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Abstract

The ”Campus Autonomy” project focuses on develop-
ing an autonomous delivery vehicle capable of navigat-
ing both indoor and outdoor environments within a cam-
pus setting. By assembling an Agile X HUNTER SE Ack-
ermann model drive vehicle equipped with advanced sen-
sors like Lidar and panoramic camera, the project aims
to address the complex challenges of autonomous localiza-
tion, path planning and navigation. A significant compo-
nent of this initiative involves migrating existing software
from ROS1 to ROS2, leveraging ROS2’s enhanced features
for better performance and reliability. The project’s objec-
tive is to create a versatile and efficient delivery system that
can autonomously transport meals and parcels across cam-
pus, showcasing the practical application and integration
of cutting-edge robotic technologies in a real-world envi-
ronment.

1. Introduction

The integration of autonomous mobile robots into daily
life promises significant advancements in efficiency and
convenience, especially in the context of delivery services
within campus environments. ”Campus Autonomy” aims to
harness these technologies to create an autonomous vehicle
that can navigate the complexities of both indoor and out-
door spaces for the purpose of delivering meals and parcels.
The importance of localization, navigation, and path plan-
ning in the development of such autonomous systems can-
not be overstated, as they form the backbone of a robot’s
ability to understand its surroundings, determine its own po-
sition, and chart a course to its destination while avoiding
obstacles.

To realize this vision, the project employs an Agile X
HUNTER SE vehicle, chosen for its agility and adaptabil-
ity, outfitted with state-of-the-art sensors including the He-
sai PandarQT64 Lidar and Insta360 Air panoramic camera.
These technologies provide the vehicle with the detailed en-

vironmental data necessary for precise localization and ob-
stacle avoidance, key components in ensuring the safety and
efficiency of the delivery service.

One of the project’s core challenges is the migration of
its software foundation from ROS1 to ROS2. This transition
is crucial for harnessing the improved communication, real-
time processing, and security features of ROS2, which are
vital for autonomous operations in potentially crowded and
unpredictable campus environments.

2. State of the Art
2.1. Literature

From the desks of ROS maintainers: A survey of
modern & capable mobile robotics algorithms in the
robot operating system 2 [3] provides an in-depth ex-
amination of the advancements in mobile robotics algo-
rithms within the Robot Operating System 2 (ROS 2), as
presented by the key ROS Navigation maintainers. High-
lighting ROS 2’s significant impact across various applica-
tions, from space exploration to agriculture, it showcases
the ecosystem’s redesign to accommodate the evolving de-
mands of modern robotics. The authors offer a detailed sur-
vey of state-of-the-art navigation techniques in ROS 2, in-
troducing novel systems without precedents in ROS 1. The
discussion extends to a range of solutions suitable for di-
verse robotic platforms, incorporating expert insights and
comparative analyses. Despite many of these implemen-
tations being relatively unexplored in literature or bench-
marking, the paper concludes with an optimistic outlook on
the future developments within the ROS 2 mobile robotics
ecosystem.

Deployment & Evaluation of Modern ROS2 Naviga-
tion Algorithms for High Autonomy in Complex Envi-
ronments [1] evaluates the performance of advanced ROS2
navigation algorithms within the Navigation2 framework,
aimed at enhancing autonomy in complex environments. It
highlights ROS2’s appeal for its modular architecture and
focus on safety and deterministic behavior. The study as-
sesses various algorithms’ effectiveness in real-world navi-



gation scenarios, focusing on goal-reaching efficiency, ob-
stacle avoidance, and precision. Through tests on a cus-
tom differential-drive robot with integrated Navigation2
features, the research provides insights into algorithm in-
tegration, configuration for reproducibility, and future en-
hancement possibilities. This analysis contributes to under-
standing ROS2 navigation algorithms’ capabilities and lim-
itations, offering a foundation for further development in
autonomous robotics.

Autonomous Vehicle Based on ROS2 for Indoor
Package Delivery [2] introduces a cost-effective, au-
tonomous vehicle designed for indoor package delivery,
leveraging the ROS2 framework. Addressing the increased
demand in logistics, the vehicle is equipped with affordable
sensors like LiDAR, cameras, odometer, and IMU to navi-
gate and understand unknown environments. Through sen-
sor fusion, achieved by implementing algorithms like Nav-
igation2 and Cartographer within ROS2, the vehicle effi-
ciently performs simultaneous localization, mapping, and
navigation tasks. This paper emphasizes the vehicle’s flexi-
bility, efficiency, and reliability, showcasing its capability to
operate in diverse indoor and outdoor settings, contributing
to the evolving field of autonomous logistics solutions.

