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Advanced Certificate in Subsea Robotics and Al

Artificial Intelligence For Subsea Systems

Acoustic Modem — A transceiver that converts electrical signals to acoustic waves for underwater
communication. Used for data exchange between subsea robots and surface vessels. Example: Transmitting
sensor data from a seabed node to a support ship. Challenges include limited bandwidth, high latency, and
signal attenuation in muddy environments.

Acoustic Positioning System — Network of transponders that triangulate the position of subsea assets using
sound pulses. Enables precise navigation of ROVs and AUVs within a few centimeters. Practical use: Guiding
a manipulator arm during pipeline inspection. Difficulty lies in multipath reflections and ambient noise that
degrade accuracy.

Adaptive Control — A control strategy that automatically adjusts controller parameters in response to
changing dynamics. In subsea robotics, it compensates for variable hydrodynamic forces caused by currents.
Example: An AUV adapting its thruster output when encountering a vortex. The main challenge is
guaranteeing stability while the model continuously updates.

Artificial Intelligence — The field of creating machines that can perform tasks requiring human intelligence.
In subsea systems, Al enables autonomous decision-making, pattern recognition, and predictive
maintenance. Example: A neural network classifying seabed textures from sonar images. Constraints include
limited onboard computing power and the need for robust, fault-tolerant algorithms.

Autonomous Underwater Vehicle — A free-swimming robot that operates without direct human control.
Tasks include mapping, environmental monitoring, and infrastructure inspection. Typical mission: A 12-hour
survey of a subsea cable route. Challenges involve energy management, reliable perception in low-visibility
water, and safe interaction with marine life.

Autonomous Surface Vessel — A surface platform equipped with Al to coordinate with underwater assets. It
can act as a communication relay, data hub, or charging station for AUVs. Example: A solar-powered boat
that docks with an autonomous glider for battery swapping. Issues include maintaining line-of-sight and
handling harsh weather.

Bayesian Filtering — Probabilistic technique for estimating the state of a system given noisy measurements.
Commonly applied as a Kalman filter or particle filter for subsea navigation. Practical use: Fusing inertial
data with acoustic ranging to localize an ROV. The difficulty is tuning process and measurement noise
models for complex ocean dynamics.

Behaviour Tree — Hierarchical model for defining robot actions and decision logic. Provides modular,
reusable behaviours for subsea missions. Example: A tree that sequences “descend — locate pipeline —
inspect — ascend.” Complexity grows with mission branching, requiring careful design to avoid unintended
loops.
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Bio-inspired Robotics — Design approach that mimics biological organisms to improve maneuverability and
efficiency. Fish-like robots use flexible fins for low-energy propulsion in cluttered environments.
Applications include navigating coral reefs without damaging structures. Main challenge is replicating the
material properties and control strategies of living tissue.

Computer Vision — Algorithms that interpret visual data from cameras or sonar to extract meaningful
information. In subsea contexts, it includes object detection, classification, and 3D reconstruction. Example:
Detecting oil-rig components from forward-looking sonar imagery. Limitations stem from light scattering,
turbidity, and the need for real-time processing.

Condition-Based Maintenance — Strategy that schedules repairs based on equipment health indicators
rather than fixed intervals. Al models predict component failure from vibration, temperature, and pressure
data. Example: Forecasting a hydraulic pump’s wear in a subsea manipulator. The challenge is acquiring
reliable sensor data in high-pressure housings.

Convolutional Neural Network — Deep learning architecture specialized for spatial data such as images.
Used for seabed classification, anomaly detection, and pipeline recognition from sonar mosaics. Practical
deployment: A CNN running on an edge GPU in an AUV to identify potential hazards. Constraints include
limited training data and the need for model compression.

Cooperative Localization — Technique where multiple robots share position estimates to improve overall
accuracy. Underwater swarms exchange acoustic ranging data to refine each member’s pose. Example: A
fleet of AUVs mapping a hydrothermal vent field collaboratively. The main difficulty is maintaining
synchronization and handling communication dropouts.

Data Fusion — Process of integrating heterogeneous sensor data into a coherent representation. Combines
sonar, lidar, inertial, and pressure measurements for robust perception. Use case: Merging multibeam
echo-sounder data with inertial navigation to produce a high-resolution bathymetric map. Challenges
include aligning data streams with differing latencies and resolutions.

