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Abstract:

Introduction/purpose: Unmanned Ground Vehicles (UGVs) offer sig-
nificant advantages for various operations; yet their autonomous control
and guidance present substantial difficulties, especially for diverse lo-
comotion types (e.g., tracked, wheeled) in challenging terrains due to
complex dynamics, nonholonomic constraints, and environmental inter-
actions. This paper provides a comprehensive review of control and
guidance strategies for UGVs, with a specific focus on leader-follower
and lane tracking with obstacle avoidance applications. It aims to synthe-
size the state of the art, identify key challenges generic to UGV autonomy
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in these tasks, and discuss promising guidance and control methodolo-
gies.

Methods: An extensive literature review was conducted, analyzing ex-
isting research on UGV, autonomy levels, system architectures, con-
trol methodologies (including classical, adaptive, robust, and intelligent
approaches), guidance approaches, and specific application domains.
Methodologies for guidance and control relevant to UGVs in leader-
follower and lane tracking tasks were critically examined.

Results: The review identifies dominant trends, including the increas-
ing use of deep learning for guidance perception and growing interest
in robust control techniques capable of handling UGV operational chal-
lenges. Significant challenges persist in perception for unstructured envi-
ronments, accurate dynamic modeling for diverse UGV platforms, seam-
less integration of perception with robust control and guidance systems,
and extensive real-world validation.

Conclusions: Achieving robust autonomy for UGVs in complex real-
world scenarios require integrated solutions addressing guidance and
control. Advanced robust control methods emerge as strong candidates
for UGV control, but their full potential necessitates further research into
their integration with advanced guidance systems.

Key words: unmanned ground vehicles (UGVs), control systems, guid-
ance systems, leader-follower, lane tracking, obstacle avoidance, au-
tonomous navigation.

Introduction

The field of robotics and autonomous systems has witnessed exponen-
tial growth, leading to the development and deployment of sophisticated
Unmanned Ground Vehicles (UGVs) across a multitude of domains (Sethi,
2024; Fareh et al., 2021). UGVs, capable of operating autonomously or
semi-autonomously without direct human piloting, offer transformative po-
tential in areas deemed too dangerous or complex for human operators.
Applications span military operations (reconnaissance, logistics, explosive
ordnance disposal), agriculture (precision farming, harvesting), search and
rescue, logistics (warehouse automation, last-mile delivery), and infrastruc-
ture inspection (Ni et al., 2021; Shafaei & Mousazadeh, 2023; Gadekar
et al., 2023; Durst et al., 2018).

Among diverse UGV platforms, various locomotion types exist, each
with unique advantages and control complexities. For instance, tracked
vehicles offer superior traction in unstructured terrains but introduce chal-
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lenges like skid-steering dynamics and track slippage (Sebastian & Ben-
Tzvi, 2019b; Zou et al., 2018). Wheeled vehicles are efficient on struc-
tured surfaces but are limited in off-road mobility. Achieving reliable au-
tonomous operation for any UGV type introduces significant complexities
in their control and guidance, including inherent nonlinearities, platform-
specific dynamics (e.g., skid-steering in tracked vehicles, Ackermann steer-
ing in some wheeled vehicles), sensitivity to terrain variations, and suscep-
tibility to external disturbances (Al-Jarrah et al., 2019; BaniHani et al., 2021;
Zou et al., 2018; Artufiedo et al., 2024).

This review paper focuses on the critical aspects of control and guid-
ance for UGVs, specifically addressing two demanding autonomous tasks:
leader-follower control and lane tracking with obstacle avoidance. Leader-
follower systems, where a UGV autonomously follows a human or vehicular
leader, are essential for applications like convoying, collaborative robotics,
and human assistance (Ramirez-Neria et al., 2023a; Wang, 2024). Lane
tracking with obstacle avoidance is fundamental for UGV navigation in
semi-structured environments, such as agricultural fields, mining sites, or
pathways, requiring the UGV to adhere to lane boundaries while safely
avoiding obstacles (Cao et al., 2020; Zhang et al., 2023). Both tasks de-
mand high levels of robustness, adaptability, and real-time responsiveness
from UGVs operating in dynamic and often unpredictable environments.

Traditional control methods, such as Proportional-Integral-Derivative
(PID) controllers, often struggle to provide the required performance and
robustness for diverse dynamics encountered in UGVs, especially when
dealing with strong nonlinearities, time-varying parameters, and unmod-
eled dynamics (Kayacan et al., 2015; Rizk et al., 2023). While advanced
techniques like Model Predictive Control (MPC) or adaptive control offer
potential benefits, they often rely on accurate system models or complex
tuning procedures, which can be impractical for UGVs operating in diverse
conditions (Zuo et al., 2021; Fareh et al., 2021).

More recent approaches, such as observer-based robust control meth-
ods, aim to address these limitations by actively estimating and compen-
sating for disturbances and model uncertainties, often reducing the depen-
dence on precise mathematical models and offering inherent robustness.
These characteristics make them well-suited for complex and often poorly
modeled dynamics found across various UGV platforms (Fareh et al., 2021;

Sebastian & Ben-Tzvi, 2019a).
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This paper is structured as follows: the section “Overview of unmanned
ground vehicles (UGVs)” provides an overview of UGVs, covering their his-
tory, levels of autonomy, and types of locomotion. The section “System
architecture for autonomous navigation in UGVs” details the system ar-
chitecture for UGV autonomous navigation, focusing on the guidance sys-
tem and the control system. The sections “Lane tracking task in UGVs”
and “Leader-follower task in UGVs” delve into the overview for lane track-
ing/obstacle avoidance and leader-follower control for UGVs, respectively.
The section “Synthesis of findings and dominant trends” discusses the find-
ings and the section “Conclusion and future research directions” concludes
the review and suggests future research directions applicable to UGVs.

Overview of unmanned ground vehicles (UGVs)

Unmanned Vehicles (UVs) are frequently engineered as autonomous
systems, capable of environmental perception, trajectory planning, and au-
tonomous control without human intervention (Sethi, 2024). This broad cat-
egory encompasses aerial, underwater, and ground-based systems. Un-
manned Ground Vehicles (UGVs), the focus here, have seen significant
development driven by technological advancements and diverse applica-
tion demands (Fareh et al., 2021).

To provide a comprehensive foundational framework necessary for ef-
fective control and guidance, this section will detail the various levels of
autonomy in UGVs, explore their diverse types based on locomotion, and
outline the inherent challenges associated with their autonomous opera-
tion.

Levels of autonomy in UGVs

UGV capabilities are often defined by levels of autonomy, indicating
the degree of independent operation. The Society of Automotive Engi-
neers (SAE) provides a standard six-level classification for driving automa-
tion (Sethi, 2024; van der Sande & Nijmeijer, 2017), illustrated in Figure
1. This ranges from Level 0 (no automation), where humans perform all
driving tasks. The next, Level 1 (assisted driving automation), offers either
steering or speed control with full human supervision, while Level 2 (partial
automation) provides both steering and speed control, requiring constant
driver readiness for intervention. In Level 3 (conditional automation) the
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system performs all driving tasks under specific conditions, prompting the
driver for control when needed, and Level 4 (high automation) allows the
system to handle all driving tasks and fallback within a defined operational
domain, even without driver’s response. Finally, Level 5 (full automation)
signifies the system’s ability to perform all driving tasks under all conditions,
requiring no human intervention.

T

T
Comprehensive Features -1: :r- Self-Driving
'~ No Assistance Needed

. " !
No Driver Intervention --

. 5 N ) . .
Level 0: No Automation &< |-« ,- @\ Level 1: Assisted Driving
[ 8 ©L\‘J ' ! { \J
! T

. | A ’ | .
Driver Control -- ~ ‘ r - Cruise Control
1 1
1 \

Safety Features - - ~- Parking Sensors

\

[ Level 2: Partial Automation &])@}’ ‘{E Level 3: Conditional Automationj

Function Integration -1: r- Environmental Conditions

Driver Monitoring -~ ~- Control Transfer

Figure 1 — Autonomy levels in UGV systems

Types of UGVs based on locomotion

UGVs have evolved into a diverse range of platforms, each with unique
locomotion mechanisms and capabilities. These differences stem from the
need to adapt to various operational environments and tasks. The primary
locomotion strategies employed in UGVs can be categorized into four main
types: wheeled, tracked, legged, and hybrid systems.

