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Mesh Navigation runs with Move Base Flex

Navigation Control

e Universal & Flexible Robot
Navigation Control System:

Move Base Flex (MBF)

github.com/magazino/move_base_flex

MBF

MOVE BASE FLEX

Sebastian Piitz and Jorge Santos Simén, Introducing a Highly Flexible
Navigation Framework: Move Base Flex presented at the ROSCon 2017,
Vancouver, Canada, Sep. 22, 2017, https://vimeo.com/236174072

Path Planning
* Navigation & Path Planning for

Universal Map Representation:

Mesh Navigation (MeshNav)

github.com/naturerobots/mesh_navigation

Sebastian Piitz (2022), Navigation Control & Path Planning

for Autonomous Mobile Robots, Doctoral dissertation, Osnabriick

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



Mesh Tools
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Real-World Datasets

Farmer’s Pit Stemwede Stone Quarry Brockum Markt Garden Ibbenbueren Physics Campus Westerberg
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Path Planning Algorithms

Path Planning

Dijkstra, A*
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Significant Geodesic Path
Planning Evolutions

Year
1985
1986
1987
1990
1999
1997

1998

Approach

O’Rourke et al. [218]
Sharir and Schorr [276]
Mitchell et al. (MMP) [199]
Chen and Han. (CH) [38]
Kapoor [138]

Lanthier et al. [171, 172], and in
2000 Kanai and Suzuki [136]
Steiner Points Refinement (SPR)

Kimmel and Sethian [152]
(meshFMM)

Asym. runtime
o(n?)

O(n®log n)
O(n? log n)
O(n?)

O(n log® n)

O(n log n)

(S &4
oJole
oo NAV
Geodesic
Path Planning
~ = T - _______"'ﬁ..
PDE Methods & Precomputation, Computational
Level Set Methods Refinement & Geometry
other Methods
A 7?\_\\
P
mashFSM \- ST".-"D ¢ ," \EHSF‘H - MMP i
meshFMM ——MVC | | sveL_) cH poer
i GHM
\ e Basic S*
) o — £
| KFMM — .
NK-EMM LC-MMP —— LC-CH

:' FWP-MMP —FWP-CH

meshFIM |
CVP
Find references in Sebastian Ptz (2022)
Navigation Control & Path Planning
for Autonomous Mobile Robots,
Doctoral dissertation, Osnabriick University,
https://doi.org/10.48693/69
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Modern Geodesic Path
Planning Algorithms

Geodesic

° 2002: Single Source FMM by Novotni and Klein (NK-FMM) [210] Path Planning
° 2004: Flat-Exact based on FMM by Kirsanov (K-FMM) [153, 154] F__’_ﬂ___———*’q\‘
° 2004: Improved exact MMP by Kirsanov (K-MMP) [153, 154] e D Pracomputation, okt
e  2005: Fast and improved MMP by Surazhsky et al. (SSK*) [290] Level Set Methods ﬁ:“ﬂfﬂmf&& Geometry
oiner ivig 5
° 2007: Fast Sweeping Method (meshFIM) by Qian et al. [236] /\
° 2009: Improved CH (ICH) by Xin and Wang [313] meshFSM * STVD \ SPR _ \bp
e  2011: Fast Iterative Method (meshFIM) by Fu et al. [90] meshEMM —— MVC SVG _ oH Kapoor
° 2013: Saddle Vertex Graph (SVG) by Ying et al. [320] i ;HM '\\
e 2013: Geodesics Heat Method (GHM) by Crane et al. [51] K-MMP ICH
. . | kP — Ssk° PCH
° 2013: Short-Term Vector Dijkstra (STVD) by Campen et al. [35] NK-EMM LC-MMP —— LC-CH
e 2014 Parallel CH (PCH) by Ying et al. [321] . PP RWEC
hFl
° 2015: Fast Wavefront Propagation CH (FWP-CH) by Xu et al. [316] s o
° 2015: Fast Wavefront Propagation MMP (FWP-MMP) by Xu et al. [316] Find references in Sebastian Ptz (2022)
. Navigation Control & Path Planning
° 2019: Basic S* by Bhattacharya [14] for Autonomous Mobile Robots,
e  2021: Continous Vector Field Planner (CVP) by Sebastian Piitz [235] Doctoral dissertation, Osnabriick 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

e 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

V
* Many geodesic algorithms are similar to Dijkstra’s
algorithm and solve the SSSP problem, thus a “If p is a geodesic path which connects the edge sequence E
comparison to Dijkstra’s algorithm is reasonable then the planar unfolding of p along the edge sequence E is a

and often done in the literature straight line segment” (1987, Mitchell et al. [199], Lemma 3.3)
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Continuous Vector Field Planner

Upndate Step — Distance and Direction Computation

Sebastian Pitz, 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 11
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* multilevel navigation

e 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 1839.5 199.03
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Experimental Results

e 1.8times m.ore time than Dijkstra, in A* / Dijkstra
most cases in under a second costmap_2d
* MMP takes around 21,4 times more
time than Dijkstra .
J Dijkstra
*  Our CVP Planner produces negligibly Mesh Map
longer paths than the exact shortest
paths
\i _ . CVP
oreov.er, it computes a continuous Mesh Map
vector field towards the goal
Dataset # Vertices # Triangles Bounding Box [m] Runtime [ms] Path Length [m]
|¥] L F| X y Z CVP  Dijk MMP CVP Dijk.  MMP
Botanical Garden Osnabriick 714 Ta0 1375 | 430 188 319.05 49.25 6.67 108.1 514 1 731.8 26.34 2747 26.09
Stone Quarry Brockum 992 879 208 740 1 904 178 100.58 104,58 23.94 B3l 4518 7 346 110,26 114.67 109,54
Physics Campus Westerberg T18 383 36776 1617572 166.02 83.61 26.33 3429 1762 1 8395 200.57 21015 199.03
Farmer's Pil Stemwede 401 036 40 623 794 509 122.23 104.57 14.84 56.2 36.1 1 348.3 54.04 56.02 5293
Market Garden Ibbenbiiren 1 361 308 132 210 2 656 283 174.33 149.61 24.58 12110 6954 63160 95.71 08.62 04 46

