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Abstract: Autonomous navigation and positioning are key to the successful performance of un-
manned underwater vehicles (UUVs) in environmental monitoring, oceanographic mapping, and
critical marine infrastructure inspections in the sea. Cameras have been at the center of attention as an
underwater sensor due to the advantages of low costs and rich content information in high visibility
ocean waters, especially in the fields of underwater target recognition, navigation, and positioning.
This paper is not only a literature overview of the vision-based navigation and positioning of au-
tonomous UUVs but also critically evaluates the methodologies which have been developed and that
directly affect such UUVs. In this paper, the visual navigation and positioning algorithms are divided
into two categories: geometry-based methods and deep learning-based. In this paper, the two types
of SOTA methods are compared experimentally and quantitatively using a public underwater dataset
and their potentials and shortcomings are analyzed, providing a panoramic theoretical reference
and technical scheme comparison for UUV visual navigation and positioning research in the highly
dynamic and three-dimensional ocean environments.

Keywords: unmanned underwater vehicles (UUVs); simultaneous localization and mapping; visual
navigation; positioning; deep learning

1. Introduction

Unmanned underwater vehicles (UUVs) or underwater drones have become an attrac-
tive alternative for underwater observation and exploration, since they are cheaper than
manned underwater vehicles [1]. These underwater vehicles or robotics can be divided into
two categories: remotely operated underwater vehicles (ROVs) and autonomous under-
water vehicles (AUVs) [2-6]. A typical ROV is connected to a ship by a neutrally buoyant
cable. These cables transmit command and control signals between the operator and the
ROV, allowing the remote navigation of the vehicle. Most ROVs are equipped with at least a
video camera and lights. Additional equipment is commonly added to expand the vehicle’s
capabilities. These may include sonar, inertial navigation systems, magnetometers, etc., and
often a robotic arm. Typical AUVs explore the ocean without any attached cables. An AUV
can conduct its survey mission without operator intervention. Researchers drop an AUV in
the ocean and pick it up at a pre-selected position. Today, AUVs can also carry equipment,
such as video cameras, lights, sonar, etc., and even robotic arms. The underwater robotics
market is evolving, and designs are now following commercial requirements rather than
being purely developmental. The boundaries between ROVs and AUVs are becoming more
and more blurred. For example, hybrid AUV /ROV designs designed by the Woods Hole
Oceanographic Institution (WHOI) have merged the functions and shapes of the two in
order to complete complex underwater tasks more autonomously and freely [7].

Over the past decades, there have been abundant attempts to develop UUVs to meet
the challenge of diversified applications in the oceans, though the underwater environment
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is one of the most challenging for robotics. With the development of artificial intelligence;
photogrammetric computer vision; and underwater sensors, battery and communication
technologies in recent years, UUVs have played a very significant role in ocean-related
monitoring and mapping tasks and become a research hotspot in ocean engineering, marine
science, and marine robotics [8]. A common requirement for these missions is that the
UUV needs to know its own position and attitude in order to complete them. So, it is a
crucial task for an autonomous UUV to build a map of the environment and to estimate
its own location within a map or in unknown environments while it is navigating. What
is technically referred to as simultaneous localization and mapping (SLAM) is now a de
facto standard for autonomous vehicles, not only in underwater environments but also
in ground and air environments [9-11]. Moreover, different from large-scale deep-sea
scientific research, marine scientific research, such as coastal coral reef conservation, fishery
management, and biological connectivity, expects new UUVs to be miniaturized, intelligent,
low-cost, and easy to maintain, so that they can be deployed in large quantities and for
long-term use. Therefore, how to realize the autonomous navigation and positioning of
these new generation UUVs has become the primary problem to be solved. Today, most
operators must still be within range of acoustic telemetry systems to keep a close eye on their
underwater robotic assets. This is not always possible. This is mainly because radio waves
cannot penetrate water very far, so once a UUV dives, it loses its GPS signal. A standard way
for UUVs to navigate underwater is dead-reckoning based on inertial navigation systems,
even though the accuracy of positioning and navigation can be improved by adding
Doppler velocity logs (DVL), the error will increase over time [12,13]. Methods to improve
the accuracy and robustness of UUV navigation and positioning by using hydroacoustic
positioning systems, such as long-baseline (LBL), ultra-short baseline (USBL), or short
baseline (SBL), are also heavily used [14]. This way has worked well in the past, but it
is prone to errors driven by changes in the speed of sound underwater due to changes
in temperature and salinity. This is very important when navigating close to the seafloor,
where sensors, such as down-looking sonar and DVL, can help but can also be bulky and tax
a UUV’s limited power. So, the underwater SLAM for accurate navigation and positioning
remains an unsolved problem. At the same time, the cost of these devices is high.