Deep Reinforcement Learning — Machine-learning method where agents learn optimal policies through trial
and error in simulated environments. Applied to subsea vehicle path planning to avoid obstacles while
minimizing energy use. Example: Training an AUV in a physics-based simulator to negotiate a canyon.
Real-world transfer suffers from the “reality gap” and safety concerns.

Digital Twin — Virtual replica of a physical subsea system that mirrors its state in real time. Enables predictive
analysis, fault diagnosis, and scenario testing. Practical use: A digital twin of a subsea valve network that
simulates pressure changes during operation. Maintaining fidelity requires high-frequency data streams and
accurate modeling of fluid dynamics.

Doppler Velocity Log — Sensor that measures vehicle speed relative to the seabed using the Doppler effect.
Provides essential velocity data for dead-reckoning navigation. Example: An ROV using a DV-log to maintain
a constant altitude while inspecting a subsea manifold. Accuracy can degrade over soft sediments that
scatter the acoustic beam.
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Dynamic Positioning System — Integrated control system that keeps a vessel or platform stationary using
thrusters and real-time position feedback. Critical for offshore installation vessels and ROV launch platforms.
Al can optimize thruster allocation to reduce fuel consumption. Complexity arises from coupling with wave
and current disturbances.

Edge Computing — Processing data locally on the robot rather than transmitting it to a remote server.
Reduces latency and bandwidth usage, essential for time-critical subsea tasks. Example: Running a
lightweight anomaly detector on an AUV's onboard processor to trigger an emergency ascent. Hardware
constraints and power budgets limit algorithm complexity.

Electro-Optical Sensor — Device that captures light in the visible or near-infrared spectrum. Used for visual
inspection of subsea structures when ambient illumination is sufficient. Example: A high-resolution camera
mounted on a manipulator to verify bolt torque. Turbidity and low light often necessitate supplemental
illumination.

Energy-Harvesting System — Mechanism that extracts power from the environment, such as ocean currents,
thermal gradients, or wave motion. Enables longer missions for autonomous robots. Example: A
turbine-based generator attached to a moored platform powering a sensor suite. Design must balance
energy capture with added drag and system reliability.

Feature Extraction — Process of identifying salient characteristics from raw sensor data. In sonar imaging,
features may include edges, textures, and reflectivity patterns. These features feed into machine-learning
classifiers for object detection. The difficulty lies in selecting features that remain robust across varying
acoustic conditions.

Fault-Tolerant Architecture — System design that continues operation despite component failures. Includes
redundant sensors, watchdog timers, and graceful degradation strategies. For subsea robots, a backup
power bus can sustain essential functions after a primary battery fault. Implementation adds weight and
complexity, requiring careful trade-offs.

Fuzzy Logic Controller — Control scheme that handles uncertainty by using linguistic rules rather than
precise mathematical models. Useful for handling ambiguous sensor inputs like “high current” or “low
visibility.” Example: Adjusting thruster thrust based on fuzzy rules derived from current speed estimates.
Tuning rule sets for diverse ocean conditions can be labor-intensive.

Gaussian Process Regression — Non-parametric statistical method for modeling unknown functions with
quantified uncertainty. Applied to predict seabed hardness from limited sonar samples. The resulting model
informs path planning to avoid high-risk zones. Computational cost grows with data size, limiting real-time
usage.

Geospatial Information System — Framework for storing, visualizing, and analyzing spatial data. Integrates
bathymetry, habitat maps, and infrastructure layers for mission planning. Example: Overlaying a pipeline
route on a GIS to identify potential conflict zones before deployment. Requires consistent coordinate
reference systems and data quality control.
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Hybrid Navigation — Combination of multiple navigation techniques, such as inertial, acoustic, and visual
odometry, to improve robustness. An AUV may fuse IMU data with optical flow from a downward-looking
camera. The approach mitigates the weaknesses of each individual sensor. Complexity increases with the
need for sensor calibration and synchronization.

Hydrodynamic Modeling — Simulation of fluid forces acting on a vehicle’s hull and control surfaces. Essential
for designing control algorithms that compensate for drag, lift, and added mass. Example: CFD analysis of a
biomimetic fin design to predict thrust efficiency. Accurate models demand high-resolution meshes and
significant computational resources.

Inertial Navigation System — Suite of accelerometers and gyroscopes that estimates position by integrating
motion over time. Provides baseline navigation when external references are unavailable. Used as a
dead-reckoning source for deep-sea missions. Accumulated drift necessitates periodic correction with
acoustic fixes.

