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e Interested in long-term
autonomy for (mobile) robots
IN human-shared spaces

e Aspects of actual and
perceived safety in HRI

e Software architectures for
dependable, adaptive, long-
term robotic systems

e |n agriculture, nuclear robotics,
homes, and public spaces

@MarcHanheide


https://www.hanheide.net/
https://lcas.lincoln.ac.uk

AMAZONCOUK v ware We nove scommendasons o you. (st are?

Marc's Amazon co uk Deals of the Week Gift Cards Gifts & Wiah Lints Your Account He

¥ -
L e ——— T
&t Saarct Browse §

Books ASYANCed Searc orows arves New & Fulre Relases Dhed 18 alheer & HAaDerbacks AUCED SO0x s O gan Dook s SOSCE Ofers ol Your Dooxs

Your Service Robot

(A e ¥
No customer reviews yet. Be the first JUA y 1

£2506-60 (Q’ Add to Basket '

£2340.00 & this item Dellvered FREE In the UK with Super Saver Delivery. See detalls and conditions oF
Sign in to turn on 1-Click ordening.

Temporarily out of stock

Order now and we'll deliver when avadiable, We'll e-mall you with an estimated delivery date as soon as we have more information. Your account wil only be Add to Wish List
CRArged when we Ship the item.

Dispatched from and sobd by Amazon.co.uk. Gift-wrap avalable

hd

More Buying Cholces

Have one to seli?  Sell yours here

ghdf“ n D

robots that are robots that have some robots that can
common-sense




Machine
Learning

Artificial

Intelligence

s P ’:.-"':'.".‘l‘ ' :' .

( . L ‘I:- @ .../ : »
o 5 - 8, )

3‘? " - 4% .@

UNTVERSITY OF
[LINCOLN

Exploitation of
structure for
improved
performance

Robust,
intelligent,
autonomous
behaviour

opportunities
to learn
structure

environment

Long run-
times In
everyday

environments




Robust Mobile Robotic Systems for Long-
term Deployment

Vissol Active Memory Processes ond Interactive REtrievol f %

* "Response” to Severin:

* Been in charge for System Integration and Deployment in
5 EU projects since 2002
(and many other as contributor)

* Software engineering challenges in (mostly/only??) 3 L
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http://www.youtube.com/watch?v=67ul8Ix8ehs

STRANDS

The Strands Project:

Long-Term Autonomy at its Heart,
“Social Robotics” as a (g#r)welcomed
Necessity
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Care Systemn

http://strands.acin.tuwien.ac.at/

STRANDS
* Long-term autonomy Componen

: Research
requires robust software

S

~N

'

* O robots, shared software, —
2 app‘icatiOﬂ dOmaiﬂS Spatio-temporal representation and Philos‘olphy

activities for cognitive control in long-

term scenarios 0SS, ROS,
L reuse, GitHub

* > 30+ developers
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http://strands.acin.tuwien.ac.at/

Betty at
Transport Systems Catapult,
Milton Keynes, UK

Henry at
Haus der Barmherzigkeitt,
Vienna, Austria




Care Y3 Care Y2

Deployment 21/3/16 10 27/5/16 1848715 to 17/6/15

Working Hours Weekdays dags 7.00 to 19.00 ost days 8.00 to 21.00

~ km 2341 km Amst;rdam
Tasks 39Q 865 P s
R P-SiGsselspi oo | o 17 1 23 min |
Available Work Ti~- : 5 minutes 252 hours, 54 minutes - 1,050 miles
g 17 h 47 min
. ﬂO , : .1'072 n,.mles = Czechia
Autonomous Ti A ‘ 3 13 minutes 135 hours, 20 minutes 3
EVEIODENS & 17 h 37 min )
e | Haus der Barmherzigkeit (9
A% 53% 53.51% Lo - el ¥

; . e - ._:;. g - A 1.‘:'\— v
‘ B Lt e N N v’,ﬁf' strig e

engineers on-
sIte | Lifetime (TSL) —

25 days, 11:29 hours 15 days, 5:
(includes 8 days off) (includes 5 €

L]
Interaktions-Kamera

15 days, 9:30 hours 4K
(includes 4 days off)
Cumulative 55 days, 9:57 hours 29 days, 5:
(includes 16 days off) (includes 10
: ﬁ[‘z" Kopf-Kamera
LS :




WayPoint26

Walking Group

not executing

“The first autonomous mobile
robot engaged in physical
therapy”

)