Since good video footage or images are core components of most ocean scientific
research, research UUVs tend to be outfitted with high-output lighting systems and
broadcast-quality cameras. This provides excellent conditions for us to use vision for
precise positioning and navigation of underwater robots. This also coincides with the
thinking of many scholars and industry professionals. If we look to terrestrial applications
for inspiration, self-driving cars and aerial drones as an example, we see that their solu-
tions to comparable problems all leverage imaging sensors and computer vision to deliver
accurate navigational solutions [15]. By detecting environmental features, the platform’s
relative position can be tracked while simultaneously mapping the environment as it is
perceived. At the same time, vision can also be coupled with other sensors to achieve more
robust and comprehensive precise positioning and navigation. For these reasons, with the
development of deep learning, after a period of stagnation, UUV underwater navigation
and positioning based on vision can provide richer information, cheaper prices, smaller
sensor sizes, and lower energy consumption. It has become a research hotspot within the
scientific and industrial circles [16-19]. On the other hand, vision is a passive perception
method, which can reduce the impact on the fragile ecological environment [20]. Although
underwater visual navigation and positioning is a promising method and can achieve good
results, especially in coastal zones with good lighting and clear water (visible distance up to
20 m), it is also limited by key factors such as underwater lighting conditions, turbidity, and
feature richness. Therefore, analyzing and putting forward ideas to solve these problems in
detail through a literature review and using advanced technology to achieve underwater
visual navigation and positioning capabilities with a wider application range and higher
accuracy is the purpose of this paper.
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This paper is organized as follows. Section 2 introduces the background of visual
navigation and positioning technology. Section 3 presents and compares some SOTA
geometry-based visual navigation and positioning methods. Section 4 introduces and
compares some SOTA deep learning-based methods. Section 5 compares representative al-
gorithms of geometry-based and deep learning-based on the underwater public dataset and
analyzes the availability and potential of different algorithms in underwater visual naviga-
tion and positioning applications. Finally, the closing section is the conclusion. Overall, the
paper provides a comprehensive review of visual navigation and positioning, including the
latest research progress, development trends, and possible future application directions.

2. Background

Visual navigation and positioning is a technology that realizes its own pose estimation
and path recognition under the input of external perception and proprioceptive sensors,
makes navigation decisions, and finally outputs continuous control to drive the robot to
reach the target position. It is achieved through technologies such as positioning and
mapping, obstacle avoidance, and path planning [21]. Considering the prior information of
visual navigation, visual navigation, and positioning systems can be mainly divided into
three categories: map-less systems, map-based systems, and map-building systems [22]. In
map-less systems, no prior environment map is provided and the robot navigates simply by
detecting features in the environment. Optical flow methods, appearance-based matching
methods, and object recognition methods are common methods in such systems [23-25].
Map-based systems predefine environment models, such as octree maps and occupancy
grid maps, which provide varying levels of detail. Robots achieve navigation tasks through
obstacle avoidance and path-planning capabilities [26,27]. However, the environment map
is not available in advance in all cases, and one possible solution for the robot is to map
the environment while it works. In a first step, the robot explores the map until enough
information is gathered and the navigation is started using the autonomously generated
map. This is how map-building systems work. With the development of visual simul-
taneous localization and mapping (vVSLAM) technology as important technical support,
the application of map-building systems has been greatly expanded [28,29]. Autonomous
unmanned underwater vehicles need to exhibit a high degree of autonomy in any complex
environment that may exist to ensure robust navigation and positioning capabilities, and to
build a map of the environment while implementing the navigation task [30,31]. Therefore,
the research focus of this paper is mainly on map-building navigation, especially on its
main technology, VSLAM, because it is a core technical means to realize navigation and
positioning in unknown environments [32,33].

In the field of UUV visual navigation and positioning, some papers have been inves-
tigated and reviewed. Ref. [34] gave a relatively complete review of vSLAM, but it was
published before some of the latest vSLAM algorithms could be included. Ref. [35] gave
a broad overview of vSLAM but mainly focused on metric and semantic SLAM. Ref. [36]
reviewed visual-inertial simultaneous localization and mapping (viSLAM) mainly from
a filtering-based and optimization-based perspective. The latest review [37], achieved
a structured overview of existing vSLAM and viSLAM designs and proposed its own
classification. Ref. [38] reviewed the most representative vSLAM algorithms and compared
the main advantages and disadvantages of each method. These reviews investigate the
existing vSLAM and viSLAM from different aspects but are limited to the research of vS-
LAM and viSLAM in conventional ground environments. Ref. [39] contained some related
content to underwater vSLAM. Ref. [40] introduced active and passive techniques for UUV
positioning, and Ref. [41] defined complex and constrained underwater environments and
introduced vSLAM techniques from the perspective applicable to the defined environment.
However, these two reviews focused on multi-sensor positioning rather than vision posi-
tioning. Based on this, in order to enable readers to quickly establish an understanding
of the research and development of UUV visual navigation and positioning, this paper
introduces excellent state-of-the-art (SOTA) vSLAM and vSLAM algorithms fused with
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other sensors and undertakes a comparative study using a public underwater dataset. This
paper will be the first paper focusing on the panoramic review of underwater vSLAM and
conducting experimental comparison and analysis through an underwater public dataset.

3. Geometry-Based Methods

As a key technology of visual navigation and positioning, vSLAM technology has
achieved rich results and effective applications in the fields of indoor, aerial, and planetary
exploration. However, due to the unstructured characteristics and the complexity of the
underwater environment, research on underwater vSLAM is still in a very early stage, and
most is focused on the improvement of local algorithms, such as keypoint extraction in the
traditional vSLAM framework. At present, there is no unified algorithm and framework,
and the improvement of performance, such as accuracy and robustness, still needs to be
further studied [42-45].

