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ABSTRACT

Off-road autonomous navigation remains an ongoing challenge for autonomous ground vehicles (AGV). The chal-
lenges of navigating in an unstructured environment include identifying and detecting both positive and negative
obstacles, distinguishing navigable from non-navigable vegetation, identifying soft soil, and negotiating rough or
sloping terrain. While many recent works have dealt with various aspects of the off-road navigation problem, up
to now there has not been a free and open-source autonomy stack for off-road that included integrated modules
for perception, planning, and control. Therefore, we have recently developed the NATURE (Navigating All
Terrains Using Robotic Exploration) autonomy stack as a publicly available resource to facilitate the advance-
ment of off-road navigation r esearch. The NATURE stack i s implemented using the Robotic Operating System
(ROS) and can be built to work with both ROS-1 and ROS-2. The modular nature of the NATURE stack
makes it an ideal resource for researchers who want to evaluate a particular algorithm for perception, planning,
or control without developing an entire navigation stack from scratch. NATURE features several options for
both global and local path planning including A*, artificial potential field, and spline-based planning, as  well as
multiple options for perception including a simple geometrically based obstacle finder and more advanced custom
traversability algorithm derived from 3D lidar. In this presentation we give an overview of the NATURE stack
and show some past uses of the stack in both simulated and field experiments.
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1. INTRODUCTION

Autonomous navigation in off-road e nvironments p resents u nique c hallenges t hat h ave n o c ounterpart i n on-
road autonomy systems.1 Off-road a utonomous g round v ehicles ( AGV) must o perate w ithout t he b enefit of 
infrastructure like roads, marked lanes, or traffic si gns and si gnals. Th is le ads to  challenges in  th e th ree main
software functions of autonomous software - perception, planning, and control. Perception challenges arise
because of the inconsistent nature of off-road terrain,2 p lanning challenges o ccur b ecause o f t he w ide r ange of 
factors affecting mobility in off-road te rrain,3 and control challenges occur due to interaction with terrain features 
like soft-soil4 or vegetation.5 Perhaps due to these challenges, prior to the work presented in this paper there was 
no publicly available open-source autonomous navigation stack available for passenger-sized off-road vehicles.

Over the past several years, we have developed an open source autonomy stack for passenger-sized off-
road vehicles, the NATURE (Navigating All Terrains Using Robotic Exploration) stack, in order to meet the
ongoing need for a software stack that can be used by the research community in the development and testing
of perception, planning, and control algorithms for AGV. We have demonstrated the viability of the stack in
simulated6, 7 and physical8 testing. In this work, we present the first i n-depth overview o f t he t echnology and 
software in the NATURE stack, and present several recent applications that have used the stack to support
ongoing AGV research, development, and testing.
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2. BACKGROUND AND MOTIVATION

The most prominent and popular open source software for autonomous navigation is the Robotic Operating
System (ROS).9 ROS has extensive software modules, known as packages, and an associated software and
messaging environment, that allow the fast integration of robotic components. One fundamental component of
ROS is the navigation stack,10 a set of interoperable functions for perception, planning, and control of AGV.
While the ROS navigation stack has been used extensively, it is optimized for flat terrain and has an underlying
assumption of 2D terrain. Subsequently, it has been used primarily for skid-steered, indoor robots.11

Because ROS is open and extensible, many third-party developers have published open-source code that
can be integrated into the ROS framework as a package. Most developers focus on a single capability or new
algorithm, but there are a few integrated “full-stack” software packages availabe through third parties for ROS.
Of these, Autoware and Apollo are the most popular and widely used.12 Autoware is an open source, full stack
autonomy software kit that has been available for nearly a decade13 and Apollo is a similar but more recent
competitor. However, both Autoware and Apollo are optimized for on-road autonomous driving and driver assist
functions.12

More recently, ROS2 updates to the navigation stack (NAV2)14 have improvements that make it more suited
for use in off-road terrain with larger passenger sized vehicles, such as including planners like the Dynamic
Window Approach15 that can be adapted for Ackermann-steered vehicles. However, this does not meet the need
of the many existing research platforms that rely on ROS-1 due to hardware or software constraints. Because
of the limitations of the existing tools discussed above, we developed the NATURE stack to be an open-source,
extensible toolkit for off-road autonomous navigation that is compatible with both ROS-1 and ROS-2. To our
knowledge, NATURE is the only software stack meeting this criteria.