Info Terminal
(later)




t's not as easy as It may seem

Bulld on top of off-
the-shelf ROS

components EEE ROS

* long-term
autonomy requires
robust software

< UNIVERSITY OF
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288 . INCOLN https://github.com/lcas/rosdistro/wiki


https://github.com/lcas/rosdistro/wiki

Challenges

Heterogeneous (and
" independent) group of
developers

ﬂ Chrstan Cordrup

o “Hacking for paper” attitude
€3 sergey Al T A Frivete Nambay S 1aame - " il 2
a2y o | * . Reproducibility & facilitation
1 Thamaa Fadbammear oFA nOt We”-trained developers Of SyStem SCience

(for team and community)

Supervisors’ focus on
publications

rightly so
(rightly so) Deployment to test-sites I

=N
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Some (for us) working solutions back then and now

($%ﬁ%a;

Heterogeneous (and
iIndependent) group of
developers

not well-trained developers

Robustness I

branch/fork
aithud
regository

W Bulld ¢133 (Mor 22, 2016 6:48:50 P!

-

Adopt 0sRF  |C) GitHub
(ROS) build farm 2 .
and extend it Jenkins

medify
wde

f

inspect
ey

cormmt to
hfeflCh"
fork

'

open
athub pul
request

'

w1 testing

Manager

merges
code

s A -

d “Force” developers to share code (github) and adopt fork and pull
model and continuous integration with email notification
d Team of 3-4 software managers, who review code and approve

S

2258

releases
J Utilise Continuous Integration and DevContainers

LINCOLN

Actions

\
/
//
y Standardised
/ Dev Container
//
/
fao Pl o
/
/
ﬁ Adding ncw mission arofile for row operation #05 o ol joles
0 msnie _—



Example: Robust and dependable Navigation

o GitHub branch/fork

github

—

4 . repository
Jenkins

-

Navigation Robustness

\_

was crucial for STRANDS

~

J

modify
code

commit to

=  branch/
fork

iInspect
error

'

open
github pull
request

'

<@— (I testing

'

Manager
merges
code




Simulation-based Rolbot testing

Simulation-based unit testing

STRANDS github/jenkins/morse integration




Robot testing Is also about reality
... and even the best maintained system will fail and have to recover
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Strands Navigation (sub-) Architecture (still alive!)

: 4
Executiv
SOHHVE Task Executor Scheduler
Control _
P
Nav Learning
\
; Request help ;
o
> Backtrack y Monitoring
Sleep and retry ) )
SN
Localisation s
& Navigation Topological
\_
move-base and/or thin- g Cont
navigation + specific nav . ontinuous

behaviours




Monday Thursday
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MDMT: Multi-Dimensional Measure of Trust = /
Daniel Ullman & Bertram F. Malle 40 40
1 n};rc) 2 (}:lvrc) J (rclvbat) 4 (r:lbot) < (r;bot) C (ro|bot) 7 (plost) 1 (};rc) 2 (;;rc) 3(rc|bot) 4 ('c:bot) < (ralbot) O(p'ost)
Therapy Sessions Therapy Sessions
,y/‘ _—— 7 —— 7’7‘ - _ >} ,‘_—‘ _ “—’ ——\
i CAPACITY TRUST W | o | |
! Reliable Subscale: reliable, predictable, someone you can count on, consistent (a = .92) h Medians of subjective ratings of therapists and observers across slow and fast
\ Capable Subscale: capable, skilled, competent, meticulous (a = .92 ) ) patient groups for:
- e T ] overall atmosphere/mood (0O=aggrieved, 100=cheerful),
E/{E’Ibig TbRU?T g e o has infear . motivation (O=demotivated, 100=very motivated),
1Cal dUubPDSscale: einical, respeciaolte, principlte as inltegri a—.
, fHedr, TESpectanie, principred, i grity ( ) group coherence (O=loose, 100=strong)
Sincere Subscale: sincere, genuine, candid, authentic (a = .79)
Table 1: Types of actions which cause a loss of trust: we call these failures
Taxonomy of Trust-Relevant Failures and Mitigation Strategies
Failure type: Actionby Meanttoact In retrospect, Description
Suzanne Tolmeijer Astrid Weiss Marc Hanheide this way should actor be-
University of Zurich Vienna University of Technology University of Lincoln have this way?
tolmeijer@ifi.uzh.ch astrid.weiss@tuwien.ac.at mhanheide@lincoln.ac.uk Design System Yes No System does what it’s been made to do, but in retrospect
.« v . the system should not actually behave this way
llzjil:leL}r_ld]il,ff ghomaSN}golwers Ui Cla,r(? ]:f)l]j{on 1 Syslem Syslem No No Syslem doesn’l do whal il’s been made Lo do
felise Lin dnegzzfshn de I:n:itz (:;u d:l :\Sl;xre clc?;:f@lﬁ?i»i ::iffzk Expectation System Yes Yes System does what it's been made to do, but user ex-
o ' ' P S PHVEIpoDLAC. pected something different to happen. In retrospect sys-