* Wheeled UGVs: utilize the rotational motion of wheels for move-
ment, common for their simplicity and efficiency on structured sur-
faces. Various steering architectures (e.g., differential, Ackermann,
omnidirectional) provide varying degrees of maneuverability and sta-
bility (Ahluwalia et al., 2022; Rubio et al., 2019; Tagliavini et al., 2022).




» Tracked UGVs: employ continuous tracks for a large ground contact
area, enhancing traction and stability on complex, uneven terrains.
Skid-steering is typically used by varying track speeds. This struc-
tural design facilitates maneuverability and robust locomotion in com-
plex and rough environments, such as military operations and agri-
culture (Sebastian & Ben-Tzvi, 2019b; Zou et al., 2018; Shafaei &
Mousazadeh, 2023).

* Legged UGVs: mimic living things (e.g., animal, human) locomotion
using actuated limbs for movement in discrete steps, enabling traver-
sal of highly unstructured terrains and obstacles (Ahluwalia et al.,
2022; Zhao et al., 2023).

» Hybrid UGVs: combine multiple locomotion types to leverage their re-
spective advantages and enhance adaptability across diverse condi-
tions, leading to a more complex and flexible system (Ahluwalia et al.,
2022; Teji et al., 2023).

Table 1 summarizes the advantages and disadvantages of each type.

System architecture for autonomous navigation in UGVs

Autonomous UGV operation typically relies on a hierarchical system ar-
chitecture to manage the complexity from sensing to actuation. This review
adopts a common conceptualization involving distinct but interconnected
systems: a guidance system (encompassing perception and decision-
making) and a control system (responsible for motion execution) (Ni et al.,
2018; Samak et al., 2021; Yao et al., 2020; Zhang et al., 2023). Figure 2
illustrates this general architecture. The following subsections will provide
the details of these two core systems, exploring their functionalities and key
components in UGV autonomous navigation.

Guidance system

The guidance system acts as the "brain” of the UGV, responsible for in-
terpreting the environment, making intelligent decisions, and planning the
vehicle’s motion (Wang, 2024; Horri et al., 2024; Zheng & Gao, 2010). It
forms the cornerstone of the architecture, supplying essential environmen-
tal awareness that supports higher-level decision-making and control pro-
cesses (Gao et al., 2001; Durst et al., 2018; Samak et al., 2021).
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UGV Type | Advantages Disadvantages References

Wheeled High energy effi- | Limited off-road capa- | Man et al. (2018);
ciency, low cost, | bility, prone to slip- | Thrun et al. (2006);
simple control, high | ping/skidding on loose | Ahluwalia et al.
speed on flat terrain, | surfaces, poor mobility | (2022); Rubio et al.
suited for structured | on rough terrains. (2019); Tagliavini
environments. et al. (2022); Teji et al.

(2023)

Tracked Superior trac- | High energy con- | Sebastian & Ben-Tzvi
tion/stability on chal- | sumption, = complex | (2019b); Zou et al.
lenging terrains (sand, | mechanics, less | (2018); Shafaei &
mud, slopes, rocks), | maneuverable than | Mousazadeh (2023);
high load capacity, | wheeled, complex | Ahluwalia et al.
large ground contact. turning dynamics, | (2022); Li et al.

prone to slippage. (2021); Alexa et al.
(2023); Wang et al.
(2024b); Al-Jarrah
et al. (2019); BaniHani
et al. (2021); Liu et al.
(2024)

Legged High maneuverability | High system com- | Ahluwalia et al.
in complex/cluttered | plexity, high en- | (2022); Tian et al.
terrains, stair climb- | ergy/computational (2021); Zhao et al.
ing, high adaptabil- | load, less efficient | (2023)
ity/obstacle negotia- | over long distances,
tion. difficult control design.

Hybrid High versatility across | Complex control im- | Ahluwalia et al.
terrains due to multiple | plementation, high | (2022); Teji et al.
locomotion  mecha- | cost/design complex- | (2023)
nisms, adaptable for | ity, increased hard-
complex tasks, en- | ware/computational
hanced performance. | needs.

Table 1 — Comparison of UGV locomotion types

Types of autonomous navigation and decision making

The guidance system plans the UGV motion based on the perceived
environment and mission goals. Autonomous navigation tasks for UGVs
can be categorized into three fundamental types:

+ Point-to-Point navigation: the UGV moves from a start to a goal lo-
cation without a predefined path, primarily focusing on reaching the
destination while avoiding obstacles, regardless of the specific path
geometry or velocity profiles (Ruslan et al., 2023; Stankovi¢ et al.,

2024).
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Figure 2 — Typical system architecture for autonomous UGV navigation
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 Path following: the UGV converges to and follows a predefined ge-
ometric path (e.g., lane centerline) without strict temporal constraints.
The objective is spatial convergence (minimizing cross-track error),
allowing velocity flexibility along the path. The UGV’s forward speed
follows a predefined speed profile, while the control system primarily
regulates the vehicle’s orientation to ensure convergence to the de-
sired path (Hung et al., 2023; Ruslan et al., 2023; Sarcinelli-Filho &
Carelli, 2023). This typically involves regulating orientation for path
convergence, often resulting in smoother control than trajectory track-
ing (Aguiar & Hespanha, 2007; Stankovic¢ et al., 2024).

Trajectory tracking: the UGV must follow a time-parameterized tra-
jectory specifying both position and velocity at each instant. This
requires simultaneous spatial and temporal convergence, making it
more complex than path following (Sarcinelli-Filho & Carelli, 2023). It
is crucial for applications like leader-follower systems where precise
motion (speed and orientation) replication is needed (Ruslan et al.,
2023; Hung et al., 2023; Stankovi¢ et al., 2024).

In essence, Point-to-Point navigation only specifies a destination. Path
following focuses on spatial adherence to a geometric path, whereas the
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velocity of the vehicle is defined by the designer. Trajectory tracking re-
quires traversing the specified path while the velocity of the vehicle, in terms
of both magnitude and direction, is defined by the trajectory being tracked.

Sensing and scene understanding for guidance

This sub-system acts as the system’s senses, responsible for gather-
ing and fusing information about the vehicle’s internal state and its exter-
nal environment to create a meaningful representation for decision making
(Balasubramaniam & Pasricha, 2022). Key components include:

» Exteroceptive sensors: provide information about the external sur-
roundings (Liu et al., 2021¢). Common types include:

— Cameras (monocular, stereo, omnidirectional): capture vi-
sual data (color, texture) for tasks like lane/object detection,
leader tracking, and obstacle avoidance (Burke & Brink, 2010;
Schulte et al., 2022; Liu et al., 2021c). Images are often pro-
cessed by machine learning (ML) and deep learning (DL) mod-
els for real time and adaptability to various lighting conditions.
Vision is critical for this review’s focus on leader following and
lane tracking with obstacle avoidance.

— LiDAR (Light Detection and Ranging): emits laser pulses to
measure distances, generating 3D point clouds for environmen-
tal mapping, obstacle avoidance, and path planning (Gadekar
et al., 2023; Balestrieri et al., 2021).

— Radar: uses radio waves to detect objects, measuring their dis-
tance, speed, and direction. Effective in diverse weather and at
long ranges, complementing optical sensors (Balestrieri et al.,
2021).

* Proprioceptive sensors: measure the UGV internal state (Liu et al.,
2021c). Common types include:
— GNSS (Global Navigation Satellite System): e.g., GPS - de-
termines absolute vehicle position for global navigation and tra-
jectory tracking.

— IMU (Inertial Measurement Unit): provides acceleration and
angular velocity data for precise state estimation and motion con-
trol, especially in GPS-denied environments.




» Sensor fusion algorithms: integrate data from diverse sensors to
yield a more comprehensive and robust environmental understanding
than possible with individual sensors (Hu et al., 2020). For instance,
fusing LIDAR and camera data can enhance 3D mapping and object
detection accuracy, improving overall perception reliability by combin-
ing complementary information and filtering noise.

