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Abstract: Feature extraction plays a crucial role in computer vision and autonomous navigation,
offering valuable information for real-time localization and scene understanding. However, although
multiple studies investigate keypoint detection and description algorithms in urban and indoor
environments, far fewer studies concentrate in unstructured environments. In this study, a multi-
task deep learning architecture is developed for keypoint detection and description, focused on
poor-featured unstructured and planetary scenes with low or changing illumination. The proposed
architecture was trained and evaluated using a training and benchmark dataset with earthy and
planetary scenes. Moreover, the trained model was integrated in a visual SLAM (Simultaneous
Localization and Maping) system as a feature extraction module, and tested in two feature-poor
unstructured areas. Regarding the results, the proposed architecture provides a mAP (mean Average
Precision) in a level of 0.95 in terms of keypoint description, outperforming well-known handcrafted
algorithms while the proposed SLAM achieved two times lower RMSE error in a poor-featured area
with low illumination, compared with ORB-SLAM2. To the best of the authors’ knowledge, this is the
first study that investigates the potential of keypoint detection and description through deep learning
in unstructured and planetary environments.

Keywords: feature extraction; unstructured environments; visual SLAM; deep learning; autonomous
navigation

1. Introduction

Keypoint detection and description play a critical role in computer vision and robotics,
offering valuable low-level information for the real-time self-localization and scene un-
derstanding. The feature extraction process is the backbone of many advanced computer
vision applications and tasks including autonomous navigation and 3D reconstruction
utilizing mainly handcrafted algorithms or deep learning architectures. The first step of
feature extraction is the keypoint detection which refers to distinctive and invariant image
locations that represent important features including unique patterns, corners, edges, etc.,
while subsequently, the keypoint description encodes each detected keypoint’s relevant
information, enabling the robust matching among the neighbouring frames and scene
recognition [1]. The feature extraction process is crucial for the visual SLAM (Simultane-
ously Localization and Mapping) systems that estimate a robot’s location and contructs a
map of the surroundings [2] while being able to detect the loops of the camera trajectory,
which aid to further optimize the robot’s navigation [3].

The handcrafted and well-known keypoint detectors including Harris [4], Shi-Tomasi [5],
FAST [6], AKAZE [7] and keypoint descriptors such as ORB [8], SIFT [9] and SURF [10]
have been widely investigated and used in multiple applications of computer vision and
photogrammetry for more than three decades, while recently, several studies have utilized
the deep learning-based architectures aiming to optimize more complicated tasks such as
visual localization and autonomous navigation [11].
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However, although the investigation of feature extraction based on handcrafted or
learning-based algorithms is an active topic for urban, indoor or vegetated environments,
there is no study that investigates the potential of deep learning in keypoint detection and
description focused on unstructured environments or planetary scenes. In this study, a
multi-task CNN (Convolutional Neural Network)-based architecture is proposed focused
on keypoint detection and description in unstructured and planetary environments. The
proposed architecture follows a teacher—student approach aiming to efficiently speciallize
in unstructured and challenging scenes with feature-poor information and low or changing
illumination. The architecture was trained using a proposed dataset including images
from Earth, Mars and the Moon and evaluated with a benchmark dataset designed for
testing the proposed architecture in terms of illumination and viewpoint. Moreover, the
trained model was integrated in a visual SLAM system as a feature extraction module,
aiming to investigate the potential of a deep learning-based SLAM system, focused on
unstructured and planetary scenes. The proposed architecture and SLAM system provide
high accuracy and superior results compared with several well-known algorithms. The
main contributions of this study can be described as follows:

e Aninvestigation of the feature extraction potential through deep learning in unstruc-
tured environments was conducted,;

e A training and evaluation dataset for keypoint detection and description focused on
unstructured and planetary scenes were designed and implemented. To the best of the
authors’ knowledge, the benchmark dataset is the only publicly available dataset for
testing handcrafted and deep learning-based algorithms in unstructured environments;

e  Adeep learning model for keypoint detection and description focused on unstructured
and challenging environments was developed;

e  Avisual SLAM that is aware of unstructured and planetary scenes using the proposed
deep learning model was implemented.

2. Related Work

The literature abounds with studies that focus on autonomous driving [12,13], indoor
navigation [14], 3D reconstruction [15] or inspection [16] in urban and industrial scenes.
However, there are far fewer studies that concentrate in autonomous navigation-based tech-
niques applied on unstructured environments including rocky, vegetated and underwater
scenes or even on planetary environments such as Mars and Moon.

