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ANYmal at the ARGOS Challenge

Tools and Experiences from the Autonomous
Inspection of Oil & Gas Sites with a Legged Robot

Péter Fankhauser

Remo Diethelm, Samuel Bachmann, Christian Gehring, Martin Wermelinger, Dario Bellicoso,
Vassilios Tsounis, Andreas Lauber, Michael Bloesch, Philipp Leemann, Gabriel Hottiger,
Dominik Jud, Ralf Kaestner, Linus Isler, Mark Hoepflinger, Roland Siegwart, Marco Hutter
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https://www.youtube.com/watch?v=SR5OJ-vklIs
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ARGOS Challenge

“Creating the first autonomous robot for gas and oll sites”
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ARGOS Challenge
Autonomous Inspection of Oil and Gas Sites
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ARGOS Challenge
5 International Teams
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ARGOS Challenge
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ANYmal - A High-Performance & Versatile Quadrupedal Robot

Le

ANY —
Pan/tilt inspection head

Main body

WY
\\\\\\\\\\

“““““““

Hokuyo laser scanner Protection frame

i
"""""""""""

.....
i1

Joint actuators Aluminium thigh and carbon shank

Contact sensors

e Battery housing

M. Hutter, C. Gehring, D. Jud, A. Lauber, C. D. Bellicoso, V. Tsounis, J. Hwangbo, P. Fani@&user, M. Bloesch, R. Diethelm, and S. Bachmann,
“ANYmal - A Highly Mobile and Dynamic Quadrupedal Robot,” IEEE/RSJ InternatiogggsConference on Intelligent Robots and Systems (IROS), 2016.

»
PZRSL. m o=
Autonomous Systems Lab Péter Fankhauser |  08.10.2016 | .
A{ Robotic Systems Lab o0 - . 4



ETHzurich

ANYdrive - A Integrated, Robust, Torque-Controllable Robot Joint

= Fully integrated

= Accurate position & torque control
= Absolute position sensing

* Programmable controller

* Impact robust

* Hollow-shatft

= \Water-proof

< »
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System Overview

12x ANYdrive
sensor

f®s T © e

Locomotion PC :::ROS

RT
State estimation C

Legged odometry, ground est.

Locomotion Control
Trotting, crawling, Free Gait

ROS interface

IMU 4x Foot contact

2x Laser range 2x Wide-angle
sensor camera

Navigation PC

Localization
|ICP, Rovio, Tango etc.

Terrain mapping
Elevation mapping, traversability est.

Motion planning
Navigation, foothold selection

Mission execution

Zoom camera

2x Microphone

Thermal camera Visible & IR light

Inspection PC

Visual inspection
Gauges, levers

Thermal inspection

Audio inspection
Pump & alarm sounds

ANY nal

Wireless Router

Ethernet

Robotic Systems Lab

~ o
! - . Autonomous Systems Lab

WiFi

Radio

Industrial
Wireless

——

Operator PC :::ROS

Remote control Ul
Manual, supervised control

Visualizations
Sensors, robot state, environment

Mission
Mission creating and protocol

Safety operator

Péter Fankhauser | 08.10.2016 | 9
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Locomotion

(2]

C

Sl State Estimation Whole-Body Control Pl Actuation

o c
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Locomotion
State Estimation

Extended Kalman Filter

= No assumption on terrain

M. Bloesch, C. Gehring, P. Fankhauser, M. Hutter, M. A. Hoepflinger and R. Siegwart, “State Estimation for Legged Robots on Unstable and Slippery Terrain”,
in International Conference on Intelligent Robots and Systems (IROS), 2013.
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Locomotion
State Estimation

Extended Kalman Filter

= No assumption on terrain

= Kinematic measurements
(encoders) for legs in contact

M. Bloesch, C. Gehring, P. Fankhauser, M. Hutter, M. A. Hoepflinger and R. Siegwart, “State Estimation for Legged Robots on Unstable and Slippery Terrain”,
in International Conference on Intelligent Robots and Systems (IROS), 2013.
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Locomotion
State Estimation