Myrthe L. Tielman . ' e tem slholuld sti.ll behave :his way ' — ]
Delft University of Technology User User Il design ail: yes User be \aves in a way lhey are naol Supposer lo. (Only
m tielman@tudelft.nl ﬁ If expectation fail: no  a problem if leading to other type of fzulurg)

2e5, UNI ) nan @t | —
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Requesting Human'’s help (empowerment to increase trust)
a4 )

p— Appearance explains

incompetence / lack of
capacity (Transparent)
g

~ e — L

People are willing to help
robots (to some extent)

— N

: — ..-
o GRUMPY

corhs

~

Unacceptable
‘ Incompetence

‘.- ToF - ¥
LINTVE Hh SITY O] k
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Don't make the same mistake again!
L earning by Demonstration (in the wild)

150 . ' l | | |
» I not helped
2 100 BN helped ]
O
>
@,
O
© 50 _
=
0 ! L :
0 20 40 60 80 100 120 140
Edge Number
orat yiya | o Toobalnavgaion 7 ioc navigaion
Care & Security :  failure :
I v signal ! . . I
: PNP - — Failure Classifier !
Distance (km) 362.48 ,  goto l \4 : :
1 waypoint ' ;
E Topological E execute Eecovm E
Mon nav events | Navigation : | :
; ; . | Recovery Regressor| :
MNE / km :gaa! positionl ; ! Y 9 !
: move—base : velocity
i 1 command

F -
.............. - velocity
command

-

-
&
f
K

¥ i

Robot

A

o e e e GOING from WS to W6

o
Middie-Click: Move XY Right-Clicks Move T SN Move op

() [l
i P

F. Del Duchetto et al., “Do Not Make the Same Mistakes Again and Again: Learning Local Recovery Policies for Navigation From Human Demonstrations,” IEEE Robot. Autom. Lett., vol. 3, no. 4, pp. 4084-4091, Oct. 2018.




Learning about your
Users & Usage
Patterns

“Getting better on the job”
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Bellbot

Info Terminal

Walking Group




Adaptive Info-Terminal

Kinder- Conference Area :
arten | ]

Administration Wing = J — \lacthar lnfnrmatlam
o ; Mg i v Weather Informatiol
Calf eteria: - . z

Friday
16 September
2016

Cafllalena Ment View Pholo Album

e where is the robot when? n

* did people use the robot where it was”? (success!)
|

¢ data recorded:

; SR VRS QT L e e

49050
#oiiomy LI N C O LN An Adaptive Robotic Info-Terminal for Care Home Residents — A long-term Study




Kinder— Conference Area

__garten Lm_ﬁ_
J”':J*rj“”(? “F

~ N Therapy Wind

W‘“‘Tﬂ_ﬂ -
i i 1 o

dmjl istration Wlng — J
j ! Cazfeterla .

Spatio-Temporal Modelling

. . -

1 _ﬁe R

e FreMEn method JL JJ Jr; el
assumes that the ' ' '
probabilities of the e

Cafeteria |-

some phenomena are SNV [ S s N S N S S SN
influenced by hidden PR N = N D
processes which indrgnen . /NN S\ S\ T\Ls
mMight be periodic. Lits2f /T N/ N NN T\

Mon Tue Wed Thu Fri
Time [days]
Active hours (09-18) - ----

Frequency Map

n * Enhancement
FreMEN”
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FreMEn"?

e HOWw;

Time domain Frequency domain

| | I | I | I I I I
Measured state — sgl Discarded coefficients

* (binary)
Probability function — p(t) - | Model coefficients blnary States

B e —— :
Q Q “ , .
s(1)=[5,(1),55(1),....s,(t)]"
T e P P S PR A ooy
-2 =15 -1 =05 0 05 1 1.5 2

Froauancy (B » derive spectral model using FT

abs(P): { 196, 46, 23}
arg(P): { 0, 1.57,1.57}

F 1es: {0,0.2,0.6 } | — |
A et o S(w)=F1(s(1))

0 2 - 6 8 10 Parameters of the learned model O keep N 'the mOSt prOm|ﬂeﬂt S

Time [s]

O O—

O 0

Q

22 UNIVERSITY OF
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http://fremen.uk

Periodicity in all sort of states”!

s(1)=[s,(1),55(1),....s,(1)]
S(w)=F1(s(t))

Select
. 1 June 20176 .
O
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n
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scene(Momitor, Kevboard, Lapiop. Cup, Bottle| & 0:40 048 050 0:88
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Froe

