorbed into
the measured value /. The coupling with 1 enters through
the horizontal relation % = uZ/f,.
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e) Step 5 — Matrix assembly.: Writing (22) and (24)

in matrix form with &, = [¢5, ¢, ¢<, of, of, f]" gives the
image Jacobian stated in (8):
Ju H u?
% 0 z 0 —(fut JT 0
Irb2) = i w
0O 0 =% O - 0
VA Ju
(25)

Non-zero columns: 1 (¢5), 3 (¢9), 5 (a)y“). Columns 2, 4, 6
vanish identically under the planar constraints of Step 2.

B. Geometric Coupling J.

This subsection derives the constant 6 x 3 matrix J. that
maps the rover body twist &, = [vy, vy, @] to the camera
spatial velocity &, as stated in (9).

a) Step 1 — Rotation matrices.: The world-to-robot
rotation uses ZYZ Euler angles (¢,0,y) [3]:
cos¢p —sing O cos@ 0 sin6
R;(¢)= [sin¢g cos¢ Of, R, (0)= 0 1 0
0 0 1 —sin® 0 cosf
26

The Euler-angle rate to angular velocity transformation [5]:

0 —sin¢g cos¢sind
Ty(9,0)= |0 cos¢ singsind (27)
1 0 cos 6
b) Step 2 — General kinematic chain.: The camera

spatial velocity is related to the generalised coordinate rates
q through [3]:

c[')c _ WR;F 0 I3 0 awpt/aq
[C“’c] _[ 0 WR;F:| {0 T(J %o /dq \RZ<?)§b-
q
Je(9)

(28)

c) Step 3 — Forward kinematics.: The camera is rigidly

mounted at longitudinal offset d. forward of the rover centre
and at height h. (Figure 3):

x+d.cos¢
"pe= |y+dsing |, (29)
he
with partial derivatives:
. 1 0 —dsing 0 0 1
aw B C aW ¢
ap 0 1 decoso |, a“ — 1o 0 0
q 0 0 0 q 000
(30)

d) Step 4 — Planar simplification (6 = y =0).: With
no pitch or roll: Ty — I3 and "R! = R,(—¢). The product
R (—9)R;(¢) =I5 cancels all ¢-dependence, yielding the



constant geometric Jacobian stated in (9):

0 -1 —d,
0 0 0 & =—vy—d, .,
= | L0 0 peal ey,
0 0 -1 O =—0;
0 0 0
(31)

The three non-trivial rows encode: (i) lateral camera motion
from the rover’s sideways velocity and the yaw lever-arm
through d.; (ii) the camera depth rate equalling the rover’s
forward velocity; and (iii) rover yaw mapping directly to
camera pan with a sign reversal due to the frame-axis
convention (Figure 3).

C. Visual Jacobian Jyis = J¢J.

With Jr (25) and J. (31) in hand, we compute the
2 x 3 visual interaction matrix by substituting the geometric
relations from (31) into the feature rate expressions (22)
and (24).
a) Column I (vy).: From (31): only ¢ = v, is non-zero.
Substituting into (22) and (24):

14 /
Jvis.IIZ%'1:%7 Jvis,21:§'1:§.
b) Column 2 (vy).: From (31): only ¢{ = —v, con-

Ju

tributes.
_ fi JH
= =,

JvisA,12:( Z)(*l): >

The exact zero in row 2 confirms the structural v,—¢ decou-
pling: lateral motion does not affect the apparent size.

¢) Column 3 (®).: Both ¢y = —d.®; and @) = —®,
contribute:

Jyis22 =0-(—1)=0.

