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Building a Legged Robot with ROS

Programming for Robotics: Case Study
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https://youtu.be/2RQDp0Q2vSo

ETHzurich

Autonomous Inspection of Industrial Sites

Visual inspection Thermal Inspection Auditive Inspection

Pressure & Level gauges Valves Thermal points Pumps Gas leaks Platform alarm

, Thermal- : : :
‘ Zoom-camera camera Microphones (audible and ultra-sonic)
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Autonomous Inspection of Industrial Sites
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Requirement 3 (Detection and analysis)

For the 2~ competition the robot must be able to detect, by its own means, and react to:
* General Platform Alarm - GPA (3-1):
a GPA situation has to be detected by the robot system itself using its audio sensors.
The GPA is not activated by the operator (except in simulation condition, see
remarks).
* Acoustic leak detection (3-2):
gas leaks emit in the ultra-sonic range (25kHz-70kHz, dynamic range 58-104dB
SPL).
* Checkpoints:
checkpoints will have to be detected around their expected position, and their
absence reported.
o Pressure gauge (3-6)
o Water level (3-7)
o Valve (3-8)
o Thermal measurement point (3-10)
+ Abnormal noises of pump (3-5):
The robot will have to detect, in the close vicinity of the pump, if the sound produced
is matches the expected nominal sound.
* Unexpected heat sources (3-11):
The robot will have to detect unexpected heat sources in the facility (refer to
requirement 4 - Sources of high temperatures, page 22).
+ Obstacles (3-12):
unexpected obstacles during the 2+ competition can be objects or part of structure,
on the ground (positive obstacles) or out of the ground (suspended obstacles), or
holes (negative obstacles), refer to requirement 7, page 24.

Associated reactions and behaviours to these li detection are listed in requirement 18
(autonomous reactions).

Testing the implementations of detection and reaction to the following stimuli are not planned
for the 2 competition:
o Gas leak - IR detection (3-3):
gas leak detection and localization based on the point IR detector.
e Safety equipment - extinguishers (3-4):
the robot has to detect whether the extinguishers are present in their expected
localization.
* Absence of plug (3-9):
monitoring the environment to identify missing plugs on open pipes.

Remarks:
In order to allow simulation of GPA, for testing purpose only, the operator should be able to
simulate a detection of a GPA by the robot through the control room's HML
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ANYmal
A High-Performance Electrically Driven Quadruped

Outdoor operation
Water-proof & ruggedized design

Fast locomotion
Dynamic gaits at 1 m/s

Modular payload
10 kg payload

Safe and lightweight
30 kg and force-controlled

»
v <
} ?SI— - — i Autonomous Systems Lab
A Robotic Systems Lab o0 - y

Extreme mobility
360° rotation of all joints

Full autonomy
Laser sensors for navigation

Long endurance
3 h operation

ANY
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System Overview

ANY nal

12x ANYdrive IMU 4x Footcontact  2x Laser range 2x Wide-angle = Zoom camera 2x Microphone Industrial
Sensor sensor camera Thermal camera Visible & IR light Wireless

Neoa

Locomotion PC :::ROS

Operator PC :::ROS

e e e =l Remote control Ul
: Manual, supervised control

Navigation PC

Visualizations
Sensors, robot state, environment

Localization

ICP, Rovio, Tango etc. Visual inspection

RT
State estimation C

Legged odometry, ground est. Gauges, levers

Mission
Mission creating and protocol

Terrain mapping
Elevation mapping, traversability est. : :
Locomotion Control Thermal inspection

Trotting, crawling, Free Gait

Ethernet

Motion planning

Navigation, foothold selection Audio inspection
Pump & alarm sounds

ROS interface Mission execution

Safety operator
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Locomotion
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Locomotion
Whole-Body Control

Locomotion Controller Modules (Loco)

Pose
optimization

Virtual model

Reflexes
control

Trajectory Whole-Body Gait
optimization Control patterns

Contact force
distribution

Zero-Moment

Point Traj.

C. Gehring, S. Coros, M. Hutter, D. Bellicoso, H. Heijnen, R. Diethelm, M. Bloesch, P.
Fankhauser, J. Hwangbo, M. A. Hoepflinger, and R. Siegwart, “Practice Makes Perfect: An

Optimization-Based Approach to Controlling Agile Motions for a Quadruped Robot.”, in
IEEE Robotics & Automation Magazine, 2016.
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Trotting

Robot Controller Manager (Rocoma)

Controller Layer

Crawling Free Gait

e

Whole-Body Control API

free gait msgs

C. Dario Bellicoso, C. Gehring, J. Hwangbo, P. Fankhauser, M. Hutter, “Emerging Terrain
Adaptation from Hierarchical Whole Body Control,”
in IEEE Internal Conference on Humanoid Robots (Humanoids), 2016.