Regarding the Earth-based environments, in [17], a visual feature extraction method-
ology is proposed for underwater environments aiming to improve the subsea scene
understanding using an optical sensor. The authors propose a methodology that is based
on a SLAM algorithm in order to retrieve 3D spatial information, combined with a semantic
segmentation technique that uses traditional image processing algorithms for contextual
object identification (e.g., rock) and the SIFT and SURF algorithms for feature extraction on
the segmented images. In [18], a technique for coloring 3D point clouds using visual data in
subsea environments is proposed, aiming to reinforce the handcrafted 3D feature extraction
algorithms, since visual data suffer from low illumination and noise in subsea scenes.
In [19], a methodology for node-based autonomous navigation in subquatic environments
is proposed in which an underwater vehicle is able to explore an unknown area through
several revisits without any human intervention, while in each revisit, the vehicle attempts
to optimize its path by searching for more features in the scene. In [20], authors propose
a methodology for path planning in agricultural fields focused on vineyards that is able
to be performed in two stages: at first, a learning-based algorithm such as support vector
machines (SVM) detects the agricultural field’s patterns using satellite images extracting
occupancy grid maps, while subsequently, image processing and topologiocal methods
generate maps through which the robotic system is able to design the path on the field.
In [21], a methodology for place recognition using LiDAR intensity is presented, tested in
large-scale vegetated scenes. Authors utilize a 3D local descriptor called ISHOT (Intensity
Signature of Histograms of Orientations) aiming to match features in a pre-built 3D LiDAR-
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based map, while a probabilistic place voting technique helps to bring out the most likely
place candidate, from the global database in the scene.

Concerning the planetary-based scenes, several studies investigate feature extraction
methodologies in extraterrestrial terrains using conventional algorithms. In [22,23], an
evaluation of handcrafted feature extraction algorithms, in a Mars-like environment is
presented. In [22], authors compare the algorithms’ performance in terms of location
recognition, using Devon Island dataset [24], concluding that SURF achieves the highest
accuracy in non-vegetated and rocky unstructured environments. On the other hand, study
in [23] evaluates the efficiency of the algorithms in terms of several metrics, including
repeatability and precision, using simulated images generated with the aid of the DEM
(Digital Elevation Model) and DOM (Digital Orthophoto Map) of a Mars region, proving
that SIFT scores the highest overall efficiency. In [25], an improved version of SIFT for
high-resolution remote sensing images from Mars and the Moon is proposed, aiming
to reinforce the invariance of SIFT in differences due to illumination. Initially, authors
apply feature extraction using SIFT, while afterwards, a Gaussian suppression function is
utilized to evenly distribute the histogram which is highly biased due to the solar azimuth
angle and finally, the suppression function is performed to the extracted descriptors. The
improved SIFT technique provides 40-60% increased accuracy, based on the total number
of correct matches.

Several studies investigate methodologies aiming to improve the autonomous nav-
igation in feature-poor environments such as planetary scenes. In [26], authors attempt
to solve this issue presenting a system called VOSAP (VO-aware sampling-based plan-
ner) which explores the rich-featured paths available in the scene, achieving increased
performance in localization accuracy, tested in simulated Mars-like surfaces. In [27], a
stereo SLAM system is presented which is focused on the loop-closure refinement, using
elevation information of the terrain in poor-feature environments, utilizing a technique
called Gaussian Process Gradient Maps. The authors use Moon and Mars-analogous ter-
rains for the experimentation of the system while comparing it with state-of-the-art SLAM
algorithms including ORB-SLAM?2 [28] and VINS-MONO [29], proving higher efficiency,
especially in a loop closure. In [30], a stereo SLAM system for highly detailed 3D point-
cloud mapping is proposed, focused on planetary environments. The authors combine
traditional front-end and back-end SLAM components in order to produce a sparse map
using a self-supervized deep learning architecture that generates disparity maps aiming to
dense the 3D scene information.

Although several studies explore the use of feature extraction and SLAM-based tech-
niques in unstructured environments, there is a lack of deep learning methods focused on
unstructured and planetary scenes. To the best of the authors” knowledge, this is the first
study that investigates the potential of keypoint detection and description through deep
learning in unstructured environments.

In the following section, the CNN-based architecture and SLAM system are presented,
while in Section 4, the implementation and results of the study are described. In Section 5,
the results of the CNN-based architecture and SLAM are analyzed, while finally in Section 6,
the conclusions and future work of this study are presented.

3. Materials and Methods

Visual keypoint detection and description include several challenges when applied
in unstructured environments such as rocky or sandy scenes or completely unknown
environments including planetary scenes. The main challenges of feature extraction in
unstructured environments can be described as follows:

e  Lack of visual cues and important features;
e Low and changing lighting conditions.

Both challenges complicate the feature extractors to detect and describe keypoints,
especially the handcrafted algorithms, which cannot further be improved for specialized
and challenging environments, unless significant modifications that require extended
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investigations are conducted. On the other hand, the learning-based approaches are trained
in general-purpose datasets that require high performance computing resources for training
in a specialized dataset. Moreover, most deep learning-based feature extractors are focused
either only on extracting keypoints with local descriptors, which can be used in processes
such as camera trajectory estimation and local mapping, or on global descriptors, which
are able to match an image (query) with the most similar image from a database of images.
However, both approaches are valuable for a SLAM system since the keypoint detection
with local description are utilized for the construction of a 3D environment through local
mapping and camera trajectory estimation while the global descriptors are able to aid the
system for a loop detection.

Thus, because the main goal of this study is to develop a specialized and integrated
solution for keypoint detection and description in challenging and unstructured environ-
ments with potential use for autonomous navigation, a deep learning architecture that is
able to efficiently be trained for specific environments extracting both keypoints with local
descriptors and global descriptors was implemented, modified and improved.

The scope of this study is to investigate the potential of a lightweight deep learning
architecture focused on unstructured environments and planetary scenes aiming to deal
with the challenges described above.