2 dc 2
Jvis,l?a: (_J;>(—dc)+(—f”—l};>(_l):f,u2 +fu+%,
(32)
- fu _ Ly
Jis23 =0+ (—dc) + (—E)(—l) A (33)

d) Result — compact form.: Assembling all six entries
gives the visual interaction matrix stated in (10):

.u fl—l ,le fudc
oz 7 MRt
Jvis(.u'a€7z) = (34)
Loy
7 fu

where the depth Z is not measured directly but computed
from the apparent height via (6).

e) Depth-substituted form.: Replacing Z = fvhovi/t
from (6) (equivalently 1/Z = ¢/(fy, hovj)) eliminates the
explicit depth dependence:

V4 14 2 d./

T fﬂ;« fﬁ%*?h
s,y = |77 T A BET
VA 0 67[.1
fv hovj Ju
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In this form both focal parameters appear: f,, from J; (hor-
izontal image geometry) and f, from the depth model (6).
Two structural properties are immediate:

e (2,2) zero — exact and depth-independent, confirming

that lateral velocity v, does not affect the apparent
size ¢. This decoupling is a consequence of the holo-
nomic mecanum drive and the forward-facing camera
arrangement.
(2,1) entry o /> — the quadratic nonlinearity that
amplifies the forward velocity command v, when the
target is far away (¢ small), producing the aggressive
forward surge discussed in Section VIIIL.

D. KiCad Drawing

Fig. 19: System integration schematic in KiCad illustrating the interface between the
Raspberry Pi 5, Hailo-8L accelerator, L298N motor drivers and powerdistribution.
The 4S LiPo battery powers the motor drivers directly while the computational unit is
regulated via a Pololu buck converter. From the VCC of the driver modules, voltage
shifters convert quadrature encoder signals from 5 V to 3.3 V for Raspberry Pi GPIO
compatibility. The rover’s wheels are driven by DC motors regulated by the L298N
H-bridges, with quadrature encoders mounted on each motor shaft providing velocity
feedback at the wheel level. Detailed component specifications and GPIO assignments
are provided in Table I.



TABLE IV: Time-domain metrics for holonomic (v,-enabled = 1) left/right repeatability trials (mean =+ std over 3 runs). 7,: rise time, T;: settling time, SSE: steady-state error.

Left (3 runs) Right (3 runs)

Duration [s] 30 30

Kpy (proportional) 10.0 10.0

Kpy (proportional) 0.4 0.4
Lateral alignment (1)

T(u) [s] 2.56440.032 3.897+0.113

Ty(1) [s] 12.2234+1.274  4.8721+£1.074

SSE(u) [px] 5.569£1.079 2.744 4+0.201
Depth regulation ()

T.(0) [s] 8.272+£0.114 7.0534+0.576

Ts(0) [s] 18.414+2.123  13.066 £ 1.551

SSE(f) [px] 244440686  1.376+0.169

TABLE V: Holonomic P-SH gain sets and corresponding time-domain metrics for lateral alignment pt and depth regulation £.

gainl gain2  gain3 gaind gain5  gainé

Controller gain configuration

Kpy (prop.) 1.5 8.0 17.0 20.0 30.0 30.0

Kpy (prop.) 0.2 0.3 0.5 0.5 0.6 0.2

Kry (int.) 0.0 0.0 0.0 0.0 0.0 0.0

K (int.) 0.0 0.0 0.0 0.0 0.0 0.0
Lateral alignment (L)

T(u) [s] 9.333 4.100 3.991 3.594 3.671 2.652

Ts(u) [s] 16.180 6.652 4731 4.196 4.881 3.925

SSE(u) [px] 8.884 3.065 3.317 3.311 3382  3.893

Depth regulation (£)

T:(0) [s] — 8.903 5.137 6.076  4.578  19.570
Ts(0) [s] — 16993  8.090 14.401 7.329 —
SSE(¢) [px] — 2.328 1914 2376  2.244 —

TABLE VI: Proportional-Integral (v, = 1) gain sets and corresponding time-domain metrics for lateral alignment u and depth regulation /.

gain3 gain3.1 gain3 2 gain3.3 gain3 4 gain3 5

Controller gain configuration

Kpy (prop.) 17.0 17.0 17.0 17.0 17.0 17.0

Kpe (prop) 0.5 05 05 0.5 0.5 0.5

Ky (int) 0.0 0.003 0.005 0.0 0.0 0.002

K; ¢ (int.) 0.0 0.0 0.0 0.003 0.005 0.001
Lateral alignment (1)

T(u) [s] 3.991 3.640 3.802 3.760 3.729 3.857

Ts(u) [s] 4.713 6.019 4.343 4.028 4.296 4.361

SSE(u) [px]  3.317 2.664 3.428 4.570 3.269 3.606

Depth regulation ({)

T:(0) [s] 5.137 6.560 6.889 11.213 5.637 7.081
Ts(0) [s] 8.090 13.673 14.042 18.297 7.785 10.372
SSE(¢) [px] 1914 2.511 3.023 4.152 6.900 1.936
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TABLE VII: Comparative time-domain metrics for SH PI-IBVS and reduced pH controllers. Mean =+ std over 3 runs per condition. Proportional gains matched; integral, damping,
and leaky terms disabled (K; = Kp = Ajeax = 0).