Extended Kalman Filter

= No assumption on terrain

= Kinematic measurements
(encoders) for legs in contact

Kinematic measurements

M. Bloesch, C. Gehring, P. Fankhauser, M. Hutter, M. A. Hoepflinger and R. Siegwart, “State Estimation for Legged Robots on Unstable and Slippery Terrain”,
in International Conference on Intelligent Robots and Systems (IROS), 2013.
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Locomotion
State Estimation

Inertial measurements

'A‘Y‘;’"i‘f&y‘v]/
/1 PORERELS

Extended Kalman Filter

= No assumption on terrain

= Kinematic measurements

(encoders) for legs in contact

_ KRN
o RN\
N\

), 7

/ O \\

Kinematic measurements

= Fused with inertial
measurements (IMU)

= Error < 5% over distance

M. Bloesch, C. Gehring, P. Fankhauser, M. Hutter, M. A. Hoepflinger and R. Siegwart, “State Estimation for Legged Robots on Unstable and Slippery Terrain”,

in International Conference on Intelligent Robots and Systems (IROS), 2013.
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Locomotion
State Estimation

Inertial measurements

B
/ \Tv'v. N ' \
RN ""“7 4
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External pose
measurements

Kinematic measurements

Extended Kalman Filter

No assumption on terrain

Kinematic measurements
(encoders) for legs in contact

Fused with inertial
measurements (IMU)

Error < 5% over distance

Optionally combined with
external pose (GPS, laser,
vision, etc.)

M. Bloesch, C. Gehring, P. Fankhauser, M. Hutter, M. A. Hoepflinger and R. Siegwart, “State Estimation for Legged Robots on Unstable and Slippery Terrain”,

in International Conference on Intelligent Robots and Systems (IROS), 2013.
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Locomotion
Whole-Body Control

Locomotion Controller Modules (Loco)

Virtual model _Pc?se _ Reflexes
control optimization
Trajectory Whole-Body Gait
optimization Control patterns

Zero-Moment Contact force
Point Traj. distribution

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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Robot Controller Manager (Rocoma)
Controller Layer

Trotting Crawling Free Gait
First

Emergency
Layer

Second
Emergency

Fail-proof
Controller Layer

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 | 08.10.2016 | 12



0 Open Source

i i g%%g%
ocomaotion Qg@t(lnpro S

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

ETH:zrich 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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http://wiki.ros.org/actionlib

_ 0 Open Source

. ithub, com e
| ocomotion e,

Qress)
Free Gait — An Architecture for the Versatile Control of Legged Robots —
Base frame
— JH e = Abstraction Layer for Whole-Body
try | . .
ggedOdome W L =g R Motions (Free Gait API)
\ e ‘ . ™
/ N st = Robust motion execution in task space
Odometry frame ;_' - e A
____---———Lage{,i;étfo;‘
Global frame .
““ motion
Support legs o
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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0 Open Source

Locomotion eomlegqeqp
— Al (in p

r Ogress)

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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Locomotion
Kindr - Kinematics and Dynamics for Robotics

Kindr Library — Kinematics and Dynamics for Robotics Rotation Parameterizations

] ] | | Christian Gehring, C. Dario Bellicoso, Michael Bloesch, Hannes Sommer, Peter Fankhauser, Rotation Matrix Cip € SO(3) The rotation matrix (Direction Cosine Matrix)
Marco Hutter, Roland Siegwart rop = Cipprop is a coordinate transformation matrix,
Cip = CEI which transforms vectors from frame B to frame I.
Rotation arB = [90 1 g2 g3] " Hamiltonian unit quaternion (hypercomplex number)
|