Péter Fankhauser | 01.03.2018 | 8
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= Abstraction Layer for Whole-Body
Motions (Free Gait API)

ETH:irich : ' RRSL ETH:zurich

P. Fankhauser, D. Bellicoso, C. Gehring, R. Dubé, A. Gawel, and M. Hutter, “Free Gait — An Architecture for the Versatile Control of Legged Robots,”
in IEEE-RAS International Conference on Humanoid Robots (Humanoids), 2016.
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Locomotion o
Free Gait — An Architecture for the Versatile Control of Legged Robots

Base frame

|‘| Bw‘

F- 2 = Abstraction Layer for Whole-Body

ry 8 | |
eggedOdomer @W ' ‘ =~ Base motion MOt'OnS (Free Galt API)
v e : "" Y
. "’ " = Robust motion execution in task space
Odometry frame 2 N han ol

-
-
—-—
-—
—
-
—

Global frame , .
* motion

.
| )

Support legs

P. Fankhauser, D. Bellicoso, C. Gehring, R. Dubé, A. Gawel, and M. Hutter, “Free Gait — An Architecture for the Versatile Control of Legged Robots,”
in IEEE-RAS International Conference on Humanoid Robots (Humanoids), 2016.
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Free Gait — An Architecture for the Versatile Control of Legged Robots

steps:
- step:
- base_auto:
- step:
- end_effector_target:
name: RF_LEG
ignore_contact: true
target_position:
frame: footprint
position: [0.39, -0.24, 0.20]
- step:
- base_auto:
height: 0.38
ignore_timing_of_leg_motion: true
- end_effector_target: &foot
name: RF_LEG
ignore_contact: true
ignore_for_pose_adaptation: true
target_position:
frame: footprint
position: [0.39, -0.24, 0.20]
- step:
- base_auto:
height: 0.45
ignore_timing_of_leg_motion: true
- end_effector_target: xfoot
- step:
- footstep:
name: RF_LEG
profile_type: straight
target:
frame: footprint
position: [0.32, -0.24, 0.0]
- step:
- base_auto:

= Abstraction Layer for Whole-Body
Motions (Free Gait API)

= Robust motion execution in task space

* Implemented as ROS Action (with
frameworks for YAML, Python, C++)

P. Fankhauser, D. Bellicoso, C. Gehring, R. Dubé, A. Gawel, and M. Hutter, “Free Gait — An Architecture for the Versatile Control of Legged Robots,”
in IEEE-RAS International Conference on Humanoid Robots (Humanoids), 2016.
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Navigation

Laser Range Data Localization Elevation Mapping

-

[

|
-

Traversability Est. Navigation Planning Execution
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Navigation
Laser-Based Localization (Iterative Closest Point (ICP))

= Point cloud registration for localization
in reference map

= Full rotation of LIDAR is aggregated
for point cloud

-~ = Use of existing maps or online
L mapping

Pomerleau, F., Colas, F., Siegwart, R., Magnenat, S., “Comparing ICP variants on real-world data sets”, in Autonomous Robots, 2013.
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Navigation ? Oen g,
= m = = eeub~Co Y © "Ce
Elevation Mapping - Dense Terrain Mapping \g%
Ly

Probabilistic fusion of range
measurements and pose estimation

Explicitly handles drift of state
estimation (robot-centric)

Input data from laser, Kinect, stereo
cameras, Velodyne etc.

P. Fankhauser, M. Bloesch, C. Gehring, M. Hutter, R. Siegwart “Robot-Centric Elevation Mapping with Uncertainty Estimates,” in
International Conference on Climbing and Walking Robots (CLAWAR), 2014.

P. Fankhauser, M. Bjelonic, C. D. Bellicoso, T. Miki, and M. Hutter, “Robust Rough-Terrain Locomotion with a Quadrupedal
Robot,” in IEEE International Conference on Robotics and Automation (ICRA), 2018.
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Navigation
Grid Map - Universal Multi-Layer Grid Map Library

Collision
checking
/,
. . Q Foothold
LiDAR / Kinect o .
© scoring
Poiny / B 4
Tour g PR ¥
. Elevation L
Stereo vision [ e > Mapping |~ Classification
= d \G/‘/'
e Im
P> ?O \ a,O \A
7 Traversability
Robot pose @ oo
P O’%\ estimation
D\
""""" Visualization

Height, uncertainty, surface normal,
roughness, color, friction, traversabillity ...

one cell on
different layers

P. Fankhauser and M. Hutter, “A Universal Grid Map Library: Implementation and Use Case for Rough Terrain Navigation,”
in Robot Operating System (ROS) - The Complete Reference, Springer, 2015.
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Navigation
Grid Map - Universal Multi-Layer Grid Map Library

= 2D circular buffer data structure
= Efficient map repositioning

setPosition(..) move(...)

