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ABSTRACT

The desire to explore new marine environments has driven the development of autonomous underwater vehicles. The goals have been to expand
scientific research, assess the economic potential, and gather information for military actions. All these areas require accurate underwater ecological
understanding. Successful operations in managing these complicated vehicles require overcoming significant hurdles in the diverse and unpredictable
maritime environment. This paper studies field-used acoustic locating devices, inertial navigation, and vision-based methods. In this case, each method's
merits and downsides are compared. The Deep Reinforcement Learning (DRL) and sensor fusion approaches advance underwater real-time navigation.
These technologies enhance underwater and vehicle movement control. Advanced nonlinear model predictive control and adaptive machine learning have
been explored for environmental disturbances and nonlinear dynamics to improve vehicle stability and efficiency. Automation has improved, yet precision
tasks still require humans. Besides, enhanced interfaces that reduce operator workload help. This paper’s qualitative investigation evaluated these solutions'
technological performance indicators, environmental adaptability, and operational practicality. It accentuates hybrid systems that seamlessly integrate
many navigation and control approaches. Thus, undersea research, resource management, and ecological monitoring will become more sustainable and

effective.
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Introduction

AUVs and ROVs operated undersea vehicles are needed to
explore undiscovered waters. This equipment helps explorers
research, evaluate undersea economic opportunities, and plan
defense actions. The AUVs can reach inaccessible ocean areas
covering 12% of Earth's surface [1]. However, working conditions
are challenging. The sea's depths limit GPS usage to track their
activities. Thus, inertial, auditory, and vision-based methods are
applied. However, each comes with pros and limitations. DRL and
sensor fusion are another explored solution. These two solutions
greatly enhanced real-time navigation. Besides, control systems
still face challenges due to the degrees of freedom, nonlinear
dynamics, and environmental influences like currents and waves.
Modern methods like nonlinear model predictive control (NMPC)
and sliding mode control improve precision and stability [2].
On the other hand, vision-based control with advanced sensors
and deep learning improves low-visibility operations. These
improvements make archaeological and infrastructural assessments
safe and accurate. Navigation and control system advancements
are essential for undersea vehicle exploration, resource oversight,
national defense, and ecological monitoring. The positive findings
are aligned with progress in new oceanography, robotics, and
marine sustainability advances, helping to preserve undersea
ecosystems.

Figure 1: Underwater Exploration

Literature Review

Navigation Techniques

Underwater vehicle movement requires innovative methods,
mainly due to underwater constraints. Zhang et al, state that GPS
and other land-based navigation technologies cannot penetrate
water [3]. They further note that GNSS signals can only penetrate
liquid water up to three centimeters. This aspect limits the feature to
operations close to the water's surface. As a result, new navigation
algorithms adapted to the submerged medium's needs and features
are urgently needed.

Acoustic Positioning Systems
Modern underwater navigation relies on Long Baseline (LBL),
Short Baseline (SBL), and Ultra-Short Baseline (USBL) acoustic
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locating systems [3]. Acoustic transponders and receivers have
been integrated into the underground vehicle to aid navigation
and control [3]. These technologies accurately locate underwater
AUVs relative to the bottom or aquatic reference points.

LBLE Pesitioning System

Figure 2: Long Baseline (LBL) Acoustic Positioning System for
ROV (APOMAB, n.d.)

In deep water activities, as shown in Figure 2, LBL systems
accurately identify the vehicle location [3]. However, their
complicated, expensive infrastructure is complex to deploy and
run. USBL systems are cheaper, portable, and beacon-free [3].
Nevertheless, their simplicity makes them less precise and sturdy
for long-distance exploration. In noisy or complex underwater
conditions, their functionality is significantly impacted [4].
Hasan et al, outline that Doppler Velocity Logs (DVLs) improve
underwater positioning data quality and reliability. Doppler
velocity determination helps DVLs identify undersea vehicles
without GPS. Further, estimating measurement error covariance
aids navigation.

Inertial Navigation Systems (INS)
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Figure 3: INS Schematic Diagram [5].