» Detection and recognition algorithms: process sensor data to iden-
tify relevant entities.

— Object detection/tracking: involves identifying and tracking en-
tities like pedestrians, vehicles, obstacles, or specific lead-
ers. Deep learning, particularly convolutional neural networks
(CNNs) like YOLO and its variants (e.g., YOLOvV8), are promi-
nent for their real-time speed and accuracy (Redmon et al., 2016;
Terven et al., 2023; Vijayakumar & Vairavasundaram, 2024).
The name YOLO stands for “You Only Look Once”, referring to
the fact that it was able to accomplish the detection task with a
single pass of the network (Redmon et al., 2016). YOLO mod-
els, known for efficiency with monocular cameras, have evolved
to offer high performance in autonomous navigation and robotics
(Terven et al., 2023; Hussain, 2024).

— Lane detection: focuses on identifying lane markings or road
boundaries. While traditional methods used edge detection
and Hough transforms (Aly, 2008), modern approaches heavily
rely on DL, often using semantic segmentation (e.g., encoder-
decoder architectures) (Ni et al., 2020; Sun et al., 2019). Multi-
task learning models like YOLOP advance this by simultane-
ously performing lane detection, drivable area segmentation,
and object detection for improved efficiency and contextual
awareness (Wu et al., 2022; Sridevi & Harish, 2024; Zhan et al.,
2024). YOLOP architectures leverage shared backbones for
panoptic perception, enhancing robustness and overall model
efficiency (Li & Xu, 2024). YOLOPv2 (Sridevi & Harish, 2024)
preserves the core design concepts of YOLOP and HybridNets
while employing a more robust network structure and an efficient
training strategy, achieving state-of-the-art (SOTA) performance
in both accuracy and speed (Zhan et al., 2024).
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— Human pose estimation (HPE): localizes human joints or land-
marks in images/videos, crucial for UGV applications like
gesture-based control from a leader operator. Deep learn-
ing has largely superseded classical HPE methods due to bet-
ter accuracy and generalization (Kulkarni et al., 2023; Zheng
etal., 2023). Frameworks like MediaPipe Pose (MPP), an open-
source cross-platform framework developed by Google, provide
real-time 2D/3D landmark extraction (e.g., 33 body landmarks
with BlazePose), offering valuable geometric and motion data for
human-robot interaction and leader following (Google, 2023).

Vision sensors are increasingly vital in UVs, complementing or replacing
GPS-based navigation due to their small size, low weight, low cost, and
ability to extract rich data for target/obstacle identification when paired with
the appropriate image processing software (Li, 2013). As passive sensors,
they operate non-invasively, reducing inter-sensor interference, and are
often the most reliable option in GPS-denied or cluttered environments.
Vision-based guidance leverages camera data for critical tasks like lane
tracking, leader recognition, and obstacle detection, enabling UGVs to nav-
igate complex environments and enhancing their autonomy and human-
vehicle interaction (Liu et al., 2021c; Zhang et al., 2023; Chen, 2016).

» Leader following and pose recognition: vision is crucial for detect-
ing, tracking, and interpreting a human leader’s intent. DL algorithms
analyze real time imagery to determine leader position, orientation,
and infer movement or commands via pose estimation (Burke & Brink,
2010; Schulte et al., 2022). This allows the UGV to anticipate actions
and improve decision making, with CNNs often used to identify leader
features and actions.

* Lane detection and obstacle avoidance: vision-based guidance
identifies lane markings and obstacles from camera data. DL algo-
rithms detect lane boundaries for accurate UGV trajectory generation,
requiring robustness to dynamic conditions (e.g., lighting, road qual-
ity) (Artufiedo et al., 2024; Andrade et al., 2019). Similarly, DL models
detect and track obstacles, enabling collision-free path planning and
proactive avoidance by predicting dynamic object movements.

This layer’s processing of sensory data guides the control system by

providing necessary information, which ultimately enables safe, accurate,
and efficient operations in complex and uncertain environments. The guid-




ance system provides the intelligence for autonomous UGV operation,
making high-level decisions and generating navigation commands. The
information provided by the guidance system defines the desired behav-
ior for the control system to execute. This crucial control system will be
discussed in the following section.

Control system

The control system executes trajectories or commands from the
guidance system, calculating actuator commands (e.g., track motor
torques/speeds) for accurate and stable motion despite disturbances and
uncertainties (Samak et al., 2021; Wang et al., 2024a; Al-Jarrah et al., 2019;
Zou et al., 2018; Gao et al., 2025; Rizk et al., 2023; Xia et al., 2016; Wang
et al., 2021; Azam et al., 2020). It typically involves:

* Longitudinal control: manages the UGV’s speed and acceleration
(via throttle/brakes) to maintain desired velocity, ensure safety, and
optimize efficiency. It must handle varying dynamics (e.g., engine
torque, road grade, resistance) and adapt to changing conditions for
smooth, stable motion.

* Lateral control: manages UGV steering to follow the intended tra-
jectory and maintain orientation (e.g., relative to a lane or a leader)
by minimizing cross-track and heading errors. It must reject side dis-
turbances and account for platform-specific steering dynamics (e.g.,
track slip in tracked vehicles, tire-road interaction in wheeled vehicles),
terrain variations, and nonholonomic constraints to generate smooth,
stable steering commands.

The design of longitudinal and lateral controllers can be approached in
two ways (Sabiha et al., 2022; Wang et al., 2024a; Al-Jarrah et al., 2019;
Samak et al., 2021):

* Decoupled control: longitudinal and lateral control are designed and
implemented independently, neglecting the coupling effects between
them. This simplifies control design but may compromise perfor-
mance in highly dynamic maneuvers where coupling effects are sig-
nificant.

» Coupled control: design explicitly considers longitudinal-lateral dy-
namic coupling for more coordinated and robust control, especially in
challenging conditions allowing the controllers to compensate for the
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effects of each other. This enhances stability and performance but
increases design complexity.
The choice between decoupled and coupled control depends on system
characteristics, performance needs, and design complexity, requiring a bal-
ance between implementation simplicity and potential performance gains.

Control strategies for UGVs

Selecting an appropriate control strategy is crucial for achieving desired
UGV performance (accuracy, stability, robustness) in the face of evolv-
ing environmental and dynamic challenges. Strategies are broadly cat-
egorized as classical control, adaptive control, robust control, advanced
control techniques (including MPC and observer-based control like ADRC),
and intelligent control (e.g., neural networks NN, fuzzy logic control FLC,
reinforcement learning RL). Each category encompasses various methods
with distinct principles, advantages, and limitations. For a detailed com-
parison, Table 2 summarizes these primary control strategies.

The control strategies can also be classified by their reliance on a sys-
tem model:

* Model-based control: these methods rely on the use of a mathemat-
ical representation to design the control law, optimizing for specific
objectives while considering the system’s dynamics and operational
constraints. Classical control techniques such as PID and geomet-
ric controllers, along with advanced methods such as MPC, fall under
this category (Kebbati et al., 2023; Samak et al., 2021; Santoso et al.,
2020). While these methods have a solid theoretical base and well-
known design principles, their main drawback is the dependence on
a precise mathematical model, which might be difficult to achieve for
complex, nonlinear, and uncertain systems.

* Model-free control: these control strategies, such as those imple-
mented through artificial intelligence techniques (e.g., neural net-
works, fuzzy logic, and reinforcement learning), do not rely on a spe-
cific mathematical representation of the system (Kebbati et al., 2023;
Rizk et al., 2023). Instead, they operate by directly interacting with
the environment and updating their control laws based on operational
feedback. The advantages of model-free approaches lie in their abil-
ity to operate in highly complex and uncertain environments and to
learn from data (Samak et al., 2021). However, their limitations in-




Control Main idea Advantages Limitations

strategy

Classical Using simplified sys- | Simple and easytoim- | Limited in  nonlin-

control tem models to gener- | plement in linear sys- | ear systems  with
ate control actions. tems. uncertainties and dis-

turbances.

Adaptive Dynamically adjusts | Improves performance | Complex implementa-

control control parameters | in time-varying envi- | tion and may be highly
based on the system’s | ronments. dependent on the sys-
changes and operat- tem model.
ing conditions.