3.1. Model Architecture

The proposed architecture is based on HF-net [31], a lightweight architecture focused
on visual localization extracting keypoint locations, and local and global descriptors. The
proposed architecture, which can be called HF-net2, utilizes a multi-teacher—student ar-
chitecture (Figure 1) in order to increase efficiency in the training process maintaining
high performance time without decreasing the accuracy and reliability. The SuperPoint
architecture [32] is used as a teacher for keypoint detection and local description and the
NetVLAD architecture [33] as a teacher for global description.

Training
Data

Teacher 1

Teacher 2 <«

Student

Knowledge
distillation

Figure 1. A multi-teacher-student architecture.

The student architecture is composed of a shared encoder and three different sub-
modules that focus on (a) keypoint detection; (b) local description; (c) global description.
For the shared encoder, the MobilenetV3-large [34] is utilized instead of MobilenetV2 [35],
which is used on the original HE-net, while a decoder based on SuperPoint extracts the
keypoint scores and local descriptors. Simultaneously, on top of the last feature map of
MobilenetV3-large, a NetVLAD layer predicts the global descriptor of each entire image
(Figure 2).
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Figure 2. HF-net2 architecture.

More specifically, regarding the MobilenetV3-large, it receives and processes full-sized
images as input, reducing its dimensionality aiming to learn low and high level features. It
utilizes convolutional layers combined with inverted residual blocks with linear bottlenecks
and depthwise separable convolutions in order to increase the efficiency while maintaining
the accuracy [34]. MobilenetV3-large utilizes Neural Architecture Search (NAS) [36] and

the non-linearity activation function called hard-Swish [37] which combines the Swish

activation function (1) with the piece-wise alternative of the sigmoid function w

described by the Equation (2).
swish[x] = x 0(x), 1)

XReLU6(x +3) , o)
6

where o(x) is the sigmoid function and ReLU®6 (Rectified Linear Unit) is a modification of

the well-known ReLU activation function. Thus, MobilenetV3-large achieves increased

efficiency in terms of performance time and accuracy compared with MobilenetV2.

Concerning the decoder parts of the architecture, the decoder of keypoint detection,
produces the probability of keypoint existence in each pixel utilizing the “softmax” func-
tion while it reconstructs the image using an upsampling technique called “sub-pixel
convolution” [38] instead of the transposed convolution technique, in order to reduce the
computational cost. The decoder of local description includes two convolutional layers
while by using bilinear interpolation and L2 normalization reconstructs the image dimen-
sionality and exports the local descriptors with a fixed length. The NetVLAD decoder
of global description utilizes the soft-assignment [33], which is a differentiable technique
aiming to assign the weights of each local descriptor to a cluster (a group of similar local
descriptors), while subsequently, the decoder aggregates the 1st-order statistics of the
difference between local descriptors and the corresponding clusters based on the weights
of the soft-assignment, resulting in a global descriptor.

Regarding the learning process, the training dataset initially feeds two pre-trained
models that represent the teachers for keypoint detection, and local and global description
(SuperPoint and NetVLAD), while the distilled knowledge plays the role of ground truth
for the student. During the training process, the architecture tracks the output of the
predicted keypoint scores by the student with the keypoints predicted by the SuperPoint

h — swish[x] =
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(teacher) using the “Cross-entropy” cost function while it calculates the difference between
the local and global descriptions exported by the student with the corresponding output
of the SuperPoint and NetVLAD teachers, respectively, using the L2 norm operation. The
unified loss function of the multi-teacher-student architecture is presented below [31]:

L = e ifdf — df |3 +e[d]— d[3 +2¢ " CrossEntropy(p,, py,) + Y wi ()

where ||d§ — d§1 ||, is the L2 norm of student (s) and NetVLAD (t;) global descriptors while

|dL — d{z ||, is the L2 norm of student (s) and SuperPoint (t) local descriptors. The w1 53
represent optimized variables while ps and pt3 represent the keypoint scores of student (s)
and SuperPoint (t3), respectively.

As a result, the proposed architecture is able to combine multi-task prediction, utilizing
knowledge distillation, achieving an efficient and flexible end-to-end training process. The
proposed architecture was trained and fine-tuned using a dataset that includes FPV (First
Person View) images from Earth, Mars, and the Moon, aiming to increase its robustness
in unstructured and challenging environments. More information about the dataset is
referred to in Section 3.3.

3.2. SLAM Architecture

The proposed model was integrated in a SLAM system aiming to increase the ef-
ficiency of autonomous navigation in challenging conditions and completely unknown
environments. In other words, the proposed SLAM system focuses on unstructured envi-
ronments with lack in visual cues and intense lighting conditions, using the trained and
fine-tuned model for keypoint detection, and local and global description.

The proposed SLAM system is based on ORB-SLAM2, but instead of using ORB
algorithm to extract features, the HF-net2 model is utilized. The proposed SLAM uses
RGB images with the corresponding depth information aiming to be scale-aware while
being divided in three different modules which are performed simultaneously in separated
threads: (a) tracking, (b) local mapping and (c) loop closing.