Joint State Estimation — Simultaneous estimation of a robot’s pose and the state of its manipulators. Critical
for precise tool placement on subsea structures. Example: An ROV estimating both its own position and the
angle of a robotic arm during valve operation. Coupling increases algorithmic complexity and demands
high-rate sensor updates.

Kinematic Calibration — Process of adjusting a robot’'s geometric parameters to align its mathematical
model with reality. In subsea arms, calibration compensates for joint offsets caused by pressure-induced
deformation. Methods include using a known calibration fixture on the seafloor. Calibration must be
repeatable despite limited access.

Knowledge Graph — Structured representation of entities and their relationships, enabling semantic queries.
For subsea Al, a knowledge graph may link assets, environmental conditions, and maintenance histories.
Example: Querying “all valves inspected within the last six months in water depth > 2000 m.” Populating the
graph requires consistent data ingestion pipelines.

Learning-Based Control — Control policies derived from data rather than analytical models. Neural networks
can approximate the mapping from sensor inputs to actuator commands. Example: An AUV learning to
maintain a constant altitude over uneven terrain using reinforcement learning. Generalization to unseen
conditions remains a key research challenge.

Localization Uncertainty — Quantitative measure of the confidence in a robot’s estimated position. Expressed
as covariance matrices or probability ellipses. High uncertainty may trigger a request for an acoustic fix.
Managing uncertainty requires careful sensor fusion and error modeling.

Marine Habitat Mapping — Creation of detailed maps that classify seabed types such as sand, rock, or coral.
Al techniques like semantic segmentation of multibeam sonar data automate this process. Applications
include environmental impact assessments and site selection for renewable energy installations. Data
sparsity and sensor noise complicate accurate classification.

Model Predictive Control — Advanced control strategy that solves an optimization problem over a moving
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horizon to compute control actions. Allows anticipatory handling of constraints like thrust limits or collision
avoidance. Example: An AUV planning a trajectory that respects maximum surge acceleration while
navigating a narrow gorge. Real-time solution of the optimization problem can be computationally
demanding.

Multibeam Echo-Sounder — Sonar system that emits fan-shaped acoustic beams to produce high-resolution
bathymetric surveys. Provides 3-D point clouds of the seabed. Al can automatically detect anomalies such
as wrecks or pipeline exposure. Beamforming errors and vessel roll introduce artefacts that must be
corrected.

Neural Architecture Search — Automated process of designing optimal neural network structures for a given
task. In subsea Al, NAS may discover lightweight models suitable for edge deployment on AUVs. The search
space must be constrained to meet power and memory budgets. The search itself can be
resource-intensive, often performed offline.

Neural Network Pruning — Technique that removes redundant weights or neurons from a trained model to
reduce size and inference time. Enables deployment of deep models on low-power processors aboard
subsea robots. Example: Pruning a CNN used for pipeline detection to fit within a 1GB memory limit.
Careful validation is required to avoid degrading detection accuracy.

Object Detection — Identification and localization of specific items within sensor data. In subsea contexts,
this includes detecting valves, connectors, or marine debris. Popular algorithms such as YOLO or Faster
R-CNN can be adapted for sonar imagery. The high noise level and limited training datasets pose significant
hurdles.

On-board Power Management — System that monitors and allocates energy resources among sensors,
processors, and actuators. Al can predict future power consumption based on mission profile and adjust
task scheduling. Example: Deferring non-critical data processing until the battery reaches a safe threshold.
Balancing performance with power conservation is a constant trade-off.

Optical Camera — Imaging sensor that captures visible light, often paired with strobes for illumination.
Provides high-detail visual feedback for inspection tasks. Example: A 4K camera mounted on a manipulator
to verify torque wrench engagement. Turbidity and limited range restrict effective use to clear-water
conditions.

Path Planning — Algorithmic determination of a collision-free trajectory from start to goal. Techniques range
from graph-search (A*) to sampling-based planners (RRT*) and learning-based approaches. In subsea
missions, planners must account for currents, vehicle dynamics, and communication blackout zones.
Real-time replanning is needed when unexpected obstacles appear.