Simulation of motion planning control of Ackerman
intelligent vehicle based on ROS [6] delves into the sim-
ulation of motion planning and control for an Ackerman
principle-based intelligent vehicle, using the Robot Op-
erating System (ROS) as the development platform. By
leveraging ROS and the three-dimensional physical simu-
lation software Gazebo, the authors establish a simulation
model for the Ackerman intelligent vehicle. The study em-
ploys an enhanced version of the Rapidly-exploring Ran-
dom Tree (RRT) algorithm for global path planning, along-
side the Timed Elastic Band (TEB) algorithm for local path
planning, to conduct simulation verifications of the vehi-
cle’s motion planning and control capabilities. The findings
highlight the improved RRT algorithm’s effectiveness in
optimizing global pathfinding, enhancing search efficiency,
and path smoothness. Through these simulations, the Ack-
erman intelligent vehicle demonstrates autonomous move-
ment and real-time obstacle avoidance within a 3D physical
simulation environment, showcasing promising results for
unmanned driving research.

Global and Local Path Planning Study in a ROS-
Based Research Platform for Autonomous Vehicles [4]
focuses on integrating and evaluating the Time Elastic
Bands (TEB) path planning method within an Ackermann
model-based autonomous vehicle research platform. Utiliz-
ing the Robot Operating System (ROS) for software proto-
typing and the iCab (Intelligent Campus Automobile) from
University Carlos III as the research platform, the study
examines how global and local path planners contribute
to collision-free navigation. The effectiveness of the TEB

method is demonstrated through a campus navigation test,
where the iCab successfully traveled from start to goal with-
out incidents. This experiment also highlighted the TEB
method’s robustness against variations in vehicle configu-
ration and constraints, underscoring its potential for broad
application in autonomous vehicle navigation research.

A Development of Mobile Robot Based on ROS2 for
Navigation Application [5] introduces an automatic nav-
igation mobile robot developed using the Robot Operat-
ing System 2 (ROS2) and cost-effective embedded hard-
ware. The adoption of the Data Distribution Service (DDS)
enhances ROS2’s safety and reliability over its predeces-
sor, ROS1. For navigation and mapping, the robot em-
ploys ROS2’s Cartographer and Navigation2 projects, uti-
lizing 2D LIDAR for Simultaneous Localization and Map-
ping (SLAM) and effective navigation. Communication
between the robot’s main embedded computer and its mi-
crocontroller is facilitated by micro-ROS, which leverages
DDS for eXtremely Resource-Constrained Environments
(micro-XRCE-DDS), offering a more reliable alternative to
traditional ROS serial communication. Experimental results
demonstrate the robot’s capabilities in mapping, navigation,
and dynamic obstacle avoidance, highlighting its potential
for practical navigation applications.

2.2. ROS Package

2.2.1 Navigation2

Navigation2 (Nav2) in ROS2 marks a leap forward from the
move base framework in ROS, bringing professional-grade
navigation capabilities to a wide range of robotics appli-
cations. Designed to accommodate the intricate demands
of autonomous vehicles and mobile robots, Nav2 excels in
complex environments, enabling sophisticated navigational
tasks such as intermediate posing, object following, and
complete coverage navigation.

At its core, Nav2 utilizes behavior trees to manage
intelligent navigation, coordinating various task-specific
modules for path planning, obstacle avoidance, and con-
trol. This modular approach facilitates adaptive, context-
sensitive navigation strategies, enhancing the robot’s ability
to navigate complex terrains.

Nav2’s feature set includes advanced perception, plan-
ning, control, and localization tools, alongside dynamic en-
vironmental modeling from sensor data. It supports diverse
robot types, including holonomic, differential-drive, legged,
and Ackermann steering models, offering broad application
flexibility.

Key capabilities of Nav2 include comprehensive path
planning, dynamic obstacle avoidance, map management,
and sensor data integration into environmental models. It
also introduces behavior trees for constructing complex be-
haviors, plugin support for customization, and a Python3
API for easy interaction with Nav2 components.



Nav2 represents a significant advancement in ROS-based
navigation, providing a robust and versatile framework for
developing autonomous robots capable of navigating the
challenges of real-world environments.