Robust Designs controllers to | Guarantees perfor- | Requires detailed

control maintain stability de- | mance over a range of | mathematical models
spite the presence of | uncertainties. with uncertainty de-
uncertainties. scriptions; sensitive to

modeling errors.

MPC Predicts the system | Handles constraints | Computationally inten-
behavior over a future | and is suitable for | sive and dependenton
horizon and finds | nonlinear systems. model accuracy.
the optimal control
actions.

Observer- | Uses observerstoesti- | Provides Tuning of observer

based mate the system state | state/disturbance and controller pa-

control and/or disturbances. estimation; robust- | rameters can be

(e.g. ness to unmodeled | challenging; per-

ADRC) dynamics and ex- | formance relies on

ternal disturbances | observer accuracy.
with reduced model
dependency.

Intelligent | Uses Al techniques to | Flexible; can learn | Requires high compu-

control generate robust and | complex nonlinear | tational power, large
adaptive control sys- | relationships and | datasets for training,
tems. adapt to changing | and complex parame-

environments. ter tuning.

Table 2 — Summary of the control strategies in UGVs

clude a significant computational load during real-time execution and
the requirement for large datasets for training.

* Hybrid control: combines model-based and model-free aspects. A
prominent example within this category is Active Disturbance Rejec-
tion Control (ADRC). ADRC'’s core philosophy involves treating all un-
certainties (internal dynamics, parameter variations, external distur-
bances) as a single "total disturbance” and actively estimating and
compensating for it in real time using an Extended State Observer
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(ESO) (Han, 2009; Gao, 2006). This approach significantly reduces
the dependence on an accurate mathematical model and offers in-
herent robustness against uncertainties and disturbances, making it
well-suited for the complex and often poorly modeled dynamics of
UGVs across various platforms. Its key advantages include robust-
ness to uncertainties/disturbances, reduced model dependency, rel-
ative simplicity in implementation/tuning, effectiveness for nonlinear
systems without explicit linearization, real-time disturbance rejection,
adaptability to changing conditions (terrain, payload, environmental
variations), and proven success in diverse applications (Fareh et al.,
2021; Han, 2009; Sebastian & Ben-Tzvi, 2019a; Gao, 2006; Zheng &
Gao, 2016; Guo & Zhao, 2015; Benyahia et al., 2025; Stankovic et al.,
2019; Madonski et al., 2019).

ADRC'’s capabilities are particularly relevant for the UGV applications
discussed in this review, such as leader-following, where its real-time
disturbance rejection is crucial for compensating for unpredictable
leader motion and vehicle slip (Amokrane et al., 2024; Fareh et al.,
2021), and lane tracking with obstacle avoidance, where its ability to
handle unmodeled dynamics aids tracking on uneven terrains and can
mitigate sensing errors (Teji et al., 2023; Zhang et al., 2023; Ramirez-
Neria et al., 2023a). ADRC has been successfully applied across var-
ious vehicle control domains, including longitudinal velocity tracking
(Gao et al., 2025; Jin et al., 2023), integrated motion control consider-
ing longitudinal-lateral coupling (Wang et al., 2024a), and lateral path
following (Xia et al., 2016; Kang et al., 2022; Sang & Chen, 2020;
Wang et al., 2022). Specific studies on tracked vehicles, for instance,
have leveraged ADRC to address challenges like slip compensation
(Sebastian & Ben-Tzvi, 2019a), robust trajectory tracking (Stankovi¢
et al., 2024), and handling disturbances in demanding environments
such as mining (Liu et al., 2024).

While existing literature offers valuable insights into UGV control, the
specific challenges of leader-follower and lane tracking control, particularly
under uncertain conditions and with complex terrain interaction, demand
careful selection and adaptation of control strategies. The following sec-
tions will present how different papers address these tasks, their perception
sensors and algorithms, and their chosen control approaches.

1112



Lane tracking task in UGVs

Lane tracking is a critical capability for UGVs, enabling them to navi-
gate along predefined or perceived lanes in structured or semi-structured
environments. This task primarily involves detecting lane boundaries and
controlling the vehicle to follow them accurately. For certain UGV types,
like tracked vehicles, effective lane tracking is particularly challenging due
to their skid-steering dynamics, with lanes potentially poorly defined, ex-
hibiting sharp curvatures, or being partially obscured.

A crucial aspect often considered essential for practical lane tracking is
obstacle avoidance. While maintaining adherence to the lane, the UGV
must also possess the ability to detect and safely maneuver around any
obstacles encountered in its path. Therefore, robust guidance systems
must encompass both lane interpretation and obstacle detection, and con-
trol systems must execute maneuvers that ensure both accurate path ad-
herence and collision avoidance, maintaining stability against disturbances
such as slippage or uneven terrain.

Categorized as path following (see the section “Types of autonomous
navigation and decision making”), the primary objective is to maintain spa-
tial alignment with the lane’s geometric centerline, managing speed for
safety rather than adhering to strict temporal constraints. Real-time sens-
ing, utilizing sensors such as cameras, LIDAR, and Radar to identify lane
boundaries and obstacles, is foundational. This section reviews literature
pertinent to UGVs performing lane tracking, including the associated chal-
lenge of obstacle avoidance, which is crucial for navigating semi-structured
environments.

Given that general control systems for UGVs were comprehensively ad-
dressed previously in the section “System architecture for autonomous nav-
igation in UGVs”, the subsequent discussion in this section will primarily
focus on the design aspects of the guidance system specific to lane track-
ing, including sensing and detection modules. Following this, an overview
of the existing solutions will be presented, covering approaches which in-
tegrate both guidance and control for this specific autonomous task.

Guidance system design in the lane tracking task

Effective guidance system design for lane tracking in UGVs relies on ro-
bust environmental interpretation. This typically involves two critical mod-
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ules: a lane detection module to identify the lane boundaries, and an obsta-
cle detection module to perceive obstacles in the environment and ensure
safe navigation, both of which are detailed in the following subsections.

Lane detection module design

Lane detection methods have evolved from traditional geometric ap-
proaches to advanced ML and DL techniques, adapting to the complex-
ities of real-world driving environments with varying lighting, road types,
and occlusions (Xing et al., 2018).

Cameras are the most widely utilized sensors for lane detection (Chetan
etal., 2020; Zakaria et al., 2023; Yang, 2024). A literature review from 2018
to 2021 reveals that over 53 articles focused on camera-based lane detec-
tion, while only about three published articles explored the use of other
sensors, often in combination with cameras (Zakaria et al., 2023). This
preference stems from vision-based imaging aligning with human driver
perception (as lane markings are visual cues) and the cost-effectiveness
and robustness of camera technology, supported by significant advance-
ments in machine vision (Bar Hillel et al., 2014).

Despite its advantages, vision-based lane detection faces challenges
including lighting variations (shadows, glare, low light), adverse weather
(rain, snow, fog), occlusions from vehicles/objects, and misdetections from
road artifacts (skid marks, cracks), necessitating advanced algorithms for
robust performance (Yang, 2024; Sultana et al., 2023).

Lane detection techniques can be broadly categorized:

1. Model-based methods: these methods typically involve a multi-
stage pipeline: image preprocessing (noise reduction, ROI isola-
tion), feature extraction (edge detection, thresholding, color filter-
ing), lane model fitting (Hough Transform, least-squares, polyno-
mial/hyperbolic curves), and tracking (Kalman filters) (Zhang et al.,
2021b; Munir et al., 2022; Ghanem et al., 2023; Lee & Moon, 2018;
Aly, 2008). While simple and efficient, they require manual parame-
ter adjustment and struggle to adapt to diverse conditions.

2. Intelligent-based methods: in contrast, intelligent-based methods
leverage ML and DL to learn features and patterns directly from data,
enabling them to handle variability in road scenes.

* Machine learning methods integrate traditional feature extrac-
tion (e.g., adaptive thresholding, morphological operations) with
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classifiers (e.g., Bayesian, SVM, ANN) trained on labeled data
(Dhanakshirur et al., 2019; Feng et al., 2019; Fakhfakh et al.,
2020). Their performance remains dependent on the quality of
manually extracted features.