P. Fankhauser and M. Hutter, “A Universal Grid Map Library: Implementation and Use Case for Rough Terrain Navigation,”
in Robot Operating System (ROS) - The Complete Reference, Springer, 2015.

>
RSL @
Autonomous Systems Lab Péter Fankhauser | 01.03.2018 | 13
A{ Robotic Systems Lab o0 - . 4



ETHzurich

Navigation 2

O.Oe
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Grid Map - Universal Multi-Layer Grid Map Library \
N

= 2D circular buffer data structure
= Efficient map repositioning

= Based on Eigen (C++)
= \ersatile and efficient data manipulation

double rmse =
sgrt(map["error"].array().pow(2).sum() / nCells);

P. Fankhauser and M. Hutter, “A Universal Grid Map Library: Implementation and Use Case for Rough Terrain Navigation,”
in Robot Operating System (ROS) - The Complete Reference, Springer, 2015.
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Navigation

Uhyp o Open S‘ouree
Grid Map - Universal Multi-Layer Grid Map Library Mgd\g
\ma

= 2D circular buffer data structure
= Efficient map repositioning

= Based on Eigen (C++)
= \ersatile and efficient data manipulation

* (Convenience functions
= |terators, math tools, etc.

P. Fankhauser and M. Hutter, “A Universal Grid Map Library: Implementation and Use Case for Rough Terrain Navigation,”
in Robot Operating System (ROS) - The Complete Reference, Springer, 2015.
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Navigation
Grid Map - Universal Multi-Layer Grid Map Library

= 2D circular buffer data structure
e e e O e = Efficient map repositioning

E3 Displays
» ¥ Global Options

» @ Global Status: Warn
> ). Axes

» ¥ GridMap

> & Map Region

» % Elevation

» ¥ Elevation Filtered
» 2 Elevation

» I Error

» |'. Gridcells

» & Surface Normals

= Based on Eigen (C++)
= \ersatile and efficient data manipulation

1000000m0O

* (Convenience functions
= |terators, math tools, etc.

Add
@© Time

ES
ROS Time: |1475836295.32 | ROS Elapsed: |225.47 wall Time: |1475836295.36 | Wall Elapsed: |225.47 [ | Experimental | RO E ; & O pe n < :V i nte rfaces

Reset = Left-Click: Rotate. Middle-Click: Move X/Y. Right-Click/Mouse Wheel:: Zoom. Shift: More options. 30 fps

= (Conversion from/to images, point clouds,
occupancy grids, grid cells

P. Fankhauser and M. Hutter, “A Universal Grid Map Library: Implementation and Use Case for Rough Terrain Navigation,”
in Robot Operating System (ROS) - The Complete Reference, Springer, 2015.
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Navigation
Traversability Estimation

" —_— —»Z—»

A Roughness
Elevation map \ @ / Traversability map
Step height Not Fuly
traversable traversable
N B N
0 1

M. Wermelinger, P. Fankhauser, R. Diethelm, P. Krisi, R. Siegwart, M. Hutter, “Navigation Planning for Legged Robots in
Challenging Terrain,” in IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS), 2016.

Péter Fankhauser | 01.03.2018 | 14
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Navigation
Navigation Planning

= Online navigation planning based
on RRT* (OMPL)

= Works with and without initial map

= Continuous for changing
environments

M. Wermelinger, P. Fankhauser, R. Diethelm, P. Krisi, R. Siegwart, M. Hutter, “Navigation Planning for Legged Robots in
Challenging Terrain,” in IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS), 2016.
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Inspection
Visual Inspection of Pressure Gauges

@ Indicator reading

Q Automatic view point generation

= b= )

@ Whole-body camera positioning
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- Reading unsuccessful, try alternative
position or report as unknown
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S. Bachmann, “Visual Inspection of Manometers and Valve Levers”, Master’s Thesis, ETH Zurich, 2015.
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User Interface

Interface for remote control, semi-, and full autonomous operation.