Nomenclature ‘ Quaternion Q=q+qit+qj+teakcl, ¢cR, Q=1
(Hyper-)complex number  Q normal capital letter Angle-axis (6,n)15 Rotation with unit rotation axis n and angle 6 € [0, 7).
Column vector a bold small letter , ; " N N é
Matrix M bold capital Tetter Rotation Vector b Rotation with rotation axis n = 6l and angle 0 = ||¢]].
TIdentity matrix Trxm n X m-matrix Euler Angles ZYX  [z,y,2]15 Tait-Bryan angles (Flight conv.): z — ¢y’ — z”, i.e
'] '] I’} Coordinate system (CS) el, e;;‘, el Cartesian right-hand system A with basis (unit) vectors e Euler Angles YPR yaw-pitch-roll. Smgularltles are at y = + 7.
. Inertial frame eg,eé,eg global / inertial / world coordinate system (never moves) T z€[-mmyel=3, 2) z E [=m, ™)
l | I I u I Body-fixed frame el eyB local / body-fixed coordinate system (moves with body) Euler Angles XYZ [z, y, 2] C‘ardan gr}gles: z—y' =2 7(7 i.e. roll-pitch-yaw.
, , Rotation [ SO(3) generic rotation (for all parameterizations) Euler Angles RPY Singularities are atwy > +3-
Machine precision € zel-mm),y€el=3,5)z€[-m7)
Rotation Quaternion
[ [ Operators
p A rotation quaternion is a Hamiltonian unit quaternion:
' ' ' ’ ' ay b1 0  —az a2 b1 _ . . o o 9 o . 2 _
an e-aXIS O a IO VeC O S u e an eS Cross product/skew/unskew axb= |az| x |bz| =(a)’b=ab=|a3 0 —ai| |b2 Q=gq+aitaj+teakcH ¢eRi ==k =ik=-1 |[Q=\/af+d +ad+aei=1
y ) | J as bs —ay 0 | |bs Tuple: Q = (a0, 41,92,43) = (q0,@) with & := (q1,92,93)"
a=4aY, a=-a', axb=-bxa 4x l-vector: q=[g0 @ ¢ 113}T
. . . s
Euclidean norm |lal| = VaTa = \/a% +...+a? ?onjugate. 871_ (qg)’* q)(
nverse: = = s —
Exponential map for matrix  exp : R3%3 — R3X3 A s A, A c R3*3 Quaternion multiplication @
: : : TR3IX3 3%3 3IX3
Logarithmic map for matrix log : R — R>*° A —logA, AeR Q- P=(q,d) (po,D) = (qopo — P+pod+axp <
Position & Orientation o o —a1 —¢2 —a\ [po
Position a®p=Q(a)p = (tg) q013:l3 + q p; Z; Zg _ng :1;1 IZ;;
Vector rop from point O to point P quaternion matrix p3 3 —q2 Q 9 P3
Position vector prop € R3 from point O to point P expr. in frame B
- T T : - - qo0 pPo —pP1 —P2 —P3 q0
| | Homogeneous pos. vector prop = [BrOP 1} from point O to point P expr. in frame B _ Q(p) a- (;no _pT ) @ p1 Po p3 —po a@
. Orientation/Rotation e e \P polsxz—p/ | ¢ b2 —ps Po D1 a2
1) Active Rotation: ¥4 : rop > rrog (rotates the vector rop) N:jcl:“:i:te 3 " ;:nXQ represent the sazsle rotatlz())zl bft2 not :gé san‘fg unit q?latermon
2) Passive Rotation: ®P . rrop > prop (rotates the frame (eé,e{l,eg ) ) 1B 1B TP 4
3) Elementary Rotations jrop = Cigprop o Rotation Quaternion < Rotation Vector
n n n . cos0  —sing 0 T
around z-axis: Cyg = |sin6  cos® 0 T . B - o
S I . A [cos@H«st),—”‘gH sin(énzpu)] tgllze _{ 2atan2 (||l o) ;& if all > e
cos sin B = o . N -
| —axis: = €, 2 h
around y-axis: c;p = B s(i)ne é co‘;Q \7#1 [1’ %d’T]T otherwise sign(qo)q otherwise
1 0 0 € . . .
around x-axis: C;g = [0 cos§ —sino el P QJ Rotation Quat ernion < Angle-Axis
0 sin®  cosd ) -
4) Inversion: <I)A_1 (r) = <I>P(1~) “ rrop, prop IToq, BToQ am = |: COS% :| - (9 Il) _ { (2 arccos (q())’-|ug\|) if HQH > €
— —1\—1 - a0 - .
of (2o1() = (e wet) ) = (o @0 ) () neing ©.[t 0 o) otherwise