As shown in Figure 3, INS employs accelerometers and gyroscopes
to find and position vehicles [4,5]. The two technologies track the
vehicle's motion to calculate its three-dimensional location. INS
are independent of external signals. As a result, this aspect makes
them useful for underwater navigation and deep space research
characterized by many external interrupting factors. However, their
operations depend on acoustic or geophysical instrumentation to
correct position errors and increase navigation reliability owing
to accuracy drift over long missions.

Vision-Based Methods
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Figure 4: You Only Look Once (YOLO) [6].

Stereo vision and You Only Look Once (YOLO), as shown in
Figure 4, create real-time maps and detect impediments in low-
visibility or low-light conditions in vision-based navigation [7].
SONAR and DVLs are commonly used in dynamic situations for
robustness and reliability [8].

Control Strategies

Underwater control systems manage nonlinear dynamics,
environmental disturbances, and real-time decision-making
for stability and efficiency. Six-degree-of-freedom controllers,
underwater sensor networks (UWSNs) shown in Figure 5, and
DRL offer precise navigation and obstacle avoidance, while hybrid
DRL-classical systems improve autonomy and flexibility [9].

Figure 5: Underwater Sensor Networks (UWSNs)

Ho et al, and Hozyn and Zak underline the importance of
human interaction in jobs demanding precision or judgment,
like infrastructure inspection or item retrieval, despite modern
automation. Teleoperation on ROVs is difficult due to poor sensory
feedback [8]. Augmented interfaces reduce operator workload.

Comparative Analysis

Studies show that each navigation and control system succeeds in
certain situations but has limitations. Acoustic devices function
well in deep waters but require extensive infrastructure. Vision-
based approaches work in shallow seas and dynamic conditions.
However, they have visibility limitations. Manual methods
are precise, whereas machine learning-based adaptive control
enhances autonomy. Thus, sensor fusion and hybrid control can
fix underwater operations.

Methodology

This research employs systematic qualitative analysis to
review and evaluate underwater navigation and control systems
literature. It evaluates underwater navigation and control systems'
technological performance, environmental adaptability, and
operational practicality to understand underwater navigation
and control systems. Underwater precision, dependability, and
energy efficiency are measured. Besides, it looks into ecological
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adaptation to evaluate depth, obstacle detection, and wave/
turbulence resistance. As for operational feasibility, the paper
focuses on deployment complexity, scalability, and cost. The
system's performance, adaptability, and practicality are compared,
underlining the pros and cons. Subsequently, the study examines
how acoustic positioning with vision-based navigation or adaptive
control with machine learning improves autonomy and efficiency.
In assessing the constraints of navigation and control systems, the
study scrutinizes if a framework that uses systems' strengths and
solves their weaknesses is applicable and practical. It also looks
at Tang et al.’s description of how machine learning improves
auditory and vision-based navigation and adaptive control, leading
to system performance and flexibility improvements. Accordingly,
the study aims to show how addressing the limitations can increase
underwater vehicle exploration.

Results and Discussion

The choice of approach to underwater navigation and control
depends on how dependable the method is. Other factors include
the cost of infrastructure and operation and the degree to which
the technique can be scaled. These factors are critical in deciding
if the methods can be relevant in commercial exploration missions.
This research shows that acoustic instruments are accurate for
deep ocean exploration [3]. However, its infrastructure setup and
operation are expensive. INS are cheap to install and operate;
however, drifts and water currents limit their feasibility [3]. Vision-
based systems function well in shallow waters [7]. Nevertheless,
research reveals that the needed infrastructure is expensive, and
the system has visual limitations preventing their application
for deep sea exploration [7,8]. Adaptive and machine-learning
algorithms outperform the traditional methods under disturbances.
In this case, the technique selection should be based on mission,
environment, and resources.

Conclusion and Recommendations

In summary, the existing navigation and control systems
demonstrate merits and limitations that necessitate implementing
hybrid approaches. Acoustic devices excel in deep-sea conditions;
inertial systems are signal-independent but require the integration
of acoustic systems. On the other hand, the vision-based approaches
are cost-effective for shallower operations, but they are limited by
visibility range. DRL and adaptive control showcase the potential
to address these underwater problems. Accordingly, future research
should focus on navigation, machine learning, energy efficiency,
and sustainable systems for exploration and resource management
with minimal ecological impact.
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