3. NATURE STACK

The NATURE stack is a ROS package, available on Github. One unique feature of the NATURE stack is the
capability to build the stack in either ROS-1 or ROS-2. This is enabled by encapsulating all ROS or ROS-2
software functions in NATURE-specific naming conventions. The encapsulating functions refer to the appropriate
ROS-1 or ROS-2 features by using a C preprocessor directive at compile time. The compile-time flags in the
CMake file included with the repository, and the package repository contains CMake files and package XML
descriptions for both ROS and ROS-2.

The package includes all software and data necessary to control an autonomous vehicle, including modules
for perception, vehicle control, global planning, and local planning. These follow closely with the basic functions
listed in a recent study of testing methods for unmanned vehicles, which list “environment perception”, “motion
execution”, “mission planning”, and “motion planning”16 as key functions.

Following generally accepted conventions for off-road navigation,17 in the NATURE stack global planning
involves finding a path to the goal over a spatially large scale while local planning involves obstacle avoidance
and navigation toward intermediate points provided by the global planner. In terms of the time horizon, the
global planner may forecast on the scale of minutes while the local planner forecasts on the scale of seconds or
fractions of a second.

In the following subsections, the software modules for each of the main functions in NATURE are described
in more detail. In some cases, there are multiple options provided for a function. In this case, the relative
strengths and weaknesses of these modules are discussed.

We note that most of the individual modules described below are implementations of algorithms that have
been used in robotics and autonomy for decades. This approach was chosen for the NATURE stack in order
to focus on integration, reliability, and ease of installation for the software stack. Although there are number
of other cutting edge algorithms available for perception, planning, and control, the ones presented here were
chosen based on several requirements including

• Software / algorithm availability and documentation

• Software implementation does not require 3rd party libraries or packages to be installed
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• Fast computational performance that does not require GPU or other special computing

• Does not require specialized sensors beyond those commonly used in autonomous navigation such as cam-
eras, lidar, and GPS

Following these guidelines, the algorithms and modules presented below serve as a starting point for any
researchers who wish to integrate their own more advanced methods into the software stack.

3.1 Perception

In autonomous navigation perception is the process or set of processes that converts raw sensor data (which
may be digital or analog) into actionable information for use by the other autonomous functions like global and
local path planning and vehicle control. In abstract, the perception function must accept data from one or more
sensors as input and output some format of world model, which may be a map, a list of features, or some other
world model. In the NATURE stack implementation of this concept, the input sensor data is a ROS PointCloud2
message, and the output is an occupancy grid.

Point clouds are a convenient format for sensor data representation because they can be created by a variety
of sensor types including lidar, stereo cameras, depth cameras, and automotive radar. Therefore, in keeping with
the principles outlined above, the choice of the point cloud format for input into the perception module does not
require a specific type or model of sensor. In the following discussion, the registration of the point cloud to the
map coordinates is assumed to have already taken place prior to input into the perception module.

For most camera, lidar, and radar sensors that produce a point cloud, the points are initially in the sensor
coordinate frame, with the 3D coordinates of each point being relative to the location and orientation of the
sensor. In order to use successive point cloud messages to generate a continuous map, the points must be
registered to the map coordinate system, which may or may not be stationary. At any rate, the point cloud
registration process requires a high degree of accuracy in the position and orientation estimate (localization) of
the vehicle. This localization functionality is not included with the NATURE stack because it is highly dependent
on the type vehicle and existing sensors in use.

Similarly, occupancy grids have been used as a representation of the world in autonomous world-modelling
and path-planning for many decades.18 Although the occupancy grid is a 2D structure, in the NATURE stack
the full 3D information of the point cloud is used to generate the prediction of the occupancy of a given cell, as
will be discussed in the next subsections on the two perception modules available in the stack.