Metric SH_P_gain3.2 redPH_P_rightl
Controller gain configuration

Kpy (proportional) 17.0 17.0

Kpy (proportional) 0.5 0.5

Kj o (integral) 0.0 0.0

K; ¢ (integral) 0.0 0.0

Kp i (damping) — 0.0

Kp ¢ (damping) — 0.0

kleak - 0.0
Lateral alignment (1)

T(u) [s] 3.413+£0.064 3.579£0.176

Ts(u) [s] 4.421+0.110 4.015+0.273

SSE(u) [px] 3.588+0.376 3.937+0.143
Depth regulation ()

T:(¢) [s] 4.688 +£0.389 4.744+0.874

Ts(0) [s] 7.149 £0.457 6.768 £1.097

SSE(¢) [px] 2.7224+0.677 2.435+0.296

Velocities / actuation cost (FK from encoders)

Max |@,| actual [rad/s] 2.62240.132 248740277
Max |vy| actual [m/s] 0.765+0.026  0.74340.029
E = [|€|%dr [(m/s)>s]  6.271+0.581 5.59140.904

TABLE VIII: Damping gain sweep for the pH controller. Baseline SH PI-controller (redSH-PI) shown for reference. All pH variants use Kpy, = 17.0, Kp¢ = 0.5, K;,, = 0.002,
Ky =0.001, and Ajea = 0.03.

redSH_PI PIDL_gainl PIDL_gain2 PIDL_gain3 PIDL_gain4
Controller gain configuration
Kpy (prop.) 17.0 17.0 17.0 17.0 17.0
Kpy (prop.) 0.5 0.5 0.5 0.5 0.5
Kry (int.) 0.0 0.002 0.002 0.002 0.002
K¢ (int.) 0.0 0.001 0.001 0.001 0.001
Kpy (damp.) 0.0 0.1 0.3 0.5 0.5
Kp,¢ (damp.) 0.0 0.0 0.0 0.1 0.3
Meak 0.0 0.03 0.03 0.03 0.03
Lateral alignment (1)
T-(u) [s] 3.360 3.230 3.555 3518 3.718
Ty(p) [s] 3.898 5.512 8.859 6.538 3.887
SS-MAE(u) [px] 3.846 4.200 8.855 2.377 4.626
Depth regulation (£)
T-(0) [s] 4.942 5.512 5.000 6.808 7.312
T5(0) [s] 6.281 9.172 7.516 15.006 13.186
SS-MAE(¢) [px] 2.207 1.570 3.186 1.979 1.793
Velocities / actuation cost (FK from encoders)
Max |@;,| [rad/s] 2.877 2.487 2.337 1.871 2.721
Max |vy| [m/s] 0.770 0.772 0.799 0.757 0.770
Max |vy| [m/s] 0.463 0.448 0.462 0.377 0.770
E [(m/s)?s] 6.551 5.402 4.310 3.382 4.696
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TABLE IX: Final comparative performance metrics: SH PI-IBVS (SH_P_gain3_2) versus pH-IBVS with damping and leaky integrator (redPH_PIDL_gain3). Mean =+ std over 3
runs.