Payload Optimization — Allocation of limited space, weight, and power to mission-critical sensors and tools.
Al can evaluate trade-offs to maximize scientific return. Example: Selecting a combination of high-resolution
sonar and chemical sensors for a habitat survey within a 30kg payload limit. Constraints include buoyancy
balance and integration complexity.
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Perception Pipeline — Sequence of processing steps that convert raw sensor data into actionable
information. May include denoising, feature extraction, classification, and tracking. For an AUV, the pipeline
transforms multibeam echoes into a 3-D map, then identifies obstacles. Latency and computational load
must be minimized to enable responsive control.

Pressure-Resistant Housing — Enclosure designed to protect electronics from high hydrostatic pressure at
depth. Materials such as titanium or thick acrylic are common. Housing design influences thermal
management and acoustic transparency. Failure of a housing seal can lead to catastrophic loss of the robot.

Probabilistic Roadmap — Sampling-based path planning method that builds a graph of feasible
configurations and connects them with simple local planners. Useful for high-dimensional manipulators on
subsea ROVs. The roadmap must be generated offline or with sufficient onboard computation. Sparse
sampling can miss narrow passages.

Reinforcement Learning — Machine-learning paradigm where an agent learns to maximize cumulative
reward through interaction with its environment. Applied to subsea vehicle control for tasks like
energy-efficient gliding. Training often occurs in simulators before transfer to real hardware. Safety
constraints must be encoded to prevent hazardous behaviours during learning.

Remote Operated Vehicle — Tethered robot controlled by a human operator from the surface. Provides
high-resolution manipulation capability for complex tasks such as valve replacement. Modern ROVs
integrate Al for assisted control, e.G., Auto-centering on a target. Tether management, latency, and cable
drag are persistent operational concerns.

Resilient Communication Network — Architecture that maintains data flow despite link failures or
interference. May employ mesh topologies, store-and-forward caches, and adaptive modulation. In subsea
swarms, each node can act as a relay to extend coverage. Designing protocols that handle long propagation
delays and limited bandwidth is challenging.

Robust Estimation — Techniques that reduce the influence of outliers on state estimation. Methods such as
Huber loss or RANSAC are employed when acoustic measurements contain spurious returns. Improves
reliability of navigation solutions during harsh acoustic conditions. Requires careful tuning to avoid
discarding legitimate but extreme measurements.

Safety-Critical System — Subsystem whose failure could lead to loss of life, equipment, or the environment.
In subsea robotics, this includes emergency ascent triggers and pressure containment. Certification
standards (e.G., IEC 61508) dictate rigorous testing and redundancy. Implementing Al within safety-critical
loops demands formal verification and explainability.

Sensor Fusion Algorithm — Computational routine that combines data from multiple sensors to produce a
unified estimate. Kalman filters, particle filters, and factor graphs are common frameworks. For subsea
vehicles, fusing Doppler logs, inertial data, and acoustic ranging yields accurate positioning. Real-time
constraints and asynchronous sensor rates complicate implementation.

Simultaneous Localization and Mapping — Process by which a robot builds a map of an unknown
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environment while estimating its own pose within that map. Underwater SLAM often relies on sonar scans
and inertial data. Example: An AUV creating a 3-D map of a shipwreck while navigating around it. Loop
closure detection is difficult due to feature scarcity.

Sonar Imaging — Generation of visual-like representations from acoustic reflections. Types include side-scan,
multibeam, and synthetic aperture sonar. Al can enhance resolution, suppress noise, and detect objects.
Practical use: Side-scan sonar surveys for pipeline burial depth. Limitations involve shadow zones and
dependence on seabed reflectivity.

Spatio-Temporal Modeling — Representation of data that varies across both space and time. Used for
predicting ocean currents, temperature gradients, and biological activity. Machine-learning models such as
LSTMs or graph neural networks capture these dynamics. Accurate forecasts enable energy-efficient path
planning. Data sparsity and sensor drift affect model reliability.

State-Space Representation — Mathematical description of a system'’s dynamics using vectors of state
variables. Forms the basis for control and estimation algorithms. For a subsea robot, states may include
position, velocity, orientation, and battery level. Proper selection of state variables influences observability
and controller performance.

Supervised Learning — Training paradigm where models learn from labeled examples. In subsea Al, labels
may be manually annotated sonar images indicating pipeline locations. Performance depends heavily on
the quantity and quality of annotated data. Acquiring ground truth underwater is expensive and
time-consuming.