2.2.2 Rviz

Rviz in ROS2 is a dynamic visualization tool essential for
robotics development and debugging. It provides real-time
views of sensor data, robot states, and algorithmic actions,
enhancing the understanding of how robots perceive and
navigate their environments. With its plugin-based archi-
tecture, Rviz offers customizable visualizations for various
data types, such as point clouds, laser scans, and navigation
paths, allowing users to tailor the interface to their project’s
specific needs.

Key features include the display of diverse data with ad-
justable properties, support for interactive markers for ob-
ject manipulation in simulations, and seamless integration
with ROS2 packages for comprehensive project compati-
bility. Rviz’s ability to visualize complex robotic systems
in action makes it indispensable for prototyping, testing,
and demonstrating autonomous behaviors within the ROS2
framework.

3. System Description

The ”Campus Autonomy” initiative is conceptualized
to deliver an innovative autonomous navigation solution,
specifically designed for efficient and reliable package de-
livery across both indoor and outdoor campus environ-
ments. Central to this initiative is the Agile X HUNTER
SE vehicle, meticulously selected for its adaptability and ro-
bustness, enabling it to navigate the intricate landscapes of
academic institutions. This vehicle is equipped with an ar-
ray of sophisticated sensors, notably the Hesai PandarQT64
Lidar and the Insta 360 Air panoramic camera, which to-
gether provide comprehensive environmental awareness.
The integration of an odometer and an IMU further en-
hances the system’s capability to track its movement and
orientation with high precision.

Figure 1. Assembled Robot

In the realm of software, the project is anchored in the
ROS2 framework, chosen for its advanced communication
features, security enhancements, and support for real-time
operations. Utilizing ROS2’s modular design, the system
incorporates the Navigation2 package for advanced path
planning and navigation, and the Cartographer for efficient
SLAM operations. This fusion of technologies facilitates
the vehicle’s ability to dynamically map its surroundings
while navigating to deliver packages, adjusting its path in
response to environmental changes and obstacles.

A distinctive feature of our system is the use of behav-
ior trees within Navigation2, enabling the customization of
navigation strategies to suit varied delivery requirements.
This flexible approach allows for the potential inclusion of
additional functionalities, such as object tracking or com-
prehensive area scanning, in future iterations of the project.

Specifically, in the selection of Nav2 plugins, consider-
ing that our robot belongs to the Ackerman steering model,
we chose Smac hybrid A* as the planner and MPPI as the
controller. At first, we tried to use TEB Local Planner, but
the latter is not officially supported with ROS2, and the
maintainer said that MPPI Controller is the official succes-
sor of TEB, after several comparisons, we found that MPPI
as the controller has better local planning effect. In addi-
tion, local costmap, global costmap and bt navigator all use
the official default parameters and plug-ins of Nav2.

Despite the comprehensive planning and advanced tech-
nological integration, the project faces several challenges
and uncertainties. One such area is the optimization of
the sensor fusion process to enhance obstacle detection and
avoidance in densely populated or dynamically changing
environments, where the precision and reliability of data
from different sensors are critical. Another challenge is
the development of robust algorithms for indoor localiza-
tion without GPS, requiring high accuracy in diverse indoor



settings. Additionally, the system’s ability to adapt to unex-
pected environmental changes, such as construction zones
or temporary obstacles, remains a complex problem requir-
ing further research and innovation.

The software architecture’s scalability and the hardware
system’s modularity are designed with future expansion and
maintenance in mind, promoting easy integration of new
technologies and functionalities. Despite these provisions,
identifying the most efficient and user-friendly approach to
system monitoring and control presents another challenge,
emphasizing the need for a sophisticated yet intuitive inter-
face for system operators.

In conclusion, while the ”Campus Autonomy” project
leverages cutting-edge technologies to tackle the complex
issue of autonomous campus delivery, it acknowledges ex-
isting gaps in knowledge and technology. These challenges
represent opportunities for innovation and further research,
promising to advance the field of autonomous navigation
and robotic delivery services significantly.

4. System Evaluation

To align the system evaluation with the project’s spe-
cific implementation goal of demonstrating an autonomous
robot’s ability to navigate from an indoor location to the
corridor elevator entrance, we will tailor the experiments
and success metrics to assess the system’s performance in
achieving this task effectively.

