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Abstract

This review paper synthesizes advancements in forestry robotics, emphasizing innovations in
autonomous navigation, sensing, and Al-driven applications for precision forestry and forest
inventory management. Traditional tasks in forestry, such as tree mapping, disease control, and live
fuel material detection, are increasingly automated through robotic systems, UAVs, and edge Al,
offering significant improvements in efficiency and environmental stewardship. Autonomous
navigation in semi-structured forest environments, like poplar plantations, utilizes Simultaneous
Localization and Mapping (SLAM) for precise tree localization and path planning. UAV platforms
excel in spatially extensive tasks, including species classification and wildfire management, due to
their high resolution and versatility across diverse forestry environments. This paper also discusses
model compression techniques for depth completion in neural networks, improving computational
efficiency for real-time applications. Insights from early robotic deployments in forest inventory
reveal promising applications for single-tree detection and operational forestry tasks. Additionally, the
integration of individual tree detection and tracking technologies, complemented by blockchain and
wearable sensors, bridges gaps in supply chain data flow. Addressing the challenges in artificial
perception, this review highlights advancements in edge Al for tasks like tree trunk detection and
explores future directions for improving mobility, sensory adaptation, and multi-robot coordination,
underscoring the transformative potential of forestry robotics for sustainable forest management.
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Introduction:

Forestry plays a critical role in advancing global environmental goals, particularly as societies strive for
carbon neutrality. As the demand for sustainable materials rises, wood has gained prominence due to its
renewable nature and potential to reduce the carbon footprint in industries like construction. Achieving
sustainable forestry, however, requires innovative solutions to balance productivity with ecological
preservation. Key aspects of sustainable forestry management involve not only replanting trees but also
improving forest health through precise monitoring, disease detection, and wildfire prevention. Traditional
methods relying on human labor and direct observation are both labor-intensive and cost-prohibitive,
especially across large forest expanses. Consequently, the development and deployment of unmanned
systems—such as UAVs and UGVs—are reshaping forest management practices, providing more efficient,
accurate, and scalable approaches to tasks that range from forest inventory to pest and disease management.
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This shift towards automated systems in forestry parallels the advancements in precision agriculture, where
robotic technologies have improved productivity and minimized environmental impacts.

Despite these advancements, the unique characteristics of forest environments, including dense canopies,
uneven terrains, and unreliable GPS signals, present challenges for fully autonomous robotic navigation and
perception. Autonomous systems that function effectively in agricultural settings must be adapted with
specialized capabilities to address the specific needs of forestry. For instance, LIDAR and camera sensors
are essential for robust environmental perception, allowing UGVs to detect and navigate around natural
landmarks, like trees, and construct accurate maps for navigation without relying on GPS. Deep learning
models, computer vision techniques, and advanced sensor fusion are pivotal in enabling these unmanned
systems to interpret complex forest environments, identify tree trunks, and support autonomous navigation.
In this study, we explore a novel approach that combines LiDAR, computer vision, and multi-modal neural
networks for enhanced perception and path planning within forestry robotics. This paper contributes to the
emerging domain of Forestry 4.0 by addressing the technical challenges of autonomous navigation,
localization, and real-time environmental perception, laying a foundation for more sustainable and efficient
forest management practices in the era of Industry 4.0.

Forestry Robotics and Unmanned Systems
Concept and Applications

Forestry robots have become essential tools in managing semi-structured environments such as poplar
forests, where trees are systematically planted in uniform rows. These unmanned systems, which include
unmanned ground vehicles (UGVs) and unmanned aerial vehicles (UAVS), are equipped with advanced
technologies like LIDAR (Light Detection and Ranging) to perform critical tasks in forest management. The
primary roles of these robots encompass automated tree mapping, disease detection, and weed management,
which are vital for maintaining the health and productivity of forest ecosystems. For instance, the use of
LiDAR allows these robots to detect and differentiate between trees and non-tree objects accurately. This
capability is crucial for localized interventions, such as weed removal around tree trunks, which enhances
the growth potential of individual trees by reducing competition for resources. The integration of robotic
manipulators further augments these systems, enabling precise actions tailored to the needs of specific
plants. By employing sophisticated algorithms for navigation, tree recognition, and task execution, forestry
robots can operate efficiently in challenging terrains, providing targeted interventions that support
sustainable forestry practices. This multi-faceted approach not only improves operational efficiency but also
minimizes ecological disturbances, thereby promoting healthier forest ecosystems.
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Fig. 1 Examples of UAVs and UGVs. Source [2]
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Technological Landscape