Deep learning methods are state of the art due to their ability
to automatically learn hierarchical features from raw images.
CNNs are common, often used in encoder-decoder networks
for semantic segmentation. Some methods use recurrent layers
(e.g., convLSTM) for temporal dependency or attention mech-
anisms for challenging conditions. DL’s adaptability makes it
widely used (Sun et al., 2019; Philion, 2019; Dewangan et al.,
2021; Dawam & Feng, 2020; Wu et al., 2021; Zhang et al.,
2021a; Liu et al., 2021a; Baek et al., 2022; Oduz et al., 2022).
DL-based lane detection is broadly categorized into two groups
(Ni et al., 2020): (1) One-Stage methods directly predict lane
parameters (e.g., curvature, position) from the network, offer-
ing greater speed and efficiency while (2) Two-Stage methods
first perform semantic segmentation before curve-fitting to ob-
tain parametric representations, typically achieving higher accu-
racy at greater computational cost. The choice depends on ap-
plication needs (real-time performance vs. precision), with both
demonstrating success in addressing the challenges of lane de-
tection in complex and dynamic environments (Ni et al., 2020).

Obstacle detection module design

Obstacle detection is critical for UGVs, especially in unpredictable off-
road environments. Dima et al. (Dima et al., 2004) defined obstacles as
“a region that cannot or should not be traversed by the vehicle”, including
pedestrians, vehicles, or terrain features. Effective systems integrate real
time perception, decision making, and control to avoid collisions and main-
tain mission objectives (Zhang et al., 2019). System efficacy depends on
sensor choice, algorithmic robustness, and environmental adaptability.

Generally, sensors for obstacle detection can be categorized as (Hu
et al., 2020; Islam et al., 2022; Yu & Marinov, 2020):

1. Range-based sensors: include LiDAR (for high-resolution 3D point

clouds) and Radar (robust in diverse weather for range, speed, and
angle, but with lower resolution).
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2. Image-based sensors: comprise monocular cameras (cost-
effective, provide rich semantic data but lack inherent depth), stereo
cameras (for depth via triangulation), and infrared cameras (effective
for night vision).

3. Hybrid sensors: combine multiple data sources (e.g., RGB-D cam-
eras capturing color and depth) for comprehensive environmental un-
derstanding, typically with limited range.

While LIiDAR and radar offer valuable detection capabilities, visual cam-
eras, both monocular and stereo, serve as essential components of obsta-
cle detection systems. These systems employ both traditional image pro-
cessing techniques and modern deep learning methods to interpret visual
data, aiding in object classification (Hu et al., 2020; Islam et al., 2022).

Monocular cameras are particularly advantageous for UGV obstacle
avoidance due to cost-effectiveness, versatility in extracting rich semantic
information, favorable performance-to-resource balance (ideal for limited
payload/power), adaptability to diverse lighting, and scalability (supporting
multiple perception tasks). The synergy of monocular cameras with DL
(e.g., CNNs for real-time semantic segmentation, depth estimation, obsta-
cle classification) has significantly advanced their capabilities, making them
an efficient sensing modality for resource-constrained UGVs.

Several important approaches exist for vision-based obstacle detection,
including:

+ Traditional computer vision methods: focus on extracting and
tracking feature descriptors (e.g., SIFT, SURF, HOG) from images to
infer obstacle presence or motion. These are often paired with classi-
fiers like SVM or KNN (Parmar et al., 2019). Motion-based techniques
analyze optical flow (Vera-Yanez et al., 2024), while appearance-
based methods segment traversable regions based on learned pat-
terns (Badrloo et al., 2022). These approaches are generally slow for
real-time applications.

* Modern deep learning methods: leverage DL architectures, partic-
ularly CNNs, to automatically learn hierarchical features, significantly
improving speed and robustness. Object detection CNNs can locate
and classify pre-trained objects, outputting bounding boxes, pixel-
level segmentations, or key points (Parmar et al., 2019; Badrloo et al.,
2022). One-stage networks like YOLO and SSD are favored for their
real-time performance and accuracy over older two-stage methods




like R-CNN variants (Terven et al., 2023; Hussain, 2024; Vijayakumar
& Vairavasundaram, 2024).

Overview of the existing UGV lane tracking solutions

The control system is responsible for translating the planned path, gen-
erated by the guidance system, into specific commands for the vehicle’s
actuators, effectively executing the desired trajectory. Reviewing the ex-
isting literature on lane tracking for UGVs reveals that there are numerous
different areas being actively explored by researchers in this field.

Some studies place a strong emphasis on the control aspect, devel-
oping sophisticated algorithms to ensure precise lane adherence and sta-
bility, often assuming well-defined perceptual input. For example, (Marino
et al., 2009) proposed a nested PID steering control for vision-based lane
tracking, where an inner Pl loop controlled yaw rate error for disturbance re-
jection, and an outer PID loop managed lateral offset, validated via CarSim
simulations. (Chen et al., 2014) developed an Adaptive Model Predictive
Control (AMPC) system for lane tracking, using a linear time-variant (LTV)
prediction model with real-time online tire stiffness estimation, demonstrat-
ing superior performance in simulations compared to conventional MPC.
(Chu et al., 2018b) combined ADRC with Quantitative Feedback Theory
(QFT) for lane tracking, with QFT tuning the ADRC controller for robustness
against uncertainties; simulations and scale vehicle experiments confirmed
effective lane tracking. Subsequently, (Chu et al., 2018a) further explored
ADRC for autonomous vehicle lane tracking, showing its real-time com-
pensation capabilities for internal uncertainties and external disturbances,
with stability confirmed by Lyapunov analysis and improved performance
over PID in simulations and experiments.

In contrast, other research studies focus more on the guidance and
perception challenges, aiming to robustly detect lanes and obstacles,
particularly in complex or unstructured environments, sometimes with sim-
pler control strategies. (Singhal et al., 2019) introduced a real-time lane
detection, fitting, and navigation approach for unstructured environments,
integrating 2D LiDAR and camera data to detect lanes and obstacles and
generate waypoints. The methodology was validated experimentally for
robustness against illumination changes and occlusions. (Amaradi et al.,
2016) detailed a real-time lane following and obstacle detection system
for autonomous vehicles using a fish-eye camera and LiDAR, employing
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Hough Transform for lane detection and LiDAR for obstacle identification,
demonstrating real-time performance experimentally.

Finally, other solutions adopt an integrated approach, that tightly couple
advanced guidance with robust control. (Liu et al., 2021b) developed an
autonomous lane tracking system that integrates deep learning (LaneFC-
Net for real-time detection) with tracking and control. Experimental results
showed robustness across various road conditions and lane structures.
(Al-Zaher et al., 2012) presented an integrated UGV mechatronics system
for lane tracking and obstacle avoidance using a single camera (enhanced
Hough Transform for lanes, cone detection for obstacles) and PID control;
its feasibility was shown through simulations and small scale vehicle field
tests.

A comprehensive comparison of these studies, categorized by their pri-
mary focus, sensor utilization, and validation methods, is provided in Ta-
ble 3.

Table 3 — Summary of the state of the art methods for lane detection and
obstacle avoidance

Work Vehicle Lane Obstacle Focus Sensors used Validation

type tracking avoid-

ance
Control-focused approaches
Marino et al. Standard Yes No Control Vision system, Simulation
(2009) car model (Nested PID) Gyroscope
Chen et al Standard Yes No Control Not specified Simulation
(2014) car model (AMPC)
Chu et al Scaled ve- Yes No Control Camera Simulation &
(2018b) hicle (ADRC-QFT) Experiment
Chu et al Scaled ve- Yes No Control Camera Simulation &
(2018a) hicle (ADRC) Experiment
Vision-focused approaches

Singhal et al. Three- Yes Yes Vision 2D LiDAR, Experiment
(2019) wheeled Camera

differential

drive
Amaradi et al. Mobile ve- Yes Yes Vision Fish-eye cam- Experiment
(2016) hicle era, LIDAR

Integrated approaches (vision and control)

Liu et al Wheeled Yes No Vision & Con- Camera Experiment
(2021b) vehicle trol (MPC)
Al-Zaher et al. Small-scale Yes Yes Vision & Con- Single camera Simulation &
(2012) uGgv trol (PID) Experiment




Leader-follower task in UGVs

Leader-follower control enables UGVs to track and maintain formation
with a designated leader (human or vehicle). This capability is vital for
collaborative tasks, convoying, and human-robot interaction (Durst et al.,
2018; Islam et al., 2019). This section will first detail the key aspects of guid-
ance system design pertinent to the leader-follower task. Subsequently,
building upon the general control strategies discussed in the section “Sys-
tem architecture for autonomous navigation in UGVs”, an overview of the
existing leader-follower solutions will be presented, highlighting perception-
focused, control-focused, and integrated system approaches specific to
this task.

