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Abstract

The deployment of autonomous underwater vehicles for the inspection and maintenance of subsea infrastructure has grown
exponentially over the past decade. A critical requirement for the persistent operation of these vehicles is the ability to
autonomously dock with submerged base stations for battery recharging and data offloading. Achieving the necessary
terminal docking precision remains a formidable challenge due to the complex hydrodynamic forces, limited visibility, and
inherent system delays present in the subsea environment. This paper provides a comprehensive examination of docking
precision by analyzing the intersection of visual servoing algorithms and coordination latency within the control loops of
underwater inspection vehicles. Visual servoing, particularly image-based visual servoing, offers high-resolution relative
positioning for the terminal phase of docking but is highly susceptible to processing delays and thruster response lags.
Through an extensive evaluation of latency sources including image acquisition, computational processing, and mechanical
actuation, this study elucidates how coordination latency degrades the convergence stability of visual servoing controllers.
Furthermore, the research investigates the dynamic coupling between visual tracking errors and hydrodynamic
disturbances. The analysis demonstrates that uncompensated coordination latency fundamentally alters the error space,
leading to terminal overshoot and docking failure. By systematically isolating the effects of algorithmic design and systemic
delay, this paper establishes a foundational understanding of the constraints governing autonomous underwater docking,
offering critical insights for the development of robust, delay-tolerant navigation strategies for next-generation marine
robotics.
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1. Introduction
1.1 The Imperative of Autonomous Underwater Vehicles

The exploration, exploitation, and monitoring of the global ocean environment have necessitated the rapid development of
advanced robotic systems capable of operating in highly unstructured and hazardous conditions. Autonomous underwater
vehicles have emerged as the primary platform for conducting a wide array of subsea operations. These operations range
from the routine inspection of offshore oil and gas pipelines to the environmental monitoring of coral reefs and the
maintenance of deep-water renewable energy installations. Historically, the marine industry relied heavily on remotely
operated vehicles, which require a physical tether to a surface support vessel for power and high-bandwidth
communication. The logistical complexity, high operational costs, and susceptibility to weather conditions associated with
surface support vessels have driven a paradigm shift toward fully autonomous systems. For autonomous underwater
vehicles to fulfill their potential as persistent, resident systems capable of remaining submerged for months at a time,
they must possess the ability to autonomously return to and attach themselves to fixed underwater docking stations. These
docking stations serve as vital hubs where vehicles can recharge their internal energy storage systems, upload massive
volumes of high-resolution sonar and optical inspection data, and receive updated mission parameters from human
operators on shore. The success of this resident operational model hinges entirely on the reliability and precision of the
autonomous docking maneuver.

1.2 The Challenge of Precision Docking

Autonomous docking is widely considered one of the most complex and risk-prone maneuvers in the operational envelope
of an autonomous underwater vehicle. The process typically involves a multi-stage approach. In the initial long-range
phase, the vehicle utilizes acoustic navigation systems, such as ultra-short baseline positioning, to transit from its
operational area to the general vicinity of the docking station. While acoustics provide reliable long-range guidance, they
suffer from low update rates, multipath interference, and insufficient resolution for the final meters of approach.
Consequently, the vehicle must transition to close-range sensors, primarily optical cameras, to achieve the sub-decimeter
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precision required to physically mate with the docking mechanism. This terminal phase is governed by visual servoing, a
control technique that utilizes visual information extracted from camera images to directly command the motion of the
vehicle. However, the underwater environment presents severe challenges to visual systems. Water rapidly attenuates the
visible light spectrum, while suspended particulate matter causes severe scattering and backscatter, drastically reducing
contrast and visibility limits. Beyond the optical challenges, the vehicle is continuously subjected to dynamic hydrodynamic
forces, including ambient currents, wave-induced surge in shallow waters, and the complex pressure fields generated by
the vehicle navigating in close proximity to the rigid docking structure. Maintaining precise control under these conditions
requires an exceptionally responsive and robust closed-loop control system.