Geometry-based methods are classic solutions of vSLAM, which realize real-time
positioning and mapping by restoring the mapping relationship between the camera’s
geometric model and the photo [46,47]. Geometry-based methods are mainly divided into
two categories: vision-only methods and vision-based multi-sensor fusion methods [48].
Vision-only methods only realize positioning through photos, and it is the first choice
for autonomous positioning and environment perception without prior knowledge of the
environment and external auxiliary information sources. Vision-based multi-sensor fusion
methods achieve more accurate and robust vSLAM by combining vision cameras with other
sensors, such as inertial navigation, sonar, depth meters, etc. The rest of this section will
introduce geometry-based methods. Figure 1 is the pipeline of geometry-based methods
and Figure 2 is an overview of SOTA geometry-based methods.
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Figure 1. Pipeline of geometry-based methods.
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Figure 2. Overview of SOTA geometry-based methods. The ones above the timeline represent
vision-only methods, with feature-based methods in red and direct methods in green. Those below
the timeline represents vision-based multi-sensor fusion methods, where purple represents loosely-
coupled and orange represents tightly-coupled.
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3.1. Vision-Only Methods

Traditional geometry-based vSLAM methods can be divided into two main categories,
feature-based vSLAM methods and direct vSLAM methods.

Feature-based vSLAM method mainly detects the feature points in adjacent images
and matches them by comparing the feature descriptors, and then solves the camera
pose according to the matching relationship [49]. Among the early vSLAM, feature-based
vSLAM methods, especially extended Kalman filter (EKF) SLAM, dominated for a long
time [50,51]. MonoSLAM [52] was the first real-time monocular vSLAM system, which
used EKF as the back-end to track very sparse feature points at the front-end and used a
single thread to update the camera pose and map frame by frame. The problem is that
the computational cost increases proportionally to the size of the environment and even
the minimal complexity FastSLAM [53] severely limited the application of vSLAM. PTAM,
proposed by [54] in 2007, is an important breakthrough in the field of vSLAM, which
innovatively proposed a dual-thread architecture for tracking and mapping. The tracking
thread was used to update the camera pose frame by frame in real time, while the mapping
thread did not need to be updated frame by frame, thus having longer processing times.
Therefore, the bundle adjustment (BA) algorithm that could previously only be applied to
offline structure from motion (S5fM) is also applied to vSLAM. Since then, almost all vSLAM
algorithms have followed this multi-threaded architecture. Following the two-thread
structure of PTAM, the three-thread structure (tracking, local mapping, loop closing) of the
ORB-SLAM2 [55] also achieved very good tracking and mapping effects, which can ensure
the global consistency of the trajectory and the map. ORB-SLAM2 was a further extension
to the monocular version ORB-SLAM [56]. It supported monocular cameras, binocular
cameras, and RGB-D cameras and was the representative of feature-based vSLAM methods.

The direct vSLAM method does not calculate keypoints or descriptors but directly
calculates the camera motion according to the pixel information of the image. DTAM [57]
was the first attempt of direct vSLAM, which computed keyframes to build a dense depth
map by minimizing the global spatial canonical energy function. The camera pose was
computed using the depth map through direct image matching. This method had good
robustness to missing features and blurred images, but it required a large amount of
computation and GPU parallel computing. Additionally, it was not robust enough for
global illumination processing. LSD-SLAM [58] marked the successful application of direct
methods in vSLAM. Its core contribution was the application of the direct method to semi-
dense monocular vSLAM, which did not need to calculate feature points. It generated
a map with global consistency by directly registering image photometrics and using a
probabilistic model to represent semi-dense depth maps. However, this method was very
sensitive to camera intrinsics and exposure. DSO [59] proposed a complete photometric
calibration method by combining the effects of exposure time, lens vignetting, and nonlinear
response functions, thereby enhancing the robustness to exposure. In addition, there are
also some semi-direct vSLAM methods that combine the advantages of parallel tracking
and mapping of the feature-based method with the advantages of the direct method, which
is fast and robust [60]. In recent years, the field of vSLAM has been extensively studied,
many excellent algorithms have been proposed and their accuracy and robustness have
also been greatly improved. GG-SLAM [61] proposed an efficient optimization algorithm,
Good Graph, which can efficiently select well-preserved size reduction graphs in local
BA. OV2SLAM [62] proposed a complete vSLAM framework that integrates the most
up-to-date visual positioning results, which can solve monocular and binocular images of
different scales and frame rates. ESVO [63] proposed a binocular event camera-based visual
odometry solution that takes only raw events from a calibrated camera as input, while
estimating the pose of the binocular event camera and reconstructing the environment
using a semi-dense depth map. TANDEM [64] seamlessly combined classic direct visual
odometry and learning-based MVS reconstruction and utilized the depth map rendered by
the global TSDF model to achieve monocular dense tracking front-end.
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3.2. Vision-Based Multi-Sensor Fusion Methods

With the deepening of research on UUV and the continuous improvement of appli-
cation requirements, it has become a realistic choice to use a combination of two or more
sensors to complete autonomous navigation and positioning functions. Especially in the
complex and unstructured underwater environment, the fusion positioning of multiple
sensors can give full play to the advantages of each sensor to achieve more accurate and
robust UUV autonomous navigation and positioning [65].