19



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:

e 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)

20
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Localization in Meshes using Range Sensors

Use available range sensor data to S . CcPU
localize the robot relative to a given | e GPU

mesh
e LiDAR
e Depth Cam

e Large-scale
e Qutdoors / Indoors

. MESH LOCALIZATION

github.com/uos/rmcl, Open-Source!

23
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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]

[1] A. Mock, S. Putz, T. Wiemann, and J. Hertzberg, “MICP-L: Mesh ICP for 24
Robot Localization using Hardware-Accelerated Ray Casting,” 2023. arXiv.



Hardware-accelerated Ray Casting

Correspondences

Find RCCs:
1.

2
3.
4

RCCs [2] implemented via Rmagine [3]

e CPU: Intel Embree [2]1. Vizzo, X. Chen, N. Chebrolu, J. Behley, and C. Stachniss, “Poisson Surface Reconstruction

* GPU: NVIDIA OptiX  (icra). IEEE, 2021, pp. 5624-5630.

RMCL

. MESH LOCALIZATION

Given a pose estimate: (green arrow)
For each scan direction (orange / purple dotted line)
Ray cast -> intersection with the map (purple triangle)

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

Optimization: point to plane (blue arrow)

Robust if there are walls!

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

[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.
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Hardware-accelerated Ray Casting

Correspondences
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CPU:
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Convergence

e Ray casting (RC) vs point 2 plane (P2L)

* Sample initial pose guesses

* Measure convergence rate and registration accuracy (MED)

1.2 T I I
100 - P2L 9
L — RC i
o i
& 80 a
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g x
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g
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Run time

e VLP-16 —900 azimuths. 14,400 measurements / scan

e Correct 1000 pose guesses in parallel

Correction time [ms]
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— Plot run time per pose w.r.t. number of faces (sphere)

— Repeat for various computing devices

RTX GPU

| | I | | | | | ]
DPC  NvIDIA RTX 2070 SUPER

s N LJCC NVIDIA RTX 2060 Max-P

] ] L 1 ] | ] | |

1 2 3 4 5 6 7T 8 9 10
M. Faces [#]
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Usage

* Example launch and configuration files
* File path to mesh map

* Odometry estimation as tf frame

e Configure sensor models

e Multiple sensors in 2D and 3D

 GPU or CPU

Example launch file: my_micp_localization.launch

=z Launch=

i fiEes"Rig™ defailr= %[ rind ui0s SaFEbd wif L ]/ Medlaleode Larass fdi.,dks" /&
<arg nEssztcontig” OsfsoirE S find recl)scontigfenaspies /Eich welodyna Cpu.yaml® i

znode pEg="rec i typez"micp localizatien™ nasez"micp Uocallzatizse" outmii=z"sorsen™>
SpAFAE miRsERAD F11E® Topo="f0FiAg® value="S{&rg BEH)" /=
drogaaram comande® Gad® FLle="§larg config}® £=
CrpaAl Tross"pose W o= inicisigass™ A

=4 noder

w4 Lalinghs

Example cofig file: micp_velodyne cpu.yaml

B réqulsdd

Base framse: base Toorprint
nap_frame nap

wdom_framg: odon

r rate of broadeasting tFf Cransfornneions
tf_rarce: 58
Inwert_tf: False

micpE!
2 morglng on ogpu or cpu
comblning wnit! cpu
8 maxlmm rumber of Correcblon EIops per

B lower this o decrease the correction spesd buE

corr_raote_max: 1964
print_corr_rate: False

& pljust max distonce dependend of tha state
E hplpE TO Continpnisly disregard -r.h].'--'r*. ERAE POC &18T
adapEive max_dist: Troo 2 onable ndapEive mad dist

# pffset mdded o lnital pose guess
trans; [8.8, B.8, &.6]

roti [B8.8, 8.5, B.8] 8 euléer angled (3) oF gquateraion [d4)

EAVE BNa gy

lacallzaglon

RMCL

MESH LOCALIZATION

REF1DE ‘ginif BHAGF §ETlsp hete
sEnsore: = list of ramge sensors - At leask ane 1
v lodyna:
topic: welodyne _points
& gpherical is comparable Lo Ssancgor sy Lasor
® Duf in Ak
type: spherical
gl

rang=_min: @, 5%

range_max: 138 &

phi_mln: -@, 200790007200
phi_ingt 0345058 503088050
phi Nz 18

thota_min: =3 2415090118418
chata_ ine s 0, 03431 FA0S0H B B

Ehets M &8

EiCp!
max_ dist; 1.9
¥ Dnce ndagrive sax dist is sot Ed troo
e
¥ I Dhe localizailom is perTeci; ihe sax
¥ odistance for Flndicsg SPCs Ls reduced to
# adepllve mmx dlet_min
B IF che IScEliFRllen 1A Bad, [hi R
=2 gistance for Findimyg BPCe | rajsssl o
# maw_diwt

BORPLivi_Eax OI%C SIm: B.15
Dackand: smbree
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Mesh Navigation & Mesh Localization
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Videos
g .=

github.com/naturerobots/ github.com/uos/rmcl youtube.com/@uos-kbs

mesh_navigation
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