3.1.1 Slope-based Segmentation

The slope-based obstacle detector follows the method outlined in19 to measure the local terrain slope directly
from a registered 3D point cloud. Each time a new point cloud message is received, the points are checked one
by one to see which cell it occupies in the existing occupancy grid. The highest, 2nd highest, and lowest point
measured in each grid cell are maintained in software memory, and new points in the cell are checked against
the currently tracked points, replacing existing points if they are higher or lower. The “slope” of each cell is
calculated as the vertical distance between the lowest and 2nd highest point in each cell, divided by the length
of the cell side. The cell size is defined in the launch parameters of the perception node. All cells that are above
a user defined slope threshold are classified as obstacles in the occupancy grid.

The advantages of this approach are the simplicity, computational efficiency, and versatility. The primary
disadvantage of this approach is that while it is effective at detecting obstacles, it makes not distinction between
obstacles like a single stem of tall grass or a brick wall of equal height - the only discriminator is height. Therefore,
this method tends to overestimate the severity of many obstacles in off-road driving.



3.1.2 FTTE

In contrast to the simplistic approach of the slope algorithm, the Fast Terrain Traversability Estimate (FTTE)3

perception algorithm uses the lidar to estimate three mobility factors - vegetation density, surface slope, and
surface roughness. Surface slope and roughness are calculated by fitting planes to each local region. The severity
of each obstacle is estimated by dividing the world map into 3D voxel cubes and calculating the porosity of each
voxel, which is the fraction of scans that pass through the cell versus those that return. Solid obstacles like walls
or tree trunks have a low porosity, while extended objects like bushes and grass have high porosity. Porosity is
therefore used as a proxy for obstacle severity / resistance by the FTTE method. More details on the FTTE
model are available in our previous publication on the FTTE method.3

3.2 Global Planner

The global planning module takes the output of the perception module (the occupancy grid), along with user
defined mission waypoints that are input in the launch file. The A* algorithm20 has been used as a global path
planner for AGV for decades and has been demonstrated to give fast, optimal solutions for large-scale planning
problems.21 Therefore, in keeping with the goals outlined above, A* is chosen as the default global path planner
for NATURE.

The global planner in NATURE also publishes the current vehicle mode, which can be either startup, active,
or shutdown. There are three options for shutdown behavior which include 1) bring the vehicle to a smooth stop
and return to idle, 2) bring the vehicle to a smooth stop and shut down the autonomy system, or 3), bring the
vehicle to an immediate stop and shut down. The desired behavior at shutdown is set by the user, and the global
planner automatically initiates the desired shutdown behavior when the last global waypoint is reached.

The NATURE global planner also subscribes to a waypoints topic so that the global mission waypoints can
be updated in real-time by an external mission-level controller, if desired. The mission level controller is not
provided by the NATURE stack, but this feature allows NATURE to be integrated into a larger framework. If
the global planner receives revised waypoints, it will update the global plan to follow the new waypoints.

3.3 Local Planner

There are two built-in options for the local planner in the NATURE stack; a cubic-spline planner and a potential
field planner.

3.3.1 Spline Planner

The cubic spline planner is based on recent work on safe trajectory planning for AGV.22 The planner generates
a set of splines in the coordinate frame of the desired global plan and calculates the relative cost of each spline
depending on several factors including deviation from the desired path (output from the global planner), the
change from the current trajectory, the rollover risk, and the passenger comfort (based on lateral jerk). The
relative importance of these factors can be weighted with user defined inputs. The advantages of the spline
planner are that it fast and yields smooth, driveable local plans in most cases. The disadvantage is that it has
an underlying assumption that the global path can also be represented as a cubic spline. If this assumption is
violated then the cubic spline planner may give very high curvature local plans.

