Lecture 8b — Haptic Tele-operation Applications:
Revolution? -> Haptic Shared Control

Henri Boessenkool, 3ME — BioMechanical Engineering, TU Delft
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About me:
- Jan 2011
MSc graduation, BME TU Delft
e July 2011 — current
PhD candidate at FOM institute DIFFER/ TUe / TUD

European project: EFDA GOT RH project (ITER)

WP1.6: “Analysis and optimization of tele-
operated task performance during
ITER RH maintenance”

Email: h.boessenkool@tudelft.nl

Website: Attp.//www.delfthapticslab.nl/ Sy,

cpt_people/henri-boessenkool/ Remote Handling Study Center (FOM)
[http://www. differ.nl/remote-handling-study-centre]
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Content for next 45 min...

e Part 1: Introduction of ‘Haptic Shared Control’ in tele-manipulation

e Part 2: Research example Haptic Shared Control — Proof of principle
* Human factors experiment
« Experimental results and conclusions

« Part 3: What about a real application?! — Maintenance at ITER
* A - Operational data from JET
* B - Exploratory human factors experiment (VR)
* C - Applied Haptic Shared Control
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What to learn the next 45 min...

- Part f:: r?mcctﬁ‘bg 'gqe‘ﬁ%ﬁ@i&ﬁﬁéﬁedfmaﬂsi@ﬁ@lgmg)tl%%tion
IS relates to haptic shared control
e Part 2: Research example Haptic Shared Control — Proof of principle
* Human factors experiment

. . tele-operation
Apply: ExtrExBRiimentairtesits aig $6nERSIOHS
situations (new hypotheses) ,
« Part 3: What about a real application?! — Maintenance at ITER
* A - Operational data from JET

Critic‘al'%-éffé(&%?’r tory human factors experiment (VR)

disctised éﬁ?géﬁmﬁﬁgﬁfegsﬁ?wesr&rmh'tatlons of
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Part 1:

Introduction of ‘Haptic Shared Control’
in tele-manipulation

3 . . N
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Introduction
Abilities of human <-> machine

Combine Human Machine/automation ?

\'-. I" ) ll A 3 i

“Fitts list; [1] P.M. Fitts, 1951; [2}4).C.F. Winter and D. Dogiou, 2011

But what if we need both..?
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Introduction - Improvement of tele-manipulation
Evolutionary approach: Improve transparency

Assist the human with performing a task; apply guiding forces
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Introduction - Improvement of tele-manipulation
Revolutionary approach: Haptic shared control

Assist the human with performing a task; apply guiding forces

- Combination of manual control and automation

t
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Introduction
Shared control is not new

Tele-operated /cobot control tasks

* General [O’'Malley et al., 2006, Feth et al., 2011, Passenberg et al., 2011]
* Gripping [Griffin et al., 2005]

* Surgery [Kragic et al., 2005, Abbot et al., 2007]

* Micro-assembly [Basdogan et al., 2007]

Vehicle Control
* Longitudinal automotive control (car-following)
[Mulder et al., 2008; Abbink et al., 2011]
« Lateral automotive control (steering)
[Griffiths & Gillespie, 2005; Brandt, 2007; Abbink & Mulder, 2008; Flemisch et al., 2011]
« Auviation [Goodrich et al., 2008; de Stigter et al., 2007]
* Wheel chair control & Brain-Machine Interfaces
[Trieu et al., 2008; Carlson et al., 2008]
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Introduction — Control by human
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Introduction — Haptic Shared Control
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Introduction
Does Haptic Shared Control work?

Problem statement:
Comparative improvements of transparency vs shared control
are unknown

Goal of experiment:
Experimentally quantify the influence of transparency and shared
control on tele-manipulated task performance.
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Part 2:

Research example Haptic Shared Control —
Proof of principle

Human factors experiment
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Experiment
Experimental setup

3 DOF tele-manipulator ‘Munin’ (Christiansson, 2007)
Top view

]
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Experiment
Experimental task

Camera view from remote environment

¥

-~ W =Y
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Experiment
Shared control design

e Free Air Movement:
Predictive guiding: £, = E2* k2

d control ~—

Goal

Based on automotive [Mulder 2010] X

= Contact Motion
Position and orientation guiding and
artificial contact damping

» Constrained Translational Motion
Position and orientation guiding, snap feature

e Constrained Rotational Motion
Guiding forces perpendicular to force task; snap feature,
virtual rotation point in NoFF condition.
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Hypotheses

Effect of haptic shared control on task performance / control effort:

Ideal <——— Transparency ——»> No

Direct control Tele-operation Tele-operation
(DO) Force Feedback No Force Feedback
(FF) ( )