Categorization of the leader-follower systems

Leader-follower systems can be categorized based on:

» Sensors used: common choices include Vision (monocular/stereo
cameras for detection, tracking, pose estimation (Chen, 2018; Burke
& Brink, 2010)), LIiDAR/LRF (for accurate distance/relative posi-
tion (Chung et al., 2012)), Radar (robust to weather, good for
range/velocity (Kumar et al., 2020)), RGB-D Sensors (color and depth,
effective indoors (Chen, 2018)), GPS/GNSS (for absolute positioning),
and Tags (UWB, RFID). Sensor fusion (e.g., Camera + LiDAR) is often
employed to overcome individual sensor limitations (Fan et al., 2024).

* Interaction mode:
— Explicit: leader provides direct commands (e.g., wireless, mark-
ers). Simpler perception but requires leader cooperation.

— Implicit; follower autonomously detects and tracks the leader us-
ing onboard sensors, offering more flexibility but demanding so-
phisticated perception and guidance (Islam et al., 2019).

* Follower autonomy level: adapted from the SAE framework (Islam
et al., 2019), follower autonomy ranges from Low (Teleoperated, SAE
0-1) to Partial (automates basic tasks, human supervises, SAE 2),
Conditional (operates autonomously in defined conditions, human su-
pervises/intervenes, SAE 3-4), and High (fully independent, SAE 5).
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Overview of the existing UGV leader-follower solutions

Research in leader-follower systems for UGVs similarly spans various
areas of emphasis. Many contributions concentrate on the perception
challenges inherent in robustly detecting, identifying, and tracking a desig-
nated leader, which can be a human or another vehicle. For instance, (Cao
etal., 2021) enhanced UGV visual tracking for person following by introduc-
ing a Scene Analysis Module (SAM) to distinguish targets from distractors,
validated on custom and public datasets, showing improved robustness
in challenging scenarios. (Burke & Brink, 2010) improved human follow-
ing by extracting upper body orientation using monocular vision and SURF
feature matching to infer travel direction, which was then used by a simple
controller. (Chung et al., 2012) presented a method for detecting human
legs using LRFs, employing a leg geometry-based data approach for robust
and accurate object identification in various environments.

Other research studies emphasize the design and robustness of control
strategies for leader-follower tasks to accurately maintain a desired for-
mation or distance relative to the leader, often under dynamic conditions.
(Ramirez-Neria et al., 2023a) proposed an ADRC-based leader-follower
strategy for omnidirectional mobile robots, integrating distance-based for-
mation control with real-time disturbance estimation via a General Pro-
portional Integral Observer (GPIO). (Chen, 2016) presented a 3DOF path
trajectory tracking controller with closed-loop guidance for UGV vehicle-
to-vehicle following, using Trajectory Linearization Control (TLC) and val-
idated its effectiveness via MATLAB/SIMULINK. (Fan et al., 2024) ad-
dressed Unmanned Tracked Vehicle (UTV) leader following by proposing
a decoupled speed and curvature control using Model Reference Adaptive
Control (MRAC), reporting significant improvements over PID in following
distance and braking.

Furthermore, extensive studies examine integrated approaches that
combine advanced perception techniques with sophisticated control laws to
create complete and robust leader-follower systems. (Sira-Ramirez et al.,
2014) proposed a robust dynamic feedback control for non-holonomic car
formations, using kinematic models with a generalized proportional integral
(GPI) observer for disturbance and tracking error estimation, demonstrated
experimentally on Pioneer 3-DX robots. (Ramirez-Neria et al., 2023b) in-
troduced an ADRC strategy for omnidirectional mobile robots in leader-
follower formations, minimizing reliance on time derivatives by using mea-




surable robot positions and a special error-based ESO for disturbance re-
jection. (Chen, 2018) introduced "FOLO,” a vision-based human-following
robot using a 2D-appearance tracking method with adaptive background
segmentation and a two-layer PID control for robust, real-time human fol-
lowing with an RGB-D camera. (Amokrane et al., 2024) presented an
ADRC-based strategy for leader-follower control for UTV, highlighting its
capability in compensating for unpredictable leader motion, vehicle slip
and noise measurements, validated through a comprehensive experimen-
tal setup utilizing camera and laser sensors for error signals and human
pose recognition.

Table 4 summarizes these representative works, detailing their vehicle

type, perception system, control approach, and validation.

Reference Vehicle type Perception Control ap- | Experiments
system proach
Cao et al | Notapplied Monocular Not applied Simulation
(2021) vision with
Scene Analysis
Module
Burke & Brink | Not defined Monocular vi- | Basic controller | Experiment
(2010) sion with SURF
Ramirez-Neria Omnidirectional | Multi-camera, ADRC + GPIO Simulation +
et al. (2023a) mobile robots marker-based Experiment
motion capture
system
Chen (2016) uGgv Target seeker | TLC + PPG Simulation
(camera +
laser range
finder)
Fan et al. | UTV Cameras, Li- | MRAC Simulation +
(2024) dar, and inertial Experiment
navigation
Sira-Ramirez Non-holonomic | Range-finding ADRC+ GPI Experiment
et al. (2014) mobile robot sonar
Ramirez-Neria | Omnidirectional | Infrared cam- | ADRC + spe- | Experiment
et al. (2023b) mobile robots eras cial ESO
Chung et al. | Omnidirectional | Single laser | Not mentioned | Simulation +
(2012) mobile robots range finder Experiment
Chen (2018) Mobile robots RGB-D camera | Two-layer PID Experiment
Amokrane utv Monocular ADRC (lateral | Simulation +
et al. (2024) camera, Lidar and longitudi- | Experiment
nal)

Table 4 — Summary of the current approaches in the leader-follower task

1121

Amokrane, salem-bilal. et al., Review of Control and Guidance for UGVs in Lane Tracking and Leader-Follower Applications, pp.1098-1140



Eﬁ VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 3

Synthesis of findings and dominant trends

The reviewed literature demonstrates significant progress in UGV con-
trol and guidance, while simultaneously highlighting critical gaps and chal-
lenges for autonomous UGV operation in complex tasks like leader follow-
ing and lane tracking with obstacle avoidance. Several key trends emerge:

* Increasing autonomy sophistication: a clear progression from sim-

ple teleoperation towards systems capable of handling complex sce-
narios with minimal human intervention.

* Deep learning dominance in perception: DL methods (e.g., CNNs,
YOLO, YOLOP, MPP) have largely superseded traditional techniques
for tasks like object/lane detection and pose estimation, offering su-
perior robustness to environmental variations by learning features di-
rectly from data (Ni et al., 2020; Terven et al., 2023).

» Growing interest in robust control: recognizing classical PID limi-
tations, advanced control strategies are increasingly explored. While
MPC is popular for constraints and optimization (Zuo et al., 2021), its
computational cost and model dependency are drawbacks. Robust
control techniques, particularly observer-based methods like ADRC
that offer disturbance estimation and rejection with reduced model
dependency, are gaining traction for UGV applications (Fareh et al.,
2021; Sebastian & Ben-Tzvi, 2019a; Stankovi¢ et al., 2024; Han,
2009).

+ Shift towards integrated systems: there is a growing understanding
that robust autonomy necessitates integration between guidance and
control (Liu et al., 2021b). However, achieving seamless, real-time
integration under uncertainty remains a challenge.

» Importance of platform-specific considerations: the unique char-
acteristics of UGV platforms (wheeled, tracked, legged) significantly
impact design, with platform-specific challenges (e.g., skid-steering
and track-slip in tracked vehicles, tire-road interaction in wheeled vehi-
cles) being increasingly investigated, highlighting the need for tailored
solutions.