The technological landscape of forestry robotics is experiencing rapid advancement, with various unmanned
systems playing a pivotal role in enhancing efficiency and promoting ecological sustainability in forest
management. UAVS, or drones, have emerged as crucial tools for aerial surveillance, data collection, and
environmental monitoring. These flying vehicles are categorized into different types, including helicopters,
fixed-wing platforms, and rotary-wing systems, each offering unique advantages in terms of payload
capacity, flight stability, and operational range. UAVs excel in applications such as photogrammetry, where
they provide high-resolution imagery for accurate mapping and monitoring of forest conditions. This
capability enables forest managers to assess tree health, estimate biomass, and monitor changes over time,
which are essential for informed decision-making and resource allocation. Concurrently, UGVs have
transformed ground operations in forestry, incorporating advanced automation and mechanization to replace
traditional manual practices. These ground vehicles are increasingly utilized for tasks such as tree
harvesting, transporting materials, and performing maintenance activities, all with minimal human
intervention. The collaboration between UAVs and UGVs—often referred to as hybrid systems—represents
a significant advancement in forestry technology. By leveraging the strengths of both aerial and ground
platforms, these systems enhance mission efficiency and effectiveness. For instance, UAVS can conduct
large-scale aerial surveys to gather data on forest conditions, while UGVs can execute detailed ground tasks
such as invasive species removal or precise planting. This synergistic approach not only improves
operational outcomes but also paves the way for innovative solutions in the ongoing challenge of sustainable

forest management.
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Fig. 2 Overview of forestry multi-robot strategy. Source [13]
Sensing and Perception Technologies
Sensor Overview

In forestry robotics, the integration of advanced sensing technologies is crucial for effective environmental
perception and obstacle detection. Key sensors include LIDAR, RGB cameras, and GPS, each playing a
vital role in enhancing the robot's ability to navigate complex forest environments. LIiDAR (Light Detection
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and Ranging) is particularly valued for its ability to create high-resolution 3D maps of the surroundings,
enabling precise tree mapping, height measurements, and canopy structure analysis. Its robustness to
dynamic changes in the environment allows for continuous data collection even in challenging conditions.
RGB cameras contribute significantly to visual recognition tasks, capturing detailed color information that
aids in identifying different tree species, assessing foliage health, and detecting obstacles. They work in
tandem with LiDAR, providing complementary data that enhances perception accuracy. GPS sensors, while
effective for outdoor navigation, can face challenges in dense forest environments due to signal degradation.
Thus, they are often supplemented with inertial sensors and electronic compasses to improve positioning
and orientation. The combination of these sensing technologies enables forestry robots to operate
autonomously, efficiently mapping their surroundings and detecting obstacles in real time, which is essential
for successful navigation and task execution.

Mapping and Localization Algorithms

Mapping and localization in forestry robotics are addressed through advanced algorithms, particularly the
Simultaneous Localization and Mapping (SLAM) technique. SLAM allows a robot to estimate its position
and orientation while simultaneously constructing and updating a map of its environment. This dual
capability minimizes mapping errors by utilizing the generated map as feedback for the location estimator
and vice versa. Various SLAM algorithms, such as GMapping, Hector SLAM, Graph SLAM, and Core
SLAM, have been developed to cater to different operational needs. GMapping, for instance, is a widely
used laser-based SLAM algorithm that is readily available in the Robot Operating System (ROS) platform.
Effective localization relies on data fusion techniques, such as the Extended Kalman Filter (EKF), which
combines odometry data from wheel sensors and inertial measurement unit (IMU) readings to enhance the
accuracy of the robot's position estimates. In environments where GPS signals are unreliable, such as dense
forests, these advanced localization strategies become essential. Moreover, the integration of mapping
generation techniques, like occupancy grid mapping, facilitates real-time updates of the robot's surroundings
based on sensor input. This ensures that the robot can navigate effectively, avoiding obstacles while
following pre-defined paths to accomplish its forestry-related tasks.

