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Mesh Navigation runs with Move Base Flex

Navigation Control

• Universal & Flexible Robot 

Navigation Control System:

Move Base Flex (MBF)
github.com/magazino/move_base_flex

Path Planning

• Navigation & Path Planning for

Universal Map Representation:

Mesh Navigation (MeshNav)
github.com/naturerobots/mesh_navigation
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Sebastian Pütz and Jorge Santos Simón, Introducing a Highly Flexible 

Navigation Framework: Move Base Flex presented at the ROSCon 2017,

Vancouver, Canada, Sep. 22, 2017, https://vimeo.com/236174072

Sebastian Pütz (2022), Navigation Control & Path Planning

for Autonomous Mobile Robots, Doctoral dissertation, Osnabrück 

University,  https://doi.org/10.48693/69
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Mesh Tools

Sebastian Pütz, Introducing Tools for Storing, Rendering and Annotating

Triangle Meshes in ROS and RViz, presented at the ROSCon 2018, Madrid, 

Spain, Sep. 30, 2018, Available: https://vimeo.com/293617680

Sebastian Pütz, Thomas Wiemann, and Joachim Hertzberg, Tools for Visualizing, 

Annotating and Storing Triangle Meshes in ROS and RViz, in Proc. 9th European 

Conference on Mobile Robotics (ECMR 2019), Prague, Czech Republic, Sep. 2019



Real-World Datasets
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Farmer’s Pit Stemwede Stone Quarry Brockum Markt Garden Ibbenbueren Physics Campus Westerberg



Dijkstra's Algorithm
vs.
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Continuous Vector

Field Planner (CVP)​



Path Planning Algorithms
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Significant Geodesic Path 

Planning Evolutions
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Find references in Sebastian Pütz (2022)

Navigation Control & Path Planning

for Autonomous Mobile Robots,

Doctoral dissertation, Osnabrück University,

https://doi.org/10.48693/69



Modern Geodesic Path 

Planning Algorithms

● 2002: Single Source FMM by Novotni and Klein (NK-FMM) [210]

● 2004: Flat-Exact based on FMM by Kirsanov (K-FMM) [153, 154]

● 2004: Improved exact MMP by Kirsanov (K-MMP) [153, 154]

● 2005: Fast and improved MMP by Surazhsky et al. (SSK*) [290]

● 2007: Fast Sweeping Method (meshFIM) by Qian et al. [236]

● 2009: Improved CH (ICH) by Xin and Wang [313]

● 2011: Fast Iterative Method (meshFIM) by Fu et al. [90]

● 2013: Saddle Vertex Graph (SVG) by Ying et al. [320]

● 2013: Geodesics Heat Method (GHM) by Crane et al. [51]

● 2013: Short-Term Vector Dijkstra (STVD) by Campen et al. [35]

● 2014: Parallel CH (PCH) by Ying et al. [321]

● 2015: Fast Wavefront Propagation CH (FWP-CH) by Xu et al. [316]

● 2015: Fast Wavefront Propagation MMP (FWP-MMP) by Xu et al. [316]

● 2019: Basic S* by Bhattacharya [14]

● 2021: Continous Vector Field Planner (CVP) by Sebastian Pütz [235]
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Find references in Sebastian Pütz (2022)

Navigation Control & Path Planning

for Autonomous Mobile Robots,

Doctoral dissertation, Osnabrück University,

https://doi.org/10.48693/69



Geodesic Path Planning

• Used in robotics, geographic, information systems, 

medical imaging, flight simulation, and water flow 

analysis, CAD

• Rarely applied and implemented in terms of robot 

navigation, not to mention applications for real 

outdoor environments

• Dijkstra’s algorithm can lead to suboptimal paths 

on triangular meshes

• Many geodesic algorithms are similar to Dijkstra’s 

algorithm and solve the SSSP problem, thus a 

comparison to Dijkstra’s algorithm is reasonable 

and often done in the literature 

planar unfolded sequence of triangles
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“If p is a geodesic path which connects the edge sequence E 

then the planar unfolding of p along the edge sequence E is a 

straight line segment” (1987, Mitchell et al. [199], Lemma 3.3)



Continuous Vector Field Planner
Update Step – Distance and Direction Computation
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Sebastian Pütz, Thomas Wiemann, Malte kleine Piening and Joachim Hertzberg, Continuous Shortest Path Vector Field Navigation on 3D 

Triangular Meshes for Mobile Robots, in 2021 IEEE International Conference on Robotics and Automation (ICRA), May., Xi’an China, 2021
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Height Diff

Roughness

Combined

Distance



Physics Campus 

Westerberg, Osnabrück, 

Germany
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Physics Campus 

Westerberg, Colored

Mesh Dataset
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Physics Campus 

Westerberg, Dataset
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Physics Campus Westerberg, 

Path Planning with CVP
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• multilevel navigation

• through a tunnel and

over multiple ramps

• CVP Path Length Error:

0.77%, 1.54m

• Dijk. Path Length Error:

5.59%, 11.12m

Path Planner Runtime [ms] Length [m]