The tracking module is able to localize the camera position in each frame by searching
for multiple matches on features detected in the local area while it utilizes motion-only
bundle adjustment (BA) technique in order to improve the camera pose (rotation and
translation) by minimizing the reprojection error between the matched points of 3D space
(in world coordinates) and the detected keypoints. On the other hand, the local mapping
module, is capable of processing and further improving the initial matched features of a
local area using local BA which optimizes sets of multiple neighboured frames and all the
points visible from those specific neighboured frames. The loop-closing module is based on
DXSLAM [39] and combines the Fast BoW (Bag-of-Words) algorithm [40], which converts
each keyframe in a vector of words using the pre-trained vocabulary tree, while each image
representation is extracted by the global descriptors predicted by the proposed HF-net2
model. Furthermore, the system performs full BA in order to further optimize the camera
trajectory and point locations.

Regarding the SLAM system pipeline, initially the RGB-Depth data are imported
to the trained HF-net2 model which predicts keypoint locations, and local and global
descriptors. The keypoints and local descriptors are initially used for the camera pose
prediction while, when the camera pose is estimated with success, the SLAM system
proceeds by detecting multiple features in neighboured frames, extracting keyframes using
the estimated camera pose predictions. The keyframes that are treated as landmarks,
combined with the keypoints, aid the local mapping module to map the surroundings. If
there is a failure in camera pose prediction, a re-localization process re-estimates the camera
location using the fast BoW and the global descriptors. If there is a loop during mapping,
it is detected by the loop-closing module, while afterwards, the estimated trajectory and
mapping are further optimized using full BA (Figure 3).
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Figure 3. SLAM architecture based on the proposed NN.

3.3. Datasets

Several studies investigate feature extraction in FPV images in urban and indoor envi-
ronments using deep learning architectures. However, those architectures are trained with
general-purpose datasets such as COCO [41] while, to the best of the authors” knowledge,
there is not any deep learning model for feature extraction, focused on unstructured and
planetary scenes.

Thus, two different datasets were designed aiming to train and evaluate the proposed
deep learning methodologies: (a) a training dataset and (b) an evaluation dataset.

3.3.1. Training Dataset

The training dataset includes 48,000 FPV or rover-based images with wide range of
variations in landscapes, including images from Earth, the Moon, and Mars.

Regarding the Earth, dataset contains 26,000 RGB images, captured from construction
sites, mountainous areas, sandy beaches and a quarry from the area of Crete, Greece
(Figure 4a). The images were taken in scenes with various lighting and weather conditions
in the day and night time, while the camera was located 1.5 m from the ground in a direction
of 10 and 60 degrees from the horizon (Figure 5).

The images from Mars were collected by a publicly available dataset of NASA that
includes about 13,000 images captured by Mars Science Laboratory (MSL, Curosity) rover
using three instruments: Mastcam Right eye, Mastcam Left eye, and MAHLI [42] (Figure 4b).
Concerning the Moon’s dataset, it includes about 9000 artificial rover-based images which
generated and released with CC (Creative Commons) license by Keio University in Japan
(Figure 4c). The dataset was created using the Moon LRO LOLA digital elevation model
which is based on the Lunar Orbiter Laser Altimeter [43] combined with the simulation
software Terragen of Planetside Software (Version 4.6).

3.3.2. Evaluation Dataset

For the evaluation of the proposed architecture and the comparison with other widely
used handcrafted algorithms, a benchmark dataset was designed for unstructured and
planetary scenes inspired by HPatches dataset [44], one of the most popular evaluation
datasets for keypoint detection and description in general-purpose images.
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Figure 4. A sample of training dataset. (a) images from Earth, (b) images from Mars (c) images from
artificial lunar surface.

Horizon
0°
60°
1.50 m
Surface

Figure 5. Camera’s direction relative to the horizon.

The proposed dataset contains 120 sequences of images from Earth, Mars and the
Moon, which are not included in the training dataset. Each sequence is composed of
the original image and five different representations of the original image in terms of
illumination and viewpoint. More specifically, 60 out of 120 sequences includes the original
image and five generated images with intense illumination changes while the remaining
60 sequences contains the original image and five generated images with various viewpoint
changes (Figures 6 and 7). In each sequence, five transformation matrices determine
the ground truth between the original image and each of the five representations. The
sequences with illumination changes contain identity matrices, since the only difference
among the representations is the illumination.
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@)

(b)

(©
Figure 6. A sample of illumination-part evaluation dataset. (a) sequence from Earth, (b) sequence
from Mars (c) sequence from artificial lunar surface.

@)

(b)

Figure 7. Cont.
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(©)

Figure 7. A sample of viewpoint-part evaluation dataset. (a) sequence from Earth, (b) sequence from
Mars (c) sequence from artificial lunar surface.

4. Experimentation and Results

In this section, the implementation and results of the HF-net2 architecture is analyzed,
while afterwards, an extended experimentation of the proposed SLAM system is presented.

4.1. Training Process

As referred to in Section 3, HF-net2 uses a multi-task distillation approach for the
training process using SuperPoint and NetVLAD as the teachers for keypoint detection,
and local and global descriptions, respectively. Utilizing this self-distillation process, there
is no need for labeled data, since the labeling of the dataset is implicitly conducted by the
teachers, which provide the corresponding ground truth to the student network.

During the experimentation, the following two models were produced:

o  HF-net2: the proposed architecture was trained from scratch using the proposed
training dataset;

e HF-net: the original HF-net was trained from scratch using the proposed train-
ing dataset.