__cli_perspective_from_File - rqt

ERS

¥ PublishPoint op =

mzurich ‘(ﬂ_*q Interact | "% Move Camera [ _jSelect < Focus Camera sl m—

>

Situational = T St T S NN < -y s ',
camera ' ~ |

Image | Light Progress | Measurements @ Settings

3D view (RViz)

Reset 17 fps

Omniview | Settings

Mission Protocol

Start Mission
Name: ArgosMission Stamp: 1970/01/01 00:00:47 UTC
Mission | ArgosMissi * | | Refresh
Start Stamp Level Author Designation
State x ‘,"_).\.Ef.'esh I ”I’7'I'U,U‘l"vI’W.UU.’"T'.U'L"I' UTC INTOUIvISsSIviT NG M UpPCTalur SLarccu arc immssIorT Ar gUSlVHSSIWT.?
2 1970/01/01 00:00:47.021 UTC INFO  StartUp Started.
Control Mission 3 1970/01/01 00:00:47.021 UTC INFO  StartUp Success. (Skipping in simulation.)
n [ ] P [ . .
M ISS I O N C O ntro I Resniniig Mission: Argosiiission 4 1970/01/0100:00:47.093 UTC INFO  PlanPathFromHereTolnspectionPoint1Aa Started.
Running Task: FollowPath 5 1970/01/0100:00:47.488 UTC INFO  PlanPathFromHereTolnspectionPoint1Aa Success.
& p rOtO CO I Running Task Progress: i 0.589/5.798 m 6 1970/01/01 00:00:47.495 UTC INFO  PlanPathFromHereTolnspectionPoint1Ab Started.
| Time Id Message
7 1970/01/01 00:00:47.871 UTC INFO  PlanPathFromHereTolnspectionPoint1Ab |Success. :
Control Pause Pause after Task | | Abort Stop o
8 1970/01/01 00:00:47.876 UTC INFO  PlanPathFromHere Started.
Mode | Autonomous [ | Supervisory - '
= 9 1970/01/01 00:00:48.116 UTC INFO  PlanPathFromHere Success.
10 1970/01/01 00:00:48.116 UTC INFO FollowPath Started.
Supervisions |
11 1970/01/01 00:00:48.131 UTC INFO  ObstacleSupervision Started. M
- Alarm . Emergency Stop . Localization T o
. Battery . Gas Acoustical . Obstacle Scroll automatically T |
[ communication [ Gas Electrochemical [] = checking
[l oysfunction Il Heat X = disabled Protocol = User Interaction

Ot h er I I IOd u IeS Argos Mission | Safety ICP Pose Controller Manager Pose Controller | Loco = Robot Monitor | Console VISCA Camera Tele-Operation Debug

Quadruped State Visualizer | Low-Level Controller

»
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Inspection
cameras

Robot actuators
& sensors

Error protocol
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User Interface

File Plugins Running Perspectives Help

AiLoco Visualizer D@ - O _fLoco Control Manager D@ - O {iQuadruped State Visualizer D@ - O _AJoypad D@ -0x%
Topic: ;/locomotiontgontroller/gﬂfpatterns 7\ Available Controllers: @ - | A | | Emergency stop | LY |
v ' loco_crawling_ros = @ o " & X B
Activated controller: o — | Start || Select | . o
v | A |
Name: loco_crawling_ros — )
Status: STATUS_SWITCHED
LF Locomotion Modes: &
RF
A4Gazebo Controller D@ -ox Time Id Message
LH
_Pause/Play, . Reset |
Simulation speed % (100 | fiParameter Handler D@ -o%
ry A\ 4
0 10? il | /locomotion_controller |
=&J
RH | Wbc: max normal Force lh = @
. Throwball | | The sky's the limit | ==U 600.00 .
0 600 00 & ©

»
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User Interface
Bandwidth Considerations

= Only critical data is transmitted by default
(robot state and position)

= (Other data is transmitted on demand
(video, maps, etc.)