No Shared Control

Shared Control

(SC)
] . . N
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Results
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Results
Trajectories

Position trajectories (8 repetitions) of a typical subject

No shared control Shared control

Direct Control (DC)
_008 T T T T T T

-0.121

-0.14

-0.16

y-position [m]

-0.18

-0.2}+

_0[22 1 L 1 1 1 1 1 L 1
-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 006 0.08 0.1
x—position [m]

[H.Boessenkool , MSc thesis 2011]
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Results
Time to complete

Reduced transparency
decreases performance

16[
(blue) al
12
Shared control (red) _ 10}
improves DC E 8
=
6_
Shared control (red) §l
: 2t
results in faster ;
execution without higher _ o
forces Experimental conditions
[H.Boessenkool , MSc thesis 2011] ° p <0.05,
[H. Boessenkool, et al., “A Task-Specific Analysis of the Benefit ¢ p=0.01,
of Haptic Shared Control During Telemanipulation,” 2013] ¢ee p < 0.001
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Results
Control effort

Transparency does not
iInfluence control effort

(b|ue) 200+ .e °
__150F b (_H
Shared control (red) f —
improves DC g o0 !
Shared control (red) i ? i %
Improves for all

A O
transparency conditions $ Q " f
(@] Q L u'_ Lc|3 u<5
()] (] [T TR z z
[H.Boessenkool , MSc thesis 2011] ° p <0.05,
<
[H. Boessenkool, et al., “A Task-Specific Analysis of the Benefit °e° p 2 0.01,
of Haptic Shared Control During Telemanipulation,” 2013] ¢oe p=0.001
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Summary

3 . . N
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Summary

= Shared Control showed improvements for:
» Task performance (time, accuracy and exerted forces)
 Control effort, workload

« Shared control influenced task performance much more than
transparency

e Open issues: how to capture human intention? /
what are the long term effects? / automation
problems (misuse/disuse/abuse/..)? / ...

e Discussion question: Do we still need transparency if we
use haptic shared control?
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Part 3:

What about a real application?!

Maintenance at ITER

]
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Fusion
The power of the sun and the stars

Deuterium Helium

Tritium Neutron
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ITER project

I[s fusion a viable power source?

« Experimental reactor

e Mission: Prove that fusion is a
viable power source ' o —

* Under construction in |
Cadarache, France

* First plasma 2023

« Plasma confined by
superconducting magnets

Source: www.iter.orqg
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http://www.iter.org/

Maintenance at ITER

Maintenance has to deal with
radiation & toxic dust

- Remote Handling (RH)

Improvement in RH is
Important!

Source: www.jet.efda.org (modified)
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Maintenance at ITER

What is the problem? / Where & what to improve?

Two approaches to find out:
A - Operational data from JET

B - Exploratory human factors experiment (VR)

3 . . N
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dat from J ET

A — Operational

3
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A — Operational data from JET

Goal:
Get subjective and objective data

about Mascot-operator task
performance. ¥ 5 B A 5, 4

i W

‘mﬂf- ‘. ‘h ‘w

Approach:
= Operator interviews
= Analyze logfiles/video data,
= Non conformance reports (‘skill based’
Issues)

Control room JET RH

Results (in progress):
* Time / error data per task type

* Effect of operator experience/skills - Find focus for improvement
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A — Operational data from JET

Maintenance tasks:

® Positioning/alignment:

® Bolting

® Positioning of cables (loom/small cables)

® Hovering /attp://www.youtube.com/watch?v=U0xiseBOtmA]
® Cutting

® Inspection T How to Improve (what

® Hoisting e .
e (Preparing for) welding makes it difficult)”

General impression JET RH
[http././www.youtube.com/watch2v=pv8UrMUOkww/]
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A — Operational data from JET

Where to improve? — Time data per subtask

o, o,
<1% 2% <1% Il Unlock / Prepare Task Module
4% \ | Y/4 6% [< 1% (6 min)]
° I Collect Tile tool [4% (56 min)]
I Install Tool to Tile [8% (107 min)]
I Collect Tile at TM [10% (132 min)]
I Install Tile to Beam [30% (382 min)]

TaSk: ILW PL t”e placement ILWPLT [4D/4B] - Master-slave tasks — Total duration: 1276 min / 21:16h

8%

Poloidal Limiter
Beam \

! [ |Remove Tile Tool from Tile

10% 17% [8% (96 min)]

| Return Tile Tool [< 1% (10 min)]

Park Tile Tool & Collect Torque
Wrench [11% (139 min)]