Both models were trained for 30,000 iterations while the RMSProp optimizer was
utilized with a learning rate in a range of 0.001-0.00001. All the experimentation was
conducted using an Intel i7-4771 CPU (Intel Corporation, Santa Clara, CA, USA) with
3.50 GHz x 8 combined with an NVIDIA GeForce GTX 1080 Ti GPU (Nvidia, Santa
Clara, CA, USA) while the architecture was implemented using the TensorFlow [45] deep
learning platform.

4.2. Evaluation and Results of the Proposed Architecture

To evaluate the HF-net2 model, the proposed benchmark dataset was utilized. As
referred to in Section 3.3.2, the dataset includes 120 sequences of images from Earth, the
Moon and Mars, designed for evaluation in terms of illumination and viewpoint changes.

Moreover, the efficiency of HF-net2 was tested and compared with several well-
known handcrafted algorithms for keypoint detection and description including Harris [4],
FAST [6], SIFT [9] and ORB [8]. Harris aims to localize regions with significant intensity
changes in different directions, which are indicative of corner points. The algorithm begins
by calculating the gradient of the image, and afterwards computes the autocorrelation
matrix for each pixel by convolving the image gradients with a Gaussian window. FAST is
able to identify keypoints by comparing the pixel intensities in a circular neighborhood
in order to classify or not the central pixel as a keypoint. On the other hand, ORB initially
builds a pyramid, which is a multi-scale representation of a single image and identifies
keypoints using the FAST algorithm, and afterwards, it computes a binary feature vector
for each keypoint using the BRIEF [46] descriptor, encoding the relative intensities of pixel
pairs. SIFT constructs a scale-space representation of the input image by applying Gaussian
blurring at multiple scales, and subsequently, it locates potential keypoints as local maxima
in images filtered by difference-of-Gaussian (DoG), highlighting regions with significant
changes in terms of intensity.

Regarding the metrics of keypoint detection, the repeatability and mAP (mean Average
Precision) were utilized in aforementioned sequences which includes image representations
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with different illumination (i) or viewpoint (v) (Table 1). The repeatability measures the
percentage of keypoints that are repeatable in different image representations of the same
scene while mAP utilizes the precision %&Tgfes and recall %m curve,
aiming to form a reliable metric for the accuracy of the algorithms. Similarly, in the
description part, the matching score, which is the percentage of the correct matching points
out of a pre-defined number of detected points (e.g., 300), and the mAP are utilized, aiming
to evaluate the proposed descriptor in terms of illumination (i) and viewpoint (v) changes
(Table 2).

Table 1. Evaluation of HF-net2 as a keypoint detector in terms of intense illumination (i) and
viewpoint (v) changes using repeatability metric.

Keypoint Detectors Rep. () mAP (i) Rep. (v) mAP (v)
SIFT 0.48 0.24 0.54 0.26
FAST 0.65 0.46 0.61 0.38
Harris 0.71 0.55 0.77 0.57
SuperPoint 0.82 0.77 0.76 0.67
HF-net (original) 0.72 0.68 0.69 0.47
HF-net2 (proposed) 0.74 0.71 0.69 0.49

Table 2. Evaluation of HF-net2 as a descriptor in terms of intense illumination (i) and viewpoint (v)
changes using mAP and matching score metrics.

Keypoint Descriptors ~ Matching Score (i) mAP (@) Matching Score (v) mAP (v)

SIFT 0.51 0.87 0.54 0.83

ORB 0.46 0.61 0.36 0.34
SuperPoint 0.81 0.99 0.71 0.99
HF-net (original) 0.72 0.98 0.58 0.94
HF-net2 (proposed) 0.74 0.98 0.63 0.95

As presented in Table 1, regarding the illumination changes, SuperPoint, which is the
teacher of HF-net and HF-net2, achieves the highest repeatability and mAP with values
0.82 and 0.77, respectively, while the proposed HF-net2 follows with the next most accurate
results with a repeatability of 0.74 and a mAP 0.71. The original HF-net provides lower
accuracy in terms of repeatability and mAP compared with SuperPoint and HF-net2,
while the non-learning algorithms noted significantly decreased accuracy. Concerning the
viewpoint changes, Harris achieves the highest repeatability with a value of 0.77 while
SuperPoint provides the highest overall accuracy with repeatability 0.76 and mAP 0.67.
The HF-net and HF-net2 architectures provide respectable accuracy while the proposed
HEF-net2 achieves slightly higher mAP (0.49) than HF-net (0.47). SIFT and FAST noted lower
accuracy than Harris algorithm and learning-based architectures.

Regarding the evaluation of descriptors (Table 2), SuperPoint achieves the highest
matching score and mAP both in illumination and viewpoint changes while the proposed
architecture provides the next most accurate results with matching score at a level of 0.75
and 0.65 and a mAP 0.98 and 0.95, in illumination and viewpoint changes, respectively,
outperforming the original HF-net and the traditional descriptors SIFT and ORB. It is
worth noting that the superiority of SuperPoint proves that it possesses robust keypoint
detection and description architecture, and is capable of being a teacher of HF-net during
the training process.