3.3.2 Potential Field Planner

An alternative to the cubic spline planner is the artificial potential field (APF) method. A recent review of
motion planning algorithms23 listed the APF method24 as one of the state-of-the-art methods at that time.
The APF planner takes the obstacle map that is created by the perception module and calculates an artificial
potential field based on the distance and direction to the goal point and the repulsive potential of the obstacles.
The APF planner tends to create smooth paths but does not explicitly consider vehicle kinematics when creating
the desired local plan. The advantage of the APF planner is that it works for a variety of terrain types, and when
used in conjunction with a global planner like A* that can avoid horseshoe shaped obstacles that are known to
be unsolvable by the APF planner, can give smooth results for the desired local path.



3.4 Vehicle Controller

Once the local path has been generated, the vehicle controller node in NATURE calculates the desired throttle,
braking and steering commands to follow the local path and maintain the desired speed. Steering control is
implemented using the pure pursuit controller (PPC),25 which has been adopted for Ackermann steered vehicles
for several decades. In fact, a recent review26 identified pure pursuit as one of the most popular algorithms for
steering control, along with the Stanley algorithm,27 and PID control.28

The PPC works by comparing the vehicles current location and heading to the location of a point along
the desired path at some distance ahead of the current location, called the lookahead distance. The steering is
adjusted to meet a radius of curvature required to intersect the lookahead point. The lookahead distance is an
adjustable parameter in the PPC. Smaller lookaheads will follow the path more closely but also give more jerk in
the steering, while longer lookahead values will give smoother steering but may round off edges on sharp corners
in the local path.

The steering controller also supports skid-steered vehicles such as the Clearpath Warthog using the skid-
steering control algorithm proposed by Kanayama et al.,29 which uses the offset of the current heading from the
desired heading with a proportional controller.

Throttle control in the NATURE vehicle control node is achieved using a PID controller30 with an optional
feed-forward term. The PID parameters can be set in the launch file, and optionally a polynomial equation that
represents throttle setting versus speed can be input as a feed-forward term in the PID control if the vehicle has
been adequately characterized. The desired speed is a user-defined constant value in the NATURE stack.

4. USE CASES

The NATURE stack has been deployed on a number of different vehicles and has been used for a variety of
applications. The simplicity, flexibility, and versatility of the stack allow it to be easily integrated into existing
environments or extended with new capabilities. Table 1 lists the different vehicles on which the NATURE has
been deployed, along with some of the relevant hardware details which will be discussed in more detail in the
following sections.

Table 1: Autonomous vehicles using the NATURE stack and their hardware

Vehicle Primary Sensor Localization Computing

MRZRD4 Ouster OS1 Lidar Corrected GPS + IMU NVIDIA AGX Pegasus

Warthog Ouster OS1 Lidar Wheel Odometry NVIDIA AGX Pegasus

RC Car L515 Camera Wheel Odometry Jetson AGX Orin

4.1 Deployment in Simulation

The NATURE stack has been used to support simulated experiments with AGV for a number of different projects.
Many of these make use of the MSU Autonomous Vehicle Simulator (MAVS), an open-source simulation library
for AGV that includes simulations of the vehicle, terrain, sensors, and environment.31 MAVS features interfaces
for ROS and ROS2 that allow it to quickly and easily be connected with the NATURE stack.

The MAVS-NATURE combination was used to study the influence of environmental conditions like rain and
dust on autonomous navigation.6 More recently, it was used to study autonomous navigation by small vehicles
over rough terrain.32 Furthermore, the NATURE stack was adapted and extended by a NATO working group
to study the requirements for autonomous vehicle simulators.33

The MAVS-NATURE combination is also used to develop and test new capability, as shown in Figure 1,
which shows the NATURE stack being visualized in RVIZ and tested with a new module for a rapidly-exploring
random tree (RRT) planner.34 By using the MAVS-NATURE combination, it is possible to develop and test
ROS nodes with new features or algorithms, allowing users to easily expand the default NATURE capabilities.

https://github.com/CGoodin/mavs_ros
https://github.com/CGoodin/mavs_ros
https://github.com/CGoodin/mavs-ros2


Figure 1: Using NATURE-MAVS to develop new capability in simulation

The expansion of the NATURE stack to include the RRT planner was accomplished within the scope of an
undergraduate robotics class over a single semester. This project is noteworthy because the students involved
had no prior experience with the NATURE stack or ROS framework. Despite this, they were able to not only
understand the architecture of the stack, but also effectively integrate the RRT planner into it. Their success
underscores the NATURE stacks’ user-friendly design and its capability for straightforward integration of new
functionalities, making it an ideal stack for educational purposes.