Parameter / Metric redPH_PIDL _gain3  SH_P_gain3_2

Controller gain configuration

Kpy (proportional) 17.0 17.0

Kpy (proportional) 0.5 0.5

Ky (integral) 0.002 0.0

K; o (integral) 0.001 0.0

Kpy (damping) 0.5 —

Kp ¢ (damping) 0.1 —

llealk 0.03 -
Lateral alignment (1)

T-(u) [s] 3.715£0.173 3.413£0.064

Ty(p) [s] 4.006+0.313 4.4214+0.110

SS-MAE(u) [px] [t > T;] 3.256 £0.669 3.5884+0.376
Depth regulation ()

T:(0) [s] 6.086 +£0.603 4.688 +0.389

Ts(0) [s] 11.9314+2.185 7.149 £0.457

SS-MAE(Y) [px] [t > T;] 1.713+£0.118 2.722+£0.677

Velocities / actuation cost (FK from encoders)

Max |w;| actual [rad/s] 1.949+0.109 2.622+0.132

Max |vy| actual [m/s] 0.764+0.014 0.765 +0.026

E = [||E,|I>dr [(m/s)?s] 4.11740.512 6.271+0.581
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Algorithm 1 Vision Pipeline and Feature Extraction (30 Hz)

Require: GStreamer pipeline initialised, Hailo-8L loaded with YOLOvVS model

Ensure: Visual features s(¢) = [u(z), £(¢)] " and depth estimate Z(t)

1: Constants: W = 1280, H =720, fy = 1403 pX, hopj = 0.23m, Bont = 0.4

2: Initialise: s <— [NaN, NaN]", Z < NaN, ngple < 0

3: while pipeline active do
frame < ACQUIREFRAME()

4
5 detections < HAILOINFERENCE(frame)

6: detected < False

7 for each detection d in detections do

8 if d.label = “bottle” and d.conf > 6., then
9

bbox <+ d.bbox
H < l(xmin +xmax) W — %
11: fv<_j(ymin+ymax)'H_7
12: €<_ ()’max _Ymin) -H
13: Z(—fv~H~h0bj/€
14: detected <+ True; break
15: end if
16: end for
17: if detected then
18: Nstable <— min(nstable +1, 5)
19: else
20: Rgtable <— Max (Aggaple — 1, 0)
21: end if
22: if ng.pe > 2 then
23: s [u, 0"
24: else
25: s < [NaN, NaN] "
26: end if

27: PUBLISHFEATURES(s, Z, f;)

28: end while

> 30 fps USB camera
> YOLOVS5 on Hailo-8L. NPU

(Xmin, Ymins Xmax, Ymax) Normalised to [0, 1]
> Horizontal offset from image centre [px]
> Vertical offset from image centre [px]

> Apparent bounding-box height [px]

> Monocular depth estimate (Eq. 6)

> Hysteresis stability filter
> Stable detection — publish features

> Insufficient confidence — suppress output

> Send to control layer
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Algorithm 2 SH PI-IBVS Control Law (Eq. 11)

Require: Visual features s = [u, £] T [px], depth estimate Z, vertical offset f, from Algorithm 1
Ensure: Commanded body twist &, = [vy, vy, @] " and wheel RPM targets o*
1: Constants: s* = [u*, ¢*]", d.=0.09m, r=0.06m, £, =0.093m, ¢, =0.087m

2: Gains: kp = diag(KRu, K'Eg) >0, k= diag(K]#, K']’g) >0

3: Initialise: &; < 0, fprey 0

4: while control active at 30 Hz do
5 At Tnow — tprev; tprev < Ihow

6 if s is valid then

7: e+ s—s*

8 éinteéint+eAt

9 éint « CLAMP(éinw _émaxv +§max)

10: J¢ < IMAGEJACOBIAN(U, ¢, Z, f,)
11: J: <+ GEOMETRICJACOBIAN(d,)
12: Jis (—JfJC

13: J\I/is — (J:frisJViS)_lJ\Tis

14: u < Kkpe+ k&

15: £y —J;su

16: &, < SATURATE(E,, Vinax, ®max)
17: else

18: Ep0;, &, <0

19: end if

20: ®* < TWISTTOWHEELRPM(§ )

21: o* + CLAMP(®*, —140, 140)

22: PUBLISHRPMTARGETS(®*)

23: end while

> Stable detection from Algorithm 1
> Feature error vector [px]

> Discrete integral accumulation

> Hard-clamp anti-windup

> € R?*%, Eq. 8

> € RO Eq. 9

> Composed visual Jacobian € R?*3
> Moore—Penrose right pseudo-inverse
> PI control signal

> Commanded body twist (Eq. 11)
> Velocity limits

> No detection — stop motors and reset integrator
> Mecanum inverse kinematics (Eq. 16)