viSLAM is a common solution for multi-sensor fusion positioning, which couples
inertial measurements with vision methods to estimate the sensor pose. By adding an
inertial measurement unit (IMU), the information richness of the environment can be
increased, providing high-frequency robust short-term precise positioning in areas that are
difficult for vision cameras, such as texture-missing and image blur. On the other hand,
the vision system can solve the cumulative error and significant drift of the IMU, enabling
the fused vSLAM algorithm to achieve higher accuracy and robustness [66]. In addition,
the miniaturization, low power consumption, and low cost of IMUs also provide a richer
selection of sensors for many lightweight applications. According to the type of sensor
coupling, viSLAM algorithm can be divided into two categories: loosely-coupled methods
and tightly-coupled methods. In loosely-coupled methods, the poses calculated by the
vision sensor and the IMU are directly fused. The fusion process does not affect the two
themselves and is output as a post-processing method. Tightly-coupled methods combine
the data of the vision sensor and the IMU through optimization and filtering to jointly
construct the motion equation, so as to obtain the final pose information by considering
the state estimation of the two kinds of data. At present, there are few studies based on
loosely-coupled optimization, and they mainly fuse the estimation results of two sensors
through extended Kalman filtering [67,68]. Many excellent algorithms have emerged in
the tightly-coupled field, which can be roughly divided into two categories: filter-based
methods and optimization-based methods according to the type of back-end optimization.
MSCKE [69] was a typical representative of filter-based methods. It integrated IMU and
visual information under the EKF framework. Compared with traditional visual methods,
it can adapt to more violent motion, texture loss for a certain period of time, etc. Similarly,
ROVIO [70,71] realized coupling based on the EKF filtering of sparse image patches. It used
IMU data for state propagation. In terms of vision, it extracted multi-level patches around
features, and obtained innovation terms based on these patches to update the filter state.
OKVIS [72,73] and VIORB [74] were important optimization-based algorithms that jointly
optimize the reprojection error of matching points and IMU error data. The algorithm flow
of OKVIS predicts the current state through the IMU measurement value and perform
feature extraction and feature matching according to the prediction. The 3D point feature
and the 2D image feature constitute the optimal reprojection, while the predicted IMU state
quantity and the optimized parameter constitute the IMU measurement error. These two
errors are combined for optimization. The VINS series (VINS-Mono, Vins-Fusion) [75,76]
used a tightly coupled, nonlinear optimization-based approach to obtain high-accuracy
visual-inertial odometry by fusing pre-integrated IMU measurements. ORB-SLAM3 [77]
was a VSLAM system that supported vision, vision inertial, and hybrid maps, which
only relied on maximum a posteriori estimation; applied visual and inertial estimation
separately; and then jointly optimized the two. In addition, there were some algorithms
based on coplanar point-line parameter constraints [78] and pose graph constraints [79]
to achieve optimization-based coupling of visual-inertial data. HybVIO [80] proposed a
novel hybrid method that combined filter-based methods visual-inertial odometry with
optimization-based vSLAM. Its core was a highly robust, self-contained VIO with improved
IMU bias modeling, outlier suppression, stationarity detection, and feature trajectory
selection that can be tuned to run on embedded hardware.

Furthermore, the fusion of vision and various sensors, such as sonar, depth gauge,
etc., which may be carried out by diversified and personalized UUV operations, has also at-
tracted the attention of some scholars. The Svin series [81,82] proposed image enhancement
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techniques for the underwater domain. In addition, combining binocular camera vision
data, IMU angular velocity and linear acceleration data, mechanical scanning sonar sensor
distance data, and depth measurement data enables robust and accurate sensor trajectory
estimation. CB-SLAM [83] proposed a systematic approach to the real-time reconstruc-
tion of underwater environments using sonar, visual, inertial, and depth data. It utilized
well-defined edges between well-lit areas and dark areas to provide additional features,
resulting in denser 3D point clouds for higher-resolution 3D environment reconstruction
and more robust UUV autonomous navigation.

3.3. Summary

Geometry-based visual navigation and positioning is a relatively mature field in the
non-underwater field, and many classic frameworks and methods have emerged. Vision-
only methods can rely only on vision to achieve navigation and positioning without any
other information aids. However, considering the unstructured and complex underwater
environment, coupling vision and other sensors, such as IMU and sonar, is a more complex
but effective solution, which can combine the advantages of different sensors to achieve
real-time positioning and mapping with higher accuracy and stronger robustness. Under
ideal conditions, geometry-based navigation and positioning can accurately estimate the
pose of the camera with high positioning accuracy. However, limited by various complex
environments that may actually exist, such as dynamic targets, missing textures, complex
light, possible inaccurate camera calibration, and inaccurate system modeling, it may lead
to low positioning accuracy or even positioning failure.

4. Deep Learning-based Methods

Deep Learning-based visual navigation and positioning technology has been highly
expected in recent years. Different from relying on geometric models and mapping rela-
tionships to achieve navigation and positioning, deep learning-based methods provide a
data-driven alternative. Deep learning-based methods can automatically discover task-
relevant features using highly expressive neural networks, which also makes them better
suited to more scenarios. Benefiting from the ever-increasing amount of data and comput-
ing power, these methods are rapidly advancing to a new stage [84,85]. At present, deep
learning-based methods are mainly divided into two categories. One is to use deep learning
to replace one or several modules in traditional vSLAM, such as feature extraction [86],
depth estimation [87,88], loop closure detection [89], and so on. The second is to integrate
semantic information into vSLAM to improve the positioning accuracy of vSLAM and build
a semantic map [90]. The neural networks currently used in vSLAM can be mainly divided
into convolutional neural networks (CNN), recurrent neural networks (RNN), generative
adversarial networks (GAN), graph neural network (GNN), spiking neural network (SNN),
and so on. Subsequent sections will introduce the application of these neural networks in
navigation and positioning fields. Figure 3 is the pipeline of deep learning-based methods
and Figure 4 is an overview of SOTA deep learning-based methods.

