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Abstract:

Simultaneous Localization and Mapping (SLAM) has revolutionized the field of robotics, making robots
more effective and useable in unstructured environments. Its focus is to enable a robot to continuously
gather important information regarding its position in real-time by reconstructing the map around the robot
and finding the robot’s location inside that map through sensors, cameras, and laser range finders. This
paper discusses SLAM technology and details different techniques to enhance SLAM in unstructured
terrain. SLAM operates with the help of various key components essential to its positioning and
navigation, including sensors, mapping, and localization. Approaches to enhancing SLAM in unstructured
are based on optimizing cameras, known as visual SLAM, while others are techniques in LIDAR sensor
choices. Adding an RGB-D camera increases the reliability as monocular and binocular cameras may give
incorrect geometrical information. Another technique to advance SLAM is the deep learning method,
which involves continuous learning in a robot’s environment to increase its accuracy and effectiveness.
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INTRODUCTION

Robots have become common across many fields. Their use has even been extended in unstructured
environments that require better navigation capability. An intelligent or autonomous robot is designed to
plan, organize, and adapt to its working environment with minimal or no human intervention. [1]. Hence,
to achieve this level of autonomy, robots require reliable navigation tools that will aid them in determining
their position and the state of their environment. Modern robots have adopted Simultaneous Localization
and Mapping (SLAM) technology for navigation in unstructured terrains, enabling the robots to perform
tasks like rescue, exploration, and search. SLAM is an enhanced algorithm that has high precision and
effectiveness in mapping unknown environments for robots. This technology has revolutionized the field
of robotics, making robots more effective and useable in unstructured terrains. SLAM aims to improve
robot navigation and increase their level of autonomy. Its focus is to enable a robot to continuously gather
important information regarding its position in real time by reconstructing the map around the robot and
finding the robot's location inside that map. SLAM algorithm is based on mapping the robot’s environment
through sensors, cameras, and laser range finders. The algorithm also applies localization techniques,
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which help estimate the robot’s position within the environment. The combination of these algorithms is
critical for the development and advancement of the capabilities of autonomous robots in the future. This
paper discusses SLAM and details different techniques used to enhance SLAM in unstructured terrain.

Key COMPONENTS OF SLAM

SLAM has revolutionized robotics, making robots more effective and useable in unstructured
environments. This technology embraces the use of integral sensors and algorithms that make the robot
more dynamic in its adaptation to its working environment. These features enable the robot to gather
important information regarding its position in real-time continuously and can manage to adapt more
easily. SLAM operates with the help of various key components essential to its positioning and navigation.
These include sensors, mapping, and localization.

1. Sensors

Various types of sensors aid SLAM technology in adapting to different environments. The most common
types of sensors used in SLAM are visual and LIDAR sensors. These sensors have different functionalities
and applications in SLAM. Visual sensors include monocular cameras, binocular cameras, and RGB-D
cameras, which aid in trajectory estimation and mapping. [2]. Monocular cameras are simple cameras that
use only one camera for estimation. These cameras are, however, known to have low accuracy rates and
mostly give estimates that vary from the actual measurements.

On the other hand, a binocular camera utilizes two monocular cameras, which makes it more accurate and
reliable. RGB-D cameras (also called depth cameras) are capable of detecting pixel-wise depth
information of the field distance within the environment, which is impossible with ordinary cameras. [3]
With the help of this camera, the robot can manage to know the distances within the photos taken and
apply the information to its navigation.

LIDAR is a more accurate, faster, and more informative method of obtaining information in an
unstructured environment. [4]. Information collected through the LIDAR system possesses a point cloud
that accurately measures distances and angles between objects. This system can also detect real-time
changes in object locations and angles, making the operation of robots more seamless. With the use of
LIDAR and cameras, robots manage to autonomously understand and adapt to their working
environments, avoiding obstacles and preventing damage.

2. Mapping

Mapping is the creation of area maps to help understand the environment and its components. Mapping in
SLAM is applied to identify object locations and paths within a working environment to help a robot
navigate more easily. Robots are equipped with geographical maps of their work environment to help them
understand the various environmental features they are working on. The goal of mapping in SLAM is to
ensure that the robot can navigate its environment more easily to accomplish tasks while avoiding
obstacles within the environment. [5]. Environmental mapping involves mathematical models developed
to represent an environment’s spatial information. [6]. Robots can be fed various information regarding
their environment, including two and three-dimensional information on the size of objects and their
distances apart. With this information, robots can better manage to move within the environment.

3. Localization

Localization in SLAM is a crucial component that involves the estimation of the exact position and
orientation of a robot within an environment. Accurate localization is required for a robot to map its
environment effectively and navigate unstructured terrains. Localization is dependent on the other features
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of SLAM, which are sensors and mapping. For a robot to determine its exact location, it relies on
information from the various sensors in relation to the available map — this makes localization prone to
several challenges, such as inaccuracies and environmental irregularities. Several techniques have been
adopted to help with localization in autonomous robots. These include the use of feature-based
localization, odometry, loop closure detection, and sensor fusion.
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Figure 1. Robotic Simultaneous Localization and Mapping

TECHNIQUES FOR ADVANCING SLAM IN UNSTRUCTURED TERRAINS

Researchers have developed many different algorithms and techniques to improve SLAM accuracy. Some
approaches are based on optimizing cameras, known as visual SLAM, while others are techniques in
sensor choices. Deep learning methods are also used to advance SLAM.