Concerning the performance-time of the proposed model, it achieves about 16 ms
(milliseconds) per frame inference-time and 62.5 FPS (Frames per Second) in a GPU-enabled
machine. It is worth noting that SuperPoint and the handcrafted descriptors provide similar
inference time but the HFnet model exports not only keypoint scores and local descriptions
but also global descriptions in the same time. The aforementioned inference-time is quite
satisfactory and adequate for real-time applications.



Robotics 2023, 12,137

12 of 28

4.3. Evaluation of the Proposed SLAM System

As referred to in Section 3, the proposed HF-net2 was integrated in a SLAM system as
a feature extraction module aiming to increase the sensitivity of the system in multiple and
accurate keypoint detections and descriptions in order to encounter the issue of illumination
changes and a lack of visual cues in unstructured and planetary scenes. The proposed
SLAM is based on ORB-SLAM2 and is built on C++ and Python programming languages.

An extended experimentation was conducted in two environments with rocky and
sandy terrains, respectively, while in each experiment, videos and ground truth data were
captured aiming to evaluate the accuracy of the predicted camera trajectory. Regarding the
equipment, the Intel RealSense D435 camera (Intel Corporation, Santa Clara, CA, USA) was
used, which includes two infrared sensors (left and right), an RGB and a depth sensor, while
in this study, only the RGB and depth sensor were utilized for accurate scale estimation.
The camera resolution of the RGB and depth sensor was 1920 x 1080 and 1280 x 720,
respectively, the focal length was 1.93 mm and the format was 10-bit RAW. Moreover,
the CHCNAV i73 RTK (Real Time Kinematics) (Shanghai Huace Navigation Technology
Ltd., Shanghai, China) GNSS receiver was used in order to measure the coordinates of the
camera trajectory in a geodetic reference system.

Two sources of data were captured in each experiment:

e  Arosbag file, a ROS-based (Robot Operating System) file, which includes XYZ coordi-
nates, orientation and an optical center with respect to the world origin of the SLAM
coordinate system, captured in a video of 30 FPS with a resolution 848 x 480.

e  GNSS data which contain XYZ coordinates in GGRS-87 geodetic coordinate system,
captured with a frequency of one measurement per second.

Regarding the camera data, initially RGB and depth frames were extracted from the
rosbag file and synchronized in order to correlate each RGB frame with the corresponding
depth frame while afterwards the proposed SLAM estimates the camera trajectory in TUM
(Technical University of Munich) format [47] using the RGB-depth information. Concerning
the GNSS data, they are transferred in a local coordinate system with origin the starting
point of the trajectory and formed in a TUM format. Subsequently, both data sources are
synchronized, aiming each timestamp to represent a specific location in the SLAM and
GNSS data. Finally, the predicted and ground-truth trajectories are compared, estimating
the accuracy of the predicted trajectory. The pipeline of the SLAM evaluation process is
presented in Figure 8.

Captured video GNSS data

1

RGB /depth frames are
extracted and
syncronized

GNSS data in local
coordinate system

RGB-Depth
SLAM process
Camera trajectory in GNSS data in TUM
TUM format format
Syncronization of SLAM

and GNSS measurements

|

Accuracy estimation of the
camera trajectory

Figure 8. Pipeline of the SLAM evaluation process.
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4.4. Experiments and Results of the Proposed SLAM

The experiments were conducted in two different environments: a rocky and a sandy
scene (Figure 9), while different cases in terms of illumination were performed. The
proposed SLAM system was compared with the ORB-SLAM2, one of the most popular
SLAM systems, aiming to evaluate the added value of the HF-net2 model trained in
unstructured environments instead of a traditional keypoint detector and descriptor such
as ORB.

Figure 9. (a): Rocky scene, (b): sandy scene.

More specifically, the experiments were performed in day and evening time using
different trajectory paths and natural light, while one experiment was conducted with
artificially low illumination with extremely fast lighting changes (Table 3).

Table 3. Experiments, performed in different scenes, trajectory paths and illumination conditions.

Experiments Scene Day-Time Illumination Light
Square-based path Rocky terrain 10:00 a.m High Natural
Square-based path Rocky terrain 7:00 p.m Medium to low Natural

right-angle based path Rocky terrain 5:00 p.m Medium Natural

Random path Sandy terrain 10:00 a.m High Natural

Random path Sandy terrain - Very low to Low  Artificial

The results of the experiments above are presented in the Tables 4-8. The metrics
RMSE (Root-Mean-Squared-Error) and standard deviation with max and min errors are
used, calculated using the GNSS-based data as a reference, aiming to determine the SLAM
systems’ accuracy. The corresponding qualitative results, with the predicted and GNSS-
based trajectories, are presented in Figure 10.

Table 4. Square-based path in rocky terrain with high illumination.

RMSE (m) Std. Dev. (m) Max (m) Min (m)
ORB-SLAM?2 0.10 0.03 0.19 0.02
HF-net2-based SLAM 0.11 0.04 0.22 0.03

Table 5. Square-based path in rocky terrain with medium to low illumination.