Learned
Feature
Extraction

Trained
Model

Image

Camera Pose

Multi-sensor data

[ Camera Pose Regression

Deep Learning-based Methods

Figure 3. Pipeline of deep learning-based methods.
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Figure 4. Overview of SOTA deep learning-based methods. The methods above the timeline represent
vision-only methods, while those below the timeline represents vision-based multi-sensor fusion
methods. Among them, red represents CNN-based methods, orange represents RNN-based methods,
green represents GAN-based methods, purple represents GNN-based methods, and gray represents
SNN-based methods.

4.1. CNN-Based Methods

The convolutional neural network is a kind of feedforward neural network with a
deep structure, including convolution calculation. Its convolution kernel parameter sharing
and the sparsity of inter-layer connections make it possible to learn grid-like topology
features with a small amount of computation. It has stable effects and no additional feature
engineering requirements of the data. CNN mainly includes convolutional layers, pooling
layers, and fully connected layers. The convolutional layer performs feature extraction
on the input data, and the output feature map is passed to the pooling layer for feature
selection. The layer-by-layer abstraction of features is achieved through the alternate
stacking of the two, and the results are output through the fully connected layer at the end.
Convolutional neural networks are commonly used in the processing and analysis of image
data and have also been successfully applied to other forms of data, such as speech [91,92].

Convolutional neural networks are widely used in image data processing, includ-
ing visual navigation and positioning due to their superior performance in image data
dimensionality reduction and image feature retention. PoseNet [93] innovatively applied
convolutional neural network to the task of camera pose regression to achieve an end-to-
end regression of 6 degrees of freedom (DoF) camera pose from RGB images. LIFT [94]
used convolutional neural networks to implement a complete feature point processing
pipeline, including feature point extraction, orientation estimation, and feature description.
Similarly, DXSLAM [95] applied convolutional neural networks to feature point extraction
and description. CNN-SLAM [96] fused the dense depth map predicted by CNN with the
depth measurements obtained by direct monocular vSLAM, enabling the vSLAM system
to have both an accurate absolute scale and robust tracking capability. UnDeepVO [97]
used convolutional neural networks for pose estimation and depth estimation, respec-
tively, and realized real-scale monocular visual odometry in an unsupervised manner by
exploiting spatial and temporal geometric constraints. SymbioLCD [98] utilized object and
vBoW features extracted by CNN for loop closure detection (LCD) candidate prediction,
creating a more robust and symbiotic LCD system by adding object semantic and spatial
awareness elements. DynaSLAM [99] and RDS-SLAM [100] used convolutional neural net-
works for semantic segmentation, distinguished dynamic and static regions, and achieved
real-time robust tracking and mapping in dynamic environments through semantic-based
optimization threads.
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4.2. RNN-Based Methods

The recurrent neural network is a sequence-to-sequence model with memory capability,
which can better capture temporal features in sequence data, such as videos. RNN consists
of three parts: input unit, hidden unit, and output unit, where the input of the hidden unit
consists of the current input unit and the output of the previous hidden unit. Traditional
RNN is prone to the problems of gradient disappearance and gradient explosion, so LSTM
and its variants are generally used at present [101,102].

The recurrent neural network has attracted much attention in the field of visual
navigation and positioning due to its good ability to capture temporal states in video
sequences. DeepVO [103] proposed an end-to-end visual odometry based on deep recurrent
convolutional neural networks. On the one hand, it automatically learned the effective
feature representation of VO through convolutional neural networks. On the other hand, it
implicitly modeled the time series model (motion model) and the data association model
(image sequence) through the recurrent neural networks. PoseLSTM [104] proposed a new
CNN + LSTM architecture to solve the visual positioning problem. It used CNN to learn
robust feature representations for various complex environments, such as motion blur,
illumination changes, etc. In addition to this, it used LSTM units to perform structured
dimensionality reduction on feature vectors to further improve positioning performance.
GFS-VO [105], DeepSeqSLAM [106] proposed a trainable CNN + RNN framework for
feature learning and image sequence inference, respectively, to jointly learn visual and
position representations from a single image sequence.

In addition, RNN has a good ability to model the temporal state evolution of inertial
data and is also widely used in viSLAM. VINet [107] was the first attempt to solve VIO
problem using a deep learning framework. It obtained the optical flow motion features
between adjacent frames through FlowNet, used a small LSTM network to process the
original data of the IMU to obtain the motion features under the IMU data, and finally
inputted them into the core LSTM network for feature fusion and pose estimation. SSF-
VIO [108], DeepVIO [109], and RNIN-VIO [110] also use the LSTM-style IMU pre-integrated
network and fusion network, learned by minimizing the loss function of self-motion
constraints to achieve robust visual-inertial odometry.

4.3. GAN-Based Methods

The generative adversarial network is one of the most promising deep learning models
for unsupervised learning on complex distributions in recent years. It produces good output
results through mutual game learning between the generative model and the discriminative
model. The large number of datasets required for supervised learning can cause large costs
if is collected and annotated manually, while GAN can automatically generate datasets to
provide low-cost training data [111].