Conclusion and future research directions

This review has synthesized the state of the art in control and guid-
ance for UGVs, focusing on leader-follower and lane tracking with obsta-
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cle avoidance applications. Despite significant advancements, particularly
in DL-based sensing, robust autonomous operation of UGVs in complex,
unstructured environments remains challenging. Advanced robust control
methodologies, including observer-based techniques like ADRC, emerge
as promising strategies for UGVs. These are well-suited to handle in-
herent nonlinearities, uncertainties, and disturbances, often with reduced
model dependency and real-time compensation capabilities (Han, 2009;
Gao, 2006). Further research and validation of such robust methods in
integrated UGV systems are key for future progress in critical civilian and
military operations.
The following directions are recommended for future research:
1. UGV environment specific perception: develop DL perception
models trained on diverse UGV operational data, emphasizing ro-
bustness to clutter and adverse off-road conditions.

2. Advanced robust and adaptive control for UGVs: investigate and
enhance robust control strategies (e.g., adaptive versions of ADRC,
sliding mode control, MPC with uncertainty handling) for UGVs, in-
cluding online parameter tuning for varying terrain, slip, and mission
requirements, with experimental validation on real systems.

3. Optimized sensor fusion: investigate optimal sensor fusion strate-
gies (e.g., vision, LiDAR, Radar, IMU) to provide robust state, terrain,
and disturbance information, crucial for effective performance of ad-
vanced control systems.

4. Real-World UGV validation: conduct thorough experimental vali-
dation of the proposed UGV systems on full-scale platforms in chal-
lenging real-world environments, establishing metrics for objective
performance comparison.

Addressing these directions is crucial for advancing UGV autonomy and
enabling their reliable deployment in demanding applications.
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Introduccién/objetivo: Los Vehiculos Terrestres No Tripulados
(UGVs) ofrecen ventajas significativas para diversas operacio-
nes pero su control y guiado autbnomos presentan importantes
dificultades, especialmente para diferentes tipos de locomocién
(por ejemplo, de orugas o ruedas) en terrenos desafiantes, de-
bido a la dinamicas complejas, restricciones no holonémicas e
interacciones con el ambiente. Este articulo proporciona una
revisién exhaustiva de las estrategias de control y guiado para
UGVs, con un enfoque especifico en aplicaciones de seguimien-
to de carril y lider-seguidor con evasion de obstaculos. El objeti-
vo es sintetizar el estado actual, identificar los principales desa-
fios genéricos para la autonomia de los UGVs en estas tareas,
y discutir metodologias prometedoras de orientacién y control.

Métodos: Se realiz6 una revisién extensa de la literatura, anali-
zando investigaciones existentes sobre UGVs, niveles de auto-
nomia, arquitecturas de sistemas, metodologias de control (in-
cluyendo enfoques clasicos, adaptativos, robustos e inteligen-
tes), enfoques de guiado y dominios de aplicacion especificos.
Se examinaron criticamente las metodologias de guiado y con-
trol relevantes para UGV en tareas de lider-seguidor y segui-
miento de carril.

Resultados: La revision identifica tendencias dominantes, in-
cluyendo el uso creciente del aprendizaje profundo para la per-




cepcién de guiado y un interés creciente en técnicas de con-
trol robusto capaces de enfrentar los desafios operativos de los
UGVs. Persisten desafios importantes en la percepcion en en-
tornos no estructurados, el modelado dinamico preciso para di-
versas plataformas UGV, la integracién perfecta de la percep-
cioén con sistemas robustos de guia y control, y la validacién ex-
tensa en condiciones reales.

Conclusién: Lograr una autonomia robusta para los UGVs en
escenarios reales complejos requiere soluciones integradas que
aborden tanto el guiado como el control. Los métodos avanza-
dos de control robusto surgen como candidatos fuertes para el
control de UGV, pero su maximo potencial requiere mas inves-
tigacién en su integracion con sistemas de guiado avanzado.

Palabras clave: Vehiculos Terrestres No Tripulados (UGVSs),
Sistemas de control, Sistemas de guiado, Seguimiento de lider,
Seguimiento de carril, Evasion de obstaculos, Navegacion auté-
noma.

BcecTopoHHMIA 0630p CTpaTerni ynpaeneHnst U HaBurauum
Ha3eMHbIX 6eCNUOTHBIX TPAHCMNOPTHLIX CPEACTB Npu
BbINOMHEHMM 3aja4 aBTOHOMHOTO ABUXEHWUS MO noroce u
crnefoBaHus 3a Naepom

AmokpaHe B. Canem-6unan?, Cmarkosuy P. Momup®, Marotinosuy
M. CtoaauH® Berbsixusi A. Taku-anamH Axven #

@ YuueepcuteT o60poHbl B benrpane — BoeHHas akagemus, Kadenpa
BOEHHO3MEKTPOHHOIO UHXeHepcTBa, benrpaa, Cepbus,
KOppecnoHAeHT

5 Ynuueepcutet o6opoHsl B Benrpane — BoenHas akagemus, Kadeapa
BOEHHO3EKTPOHHOIO NHXXeHepcTBa, benrpan, Cepbus

® YHuBepcuteT o6opoHbl B Benrpage — BoeHHas akagemus, Kadegpa
BOEHHO3MEKTPOHHOIO NHXXeHepcTBa, benrpag, Cepbus

A YHnBepcuteT obopoHbl B Benrpage — BoeHHas akagemus, Kadbegpa
BOEHHO3MEKTPOHHOIO NHXXeHepcTBa, benrpag, Cepbus

PYBPUKA TPHTW: poboToTexHuka, aBTOHOMHbIE CUCTEMbI, yrpaBneHne 1
perynvpoBaHue, MallMHOCTPOEHWE, BbIYUCIIUTENbHbIE
Hayku;

B[O CTATbW: ob3opHas cTaTtes

BeedeHue/uyenb: Hecmompsi Ha mo 4Ymo HasemHble becriu-
niomHble mpaHcropmHbie cpedcmea (HBTC) nonb3yromces 3Ha-
yumersnbHbIMU MPeuMyujecmeamu 8 pa3fuyHbIX onepayusix, ux
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asmoHOMHOE yrpaerieHue U Hasuzauusi COMpsiKeHbl C CepbEs-
HbIMU mpyOHOCMsIMU, COBEHHO Koz20a pedb udem O passiuyHbIX
munax nepedsuXxeHUs1 (Harpumep, 2yCeHUYHbIX USlU KONNECHbIX)
o mpydHonpoxodumoli MECMHOCMU U3-3a CII0XHOU OUHaMUKU,
HEe20/TOHOMHbIX 02paHuUYeHuUl U e3aumModelicmeusi C OKpyXaro-
weu cpedol. [aHHas cmambs npedcmaensgem coboli ececmo-
POHHUU 0630p cmpameeaul ynpaeneHusi u Hasueauuu HBETC,
Oenas ocobbill akueHm Ha e3aumodelcmeue nudepa u nocrie-
dosamerisi U omcriexxueaHue rorockbl O8UXKEHUS C MOMOUWbHO
npunoxeHul Ona obbesda npenamcmeud. Llens cmambu —
npedcmasume CO8PEMEHHOE COCMOsIHUEe aHHOU obniacmu, 8bi-
s8umb Krirodessbie rpobnemei, obwue dns asmoHomuu HETC, u
paccMmompems repcriekmusHbie Memodosio2uu yrpaeneHus u
Hasuzayuu.

Memodbi: B xode uccriedosaHusi npoeedeH obWUpPHbIL 06-
30p numepamypbi, Ha OCHOB8aHUU KOmopozo Obiiu rpoaHa-
nu3uposarbl cyujecmsyrouue uccredosaHusi no HETC, ypos-
HSIM @a8MmOHOMUU, CUCMEMHbIM apxumekmypaM, mMemooonoau-
AM yripaeneHus (8knoyas Knaccudeckul, adanmueHbll, Ha-
OexHbIlU U UHmernnekmyarbHbit nodxodki), nodxodam K Hasu-
2ayuu u KOHKpemHbIM obrnacmsam rnpumeHeHus. bbinu muja-
mesibHO U3y4YeHbl Memodbl, NMPUMeHUMbIE K 3adadyam «udep-
rnocriedogameriby U «OMCIIEXUBAHUE r1010ChI O8LXKEHUSI».