1. Visual-Inertial SLAM (VI-SLAM)

Over the last decade, research on SLAM improvement has majored in the improvement of computer vision
in the field of robotics to help improve the performance and accuracy of autonomous robots. Among the
most significant enhancements noted are within visual SLAM techniques, which have been structured to
help robots with localization and positioning. However, visual SLAM has faced considerable challenges
stemming from the unreliability of cameras in detecting the accurate positioning of robots, making it
difficult to operate. For instance, the use of monocular and binocular cameras poses a great challenge in
the measurements of depth and sometimes may give incorrect geometrical information. However, these
problems are resolved by adding an RGB-D camera, which increases the reliability of visual SLAM. [7].
Similarly, additional integration has been added for more accuracy and reliability by adding inertia sensors
to visual SLAM. This technique is adopted due to the limitations faced by single visual techniques.

The technique of integrating visual SLAM with inertial SLAM includes synchronizing visual and LIDAR
sensors with additional object and location recognition techniques, such as LVI-fusion and the YOLOV7
object recognition algorithm. LVI-fusion is an advanced algorithm that has the capacity to achieve more
accurate positioning for robots than traditional visual SLAM. This improvement also embraces the use of
YOLOV7, an object recognition algorithm that has more precision in the identification of obstacles within
the environment for better navigation. [8]. The fusion of these advanced inertia sensors with the traditional
visual SLAM is bound to improve the autonomy of robots as well as increase their reliability in
unstructured environments.
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2. Deep Learning-Augmented SLAM

SLAM framework comprises various aspects, including backend optimization, loop detection, front-end
tracking, and map reconstruction. [9]. Autonomous robots use these aspects to study their environment
and actively interpret real-time changes. These changes are fed through a Visual Odometer (VO). The
main function of a VO is to estimate the pose of an agent within the robot’s environment with the help of
cameras. [10] [11]. The information measured by the VO is received by the backend optimization to be
resolved for the detection of closed loops. Loop detection, on the other hand, helps determine whether the
location information has occurred within the history of the robot. [12]. This information triggers the
backend optimization, which works on the optimization of the map and improves it, eliminating any
cumulative or trajectory errors. This information makes map reconstruction possible, making the robot’s
navigation capabilities more dynamic and adaptive rather than rigid. This process is called deep learning
augmented SLAM due to its use of continuous learning in a robot’s environment to increase its accuracy
and effectiveness within its environment.
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Figure 2. Overview of Deep Learning Visual SLAM

3. Terrain-Aware Multi-Modal SLAM

Autonomy in unstructured environments has become a primary concern due to the use of robots in outside
missions. However, some regions may have challenges with the terrain that a robot is expected to work
on, which makes it necessary to adapt them to the environment. Due to this, terrain-aware technologies
have begun to gain more interest from researchers with the aim of attaining safe and effective terrain
traversal in robotics. For instance, the development of legged robots has improved maneuverability in
unstructured environments with unforeseen hazards such as sinkage or slippage. [14]. Over the years, the
growing demand for terrain-aware SLAM has led to the development of multi-sensor datasets that offer
practical operational tools for comparison and validation of terrains.

The Terrain-Aware Multi-Modal SLAM is a promising development that aims to assist the mobility of
legged and wheeled robots in granular and deformable scenarios. [15]. The development mainly aims to
create a multi-sensor fusion SLAM technique that can detect different terrains and identify various
kinematic patterns required to adapt to the terrain. This development, however, is expected to rely on other
traditional SLAM techniques and features that help collect visual and inertial signals. For instance, the
technique will need to use LIDAR and Visual SLAM to identify objects, as well as the Inertia
Measurement Units (IMU), to improve the accuracy of robot localization. The technique is also expected
to use the Global Positioning System (GPS) for terrain identification. This integration of different SLAM
techniques will help robots create algorithms that can easily adapt to various environments and improve
their overall autonomy.
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Conclusion

SLAM has proven to be an important and transformative technology for the development of autonomous
robots. Its focus is to enable a robot to continuously gather important information regarding its position in
real-time by reconstructing the map around the robot and finding the robot’s location inside that map
through sensors, cameras, and laser range finders. The technology enables systems that are used to run
robots to improve their operational capacity and become more equipped to work in challenging
environments. The navigation of robots in unstructured terrains is undisputably a critical milestone that
will not only increase the accessibility of remote areas but also facilitate more research and technological
advancements. Improvements in sensor fusion, deep learning, and other adaptive algorithms have
significantly improved the reliability and workability of SLAM, paving the way for expanding the
capabilities of autonomous robots.
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