The generative adversarial network plays an important role in navigation, positioning,
and mapping, especially supervised depth estimation, due to its feature of automatically
generating low-cost training data. On the one hand, GAN can address the difficulty of
supervised deep learning in environments without richly labeled data. On the other hand,
supervised depth estimation models need to learn 3D mapping and scale information from
ground-truth depth maps. However, ground-truth depth maps are difficult to obtain in
real scenarios. Through the introduction of the GAN model, sharper and more realistic
depth maps can be generated. GANVO [112] proposed a generative unsupervised learning
framework. It predicted camera motion poses with 6DoF and monocular depth maps from
unlabeled RGB image sequences by using deep convolutional generative adversarial neural
networks. It generated supervision signals by transforming the sequence of views and
minimizing the objective function used in multi-view pose generation and single-view
depth generation networks. SGANVO [113] proposed a novel unsupervised network
system for visual depth and inter-frame motion estimation. It consisted of a stack of GANS,
the lowest layers estimated depth and inter-frame motion while higher layers estimated
spatial features. It also captured temporal dynamics due to the use of cross-layer recurrent
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representations. SelfVIO [114] used adversarial training and adaptive vision-inertial sensor
fusion. It learned the joint estimations of 6DoF ego-motion and scene depth maps from
unlabeled monocular RGB image sequences and IMU readings. It can perform VIO without
IMU internal parameters or external calibration between IMU and camera.

4.4. GNN-Based Methods

The graph neural network captures graph dependencies through messages passing
between graph nodes. It updates the state of a node from its neighbors at any depth, which
improves the problem of traditional neural networks, such as traditional CNNs and RNNs,
which can only process structured data because the features of nodes need to be arranged
in a certain order. Its excellent processing ability for unstructured data enables it to achieve
good results in data analysis, the optimal combination of graphs, etc. Its variants, such as
the graph convolutional networks (GCN), graph attention network (GAT), graph recurrent
networks (GRN), and others have been widely used [115].

The graph neural network has been introduced into the field of visual navigation and
positioning due to its excellent processing capability for unstructured data to provide un-
structured knowledge learning and reasoning, such as time-consistent constraints between
discontinuous multi-view frames. GRNet [116] was the first system to solve multi-view
camera relocalization using GNN, which redefined the node, edge, and embedding func-
tions in traditional GNN. It combined CNN and redesigned GNN for feature extraction
and learning the interaction relationship between different features to iteratively process
multi-view high-dimensional image features at different levels. In this way, the information
of the entire image sequence can be better mined, and even frames relatively far away in
time can provide interrelationships, thereby enabling more accurate absolute pose estima-
tion. SuperGlue [117] proposed a GNN feature-matching network based on the attention
mechanism, which can perform feature matching and false matching point elimination at
the same time. Feature matching was solved by solving the optimal transport problem,
using GNNSs to predict the optimized cost function, and using intra- and inter-image at-
tention mechanisms to exploit the spatial relationship between keypoints and their visual
appearances. The model can run in real-time on the GPU and can be easily integrated into
vSLAM systems.

4.5. SNN-Based Methods

The spiking neural network is based on the premise that biological properties can
provide higher processing power, so it uses the model that best fits the biological neuron
mechanism for calculation. In fact, compared to the high computational demands of current
vSLAM, even animals with very small brains excel at combining local visual cues and self-
motion cues for spatial navigation in the brain, enabling the robust mapping and navigation
of 3D environments. Therefore, seeking inspiration from biology to develop vVSLAM
systems is a promising path. SNN draws on biologically-inspired local unsupervised and
global weakly-supervised biological optimization methods, so it has strong capabilities of
spatiotemporal information representation, asynchronous event information processing,
network self-organizing learning, and so on. The basic idea is that a neuron in a dynamic
neural network is not activated in each iterative propagation, but only when its membrane
potential reaches a certain value. When a neuron is activated, it generates a signal to other
neurons, raising or lowering the membrane potential [118].

The piking neural network has attracted attention in the field of vSLAM due to its effec-
tive utilization of biological characteristics and its excellent representation and integration
capabilities of different information dimensions. At present, there are few related studies
on SNN in vSLAM. RatSLAM [119] was a real-time positioning and mapping method
proposed based on the rodent hippocampal complex, which simulated the computational
model of rodents and used a competitive attractor network structure to combine mileage
information with landmark sensing to form a consistent representation of the environment.
RatSLAM can operate with ambiguous visual input and recover from minor and major
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path integration errors. OpenRatSLAM provided an open source version of RatSLAM [120].
DolphinSLAM [121] extended RatSLAM from 2D ground vehicles to 3D underwater envi-
ronments and proposed a vSLAM system based on mammalian navigation. DolphinSLAM
used SNNs to position and process low-resolution monocular imagery and imaging sonar
data, enabling the cooperation of acoustic—optical sensors and robust positioning in am-
biguous environments. NeuroSLAM [122], a neural-inspired 4DoF vSLAM system, was
the first SNN vSLAM system capable of mapping and positioning in large real-world 3D
environments. NeuroSLAM developed a functional computational model of connected
pose units consisting of 3D grid units and multiple layers of head orientation units. In
addition to this, it proposed a novel multi-layer graphical experience map that combined
local view units, 3D grid units, multi-layer head orientation units, and 3D visual odometry.