5) Concatenation:

_ 1y -1 Rotation Quaternion < Rotation Matrix
. . of (of @) = (2f @) = (of "wef ) @ o = Tas 2004 1 262 — (202 — Dlans + 2008 4 266T
. 6) Exponential map: exp: R3 = SO(3),v — exp(v), v €ER3 3 = lax3 42904 + 24" = (200 — Dlaxa + 2009 + 249
7) Logarithmic map: log : SO(3) — R3,® > log(®)V, @ € SO(3) @+ai-a -4  2q192 —2q0g3 2g0q2 + 29193
8) Box plus: Py =01 Bv=exp(v)® 1, By, Ps € SO(3),v € R? = | 2903 +2q1q2  ¢§ —qi +4d3 — 43 20203~ 29001
9) Box minus: v=3; HPs =log(P1 ® <I>7 ), ®1,P2 € SO(3),v €R3 29193 — 2q0q2 A Q?OGH + 2q2q3 9% — 91 — 49 ta3
10) Discrete integration: @51 = @k, B (jwhy At), <I>k+1 = ok B (—pwhyAt) Cp = Cpr = Isxs — 2904 + 24°
11) Discrete differential:  jwiy = (®f4" B $fy)/At, B""’fB = (‘I)B}rl B,/ At @+ a4 — a5 — a3 2qo0g3 + 29142 29193 — 29092
12) (Spherical) linear inter- B =20 B((®1820)t), & =2(t), 2o = 2(0), (I)l =) = | 2q192 — 29043 @B-E+d3-a 2q0q1 + 29293
P 2q042 + 29143 29293 —2q0q1 43 — 4} — 03 + 43

= Based on Eigen, 1000+ unit tests

M. Bloesch, H. Sommer, T. Laidlow, M. Burri, G. Nuetzi, P. Fankhauser, D. Bellicoso, C. Gehring, . . .
S. Leutenegger, M. Hutter, R. Siegwart, “A Primer on the Differential Calculus of 3D Orientations,” Cheat sheet (mCI' derivations
in arXiv:1606.05285, 2016.
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https://github.com/ethz-asl/kindr_ros
http://ethz-asl-lr.bitbucket.org/kindr/cheatsheet_latest.pdf
http://ethz-asl-lr.bitbucket.org/kindr/cheatsheet_latest.pdf

ETHzurich

Navigation

Laser Range Data Localization Elevation Mapping

Traversability Est. Navigation Planning Execution

»
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ETHzurich

Navigation
Laser-Based Localization (Iterative Closest Point (ICP))

i ' = Point cloud registration for localization
e in reference map

= Full rotation of LIDAR is aggregated
for point cloud

T = Use of existing maps or online
o 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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ETHzurich

Navigation
Elevation Mapping - Dense Terrain Mapping

= 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.

stems Lab o
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https://www.youtube.com/watch?v=iVMsQPTM65M

ETH:zurich

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.

4
/ QSI B ,
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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.

»
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Navigation 2

O.Oe
/'l‘hUb. CO/h h SO(”. Ce
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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ETHzurich

Navigation
Grid Map - Universal Multi-Layer Grid Map Library

= 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.