1.3 Objectives and Scope of the Study

Despite significant advancements in computer vision and marine control theory, a critical bottleneck in achieving reliable
docking precision lies in the temporal domain specifically, the coordination latency inherent in the vehicle system
architecture. Coordination latency encompasses the cumulative time delay from the moment photons strike the camera
sensor to the moment the vehicle thrusters generate the appropriate corrective force. This paper aims to comprehensively
explain how this latency interacts with visual servoing algorithms to determine ultimate docking precision. The primary
objective is to dissect the control loop of an underwater inspection vehicle, identifying and quantifying the specific sources
of latency. The study further seeks to map the relationship between algorithmic complexity in visual feature extraction and
the resulting delay penalty. By examining the interplay between processing delays, algorithmic design choices such as
the selection between position-based and image-based visual servoing, and the sluggish physical response of marine
thrusters, this research provides a holistic view of system dynamics during the terminal docking phase. The scope of this
paper encompasses theoretical analysis of control architectures, an evaluation of latency-induced instability, and a detailed
discussion of experimental results derived from controlled tank testing environments. Ultimately, this work seeks to provide
marine robotics engineers with the foundational knowledge necessary to design delay-aware visual servoing systems
capable of robust operation in demanding subsea environments.

2. Literature Review and Background
2.1 Evolution of Underwater Docking Systems

The pursuit of reliable autonomous underwater docking systems has a rich history spanning several decades, characterized
by evolving mechanical designs and progressively more sophisticated navigation methodologies. Early attempts at
underwater docking relied heavily on mechanical funnel structures designed to physically guide an incoming vehicle into
a latched position. These passive capture mechanisms required the vehicle to merely hit the wide opening of the funnel,
after which forward thrust and the geometry of the cone would force the vehicle into alignment. While conceptually simple,
these systems necessitated bulky infrastructure and often resulted in high-impact collisions that could damage sensitive
instrumentation on the vehicle. As researchers sought more elegant and lower-impact solutions, active capture mechanisms
such as docking poles and dynamic latching arms were introduced. These designs required significantly higher navigational
precision, as the target area was drastically reduced. The transition from funnel-based to pole-based docking highlighted
the inadequacy of pure acoustic homing [1]. Researchers quickly realized that acoustic sensors, hampered by reverberation
and low frequency update cycles, could not provide the continuous, high-resolution spatial state estimation required for
delicate proximity operations [2]. This realization catalyzed the integration of multi-modal sensory suites, combining
acoustics for the far-field approach with optical and electromagnetic sensors for the near-field terminal phase [3].

2.2 Approaches to Vision-Based Navigation

The adoption of optical cameras as the primary navigational sensor for the terminal docking phase revolutionized the field
of underwater robotics. Vision-based navigation algorithms fall broadly into two categories within the context of automated
control position-based visual servoing and image-based visual servoing. Position-based visual servoing relies on extracting
features from the camera image to estimate the full three-dimensional pose of the vehicle relative to the docking station.
This estimated pose is then compared to a desired reference pose to generate a Cartesian error signal for the vehicle control
system. While position-based visual servoing provides intuitive control in the physical workspace, it is highly sensitive to
camera calibration errors and requires an accurate geometric model of the target [4]. Furthermore, the complex matrix
inversion required for pose estimation introduces significant computational overhead [5]. Conversely, image-based visual
servoing operates entirely within the two-dimensional image plane. The control system regulates the pixel coordinates of
specific features extracted from the docking station, driving them toward a set of desired pixel coordinates [6]. By bypassing
the three-dimensional pose estimation step, image-based visual servoing is generally more robust to calibration errors and
computationally more efficient. However, because the control laws are formulated in the image space, the resulting vehicle
trajectories in the three-dimensional physical space can sometimes be non-intuitive or sub-optimal, occasionally leading to
a phenomenon known as camera retreat [7]. Extensive literature has debated the relative merits of these two approaches,
yet consensus holds that both are fundamentally limited by the temporal dynamics of the hardware upon which they are
implemented [8].
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2.3 Latency in Multimodal Sensory Coordination