4.6. Summary

Deep learning-based methods offer a data-driven alternative. CNN has been widely
used in the field of visual navigation and positioning due to its superior performance
in image data dimensionality reduction and image feature retention. The sequence-to-
sequence mode of RNN makes it good at capturing temporal features in sequence data,
such as videos. In addition, RNN can model the time evolution state of inertial data,
so the fusion of CNN and RNN vSLAM is also a common solution, in which CNN is
used for feature representation and RNN is used for image sequence reasoning. The
fact that GANs can automatically generate features from low-cost training data opens
up the possibility of supervised deep learning vSLAM within unenriched labeled data.
GNN has an excellent processing ability for unstructured data and can overcome the
problem of limited information expressed by RNN. It allows the learning and reasoning
of unstructured knowledge, such as time consistency constraints between discontinuous
multi-view frames, and solves the under-use of multi-view image data for visual ambiguity.
SNN aims to bridge the gap between neuroscience and deep learning, using models that
best fit biological neuron mechanisms for computation. At present, there are few related
works on SNN in the field of visual navigation and positioning, but SNN’s simulation
of biological characteristics and its excellent expression and integration capabilities for
different information dimensions are likely to bring new changes to the field of visual
navigation and positioning. To facilitate the use of these methods by other researchers we
have made the relevant code of our experiment publicly available [123].

5. Experiments and Discussions
5.1. Dataset

This paper compares and analyzes different algorithms by conducting experiments
on the public dataset AQUALOC [124]. AQUALOC is a dataset dedicated to underwater
vehicles positioned close to the seabed, equipped with monocular cameras, MEMS-IMUs,
and pressure sensors, which provide these data simultaneously. This paper selects sequence
1 and sequence 7 of the habor dataset for experiments. The habor dataset is challenging.
Its motion changes drastically, and there is even a temporary unavailability of visual
information due to collisions. In addition, due to the low brightness of the underwater, the
dataset uses a lighting system, which also causes some photos to have unstable lighting,
such as overexposure. This is a big challenge to the performance of test algorithms. Among
them, the overexposure and sudden movements of sequence 7 are more serious than
sequence 1. The example images of the dataset are shown in Figure 5.

5.2. Experimental Analysis of Vision-Only Methods

Considering the representativeness and achievability of the above algorithms, we
selected four algorithms as the representatives of vision-only methods, which are LSD-
SLAM, ORB-SLAM2, PoseLSTM, and RatSLAM. We use average positioning accuracy as
the measurement of positioning performance. We use different algorithms to position the
habor dataset, and the positioning accuracy is shown in Table 1.
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(b)

Figure 5. Example images of the public dataset AQUALOC. (a) is the example image of sequence 1,
while (b) is the example image of sequence 7.

Table 1. Vision-only methods positioning accuracy comparison.

Algorithm Sequence 1 (m) Sequence 7 (m)
LSD-SLAM 0.07052 0.17432
ORB-SLAM?2 0.03948 0.08043
PoseLSTM 0.08706 0.17581
RatSLAM 0.0611 0.11169

From the quantification point of positioning accuracy, the best performer is ORB-
SLAM?2, which is an algorithm based on geometric features, and its positioning accuracy on
two datasets are 0.03 m and 0.08 m, respectively. The second is the SNN-based RatSLAM,
which has an accuracy of 0.06 m and 0.11 m. The geometry-based direct LSD-SLAM
algorithm and RNN-based PoseLSTM algorithm have close accuracy in sequence 7, but
LSD-SLAM performs better in sequence 1.

Figure 6 is the comparison chart of the positioning accuracy of the four algorithms.
For each algorithm, the corresponding graph is the fitted graph of the distribution of its
positioning results at different levels of accuracy. The white dots indicate the average
positioning accuracy, the black line indicates the accuracy distribution range, and the width
of the graph indicates the number of positioning results at this level of accuracy. It can be
seen from the figure that ORB-SLAM2 shows excellent positioning performance in terms
of the highest accuracy, the lowest accuracy and the average accuracy, and its positioning
accuracy on two sequences is concentrated between 0.02-0.07 m and 0.04-0.13 m, respec-
tively. The positioning accuracy of RatSLAM is second, and its positioning accuracy is
concentrated between 0.03-0.08 m and 0.02-0.21 m. The positioning results of LSD-SLAM
are slightly better than that of PoseLSTM, but the results of both have a large deviation
from the real results. However, it is worth noting that during the operation of the dataset,
ORB-SLAM2 suffered some short-term tracking loss, and it is easy to fail in positioning in
the case of sudden movement and overexposure.

As can be seen from the results in the table, the geometry-based methods ORB-SLAM3
and OKVIS have higher positioning accuracy. It is worth mentioning that the geometry-
based method ORB-SLAM3, which integrates visual inertial information, achieved fairly
high accuracy, reaching around 0.02 m. The accuracy of OKVIS is 0.04 m and 0.11 m and
the accuracy of deep learning-based algorithm VINet is relatively low at 0.05 m and 0.15 m.
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Figure 6. Accuracy comparison of vision-only methods. (a) Sequence 1. (b) Sequence 7.

5.3. Experimental Analysis of Vision-Inertial Methods

Similarly, we choose three methods as representatives of visual-inertial methods, that
is OKVIS, ORB-SLAM3, and VINet. The accuracy comparison is shown in Table 2.

Table 2. Vision—inertial methods positioning accuracy comparison.