Pe3ynbmamsbi: 0630p 8bisisusi QoMUHUpPYyrowue meHOeHyuU,
BKJIIOHas1 pacmyujee ucronb3o8aHue Memodos 2s1yb60ko2o oby-
YyeHus O0r1s1 8ocrpusimusi U 803pocuiulli UHmepec K pobacmHbivm
memoodam yripaeneHusi, crioCobHbIM Cripasnisgmscsi ¢ orepayu-
OHHbIMU 8bi308amu HETC. bbinu ebisierieHbl cepbE3Hble Mpo-
brembi 8 0bs1acmu eocripusmus 8 HECMPYKMYPUPOBaHHbIX Cpe-
dax, moYyHo20 AuHaMU4ecKko20 MoOenuposaHus Onsi PasuYHbIX
nnamgopm HBTC, uHmeezpayuu eocripusmusi ¢ pobacmHbIMuU
cucmemMamu yrpaeneHusi U Hagueauyuu, a makxe Heobxodu-
mMocmb obuwieli sanudayuu 8 pearsibHbIX yCr108USIX.

3aknrodeHue: [ns OocmuxkeHusi pobacmHoli asmoHoMUuU
HBETC & crioxHbIX pearibHbIX cyeHapusix mpebyromcesi uHmezpu-
POBaHHbIE PeleHUs], 0X8amblearoWUe KaK Hagueauuro, maK u
ynpaeneHue. [lpodsuHymbie pobacmHble MemoObl yripaesre-
Husi npedcmasnsiomcesi MHo2o0bewarwumMu 8 yrpasrneHuu
HBTC, odHako Onsi MOMIHO20 packpbimusi Ux nomeHyuarna Heob-
xodumo npodormkamse uccriedogaHue ux UuHmezpayuu ¢ cospe-
MeHHbIMU cucmemMamMmu Hasuz2auyuu.




Knroueenle cnoea: HazeMHble 6eCnunomHbie mpaHCnopmHbie
cpedcmesa (HBTC), cucmembi yripasneHus, cucmemMb! Haguaa-
yuu, criedosaHue 3a fudepom, O8uUXeHUe o rnosoce, 0bbe3d
npensmemeuti, a8moHOMHasi Hagu2ayusi.

cBeoOyxBaTHU Mperneq cTpaTtervja ynpaerbakba 1 Bohena
BGecnocagHux BO3una y 3agauyuma ayTOHOMHOr npahewa Bo3He
Tpake 1 npahena Bohe

Awmokpare B. Canem-6unan®, Cmankosuh P. MOMVIp6, MaHojnosuh

M. CtojagmH®,BeHjaxuja A. Taki-eoanH Axvieg #

@ YHueep3auteT ogbpaHe y beorpaay - BojHa akagemuja, Kategpa
BOjHOENEKTPOHCKOT NHXenwepcTBa, beorpaa, Cpbuja, ayTop 3a
npenucky

6 YHuBepauTtet ogbpaxe y beorpagy - BojHa akagemuja, Kategpa
BOjHOENEKTPOHCKOT NHXewepcTBa, beorpan, Cpbuja,

® YHuBepauTeT ogbpaHe y beorpagy - BojHa akagemuja, Kateapa
BOjHOENEKTPOHCKOT NHXewepcTBa, beorpag, Cpbuja,

A YuueepauTeT ogbpaHe y Beorpaay - BojHa akagemuja, Kategpa
BOjHOENEKTPOHCKOT NHXewepcTBa, beorpaa, Cpbuja,

OBINACT: poboTuka, ayTOHOMHM CUCTEMMU, perynauuja n
ynpasrbame, MalUMHCTBO, pavyyHapcke Hayke
KATEFOPWJA (TWUM) YNAHKA: nperneaHu pag

Yeood/yum: becnunomHa 3emarbcka eosuna (b3B) npyxajy
3HayvajHe npedHocmu 3a pasnu4ume onepauyuje, anu fnpu HUXo-
80M aymOHOMHOM yrpasrbary U 8ofjery 0ona3u 00 3HamHux
rnomewkoha, koje ce nocebHoO oOHOce Ha pasnuyume muroee
JIoKomouuje (Hrp. 2yCeHUYHe, modkawke) Ha u3a3ogHuM mepe-
HuMa, ycned crioxeHe QuHaMUKe, HEXOITOHOMHUX OgpaHuyera u
UHmMepaKyuja ca okpyxxeremM. Y pady je npedcmasrbeH cgeoby-
XxeamaH npeaned cmpameauja ynpaesrbarba U 8ohera 3a b3B,
ca rnnocebHuUM ¢hoKycom Ha ripumeHe npahera eohe u npahema
mpake ca usbezasareM ripernpeka. Ljurb je da ce cuhmemuwe
MpPeHymHo cmarbe mexHuKe, U0eHmMuUUKYjy Kiby4HU u3a3oeu
eeHepuyku 3a aymoHomujy 63B y osum 3adayuma, u pasmompe
obehasajyhe memodoriozuje ynpaesrbarba.

Memode: [lpu oncexHom nipeanedy numepamype, aHanu3u-
paHa cy nocmojeha ucmpaxueara o ucmopuju b3B, Husouma
aymoHoMuje, CUCMEMCKUM apxumekmypama, mMemodorioauja-
Ma ynpassbarsa (ykrbydyjyhu knacuyHe, adanmueHe, pobycmHe
U UHmenuaeHmHe npucmyne), kao u cneyuguyHum domeHuUMa
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npumeHe. Kpumudku cy ucriumaHe memodoroauje 3a eohere u
yrnpassbare periegaHmHe 3a bI'B y 3adayuma npahera eohe u
npahewa mpake.

Pe3ynmamu: VdeHmucgbukogaHu cy OOMUHaHMHU mpeHAo8uU,
ykibydyjyhu cee yewhy ynompeby dybokoe y4era 3a nepuenyu-
Jy u pacmyhe uHmepecosare 3a pobycHe mexHUKe yripasibarba
criocobHe da odz080pe Ha ornepamusHe u3asoee b3B-a. 3Ha-
YajHu u3sasosu u Oasbe riocmoje y nepuenyuju 3a Hecmpykmy-
pupaHa OKpyxerba, ma4yHoM OUHaMUYKOM MoOernuparby 3a pa-
3nuqyume nnamgopme b63B-a, 6ecripeKkopHoOj UHMezpauuju nep-
uernuyuje ca pobycmHuM yripasrbatbeM U OrCEXHOj sanudayuju
y peanHum ycrioguma. Cmpameeuje yrnpaesrbaka 3acHo8aHe Ha
ocMampadyuma, Kao Wmo je akmueHO nomuckueare rnopeme-
haja (ADRC), noka3yjy 3Ha4ajaH nomeHyujan y yrnpasrbaky He-
INuHeapHocmuma, HecuaypHocmuma u nopemehajuma b63B-a ca
cMmarbeHoM 3asucHowhy 00 moderna.

3akrby4dak: Nocmusare pobycmHe aymoHomuje 3a 63B y crio-
JKEeHUM peariHUM CUeHapujumMa 3axmeea UHmeespucaHa peuie-
Ha Koja obyxeamajy eofjere u ynpasrbarwe. HanpedHe poby-
cmHe memode yripaserbarka, yKibydyjyhu ADRC, nojasrbyjy ce
Kao CHaxHu kaHOudOamu 3a yrnpasbamwe b3B-uma, anu buxos
ryHU rnomexyujan 3axmeea Oasba ucmpaxusar-a HUXoee UH-
meepayuje ca HarpedHUM CEH30PCKUM CUCMeMUMa U meMesbHy
ekcriepumMeHmarnHy eanudauyujy y yurbaHum ornepamusHUM 0o-
meHuma B3B-a.

KmbyyHe pe4qu: 6ecniunomHa 3emasbcka eo3una (b3B), cucme-
MU ynpaesrbarba, cucmemu eohema, npahewe eohe, npahemwe
mpake, usbeezasarbe nperpeka, aymoHoMHa Haguzauuja.
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