In modern underwater inspection vehicles, the navigation system rarely relies on a single sensor. Instead, data from
cameras, inertial measurement units, Doppler velocity logs, and depth sensors are fused together to create a cohesive
state estimate. The coordination of these disparate data streams introduces complex timing issues. A critical gap in the
existing literature is the systematic analysis of coordination latency specifically within the context of visual servoing for
underwater docking. Most classical control theories assume ideal conditions with negligible time delays. However, in real-
world underwater systems, delays are substantial and pervasive [9]. Studies focusing on aerial and terrestrial robotics have
long recognized the destabilizing effects of delay in visual control loops, often employing predictive filters or delay-
compensation algorithms to maintain stability [10]. In the marine domain, however, the problem is compounded by the
severe computational constraints of battery-powered underwater vehicles and the non-linear, highly damped dynamics of
movement through water [11]. The latency between visual perception and physical actuation means that the control system
is always reacting to a past state of the vehicle [12]. When navigating close to a rigid docking structure in the presence of
external currents, this delayed reaction can easily lead to overcorrection, oscillatory behavior, and ultimately, collision or
complete failure to dock. Understanding the precise mechanisms through which coordination latency degrades docking
precision is therefore an urgent priority for the advancement of resident underwater vehicle technology.

3. Visual Servoing Mechanisms in Underwater Environments
3.1 Image-Based vs Position-Based Visual Servoing

To understand the impact of latency on docking precision, it is necessary to first examine the mechanics of the visual
servoing algorithms themselves. Visual servoing is a technique that closes the kinematic and dynamic control loops directly
using vision data. The core principle involves defining an error function based on visual features and designing a control
law that drives this error to zero. In position-based visual servoing, the error is defined in the operational space of the
vehicle. The system captures an image, detects the artificial markers or natural features of the docking station, and uses
projective geometry to calculate the relative distance and orientation of the vehicle. This process requires precise prior
knowledge of the target geometry and accurate camera intrinsic parameters. The calculated Cartesian error is then fed into
a standard motion controller. The primary advantage here is that the vehicle path in three-dimensional space is typically
direct and efficient. However, any inaccuracies in the camera calibration or target model result in steady-state positioning
errors, which can be catastrophic during terminal docking.

In contrast, image-based visual servoing bypasses the three-dimensional reconstruction entirely. The target is defined as a
specific configuration of points or lines directly within the camera image. For example, a successful docking position might
be defined as four light-emitting diode markers forming a perfect square in the center of the camera field of view. The
controller calculates the difference between the current pixel coordinates of these markers and their desired pixel
coordinates. This image-space error is mapped to vehicle velocity commands using an interaction matrix, which relates the
motion of the camera in three-dimensional space to the motion of features in the two-dimensional image plane. Because
image-based visual servoing seeks only to minimize the pixel error, it is inherently highly robust to modeling errors and
camera distortion. As long as the target features remain visible, the controller will relentlessly drive the vehicle toward the
docking station. This robustness makes image-based visual servoing the preferred choice for many modern underwater
docking applications.
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Figure 1: Comprehensive Control Architecture of an Image

3.2 Algorithmic Adaptations for Turbid Water

The underwater environment mandates significant adaptations to standard visual servoing algorithms originally developed
for industrial robotic arms or ground vehicles. The optical properties of water introduce severe degradation to image quality,
which directly impacts the reliability of the feature extraction phase of the control loop. Attenuation, the gradual loss of
light intensity over distance, restricts the usable range of the camera. More problematically, scattering caused by suspended
particles reduces image contrast and blurs the edges of target features. Backscatter, the reflection of the vehicle light sources
off particles straight back into the camera lens, creates bright clouds that can completely obscure the docking station.

To maintain visual servoing in these conditions, algorithms must incorporate aggressive image enhancement techniques
before feature tracking can occur. These techniques often include dynamic histogram equalization, color space
transformations to correct for frequency-dependent absorption, and sophisticated filtering algorithms designed to suppress
backscatter noise. Furthermore, the feature extraction algorithms themselves must be highly robust. Simple threshold-based
blob detection, which might work perfectly in a clear laboratory tank, fails completely in turbid harbor waters. Advanced
systems utilize scale-invariant feature transforms, robust contour tracking, or even lightweight convolutional neural
networks trained to recognize the docking structure under varying visibility conditions [13]. However, the critical trade-
off for implementing these advanced, robust computer vision techniques is a substantial increase in computational
complexity. This complexity translates directly into longer processing times per frame, fundamentally increasing the
coordination latency of the entire system. The pursuit of visual robustness in turbid water inadvertently exacerbates the
temporal delay problem, creating a challenging optimization dilemma for system designers.