Experimental Design:
Indoor Navigation Accuracy: The robot will initiate its

journey from various indoor starting points, navigating to-
wards the designated elevator entrance. Success will be
quantified by the robot’s ability to accurately arrive at the
elevator entrance within a defined error margin (e.g., less
than 0.5 meters from the designated point).

Obstacle Detection and Avoidance in Indoor Settings:
The experiment will introduce static and dynamic obstacles
common in indoor settings, such as furniture and moving
people, to assess the robot’s capability to detect and navi-
gate around them. A successful navigation is one that avoids
collisions while maintaining a minimum safe distance of 0.5
meters from any obstacle.

Time Efficiency: The robot’s efficiency will be evaluated
based on the time taken to complete the navigation from the
starting point to the elevator entrance. A successful system
will demonstrate the ability to complete the task within a
predetermined timeframe, reflecting efficient path planning
and execution (e.g., achieving the task in less than 5 min-
utes).

Adaptability to Environmental Changes: The robot’s re-
sponse to sudden environmental changes, such as closed
pathways or unexpected obstacles, will be tested. Success
in this context means the system can quickly adapt, recal-

culating a new path to the destination without manual inter-
vention and within a reasonable time delay.

System Reliability: Throughout multiple trials, the
robot’s reliability will be assessed by its consistent perfor-
mance in achieving the set task. A high success rate (e.g.,
completing the task in 95% of trials) will be indicative of
the system’s reliability.

Evaluation Metrics:

Navigation Accuracy: Deviation from the elevator en-
trance point in meters. Obstacle Avoidance Success Rate:
Percentage of obstacles successfully detected and avoided.
Task Completion Time: Time taken to navigate from the
starting point to the elevator entrance. Adaptability Mea-
sure: Time required for path re-planning in response to en-
vironmental changes. Reliability Index: The percentage of
successful task completions across all trials.

5. Result

In general, after continuous trial and error, parameter ad-
justment, and plugin replacement, our Ackerman robot was
finally able to complete simple navigation tasks such as go-
ing from the laboratory through the corridor to the elevator
entrance in an indoor environment. The Lidar point cloud
frame rate problem that had troubled us for the longest time
has also been successfully solved. The root cause of the
problem is that the official Hesai radar driver does not fol-
low the QoS mechanism in ROS2. We solved this prob-
lem by disabling the QoS subscription mechanism of point-
cloud2laserscan.



Figure 2. Robot navigate in corridor

6. Conclusion & Future Work

The ”Campus Autonomy” project aims to revolution-
ize campus logistics through the development of an au-
tonomous vehicle capable of seamless indoor and outdoor
navigation for efficient package delivery. Utilizing the Ag-
ile X HUNTER SE vehicle, equipped with state-of-the-art
sensors like the Hesai QT64 Lidar and a panoramic camera,
alongside the advanced capabilities of ROS2, this project
addresses the growing demand for autonomous delivery
solutions. By leveraging the Navigation2 framework and
incorporating innovative algorithms for localization, map-
ping, and navigation, we propose a system designed for
high reliability, safety, and flexibility in complex campus
environments. The project’s successful implementation will
not only enhance operational efficiency and convenience on
campuses but also contribute significantly to the broader
field of robotics by demonstrating the practical application
of ROS2 in autonomous navigation. Through ”Campus Au-
tonomy,” we endeavor to push the boundaries of what is
possible in autonomous delivery services, paving the way
for future advancements in robotic transportation.

In the subsequent work, we will introduce the osmAG

map format into the entire navigation stack. We will replace
the Global Planner in Nav2 with the osmAG plug-in, which
is used to plan the global path in the Area Graph that only
contains permanent building information (such as rooms,
corridors, etc.). We will use the Smac Hybrid A* algorithm
to replace the original A* algorithm. The former will con-
sider various kinematic limitations and physical characteris-
tics of the Ackerman model robot when planning the global
path, so as to plan a more feasible global path. On the other
hand, since osmAG uses a very concise format to contain
indoor information, and only considers indoor permanent
obstacles and combines WiFi when positioning, in the nav-
igation stack, we will customize the local cost map for real-
time dynamic obstacle detection in the converted grid map.
We believe that integrating osmAG into the navigation stack
of ROS2 will enable robots to break through various limita-
tions: such as the storage limit of the grid map, the indoor
and outdoor environment limits, so that mobile robots can
better serve humans.
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