Robotic Systems Lab




ETHzurich

Navigation
Grid Map - Universal Multi-Layer Grid Map Library

= 2D circular buffer data structure
i luplect .;:':':.,I-'.-'uq(anera 3 Measure + 71} 'nse I skimare # 71) Mav Goa @ rublishitamt b o= . - EﬁICIent map repOSItlonlng

' M Inberact | T Mour Camera

E3 Displays
» % Clodal Options

» © clodal stamus: wamn
b J. Axes

» ¥3 GridMep

b % Mag Ragicn

» 7 Llevation

» ¥ tlevation Filtered
v 2 Elevation

v 2 Error

v | GridCells

> & Surfacz Normals

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

101010100110

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

acd

(©) Time -
* ROS & OpenCV interfaces
= (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.

| 2
<
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Navigation
Traversability Estimation

—_— —»Z—»

Roughness
Elevation map @ / Traversability map
Step height Not Fuly
traversable traversable
o 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.

»
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ETHzurich

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 Thermal Inspection Auditive Inspection

Gas leaks Platform alarm

Thermal points Pumps

Pressure & Level gauges Valves

. Zoom-camera

| Thermal- Microphones (audible and ultra-sonic)
camera

/ Vi

——

!‘:L [l I'I”I‘I "'l“illlt

Inln‘

#

Péter Fankhauser | 08.10.2016 | 21
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Inspection
Visual Inspection of Pressure Gauges

Q Automatic view point generation @ Visual servoing @ Indicator reading

@ Whole-body camera positioning @ Image de-warping

by q o ::}".V . ~ b
| B |
Py oy | s
. (2 5 S i
ox t
L B | fa | iy Y
~ ! 0 | R2R | e T
» L. -_ 1 3
- B | N fo 10 -
7} - - o: = : i r.'... -
st T
- P B Y |/ M
. -_ - - .
s | e | 7 | A
- - -1l
x

o o 2

- Reading unsuccessful, try alternative
position or report as unknown

S. Bachmann, “Visual Inspection of Manometers and Valve Levers”, Master’s Thesis, ETH Zurich, 2015.

»
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ETHzurich

User Interface

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

_cll_perspective_from_file - rqt

MZurlch d" il el | T Move lamera L, select - rocusCamera o™ Measure L 20 Posekstimate ¢ dDMNavGez. @ Aublishront  § -y

Image | LichL | Progress  Measurements  Sellings

= 17fps
amnhdew | Scilings LIE==E F
Start Mission Mission Protocol
MNeme: ArgosMlission stamp: 197C,/07/01 00:00:47 UTC
Mission 1SM Hefrech
tart Stamp Leve Aushar Designatian
3tate :.t‘f'i“,'r ¥ A J' OO T OO 0UNT O T OTCO NI BRALLEILe )} o - IELILLL™ »‘F’LI LU OTC OO YT or ngUJI‘Il)JI‘JII P
2 19700101 00200:47.021 UTC INFO Srartup Srartad
Control Mission 2 1979/01/01 00:00:47.021 UTC INFO  StarlUp Suteess. (Skipping in simuletion.)
Running Mission: ArgosMission A 19700101 00:0EA7.093 UTC INFO - FlanPathFromHaralolnspechonPant1A& Srartad.
RUNNing Task FollowpPatk S 1970/01/01 00:00:47.438 LTC INFO  PlanPalhFromHereTolnzpeclionPoint1Ae  Suteess.
Running Task Pragress: i 0.589/5.793 m 6 1970/01/01 00:00:17.495 UTC INFO - FlanPathFromHaraTolnspectionPaint1ib Srartad
7 1370/01/01 00:00:47.871 UTC INFO  FlanPathrromiieraTolnspectionPo nt1Ab Success.
Conliol Pausc Pause afLer Task | Abuil Slop w0t = =
E 19700101 00:00:437.870 UTC INFO FlenPathFromHers srarted
Mode Aulonomous Supeivisory | » o ~
S 1370/01/01 00:00:43.116 UTC INFO  FlanPathrromiere Success.
’ 10 1970/01/01 00:00:43.116 UTC INFO  Follow™alh Carled
Supervisions
11 1570/01/01 002002493.131 UTC INFOQ | ChsraclaSupervician crartad
. Alarm . rmergency Stop . Lacallzation TT - , 1
=14 :as Acaustical Jhstac! .
- Ry - DS Ao - St [ =croll automatizally Save
. Communication - Gas Electrochemiczl D = checking
B oysiunciion B - X =disabled Prolocol Userinteraction
arnos Mission | Safety  ICF | Pcse Controller Manager Pose Contreller Loco  Robot Menltor Console | VISCA Cameré | Tele-Operaticn  Dabug Quadruped State Visvalizer | Low-Level Contreller