Swarm Robotics — Coordination of multiple simple robots to achieve complex tasks through local
interactions. Underwater swarms can perform large-area surveys faster than a single vehicle. Example: A
group of low-cost AUVs mapping a methane seep field collaboratively. Communication constraints and
collision avoidance are major hurdles.

Symbolic Al — Approach that uses explicit symbols and logical rules for reasoning. Can complement
subsymbolic methods (e.G., Neural networks) for explainable decision-making. In subsea systems, a
rule-based expert system may dictate safe operating depths based on pressure readings. Integration with
data-driven models requires hybrid architectures.

Telemetry — Transmission of data from a subsea platform to a surface station for monitoring and control.
Includes health metrics, sensor streams, and status messages. Real-time telemetry enables operators to
intervene during anomalies. Bandwidth limitations often force compression or selective transmission of
critical data.

Thrust Allocation — Distribution of available thrust among multiple thrusters to achieve desired forces and
moments. Optimization algorithms consider thruster efficiency, saturation, and vehicle dynamics. Al can
learn optimal allocation strategies under varying current conditions. Implementation must run at high
frequency to react to rapid disturbances.

Time-Series Forecasting — Prediction of future values based on historical sequential data. Applied to
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anticipate tidal currents, temperature shifts, or equipment wear. Models such as ARIMA, Prophet, or
recurrent neural networks are used. Accurate forecasts improve mission planning and energy budgeting.
Model drift over long periods necessitates periodic retraining.

Transfer Learning — Technique where a model pretrained on a large dataset is adapted to a related but
smaller dataset. Enables leveraging terrestrial image recognition models for underwater object detection
after fine-tuning. Reduces the amount of labeled underwater data required. Domain mismatch (e.G., Color
shift) must be addressed.

Underwater Acoustic Communication — Transmission of digital data using sound waves, the primary method
for long-range subsea links. Bandwidth is typically a few kilobits per second, with latency on the order of
seconds. Protocols such as JANUS or custom OFDM schemes improve reliability. Environmental noise and
multipath propagation remain limiting factors.

Underwater Docking Station — Infrastructure that allows autonomous vehicles to recharge, upload data, or
exchange payloads without surface assistance. Docking procedures rely on precise localization and control.
Example: A subsea docking hub that provides power to a fleet of gliders. Alignment tolerances are tight,
and biofouling can impede successful docking.

Underwater LiDAR — Light-based ranging system adapted for short-range, high-resolution mapping in clear
water. Complements sonar by providing fine-scale surface detail. Use cases include inspecting hulls or small
structures. Light attenuation restricts effective range to a few meters, and scattering reduces accuracy in
turbid conditions.

Vehicle-to-Vehicle Communication — Direct data exchange between subsea robots, enabling collaborative
behaviours. Can be acoustic or optical (e.G., Blue-green lasers). Facilitates shared mapping, cooperative
localization, and task hand-off. Bandwidth constraints demand concise message formats and robust error
correction.

Vision-Based Servoing — Control loop that uses visual feedback to guide robot motion toward a target. In
subsea manipulators, visual servoing can align a gripper with a valve using camera images. Requires
real-time image processing and robust feature tracking under variable lighting. Optical distortion and
turbidity challenge reliability.

Virtual Reality Training — Immersive simulation environment where operators practice subsea tasks using
haptic devices and realistic physics. Al can generate dynamic scenarios based on real mission data. Benefits
include reduced risk and accelerated skill acquisition. Fidelity of the simulation, especially acoustic
modeling, determines training effectiveness.

Wavelet Transform — Signal processing technique that decomposes data into time-frequency components.
Useful for denoising sonar returns and extracting multi-scale features. Al models can ingest wavelet
coefficients as inputs for classification tasks. Selection of appropriate wavelet families and scales impacts
performance.

Weighted Least Squares — Estimation method that assigns different importance to measurements based on
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their expected accuracy. Applied in sensor fusion where acoustic ranges are less reliable than inertial data.
Improves overall state estimate by reducing the influence of noisy observations. Determining accurate
weights requires prior knowledge of sensor error characteristics.

Zero-Pressure Balloon — Buoyant device that expands at depth to provide lift for subsea platforms, aiding in
deployment and retrieval. Al can control ballast adjustments to maintain neutral buoyancy during
operations. Design must account for material fatigue and temperature-induced pressure changes. Failure
could lead to uncontrolled ascent or descent.
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