= Separation of onboard TF and operator TF

= (Connection status node monitors WiFi
status and triggers recovery behavior

Robot

High-frequency:

/tf

Low-frequency:

/tf
¢
Network

Operator

emapping

/tf minimal

transfer

Péter Fankhauser

> /tf minimal
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User Interface
ANYping Indicator

v Show indicator Ping: 8.8.8.8 min: 3.91, avq: 3.91, max: 3.91, package loss: 0.0
v Show text ® Ping: google.com min: 108.72, avg: 108.72, max: 108.72, package loss: 0.0
000 Anyping-preferences My o BeieRaeshiEed

| Preferences

Autostart:
S About
Ping warning: 8500 |= |+ |ms Quit
Address Update Rate Number of Pings Show Indicator Show Text Activate Add
8.8.8.8 1.000000 1 TRUE TRUE TRUE
Remove

google.com 1.000000 1 TRUE TRUE TRUE
192.168.0.230 1.000000 1 TRUE TRUE TRUE Edit

o

e . * |ndicates PC network availability in
Update every: 10 — + | seconds U bu ntu men u bar
Number of pings: | 1 - |+
Showindicator: @ Yes ") No
Show text: O ves ") No
Activate: O ves ) No
| Cancel OK ' T

»
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User Interface
Pose Graph

= Pose graph for inspection,
special maneuvers (e.g. stairs),
docking station etc.

= Visualization and interactive
editing of pose graph

= Continuous updating and
(re-)planning on pose graph
during mission

eeeee
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User Interface

A

Mission Creation

Task-level state machine (C++ library,
similar to SMACH)

State machine defined in YAML format

Common building blocks to facilitate
construction

Typical missions programmed in
5—20 minutes

ISL m=a
- . Autonomous Systems Lab

Robotic Systems Lab o0

InspectionFloorl

InspectionFloorl Tasks

l

InspectionCheckpoint2

InspectionCheckpointl

too_high o_low Jailure

stopped InspectionCheckpoint3

, stopped / aborted [too_low raqe)!n

n_range

Péter Fankhauser | 01.03.2018 | 21
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Software Tools - How We (Try) To Keep Things Smooth

= All developers and robots same setup
= Ubuntu 16.04 LTS, ROS Kinetic

= Software version control with Git
= Bitbucket & GitHub

= (Conventions for package structure,

format, naming, and code style
= github.com/ethz-asl/ros best practices/wiki

= Extensive use of simulation
= (Gazebo

< »
=
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https://github.com/ethz-asl/ros_best_practices/wiki
http://gazebosim.org

ETHzurich

Software Tools - How We (Try) To Keep Things Smooth

= All developers and robots same setup
= Ubuntu 16.04 LTS, ROS Kinetic

= Software version control with Git
= Bitbucket & GitHub

= (Conventions for package structure,

format, naming, and code style
= github.com/ethz-asl/ros best practices/wiki

= Extensive use of simulation
= (Gazebo

= Visualizing as much as possible

< ®
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Software Tools - How We (Try) To Keep Things Smooth

= | ots of tests on hardware

= Weekly “shakeouts” for defined tasks | -
= Lots of demos ... .. .

= (Continuous Integration
= JenkKins
= Unit tests (after each change)
= ROS integration tests (at night)

/
|
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ETHzurich

Software Tools - How We (Try) To Keep Things Smooth

= | ots of tests on hardware

= Weekly “shakeouts” for defined tasks
= | ots of demos

= (Continuous Integration
= JenkKins
= Unit tests (after each change)
= ROS integration tests (at night)
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ETHzurich

Software Tools - How We (Try) To

= (Continuous Integration

Lots of tests on hardware
= Weekly “shakeouts” for defined tasks

= | ots of demos

= Jenkins

= Unit tests (after each change

= ROS integration tests (at night

= Logging (rosbag

A

= All important information is always logged
= Review logs with RViz and RQT Multiplot

<«
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Keep Things Smooth

quadruped.rviz* - RViz

cl-u(x: A Move Camera 4 Select O Foos Camera =0 Mewre 7 20 Pose Estmate

# 0NwGod  § Publich Point

Reset  Left-Click: Rotate. Middle-Clicic Move X/Y. Right-Click/Mouse Wheel: Zoom. ShIft: More options.

0 < v ~- Nt ey
Se— e . ? V)
L S e T e S
1.47325e+09 1.47325¢+09 1473250409 1ATI2Ses09
LF Joint Torques Da@®@o
e b — VPSS S——
E |
3
3
|
N (7 ' ’- o
Y v
3
53 >
3 v
03
i
. .
14732540 1473250409 1473250009 147325000

@ -

ontact State @a®o
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https://jenkins.io
http://wiki.ros.org/UnitTesting
http://wiki.ros.org/rostest
https://github.com/ethz-asl/rqt_multiplot_plugin

ETHzurich

Thank You

Open-Source Software
github.com/ethz-asl

github.com/leggedrobotics

Péter Fankhauser
pfankhauser@anybotics.com
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https://github.com/ethz-asl
https://github.com/leggedrobotics
https://youtu.be/wZUE7E14geY