»
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ETHzurich

User Interface

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

_cll_perspective_from_file - rqt

i b el | T Move amera | select - Focus Came T i @ ~ublish Pcint Ce (123
ETH:zurich e it | }

—
|
—
—
i P

Situational
camera

Inspection
cameras

3D VieW (RViZ) — B ; : Image | LichL | Pregress  Measuremenls  Sellings

s 17ps
amnhdew | Scilings (Reset r

Start Mission Mission Protocol

Robot actuators

Neme: ArgosMission Stamp: 197C/07/01 00:C0:47 UTC

Mission pacMissian Hefresh

aLart Stamp Leve Autnar Designatian |

State ‘C.{‘r’,}-:‘h | Ja r.u*.;,v O T OO QU T UL T OO s o Tz oy B IELLLLS ol Sl LR ) (LSRR S ) S | IR N pre) ) HI"UJI‘II}JI’JII'.} S e n SO rS
2 1970/01/01 00:00:47.021 UTC INFO  SrartUp Srartad

Control Mission 2 1970/01/01 00:00:47.021 UTC INFO | SLailUp Cureess. (Skipping in simulelion.)

n [ ] e dho Z > s - of - . — = A = >
M ISS I O n CO ntrol FRiin iy Wi AriGeM iRy A 1970/01/01 00:00:17.093 UTC INFO | FlanPathFromHeralolnspectionPoint1iza Started
Running Task Followrath S 1970/01/01 00:00:47.436 UTC INFO  PlenPalthFromHareTolnspeclionPoint1Ae | Suteess.

& p rOt O C O I Running Task pregress: () 0.589/5.793 m € 19/0/01/01 00:00:47.495 UTC INFD | FlznPathFramHeratoinsnectionPaint1ab startad

a2 1 N
7 1370/01/01 00:00:47.871 UTC INFO FlanPathrromiieraTolnspectionPo nt1Ab Success.
Conbrol | Pause | | Pause after Task | Abcit || Stop ek e o
E 19700101 00:00:437.870 UTC INFO FlenPathfromHers srarted
Mode | Aulonomous , Supeivisory | = 1 )
S 1370/01/01 00:00:43.116 UTC INFO  FlanPathrromHere Success.
S aTa i 10 1970/01/01 00:00:48.116 UTC |INFO | Follow™alh Carled
11 1570/01/01 00200293.131 UTC INFOQ | OhskaclaSupervisian Srarted. E rro r p rOtOCO I
| ~am [l creraencystop [ 1ocalization T - , -
- Batrery - Gas Acaushcal . Cbstacle & scroll aubomatically | P
. Communication - Gas Eleczrochemiczl D = checking
B oysiunciion | GEER X =disabled Protocol “Userinteraction
Ot h er I I IOd U IeS arnos Mission | Safety | ICF | Pcse Controller Manager Pose Contreller Loco | Robot Menltor Console | VISCA Camerz | Tele-Operaticn  Dabug Quadruped State Visvalizer | Low-Level Contreller

»
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User Interface

File Plugins Running Perspeclives Help

AdLoco Visualizer DF@E - 0¥ Alowo ConLiol Manager DEFE - 0¥ AQuadiuped Slale Visualizer D@ - 0% .{Aoyped D@ -oX
Topic: f','lo(orrotion_ronr'nller./gail'_par.'erm \ Available Controllers: @ - A | ‘ Fmergency stop \ | Y |
v lace_crawling_ros & | @ o . > % | =
Activated controller: | Start || Select -
\
Nams: laco_rrawling_ros —\ =2
< R v .
Status: STATUS_SWITCHED o B // Sy
v
LF Locomolion Modes: & A ™ //
/
‘walk = | @ o | /
=mergercy stap 0 |
\ \
\, / 5
sttt | sttt e A
~ Sy \\\
RF
#3Gazebo Controller DE@ -0% Time d Messagz
LH
. Pause/Play Reset
Simulation spead % 199 ' Ararameter Handler L@ -ox
2 ‘HJ? e J.ocomction controller |
RH % | wac max ncrmel forze Lh 4 @
Throw ba.l The Sky's the limit | —’J ._’,0000 A
0 600 o @ ©