Torque Bolts [17% (223 min)]
Return Torque Wrench / Collect
Tile Tool [6% (73 min)]
Install Diagnostic plug [< 1% (7 min)]
77| Remove Diagnostic Handling Tool
[< 1% (11 min)]
o I Park Diagnostic equipment to TM
11% [< 1% (0 min)]
I Collect Bolt runner for T Clamps

ILW PL Tiles

1< 1% (12 min)]
I Adjust T Clamps [2% (22 min)]
I Lock Task Module [< 1% (0 min)]

8%

25 tiles per beam, +/-10 kg each

Size: +/- 25 x 15 x 7 cm $
Delicate beryllium surfaces
Small clearences

First: focus on most time
consuming subtasks

-if UDelft [http-//www. youtube.com/watch?v=HPIRIc4acH]] n 32
-




Task: ILW PL tile placement

Execution time per tile carrier =PLT [D4,’B4]

A — Operational data from JET

What to improve? — Time data per tile

80 Cumulative distribution function - PLT (37 tiles) - All subtasks
1 T T T T T T
- Operator A Expenence 33 months |
701 I Operator B — Experience: 12 months [
N Operator C — Experience: 2 months ] U [ S —— i
60y [ Operator A~ (Operator A +novice) |] :
£ 0.6 :
E, = E
0 o 0 "F(t) = E n(t; )
= 0.4 tist
=——— Operator A - Experience: 33 months
0.2 === Qperator B - Experience: 12 months |
------- Operator C - Experience: 2 months
0 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 0 30 40 50 60 70

Tile nr

Time per tile [min]

« Large variation within and between operators

Can we decrease the variation?
« If all operators worked on level A - 26% time improvement
« If all operators worked as fastest trial A > 57% time improvement

f‘ [H. Boessenkool, et al., “Task analysis of human-in-the-loop tele-operated maintenance: lati
T U De I ft what can be learned from JET?”, Fusion Engineering and Design (online)] lation 33




Maintenance at ITER

What is the problem? / Where & what to improve?

Two approaches to find out:
A — Operational data from JET

B — Exploratory human factors experiment (VR)

3 . . N
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B — Exploratory experiment

e Question: What are the exact problems in RH?

« Approach: Exploratory human factors experiment

é ) Master Slave r VR si - 1
simulation
Control room control loop control 100p ot ab0an
(1000Hz) (200-500Hz)
L]
Zns B PD
Communication FC
channels
S D
y - Fes Xe, Xq
. E ﬁ
Human operator Slave+robot
+ __________________
. Visual/audio feedback i
master device f environment

Experimental tasks: Selection of 6 diverse RH tasks
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B — Experimental tasks

A. Visual inspection
B. Assembly task
C. Bolting

D. Polishing

E. Peg-in-hole

F. Cable placement
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B — Experimental tasks (2 of 6)

1. Visual inspection task

Slave robot

[http.//www.youtube.com/watch?v=6zU

URUA3B5s]

4. Polish frame task

[http.//www. youtube.com/watch?v=
7vesibPgMAo]
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B — Results

» Large variation in time performance between and within subjects

* Tool orientation/constant force level difficult in contact situation

» Higher operator workload for T2 & T4 (NASA TLX)

Time performance for different tasks - Normalized (fastest subject (trial))
16 T T T T

[x 57.5s] [x 30.2s] [x 30.5s] [x 57.7s] [x 49.1s] [x 47 .9s]

14
X  Operator 1

— Operator 2
B 12} X * o
2 Operator 3
-E »  Operator 4
S 10 X  Operator 5
s | Y] e Norm-line
o 8
% -------------------- Group average
=
(]
N
™
£
=]
=z

el B gl &
........ Pl ,éi T i; ii Ei-Clal
Inspel'ction Asselmbly Bollting Po;ish Peg-irl'n-hole Cable ;)Iacing
Tasks
] . . o
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A /B — General conclusions

* Improvement of subtasks p/acement & tightening bolts is most
effective (resp. 30% and 17% of total time ILW PLT placement)

* A substantial amount of time (up to 57% (JET) / up to 76% (VR))
can be saved if operators are assisted to behave like an expert
operator’s best trial.

» Baseline tasks that are especially difficult (show large time

variation):
* Picking up non-fixed tools,
» Assembly task (average->fastest: 76%)
» Peg-in-hole task (average->fastest: 66.5%)

» Baseline task that show especially little within subject variation:
 Visual inspection

'i"U Delft Haptic shared control in tele-manipulation 39




Maintenance at ITER

What is the problem? / Where & what to improve?

Two approaches to find out:
A — Operational data from JET

B — Exploratory human factors experiment (VR)

- Would ‘haptic shared control’ be a solution in a more realistic
case like ITER?