CVP 342.9 200.57

Dijkstra 176.2 210.15

MMP 1 839.5 199.03
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Experimental Results

• 1.8 times more time than Dijkstra, in 

most cases in under a second

• MMP takes around 21,4 times more

time than Dijkstra

• Our CVP Planner produces negligibly

longer paths than the exact shortest

paths

• Moreover, it computes a continuous

vector field towards the goal

A* / Dijkstra 

costmap_2d

Dijkstra 

Mesh Map

CVP

Mesh Map



Summary

• Fully integrated with Move Base Flex:

• Planner, Controller, Recovery Interfaces: 

mbf_mesh_core

• MBF Mesh Navigation Server: 

mbf_mesh_nav

• Layered Mesh Map representation:

• Trafficability / Drivability Layers can be 

loaded as plugins

• Available plugins: Roughness, Height 

Differences, Steepness, Inflation,

• Mesh Path planners loadable as plugins:

• CVP, Dijkstra, MMP

• 5 test datasets of real outdoor environments:

• HDF5 Mesh Maps with layer information

• Corresponding Gazebo simulations Worlds

• Launch and configuration files to reproduce 

experimental results

• 360 stars, 50 forks on GitHub

• Continuous Integration 

• released to the official ROS repositories: (apt install 

ros-noetic-mesh-navigation)
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Computing 
Units

• CPU

• GPU

Sensors
• LiDAR

• Depth Cam

Environments
• Large-scale

• Outdoors / Indoors

Localization in Meshes using Range Sensors

Use available range sensor data to
localize the robot relative to a given
mesh

github.com/uos/rmcl, Open-Source!
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RMCL – Pose Tracking: MICP-L

Given a coarse odometry prior, continuously register range sensor data
to the mesh map to track the robot‘s pose: MICP-L [1]

24[1] A. Mock, S. Pütz, T. Wiemann, and J. Hertzberg, “MICP-L: Mesh ICP for

Robot Localization using Hardware-Accelerated Ray Casting,” 2023. arXiv.



Hardware-accelerated Ray Casting 

Correspondences

Find RCCs:

1. Given a pose estimate: (green arrow)

2. For each scan direction (orange / purple dotted line)

3. Ray cast -> intersection with the map (purple triangle)

4. Correspondence: intersection + normal & scan point (tips of orange 
arrows)

5. Optimization: point to plane (blue arrow)

25

RCCs [2] implemented via Rmagine [3]

• CPU: Intel Embree

• GPU: NVIDIA OptiX

Robust if there are walls!

[2] I. Vizzo, X. Chen, N. Chebrolu, J. Behley, and C. Stachniss, “Poisson Surface Reconstruction 

for LiDAR Odometry and Mapping,” in International Conference on Robotics and Automation 

(ICRA). IEEE, 2021, pp. 5624–5630.

[3] A. Mock, T. Wiemann, and J. Hertzberg, “Rmagine: 3D Range Sensor Simulation in Polygonal 

Maps via Ray Tracing for Embedded Hardware on Mobile Robots,” in International Conference 

on Robotics and Automation (ICRA). IEEE, 2023, pp. 9076–9082.



Hardware-accelerated Ray Casting 

Correspondences
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CPU: 

- Reduction: OpenMP

- SVD: Eigen

GPU: 

- Reduction: CUDA

- SVD: cuSOLVER



Convergence
• Ray casting (RC) vs point 2 plane (P2L)

• Sample initial pose guesses

• Measure convergence rate and registration accuracy (MED)
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Hilti

[7] M. Helmberger, K. Morin, B. Berner, 

N. Kumar, G. Cioffi, and D. Scaramuzza, 

“The Hilti SLAM Challenge Dataset,” IEEE 

Robotics and Automation Letters (RAL), 

vol. 7, no. 3, pp. 7518–7525, 2022.
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MulRan

[8] G. Kim, Y. S. Park, Y. Cho, J. 

Jeong, and A. Kim, “MulRan: 

Multimodal Range Dataset for

Urban Place Recognition,” in 

International Conference on 

Robotics and Automation (ICRA). 

IEEE, 2020, pp. 6246–6253.



Run time

• VLP-16 – 900 azimuths. 14,400 measurements / scan

• Correct 1000 pose guesses in parallel

31

− Plot run time per pose w.r.t. number of faces (sphere)

− Repeat for various computing devices

AMD Ryzen 7 3700X

Intel i7 1165G7

Intel i78750H

NVIDIA GTX 1050 Ti Max-Q

NVIDIA RTX 2070 SUPER

NVIDIA RTX 2060 Max-P



Usage

Example launch file: my_micp_localization.launch

32

Example cofig file: micp_velodyne_cpu.yaml• Example launch and configuration files

• File path to mesh map

• Odometry estimation as tf frame

• Configure sensor models

• Multiple sensors in 2D and 3D

• GPU or CPU 



Mesh Navigation & Mesh Localization
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Videos

35

github.com/naturerobots/
mesh_navigation

github.com/uos/rmclyoutube.com/@nature-robots youtube.com/@uos-kbs

CodeVideosCode
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