> Per-wheel RPM saturation
> Send to inner-loop thread (Algorithm 4)
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Algorithm 3 pH-IBVS Control Law with Implicit Damping and Leaky Integration (Eq. 14)

Require: Visual features s = i, /] " [px], depth estimate 7, vertical offset f, from Algorithm 1

Ensure: Commanded body twist &, = [vy, vy, @;

]T

1: Gains: kp = diag(Kp#, K’Rg), K = diag(KL”, K[/), Kp = diag(KD#, K‘D’g), Aeak, Kaw =0, Agis =0
2: Initialise: z < 0 (leaky integral state), Hprey < 0 (Hamiltonian monitor)
3: while control active at 30 Hz do

if s is valid then
Step 1 — Feature error: e; < s—s*
Step 2 — Visual Jacobian: Jis < J;J. € R¥3

J J\Tlg (JViSJ\Tis +A’§lslz)7l

Step 3 — Leaky integrator: z< es; — AjeakZ; Z < Z+Arz

Step 4 — Control law (implicit damping):
VH < Kpes + K2
b« —J'VH
AL+ xplyis
gznsat <_A—ll)
&, < SATURATE(E}™™, Vinax, Ormax)
Step 5 — Back-calculation anti-windup:
AV — ‘gb _ znsat
z < 2+ Koy Jyis AV
z < CLAMP(Z, —Zmax, +Zmax)
Step 6 — Hamiltonian monitor:
H; + %egkpeo + %ZTKflz
AH « Hy _Hprev; Hprev — Hy
else
8,0, 2 0; Hpyew 0
end if
PUBLISHRPMTARGETS (TWISTTOWHEELRPM(&,))

26: end while

> [px]

> Damped least-squares pseudo-inverse € R3*2
> Structural anti-windup

> Closed-loop energy gradient

> Undamped velocity command

> Implicit damping matrix € R3*3
> Solve (I+J xkpJyis) &, =b

> Velocity limits

> Saturation residual (zero when unsaturated)
> Project residual to feature space, discharge integrator

> Hard-clamp safety backstop

> H; >0; AH; <0 is passivity certificate

> No detection — stop and reset all states

> Forward to inner loop (Algorithm 4)
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Algorithm 4 Inner-Loop Wheel Velocity Control (50 Hz Daemon Thread)

Require: RPM targets 0* = [0}, ®;, ©, 0] |T from Algorithm 2 or 3

Ensure: PWM duty cycles D = [Dy, D, D3, D4] " applied to L298N motor drivers
1: Constants: CPR = 333 counts/rev, At =0.02s (50Hz), Dpax = 100%, PWM frequency = 1kHz
2: Per-wheel gains: K,; = 0.6, K;; =0.02, /y,x (maximum integral duty contribution)

3: Initialise: D <— 0, 7 < 0 (integral states), pos

prev
i

< READENCODER(i) for i=1...4

4: while control active do

5:

6
7:
8

fstart ¢ GETTIME()
for i=1to 4 do > Read all four quadrature encoders
pos; <~ READENCODER(i)

Apos; < pos; —post 5 pos’ < pos;
N Apos; 60
; C— > Convert encoder counts to measured RPM (Eq. 18)
At CPR
end for
®* <+ READSHAREDTARGETS() > Thread-safe mutex-protected read from control layer
for i=1to 4 do > Positional PI controller per wheel
if |o/| < 0.001 then > Target is zero — coast
Di+0; n+0 > Set duty to zero and reset integrator to prevent windup carry-over
else
e < |of | — || > Speed error (magnitude)
ni < Ni+eiAt > Accumulate integral
ni CLAMP(ni, —Inax/Kii, +Imax /Kl-‘,,-) > Anti-windup: bound integral contribution to 4/ %
D; + CLAMP(Kp,ie,- +Ki;ni, 0, Dmax) > Positional PI output, clamped to [0, 100] %
end if
SETDIRECTION(i, sign(®;)) > Set H-bridge polarity via GPIO
SETPWM(i, D;) > Apply duty cycle to L298N enable pin
end for
SLEEP(max(0, At — (GETTIME() — fytart) ) > Maintain fixed 50 Hz loop rate

25: end while
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