4. Coordination Latency and System Dynamics
4.1 Sources of Latency in the Control Loop

Coordination latency in an autonomous underwater vehicle is not a single point of failure but rather the cumulative sum of
multiple discrete delays distributed throughout the hardware and software architecture. To systematically analyze its
impact, we must categorize these sources into sensory acquisition latency, processing latency, communication latency, and
actuation latency.

Sensory acquisition latency is primarily dictated by the camera frame rate and exposure time. In low-light underwater
environments, longer exposure times are required to capture sufficient photons, which directly delays the generation of the
image frame. Even at a standard thirty frames per second, there is an inherent delay of over thirty milliseconds between the
physical event and the completion of the image capture. Processing latency represents the time required for the onboard
computer to transfer the image from the camera buffer, execute the image enhancement algorithms, run the feature
extraction protocols, and calculate the visual error and resulting control commands. As discussed previously, the complex
algorithms required for turbid water can push this processing latency to hundreds of milliseconds, particularly on the low-
power embedded computing platforms typical of battery-operated underwater vehicles.

Communication latency arises from the transfer of data between different subsystems. Modern vehicles often utilize
distributed software architectures where the vision processing node, the navigation node, and the low-level thruster control
node operate on separate microprocessors connected via an internal network. The packaging, transmission, and unpacking
of data across this internal bus introduce small but measurable delays. Finally, actuation latency is the physical delay

Vol. 1, Issue 3 (2026) 95



Journal of Robotics and Autonomous Technologies | https://ratjournal.net

inherent in the propulsion system. When a command is sent to alter a trajectory, the thruster motor controllers must parse
the command, adjust the pulse-width modulation signals, and overcome the mechanical inertia of the propeller to generate
the requested thrust [14]. This mechanical time constant is often the most significant single source of delay in the entire
loop.

Table 1: Breakdown of Component Delays Contributing to Overall Coordination Latency in a Standard Underwater Vehicle
Architecture

Subsystem Component Process Description Typical Delay Range (ms) ‘ Primary Contributing Factors

Image exposure and digital Low-light exposure times,

Camera Sensor 15-50

readout sensor readout speed
Embedded Computer Image fenhancement and feature 50.- 200 Algorithm complex1.ty, CPU
extraction clock speed, resolution
Data serialization and internal Network protocol overhead,
Internal Network bus transfer 5-20 bandwidth limits
Actuation System Propellc.:r spin-up and thrust 150 - 400 Propeller inertia, motor driver
generation response, deadband

4.2 Impact of Delay on Actuator Response

The accumulation of these latencies means that the control command currently being executed by the thrusters is based on
visual information that is severely outdated. In a highly dynamic underwater environment, the state of the vehicle can
change significantly during this delay period. As the vehicle approaches the docking station, it must make continuous,
minute adjustments to align its docking probe with the receptacle. If the vehicle drifts slightly off-center due to an ambient
current, the visual servoing system will detect the error and issue a command to correct it. However, because of the
coordination latency, by the time the thrusters actually produce the corrective force, the vehicle may have drifted further,
or worse, may have already naturally swung back toward the center due to its own hydrodynamic restoring forces.

This delayed application of corrective force frequently leads to a phenomenon known as delay-induced oscillation. The
controller applies thrust to correct a past error, which inadvertently pushes the vehicle past the desired center point, creating
anew error in the opposite direction. The system then detects this new error and commands a counter-thrust, which is again
delayed, leading to an even larger overshoot. As the distance to the docking station decreases, the tolerance for error shrinks
proportionally. Oscillations that might be acceptable at a distance of five meters become catastrophic at a distance of fifty
centimeters. Furthermore, underwater vehicles are subject to complex hydrodynamic phenomena such as added mass and
quadratic drag [15]. These non-linear dynamics interact with the delayed control signals in unpredictable ways,
significantly degrading the margin of stability of the closed-loop system. If the total coordination latency exceeds a critical
threshold relative to the dynamic response time of the vehicle, the visual servoing controller transitions from being a
stabilizing guidance system to a destabilizing force, practically guaranteeing docking failure.

5. Experimental Methodology and Setup
5.1 Hardware Configuration and Tank Environment

To empirical investigate the precise relationship between coordination latency and docking precision, a comprehensive
experimental framework was developed utilizing a controlled indoor testing facility. The primary testbed consisted of a
high-capacity hydrodynamic testing tank measuring ten meters in length, six meters in width, and three meters in depth.
This controlled environment allowed for the systematic isolation of variables, ensuring that performance degradation could
be confidently attributed to latency rather than unpredictable environmental disturbances such as sudden waves or external
currents.