4.2 Deployment on MRZR D4 and Clearpath Warthog

The NATURE stack has been deployed on several vehicles for the purpose of development, testing, and study
of AGV processes. Figure 2 shows an example of recent experiments performed with the MRZR to evaluate the
capabilities of the NATURE stack and compare the results to those measured in simulation.

Figure 2: Experiments performed using the NATURE stack deployed on the MRZR-D4 (left) and the Clearpath
Warthog (right)

The NATURE stack was deployed on an MRZRD4 and tested in a variety of conditions including dusty
gravel roads and extreme soft soil conditions (Figure 2 (left)). Our findings in these tests are summarized in
a recent publication,8 where it was found that soft soil in particular had a drastic impact on the steering and
speed control of the autonomous MRZR.

The NATURE stack was also implemented on the Clearpath Warthog vehicle. The vehicle comes equipped
with ROS and drive-by-wire capability, and we added the sensing and compute package to the vehicle, as shown



in Figure 2 (right). With the NATURE stack implemented on these two vehicles, we evaluated a novel method for
tuning the PID controller of the NATURE stack by using an empirical model of the vehicle longitudinal speed.35

This allowed us to tune the PID controllers for both vehicles and demonstrate these in field experiments.

4.3 Deployment on Remote Control Car

Because the NATURE stack is lightweight and can use any sensor that can generate point clouds, it has also
been implemented on a 1/10th scale remote control (RC) car, as shown in Figure 3 (left). The autonomous RC
car is used by students and researchers at our small-scale autonomy test track (Figure 3 (right)), which is used
to test a variety of different autonomy algorithms and advanced maneuvers without the cost and risk associated
with testing larger vehicles.

Figure 3: Using the NATURE stack on 1/10th scale car

Due to the small size and inherent limitations in the power supply of the RC car, a depth camera was leveraged 
for point cloud generation. This strategic adaptation caused by a physical limitation in the vehicle showcases the 
NATURE stack’s ability to seamlessly incorporate a broad array of sensor technologies while remaining effective. 
Output from the depth camera is shown in Figure 4, which demonstrates not only the detailed environment 
mapping achievable with a low power, compact sensor but also underscores the potential of the NATURE stack 
to facilitate autonomy at multiple scales.

Figure 4 shows the result of testing the detection range of the L515 depth camera on a 1/10th scaled version 
based on a prior study using the NATURE stack and the MRZRD4 in Goodin et al.7 This test showed that 
NATURE was able to leverage the depth camera to detect the obstacle in a lane bounded by two walls at 15 
feet (the original study conducted with a MRZRD4 using a Ouster v1 LiDAR had a detection range of 150ft).

5. SUMMARY AND CONCLUSION

The NATURE stack is an open-source autonomy stack for off-road navigation that is implemented for both ROS 
and ROS2. Designed to be lightweight, reliable, and versatile, the NATURE stack has been implemented on a 
variety of different vehicle p latforms and s imulations u sing d ifferent se nsors and computing ha rdware. Several 
applications of the NATURE stack were discussed in this work, including developing and testing new autonomous 
navigation algorithms, comparing real and simulated testing, and studying autonomy safely using 1/10th scale 
vehicles. Future work on the NATURE stack will the development and incorporation of additional modules for 
path planning, perception, and control.
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(a) 5ft L515 Test (b) 10ft L515 Test

(c) 15ft L515 Test (d) 20ft L515 Test

Figure 4: Example point clouds generated by the depth camera on the RC-car implementation of the NATURE
stack. The obstacle is detectable to 15 feet distance.
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