XSL

»
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ETHzurich

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

N
B

[ )
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ETHzurich

User Interface
Mission Creation

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

= State machine defined in YAML format

= Common building blocks to facilitate
construction

< »
=

Aut t L Péter Fankhauser .10.201 27
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ETHzurich

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
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RQT Multiplot Plugin & Variant Topic Tools

MultiplotPlugin -rqt

mMulliplol - [files///homefsam/fgil/rgL_mulliploL_plugin/igl_mulliplol/config/example.xmi] D@ -0
Configuration: | File;///home/sam/git/rqi_multiplo:_plugin/rqt_multiplot/config/example.xml ok (§1 ol =N
Plot Table: 2 x|t 2 colors| [ vunk 7 Scale B Cursor Track B Points | |  GHOHa® . .
" C++ library (alternative to rgt plot)
LF Actuztor Modas & Contact Stzte WGg@®o 0 —

H HAA HIL KIL W Contact State Load factor
L l L L L l L 1 l L L L l L L ll 1 ll L ll L L I

= Multiple plots in one window

- ~ W + i (=] - «©

= Edit, save, and load configurations

".—l...i...l I?'l....'\%!_

736 736.5 737 737.5 738 7385 739

= Live plotting or load rosbags

m HFAADesired ® HFE Desired ™ KFE Desired ® FAA Measured HFE Measured KFE Measursed

1 1
B '/'
(1.5 — P % . (- 2 L.
|/ )
-
0 -‘\\"*- /7-’ \\."-ﬂ_ 7 \\"'-h. ” \\"'“w-. B
/ - —~ < - - - - - - /
o e - / =
" ’ [ —
T
-0.5 -
r = [‘x -
] ! N N s
A o ® ) N l/
\ K 1 p v
¢ N f 'x\ l'/
- - A\ 2 -
1.5 I \.\_ _,t" % v \\ 1;, "I\ g
- - T -

736.5 737 737.5 738 7385 739

|
7
»
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ETHzurich
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MultiplotPlugin - rqt

@rMultiplor - [Fle:///nome/peter/git/quaduped_comman/quadruped_logging/plor_configurations/rqt_multiplot_foot_trajecteries.xml]*

D@ -0

Configuratiom: [ile:///homefpeler/gil/quadiuped_ccmmon/guadiuped_logging/plot_confligurations/rgl_mulliplol_fvol_lrgjectoriesxml | « w ThEEHW |
Plot Table: 1 ./x 1 . Colors . Lnk _) Scale | Cursor | 1rack [ Polnts | w OOa@®
Tigjeclores Hha® -
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Blle

X1

C++ library (alternative to rgt plot)

Multiple plots in one window
Edit, save, and load configurations
Live plotting or load rosbags
Easy to setup configurations

x- and y-axis freely configurable

Péter Fankhauser | 08.10.2016 | 28



ETHzurich

ANY nal

>
P7RSL. w8 |
Al ! B . Autonomous Systems Lab Péter Fankhauser | 08.10.2016 | 29

Robotic Systems Lab



ETHzurich

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

= All developers and robots same setup
= Ubuntu 14.04 LTS, ROS Indigo

ubuntu®

14.04 LTS
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https://github.com/ethz-asl/ros_best_practices/wiki
http://gazebosim.org
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Software Tools - How We (Try) To Keep Things Smooth