The robotic platform selected for the experiments was a custom-designed, inspection-class autonomous underwater vehicle
featuring six degrees of freedom. The vehicle was equipped with an over-actuated propulsion system utilizing eight
vectored thrusters, allowing for independent control of surge, sway, heave, roll, pitch, and yaw. This high degree of
maneuverability is essential for the complex alignment procedures required during terminal docking. The primary sensory
input for the visual servoing system was provided by a high-definition, machine-vision global shutter camera mounted in
the nose of the vehicle. The camera was calibrated specifically for the refractive index of water to minimize geometric
distortion. To simulate varying levels of water clarity representative of real-world operational environments, a controlled
particulate suspension system was utilized to introduce precise amounts of turbidity into the tank water. The docking station
itself was a scaled representative model of a standard subsea garage, featuring a rigid entry funnel and an array of high-
intensity, active light-emitting diode markers arranged in an asymmetric geometric pattern to facilitate unambiguous feature
tracking and pose estimation [16].
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Figure 2: Experimental Hydrodynamic Tank Setup and Autonomous Underwater Vehicle Configuration for Docking Precision
Analysis

5.2 Software Architecture and Delay Emulation

The software architecture governing the experimental vehicle was built upon a modern, distributed robotic middleware
framework, allowing for modular control and precise data logging. The core visual servoing pipeline implemented an
image-based approach, tracking the centroid coordinates of the docking station markers. To rigorously study the effects of
latency, it was necessary to move beyond the inherent, fluctuating delays of the hardware and introduce a system for
controlled, deterministic delay emulation.

A custom latency injection module was developed and integrated directly into the communication pathway between the
visual processing node and the low-level vehicle controller. This module functioned as a configurable first-in, first-out data
buffer. As the visual servoing algorithm calculated the required velocity commands based on the camera input, these
commands were routed into the buffer rather than being sent immediately to the thrusters. The module held the commands
for a precisely specified duration before releasing them to the actuation system. This architecture allowed the researchers
to artificially inflate the coordination latency to specific target values, simulating the performance of slower processors,
heavier algorithms, or more sluggish mechanical systems. The experimental matrix involved conducting dozens of
automated docking approach runs under varying latency profiles, ranging from a baseline minimum delay state to severely
delayed states exceeding five hundred milliseconds. High-precision external optical tracking cameras installed above the
tank provided ground-truth measurement of the vehicle trajectory, allowing for the precise calculation of terminal docking
errors and overall path efficiency.

6. Results and Discussion
6.1 Precision Metrics Across Latency Profiles

The data extracted from the experimental trials provided a clear, quantifiable illustration of the destructive impact of
coordination latency on terminal docking precision. The primary metrics for evaluation were the docking success rate,
defined as the vehicle successfully mating with the capture mechanism without exceeding force thresholds, and the terminal
lateral and vertical alignment errors at the moment of interface. The baseline trials, conducted with the minimum achievable
system latency, demonstrated the high efficacy of the image-based visual servoing approach in an ideal state. The vehicle
exhibited smooth, monotonic convergence toward the target, maintaining tight alignment throughout the final meter of
approach and achieving a high success rate.

However, as artificial latency was systematically injected into the control loop, the system dynamics degraded significantly.
At intermediate latency levels, the vehicle trajectory began to exhibit noticeable oscillatory behavior. The visual servoing
controller, reacting to outdated position data, consistently overcorrected for minor misalignments. While the vehicle
generally still managed to reach the docking station, the approach was erratic, resulting in higher impact forces and a
broader spread of terminal alignment errors. When the latency was pushed beyond the critical threshold of approximately
four hundred milliseconds, the system behavior transitioned to profound instability. The oscillations grew divergent rather
than convergent, causing the vehicle to swing wildly off the approach axis in the final decimeters. In these severe latency
scenarios, the vehicle frequently lost visual track of the docking markers entirely as they were swept out of the camera field
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of view by the violent overcorrections, leading to complete docking failure or dangerous collisions with the outer perimeter
of the docking structure [17].