Fig. 3 Examples of mapping and localization. Source [1]
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Perception Models and Neural Networks

The application of perception models and neural networks in forestry robotics significantly enhances the
system's ability to interpret complex environmental data. Computer vision techniques, particularly those
utilizing deep learning, enable robots to accurately detect and classify various forest elements, such as trees,
underbrush, and obstacles. Neural networks, including convolutional neural networks (CNNs) like ENet and
multi-scale guided cascade hourglass networks (MSG-CHN), have shown promising results in depth
estimation tasks, critical for understanding the spatial layout of forest environments. ENet, for example,
employs a dual-branch architecture that processes both RGB and depth images, generating an extrapolated
depth map that improves object detection capabilities. Such models can be trained on large datasets,
including urban environments, and adapted to forestry contexts, leveraging their robust performance. The
fusion of data from different sensors, including LiDAR and RGB cameras, further enriches the input for
these neural networks, enabling them to overcome challenges posed by environmental conditions, such as
varying lighting or occlusions caused by tree foliage. By employing sophisticated perception models,
forestry robots can navigate autonomously and execute tasks more effectively, ensuring accurate assessment
and management of forest resources.

Depth Input

Depth Output Ground Truth

Fig. 4 MSG-CHN technique on a forestry synthetic dataset. Source [6]
Forestry Applications

In the realm of forestry applications, robotic systems have revolutionized traditional practices by enhancing
efficiency and precision in wood production, disease control, and wildlife conservation. Wood harvesting,
facilitated by advanced robotic platforms, encompasses a range of operations such as thinning, debarking,
and cut-to-length tasks, showcasing the evolution from basic automation to sophisticated systems. In
Scandinavian countries, for instance, the implementation of unmanned systems in harvesting has soared,
achieving nearly 100% mechanization. This transformation has allowed forestry workers to operate in
challenging terrains through teleoperation, significantly reducing risk. Moreover, the role of robotics
extends beyond harvesting to tree quantification, where innovative methods like UAVs equipped with low-
cost cameras and advanced algorithms improve the accuracy of tree counting and log volume estimation. In
terms of disease control, robotic technologies enable early monitoring of forest health and efficient aerial
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spraying, safeguarding both economic and environmental sustainability by minimizing human exposure to
pesticides. Furthermore, wildlife conservation efforts have greatly benefited from unmanned platforms,
which provide crucial insights into animal populations and behaviors while utilizing artificial intelligence
for enhanced data accuracy. Overall, these advancements highlight the critical role of robotics in promoting
sustainable forestry practices and addressing the challenges of modern forest management.

Challenges and Future Directions

This section addresses the current limitations and open research questions surrounding forestry robotics,
emphasizing technological, environmental, and operational constraints that hinder the effective deployment
of unmanned systems in forestry. Key challenges include environmental uncertainty, characterized by
natural variations such as changing illumination and unpredictable wildlife behavior, which complicate data
acquisition and operational efficiency. The need for improved perception technologies, particularly in dense
forests, is highlighted, as existing systems struggle with recognizing dynamic targets and navigating
complex terrains. Additionally, regulatory barriers pose significant hurdles to the adoption of aerial vehicles
in forestry, underscoring the necessity for cohesive regulations that adapt to evolving technologies. Future
pathways suggest integrating multi-modal sensing and leveraging advancements in deep learning to enhance
adaptive capabilities in forestry robots. This entails developing more robust systems that can efficiently
operate in varied environmental conditions while improving energy efficiency and safety measures. By
addressing these challenges and focusing on collaborative methodologies between aerial and ground
vehicles, the field can move towards more effective and intelligent robotic solutions for forestry
management.

Conclusion:

In conclusion, the integration of robotic systems in forestry applications marks a significant advancement in
the pursuit of sustainable and efficient forest management. The evolution from traditional practices to
automated solutions has not only streamlined wood production through enhanced harvesting techniques but
has also expanded into critical areas such as disease control and wildlife conservation. The impressive
mechanization rates observed in Scandinavian countries underscore the effectiveness of unmanned systems
in forestry, demonstrating their ability to operate safely in challenging environments while maximizing
productivity. Additionally, the innovative use of UAVs and advanced imaging techniques for tree
quantification highlights the growing capability of robotics to improve accuracy and reduce costs in forestry
operations. The dual focus on early monitoring and precise intervention in pest control further emphasizes
the role of robotic technologies in maintaining the ecological balance of forests. As these systems continue
to evolve and integrate artificial intelligence, their applications will likely expand, offering new solutions to
existing challenges in forestry. Ultimately, the synergy of robotics and forestry not only enhances
operational efficiency but also supports the broader goals of environmental sustainability and conservation,
paving the way for a more resilient and productive future for our forests.
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