C — Applied haptic shared control (VR)
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C — Applied Haptic Shared Control

[J. van Oosterhout, MSc thesis 2012]

Question: “How do guiding errors influence
teleoperated task performance?”

]
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Task

C — Methods — Experimental setup

e Peg-in-hole type task (ITER RH)
« Virtual reality simulation
e Four fundamental subtask

to span wide task space?

* Free Space Movement
» Contact Transition

* Constrained Translation
» Constrained Rotation

[1] J.G.W. Wildenbeest et al., 2012,
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C — Methods — Experimental setup

Haptic shared control

Guide gripper along patht
» Guiding force/torque depends on distance to path
* Max 10 [N] force
* Max 1 [Nm] torque

Gripper path

- = = Tip trajectory

t

— — — = Path stiffness 10 [N] contour line

[1] H. Boessenkool et al., 2012,
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C — Methods — Experimental design

Inaccuracies

Real world
= = = Model of world
—)— Haptic shared control path

Inaccuracy

- T Mmoo o o
—
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C — Hypothesis

performance

0
guiding error
Transparency _

Guiding High Low

Non 0 0 ‘

Perfect #17.5 (] e N

Peg —y 75t Hole

Small error 0 =~ =108 . _
Large error 0 0 17.5 [m] — SN\

]
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C — Results — Travelled paths

tube/wt

----- - tube central axis

= SC path

— Free Space Movement

Contact Transition

Constraint Translation Movement
Constraint Rotational Movement

1.7
16 No-guiding
H .,
é 7 repetitions
clS5 F
Q
=
S 1.4
a |
1.3 F
1 1 1
1.4 1.2 1
Position [m]
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C — Results — Travelled paths

tube/wt

----- - tube central axis

= SC path

— Free Space Movement

Contact Transition

Constraint Translation Movement
Constraint Rotational Movement

_ 1.7
1.2r
1 Guiding (0.0 [mm])
a2 1 é 7 repetitions
cl1l5 |
S
=
S 1.4
a [
1.3 F
1 1 1
1.4 1.2 1
Position [m]

]
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C — Results — Travelled paths

tube/wt
----- - tube central axis
= 5C path
— Free Space Movement
Contact Transition
Constraint Translation Movement
Constraint Rotational Movement
_ 1. 1.7
1.2t
11l No-guiding 1.6 Guiding (-17.5 [mm])
14 12 1 é 7 repetitions
cl5 |
@)
=
S 1.4
g
o 13 | > <
1.2 e 1 1 | *
Guiding (0.0 [mm])
S . 1.4 1.2 1

Position [m]
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C — Results — Time to Complete

High transparency

P<0.001 ‘eee’ Normal operation with
p<0.01 ‘ee’ high and low transparency
- p<0.05 ‘o’ Haptic shared control with
c high and low transparency
b 30 ................................................................................................
£
|_
. ,—...—| ,—...—| r L] 7
20 ....... .." .................. T | .'.' .................. N | ;......' .................. -
ok T I -1 ] - = 4
Improves! Improves! Slightly increase
N 1 1 1 | L 1 | 1
ESS 5SS 5SS SSS =S
NO -, — = > NO = A —_ NO_ .....
== =< == >SS =<

[J. van Oosterhout, MSc thesis 2011]
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C — Results — Time to Complete

Low transparency

P<0.001 ‘eee’ Normal operation with
p<0.01 ‘ee’ high and low transparency

— p<0.05 ‘e’ Haptic shared control with

é high and low transparency

QO 30 ...................................................................... e o

£

(o — e — — o® —

ol }} 41 }I ............. | Iﬁﬂ ______ _

Improves! Improves! About equal
a} 1 1 1 | | | 1 |
NO - > - NO > __ . —_— - NO_ .....
SN = =N >SN (NN

[J. van Oosterhout, MSc thesis 2011]
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C — Conclusion

“How do guiding errors influence
teleoperated task performance?”

Overall:
« Haptic shared control still aids teleoperated tasks despite small
translational guiding inaccuracies.

e Low transparency does not magnify the effect of translational
guiding inaccuracies.
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Lecture summary

3
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Lecture summary

= Shared Control showed improvements for:
» Task performance (time, accuracy and exerted forces)
 Control effort, workload

= Shared control is promising for the ITER RH application, even if it
contains small errors.

e Open issues: optimal HSC design? / how to capture
human intention? / what are the long term effects? /&
automation problems (misuse/disuse/abuse/..)? / ...

3
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Take home message

Haptic shared control seems very beneficial ...

But more research Is necessary!

]
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