RMSE (m) Std. Dev. (m) Max (m) Min (m)

ORB-SLAM2 0.15 0.06 0.32 0.03
HF-net2-based SLAM 0.12 0.05 0.19 0.03
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Table 6. Right angle-based path in rocky terrain with medium illumination.
RMSE (m) Std. Dev. (m) Max (m) Min (m)
ORB-SLAM?2 0.09 0.05 0.20 0.01
HF-net2-based SLAM 0.08 0.04 0.16 0.008
Table 7. Random path in sandy terrain with high illumination.
RMSE (m) Std. Dev. (m) Max (m) Min (m)
ORB-SLAM2 0.34 0.12 0.58 0.11
HF-net2-based SLAM 0.21 0.07 0.35 0.04

(a)

(b)

y(m)

y(m)

10

Table 8. Random path in sandy terrain with artificially quite low illumination which changes during

the SLAM process with a range of extremely low to low lighting conditions.

Figure 10. Cont.

RMSE (m) Std. Dev. (m) Max (m) Min (m)
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Figure 10. Predicted trajectories of the ORB-SLAM2 (left column) and proposed SLAM (right column)
compared with the ground truth trajectory (presented as gray dashed line). (a) rocky terrain with high
illumination, (b) rocky terrain with medium to low illumination, (c) rocky terrain with medium illu-
mination, (d) sandy terrain with high illumination, (e) sandy terrain with artificially low illumination.

Regarding the rocky scene, the proposed SLAM and ORB-SLAM2 provide similar
accuracy under normal conditions as presented in Tables 4 and 6 since ORB-SLAM2 slightly
outperforms the proposed SLAM in square-based path with high illumination while the
reverse occurs in the right-angle based path with medium illumination (Figure 10a,c).
However, in the square-based path with low illumination (Table 5), the proposed SLAM
provides higher accuracy with RMSE error in a value of 0.12 with maximum error equal to
0.19 m instead of the ORB-SLAM?2, which produced an RMSE error at a level of 0.15 and a
maximum error equal to 0.32 m (Figure 10b).

Concerning the sandy scene, the proposed SLAM provides significant higher accuracy
than ORB-SLAM2 in high illumination with RMSE 0.21 m and standard deviation 0.07
instead of ORB-SLAM2, which provides RMSE 0.34 and a standard deviation of 0.12,
respectively. In the last experiment, the same data frames were processed using GAMMA
correction (4) aiming to highly decrease the illumination in a specific range.

1
I Yy
Output = ( 255) 255 4)

where I is the input pixel value and vy is the gamma parameter which controls the image
brightness. The gamma values below 1 (gamma < 1) produce darker images while the
gamma values above 1 (gamma > 1) produce brighter images than the original image. In
this experiment all the recorded frames were processed aiming to generate frames with
low illumination using uniformly random gamma values between 0.2 and 0.4 (Figure 11).
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(b) (c)

Figure 11. (a): Original image, (b): darken image with gamma = 0.4, (c): darken image with
gamma = 0.2.

As a result, the SLAM systems encounter a scene which lack significant visual cues
in a quite low illumination environment with changing lighting conditions in each frame.
However, the proposed SLAM maintained its accuracy with RMSE 0.24 m and standard
deviation 0.06 m, instead of ORB-SLAM2 accuracy, which is further decreased with RMSE
0.50 m and standard deviation 0.12 m. It is worth noting that the maximum and minimum
errors of the proposed SLAM are 0.36 and 0.07, respectively, while the corresponding errors
of ORB-SLAM2 are 0.85 and 0.21.

5. Discussion

In this study, a multi-task teacher student architecture for keypoint detection and
description is proposed, aiming to be used in computer vision tasks including autonomous
navigation in challenging unstructured environments. Regarding its architecture, Su-
perPoint and NetVLAD neural networks are used as teachers for extracting keypoint
locations, local and global descriptors aiming of labeling the dataset while in the main
HF-net2 architecture, MobilenetV3-large is utilized as a shared encoder and three different
sub-modules, a keypoint detector, a local descriptor and a global descriptor compose the
multi-task decoder of the architecture. The HF-net2 was trained using a dataset composed
of 48,000 captured and selected images from Earth, Mars and the Moon aiming to learn
accurate feature extraction in unstructured and planetary environments, while the trained
model was integrated in a SLAM system as a feature extraction module, for further evalua-
tion in unstructured scenes. The main goal of the proposed feature extraction model is to
efficiently deal with two significant challenges in unstructured and planetary environments
(a) the lack of visual cues (b) and the intense illumination changes.

To evaluate the model, a benchmark dataset was created which contains image se-
quences from Earth, Mars and the Moon, aiming to evaluate the detector and descriptor
of the model in terms of illumination and viewpoint changes. Regarding the keypoint
detection, HF-net2 achieves the highest repeatability and mAP (0.74 and 0.71, respectively),
in terms of illumination changes after the Superpoint, outperforming the original HF-net
trained under the same dataset and parameters and several well-known keypoint detec-
tors including SIFT, FAST and Harris. In terms of viewpoint changes, HF-net2 provides
respectable accuracy, which is slightly higher than original HF-net while provide increased
overall accuracy compared with the SIFT and FAST algorithms. Regarding the keypoint de-
scription, the proposed model outperforms the original HF-net, SIFT and ORB descriptors
in terms of both illumination and viewpoint changes, achieving the highest matching score
and mAP after the SuperPoint.

Qualitative results in keypoint detection and description can also prove the superi-
ority of the proposed architecture and its robustness in scenes with lack of visual cues
(Figures 12 and 13).



Robotics 2023, 12, 137 18 of 28

d

(a) SIFT
Rep: 0.54

4

(b) FAST
Rep: 0.73

Figure 12. Cont.