= All developers and robots same setup
= Ubuntu 14.04 LTS, ROS Indigo

= Software version control with Git Atlassian

= Bitbucket & GitHub g BithCkEt

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

= All developers and robots same setup - —
= Ubuntu 14.04 LTS, ROS Indigo o, Dmm Firimemsad B | Ao romie, s

Home Eckt

Peter Fankheuser editac this page on May 13, 2015 - 22 revsions

= Software version control with Git
ROS Best Practices ~ Peges
- B it b u C ket & G it H u b This is a loose collection of bes: practices, conventions, and tricks for using the Rooot Cperating i

Systarmn (ROS5). I burds up on e clficial ROS decumentalion and olber resources and is meant
as summary anc oVErViSWw, Adc a custom sideba

= Conventions for package structure,

¢ R0S Enhancement Fropesals (REPS),

~
wMips:djpitiub.cor el hr-asl l’r.':_

e RCS Use Patterns and Best Practicas,

format, naming, and code style ER—

Other Referencas:

- '.t h b / t h I/ b t t . / . k . ¢ R0S Best Practiess: Lorenz Masenlechner, Technische Universtat MOnchen, July 2012,
g I u u COI I I e Z_ aS rOS eS D raC I CeS WI I ¢ 20S Best Practicas: Tully Foote, Open Source Robotics Foundation, October 2014,

e RCS Design Patterns, C+= AFis, ard Best Practices: Jonathan Bohren, Laboratory for

Computaticnal Sensing and Rooolics, The John Hopkins Universily,

o OS5 Answers

In parts, the document descrices cpinicnated Lest practices estaolisned within the Legged
Robotics Group from the Autonomous Systems Lab, ETH Zurich.

Author: Péter Fankhauser, pfankhauser@ethz.ch
Affiliation: Autenomous Systems Lab, ETH Zurich

TODO

¢ Nt/ robot cs.stackexchange.comfquestions)3110/ros-best-practices
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Software Tools - How We (Try) To Keep Things Smooth

= All developers and robots same setup
= Ubuntu 14.04 LTS, ROS Indigo

= 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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ETHzurich

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

= All developers and robots same setup
= Ubuntu 14.04 LTS, ROS Indigo

= 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
= | ots of demos

| 2
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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 . U i ETH Zur.inch RSL Build nfonl‘tbr ihif

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

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

5
r—y—
e

= | ots of tests on hardware

= Weekly “shakeouts” for defined tasks {7
= Lots of demos = -
[ e e
= (Continuous Integration T o R e
= Jenkins | - J _
= Unit tests (after each change) ] R ERara N
= ROS integration tests (at night) INAY. Y (I | | ﬁ_\\m;, _.q._.\,,_k___,_
= Logging (rosbag) e e e
= All important information is always logged E T
= Review logs with RViz and RQT Multiplot S aie EVBRRRVAE
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Conclusion

= Introduced 10 open-source packages, 250+ internal packages
= (Coordination of a big team is hard

= Good naming is important

= ROS as “glue”

= WiFi is often problematic

= Reliabllity is crucial
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Thank You

Open-Source Software
github.com/ethz-asl

github.com/leggedrobotics

Péter Fankhauser
pfankhauser@ethz.ch

Samuel Bachmann Dominic Jud

Dario Bellicoso Ralf Kaestner
Michael Bloesch Bruno Kaufmann
Remo Diethelm Philipp Krusi
Christian Gehring Andreas Lauber
Mark Hoepflinger Philipp Leemann
Gabriel Hottiger Konrad Meyer
Marco Hutter Roland Siegwart
} { Jemin Hwangbo Vassilios Tsounis
Robotic Systems Lab Autonomous Systems Lab Linus Isler Martin Wermelinger

www.rsl.ethz.ch www.asl.ethz.ch

Péter Fankhauser | 08.10.2016 | 33


https://github.com/ethz-asl
https://github.com/leggedrobotics
http://www.rsl.ethz.ch
http://www.asl.ethz.ch
https://www.youtube.com/watch?v=SR5OJ-vklIs
https://www.researchgate.net/publication/308953021