Table 2: Aggregated Experimental Results Showing Docking Success Rates and Terminal Alignment Errors Under Variable
Coordination Latency Conditions

Artificial Delay Total System Latency Docking Success Rate Average Terminal Observation of

Injected (ms) (ms) (%) Lateral Error (cm) Trajectory Dynamics

Smooth convergence,

0 (Baseline) ~180 95.0 1.2 minimal overshoot

Minor oscillations

100 ~280 825 3.5 observed in final 0.5m

Significant
250 ~430 45.0 8.7 overcorrection, heavy
reliance on funnel

Divergent instability,
500 ~680 10.0 18.4 frequent loss of visual
tracking

6.2 Compensatory Strategies and Algorithmic Robustness

The severe degradation of docking precision under high-latency conditions underscores the fundamental limitations of
standard proportional visual servoing controllers in underwater robotics. The discussion of these results must therefore
pivot to an analysis of potential compensatory strategies. The data clearly indicates that simply enhancing the robustness
of the computer vision algorithms is counterproductive if it simultaneously inflates the processing delay beyond the stability
margin of the dynamic system.

One highly effective approach to mitigating these effects involves the integration of predictive control methodologies. By
utilizing a dynamic model of the underwater vehicle alongside state estimators like Kalman filters, the system can attempt
to predict the current state of the vehicle based on the delayed visual measurements and the history of applied thrust
commands [18]. Instead of calculating control inputs based on the outdated image, the controller calculates the input based
on the predicted current position. While this approach introduces complexity regarding hydrodynamic parameter
estimation, it provides a critical buffer against latency-induced oscillations. Furthermore, the results highlighted the
inherent advantage of image-based visual servoing over position-based systems in delayed environments. Because the
image-based approach continuously seeks to minimize error in the two-dimensional pixel space, it proved somewhat more
resilient to the non-linear path deviations caused by delayed thruster response, whereas position-based systems frequently
experienced singularity issues or target model mismatches when forced off-axis by latency-induced overshoots. Ultimately,
achieving reliable subsea docking requires a holistic system design approach where algorithmic sophistication is
carefully balanced against temporal efficiency to ensure the total coordination latency remains firmly within the stable
operational envelope of the vehicle dynamics.

7. Conclusion

7.1 Summary of Findings

This comprehensive investigation into the mechanics of autonomous underwater vehicle docking has illuminated the
critical, often-overlooked relationship between visual servoing performance and systemic coordination latency. Through
detailed theoretical analysis and rigorous experimental validation, it has been demonstrated that the terminal precision
required for successful subsea docking is not merely a function of camera resolution or algorithmic sophistication, but is
fundamentally constrained by the temporal efficiency of the entire control loop. The aggregation of delays from image
acquisition, computational processing of complex feature extraction algorithms required in turbid waters, internal network
communication, and the sluggish mechanical response of marine thrusters creates a significant temporal disconnect
between perception and actuation. The experimental data conclusively showed that as coordination latency increases, the
visual servoing controller transitions from a mechanism of stabilization to a source of divergent oscillation. This delay-
induced instability results in severe overcorrections, spatial overshoots, and an unacceptable increase in docking failure
rates, highlighting the fragility of standard closed-loop visual control in highly dynamic marine environments.

7.2 Implications for Future Subsea Infrastructure

The findings of this study hold significant implications for the future development and deployment of resident autonomous
underwater vehicles and their associated subsea infrastructure. As the offshore energy and marine science sectors
increasingly demand persistent, uncrewed operations, the reliability of autonomous docking stations becomes paramount.
System designers must recognize that pursuing absolute robustness in computer vision algorithms is ultimately self-
defeating if it pushes processing latency beyond the critical stability threshold of the vehicle dynamics. Future
advancements must prioritize the development of delay-tolerant control architectures, potentially integrating predictive
state estimation, machine-learning-based latency compensation, and edge-computing hardware optimized specifically for
low-latency parallel processing of visual data. Furthermore, the design of the physical docking structures themselves may
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need to evolve, perhaps incorporating dynamic alignment aids or wider tolerance capture mechanisms to accommodate the
inherent dynamic realities of latency-affected underwater navigation. By prioritizing the mitigation and management of
coordination latency, the marine robotics community can overcome one of the final significant barriers to achieving truly
autonomous, long-term underwater residency.
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