19 of 28

Robotics 2023, 12, 137

Figure 12. Cont.



Robotics 2023, 12,137 20 of 28

(g) SIFT
Rep: 0.60

(h) FAST
Rep: 0.62

(i) Harris

Rep: 0.73

Figure 12. Cont.



Robotics 2023, 12,137

21 of 28

(k) HE-net
Rep: 0.75

(1) HE-net2
Rep: 0.75

Figure 12. Keypoint locations and repeatability scores for SIFT, FAST, Harris, SuperPoint, original
HF-net and HF-net2. Two images from the evaluation dataset are presented: (a—f) scene from Mars
testing illumination changes, (g-1) earthly scene testing viewpoint changes. The green dots are points
that were detected in both images while the red dots are detected points in one image only. The blue
points are not depicted in both images due to different viewpoints.
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(j) HE-net2
MS: 0.66

Figure 13. Matching scores of the SIFT, ORB, SuperPoint, original HF-net and proposed HF-net2
descriptors. Two images from the evaluation dataset are presented: (a—e) lunar scene testing illumi-
nation changes, (f—j) earthy scene testing viewpoint changes. The green lines connect the matching
points between the two images.

As presented in Figure 12, the green dots extracted from SuperPoint, HF-net2 and HF-
net, which are repeatable points in both the (right and left) images of each row, are localized
on more meaningful features that better describe the scene than the detected keypoints
of SIFT, FAST and Harris. Moreover, the HF-net2 achieves the highest repeatability after
the SuperPoint with a value of 0.83, while in terms of viewpoint, HF-net2 and HF-net
achieves a repeatability score with a value of 0.75 outperforming SIFT, FAST and Harris.
As presented in Figure 13, which visualizes the matching points in two different scenes that
suffer from a lack of visual cues, the proposed architecture provides outstanding results
(Figure 13e,j) compared with SIFT and ORB and an increased matching score compared
with the original HF-net. It is worth noting that in Figure 13a—e, which represents an
artificial lunar scene, the proposed architecture outperforms even SuperPoint, which was
its teacher during training.

The HF-net2 model was further evaluated as an integrated feature extraction module in
a SLAM system based on ORB-SLAM2, while an extended experimentation was performed
in a rocky and a sandy scene at different times of day, using an RGB-Depth camera, while
an RTK GNSS receiver was utilized for ground truth. Regarding the experimentation in
the rocky scene, beyond the first experiment of a square-based path with high illumination
where the proposed SLAM provides similar results compared with the ORB-SLAM?2, the
proposed SLAM outperforms the ORB-SLAM2 in the experiments with a square-based
path and a right-angle path with low and medium illumination, respectively. Moreover, in
the second square-based path experiment (Figure 10b), the error of the ORB-SLAM2 in the
end of the path is at a level of 30 cm instead of the proposed SLAM with an error at a level
of 12 cm.

Concerning the sandy scene, the first experiment was performed using a random-
based path on a sunny day with high illumination, while in the second experiment, the
illumination of the first experiment was artificially decreased using different levels of quite
low illumination in each frame aiming to evaluate the proposed SLAM system in extremely
challenging conditions. The proposed SLAM proved its robustness, achieving an RMSE
error at a level of 0.25 and a standard deviation at a level of 0.05 in both experiments,
instead of the ORB-SLAM2 where, in the first experiment, the RMSE was noted at a level
of 0.35, and at the second experiment, a level of 0.50 with standard deviation 0.12 and
0.17, respectively.
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The experimentation of the SLAM systems proves that the proposed SLAM provides
higher accuracy than the ORB-SLAM2 in unstructured environments with medium and low
illumination while in extremely challenging scenes, either due to poor-featured information
or to extremely low illumination, the proposed SLAM extracts significantly higher and
more robust results compared with the ORB-SLAM2.

6. Conclusions

To sum up, a multi-task distillation-based architecture, called HF-net2, was developed
aiming to implement a keypoint detector and descriptor which is focused on unstructured
environments and completely unknown planetary scenes. The model was trained with a
specialized image dataset with planetary scenes and evaluated in terms of illumination
and viewpoint changes, using a proposed benchmark dataset. HF-net2 proved its robust-
ness compared with several well-known feature extractors, achieving the highest overall
accuracy after its teacher, SuperPoint.

Moreover, the HF-net2 model was integrated in a visual SLAM system based on ORB-
SLAM2 aiming to develop a SLAM system that is specialized in unstructured environments.
The experimentation, which performed in two different areas with several illumination
conditions, proved that the proposed SLAM provides satisfactory accuracy in unstructured
feature-poor environments with illumination changes, outperforming the ORB-SLAM?2.

The future work of this study is two-fold. At first, the proposed architecture will
be further improved and fine-tuned by enriching the training and evaluation dataset
with more rover-based data, while secondly, the proposed SLAM system will be further
optimized in terms of a loop closing module utilizing only the global descriptor instead of
a BoW algorithm which can fail in completely unknown environments [48].

As a conclusion, this study proved that the use of deep learning architectures in
feature extraction provides a crucial potential in autonomous navigation on unstructured
environments which can reinforce the planetary exploration missions, acquiring extremely
valuable knowledge for the future of humanity.
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