Algorithm Sequence 1 (m) Sequence 7 (m)
OKVIS 0.040636 0.11707
ORB-SLAM3 0.019821 0.02119
VINet 0.049718 0.14946

Figure 7 shows the trajectories solved by the three algorithms compared to the ground-
truth. Overall, the positioning performance of sequence 1 is better than that of sequence 7,
which may be related to the drastic motion changes and overexposure of sequence 7. As
can be seen from the figure, ORB-SLAM3 has a good tracking result for sequence 1. Except
for a small offset at the beginning, the rest of the trajectory is basically the same as the
real trajectory. It is worth mentioning that for sequence 7, ORB-SLAMS3 fails to track
in the first half of the trajectory and does not successfully solve the pose data, which is
related to the dramatic viewpoint changes in the first half of the dataset. However, in the
second half of the dataset, the trajectory solved by ORB-SLAMS3 is basically consistent with
the ground-truth. Except for a small drift at the sudden change of direction, the results
of other parts are excellent. The positioning errors of OKVIS and VINet are relatively
large, and VINet is more prone to large drift. In addition, from the perspective of the
comparison of vision-inertial and vision-only methods, the overall positioning results
of the vision—inertial fusion algorithm show a large improvement over the vision-only
method. It is worth noting that the ORB-SLAMS3 vision—inertial method has significantly
improved the positioning accuracy after coupling the inertial information to the visual
information compared with the ORB-SLAM2 of the same series that only uses the visual
information, which also confirms the effectiveness of the fusion of visual information and
inertial information for positioning.

Overall, vision—inertial fusion positioning results are better. When the quality of
some visual information is low or even missing, the high-frequency robust short-term
precise positioning provided by the IMU can make up for the strong dependence of visual
positioning on the quality of visual information. On the other hand, the high accuracy of
visual positioning for long-term positioning can also significantly improve the cumulative
error problem of the IMU, thereby achieving higher accuracy. The experimental results in
this paper have also proved this point. In addition, the accuracy of geometry-based visual
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navigation and positioning methods are generally higher than that of deep learning-based
methods. However, the stronger robustness of deep learning-based methods makes them
less prone to position failure, especially in some complex or even extreme situations. In
this case, deep learning-based methods position more robust and stable. In addition, time
is also an issue that needs special attention in the field of visual navigation and positioning,
especially in applications with high real-time requirements. In this regard, deep learning-
based methods show better performance, the average time for deep learning-based methods
to position a frame of image is about 5 ms, while for geometry-based methods, the average
positioning time reaches 30 ms.

3 === Groundtruth
-0.1 < —— OKVIS
\ —— ORB-SLAM3
-0.2 VINet
£ -0.3
>
-04
-0.5
-0.6
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—==Groundtruth
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ORB-SLAM3
ViNet
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>
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X (m)

(b)
Figure 7. Trajectory comparison of vision-inertial methods. (a) Sequence 1. (b) Sequence 7.

In summary, the development of geometry-based visual navigation and positioning
methods are relatively mature. They mainly rely on extracting geometric constraints
from images to estimate motion. Since they derive from elegantly established principles
with strict model constraints, these methods enable accurate cross-environment motion
estimation without time constraints. However, real-world application scenarios are often
not ideal, and situations such as viewpoint changes and missing textures may affect the
positioning accuracy of geometry-based methods or even cause position failure. The
high generalization and strong autonomous learning ability of deep learning enables it to
learn the inherent laws and expression levels of sample data in a data-driven mode and
discover task-related features, which allows it to better adapt to complex environments.
Therefore, deep learning-based methods are expected to make up for this limitation and
greatly improve the efficiency of online processing. This is critical for autonomous UUVs
with limited space and energy. However, at present, there is still a gap between deep
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learning-based methods and geometry-based methods in terms of positioning accuracy
when the texture richness is good, which is also one of the important directions for future
research on deep learning-based methods. Another point worth noting is the addition
and enhancement of multi-sensor coupling to visual-only navigation and positioning
capabilities. Our experimental results have demonstrated the enhancement of vision—
inertial methods over vision-only methods. In fact, the coupling of other sensors, such
as sonar, depth meter, etc., with vision has also achieved good results, which has been
discussed in the literature. However, adding more sensors provides more observations for
the optimization of navigation and positioning algorithms, but comes with equipment cost,
space occupation, and energy consumption issues. This is a long-standing dilemma for
large-scale, low-cost, long-term UUV underwater scientific research deployments. So, how
to balance these conflicts and provide reliable and available high-precision underwater
autonomous navigation and positioning UUV is our unremitting pursuit in the future.

6. Conclusions

In this work, vision-based techniques for the autonomous navigation and positioning
of UUVs have been studied in depth. This paper summarizes and reviews the navigation
and positioning of UUVs based on vision and the fusion of vision and other sensors
and introduces the current development trend of UUVs and the main methods of visual
navigation and positioning. The methods outlined can overcome some limitations and
take advantage of image data more fully. In this paper, visual navigation and positioning
methods are divided into two categories: geometry-based methods and deep learning-
based methods. This paper not only introduces the development process of two kinds of
methods but also selects typical algorithms to compare the navigation and positioning
performance of the two methods through typical underwater dataset. The paper also
predicts upcoming research trends and priorities for UUV visual navigation and positioning,
which enables the availability and potential of this technology. From the perspective of
accuracy, the positioning accuracy of different algorithms is quite different, and the accuracy
gap between them can reach an order of magnitude. Different precisions have different
implications for personal consumption applications and scientific applications. For the
field of personal consumption, the requirements for the positioning accuracy of UUVs
are relatively low, and it is mainly used for entertainment, such as underwater shooting
and video sharing. However, for scientific research applications, higher precision can help
us take better underwater measurements and observations. For example, in the field of
coral survey and protection, coral reefs are a very fragile ecosystem, and we hope that
UUVs engaged in underwater surveys have higher-precision autonomous navigation and
positioning capabilities in order to avoid damage to corals. At the same time, they can also
provide efficient technical means for oceanographers to conduct high-precision mapping of
coral habitats and automatic periodic surveys in different periods.
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