. L . - . . . . . L . L

lefr-ofl Laptap, Kevhoord ) A
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belrind-of| Bottle, Cup | 2
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Choosing the next location

e predicted utility of a location /: ui(t) = eh(pi(t)) + (1 — €) pi(t)

e Use utility to sample next location to go, greedily, new place every 10 minutes
e Here we set €=0.5 (exploration-exploitation ratio)

e start with pi(t) = 0.5 at the beginning

e more on exploitation-exploration and planning horizons In

Kulich, M., Krajnik, T., Preucll, L., and Duckett, T. To explore or to exploit”? Learning humans’ behaviour to maximize
interactions with them. In Proceedings of the Workshop on Modelling and Simulation for Autonomous Systems (MESAS)

na»
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Kinder- Conference Area
|garten | |
S

=
éAclmfwhsj tion Wing

A
‘;Js»

w4 P - ;
J o | Iy NS r';:2
reMEn et |
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Frequency Map
Enhancement

228 LINCOLN




L’\M‘\‘v&f \j 1 “———M“—J ] w’ l - L
g o - oo
‘ ke ——— = ﬁ_‘] . Feuerloscher (. 'n
. " b .‘._! o " .“:'0_‘1':' L'—I | » ¢ B L! fr_h4m~;?V‘T&4ﬁLJr_I -
.info board T '8

Frisoer 8: entry ambulance

35: reading

“%’ b ad
4: lifts s K
“k Kindergarten

T e f'(vé“’

"~ ChargingPoint
| 11: lifts

Successful Info-terminals % I

30% 70%

| N A
Clicks per interaction % % * N

2.07 6.67



More and more interactions

Info-Terminal Success Rate

; 0.7 ~ ﬁ

©

)

Q_O.6

2 _

© xR e

“ 0.5 .

m ...........................

m .....................................................

g 04l e ‘r )

7S _

_E 0.3

-

) 0.2 x  Success Rate

'T | Linear Fit

-2 Confidence bounds

S 015 | | . i | I | ]
70 80 90 100 110 120 130 140 150

Day of Year 2016

* Linear regression on average success rates per day.
* rejection of HO (constant number of interactions) with p=0.0006/74.

2 s UNIVERSITY OF \@/
7
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Lindsey in the Museum
2018-2023

https://lcas.lincoln.ac.uk/wp/projects/lindsey-a-robot-tour-guide/

L UNIVERSITY OF
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TheCollectton

Art mve fechimsologyy in Ureclndhire

rhecgjggﬁg,"

Fyhibilar daser phinn

, Bronze Age barow
\J ) ~ f
Starfz, A tours - ; [ : » "

/ '.‘-
& = Total deployment duration:

3.3 years

Days of operation: |
446 days (1.2 years) | ke e

Distance travelled:
. , 1118 km

~ Time interacting with visitors: , ,‘
75.8% ‘ -

>15,000 interactions with the museum's visitors

s

-




Reinforcement learning in the public domain®

* Lindsey Is a tour guide robot in The
Collection Archeological Museum

o Can we learn better
tours through long-term
Interaction with the

public?

“Getting better on the job”

2L UNIVERSITY OF

288 LINCOLN



Tour participants per day Are You Still With Me? Continuous
Engagement Assessment From a
Robot’s Point of View

o | AL
o LA YR

0

Francesco Del Duchetto”*, Paul Baxter and Marc Hanheide

num participants

Sum participants

Lineoin Cantre ior Autonomous Systerns, School of Comouter Science, Unversity of Lineoin, Cnealn, United Kingekom

Averaqe

9
9

ol lolololololololololololo o lolololo oo oo e R R e Re) o) o))

9
9
9

1/2020
1/2020
2/2020
2/2020
2/2020

oo
NN
.
P g
—
NN
— N

20
30

9
19
29

Video frames

|

o
(]

Temporal
features

o
a

Engagement value

annotation 1
annotation 2
annotation 3
prediction

20 25 : 35 40

/\é UNIVE RSITY OF | Time (Sec)

S LINCOLN

L 2ELY



https://github.com/LCAS/engagement_detector

Remforcement learning in the public domain?

g—amera view with engagement

(r(y) ®Fengagement
Ofs,a) = r{s)+bonus+EfV(s’)]
n(s) = argmax (s, a)

Qtt lon = arstate)

Robot touchscreen view

Del Duchetto, F., Baxter, P., & Hanheide, M. (2020). Are you still with me? Continuous
engagement assessment from a robot's point of view. Frontiers in Robotics and Al, 116.

WA
‘ UNIVERSITY OF W/
#8 LINCOLN O0nn \“-*

OO . https://github.com/LCAS/engagement_detector |.cAS



https://github.com/LCAS/engagement_detector

lour structure depending on current engagement and state

. ) { gotoExhibit_5
[descnbeTour ] 2 describe
w gotoExhibit_4 J describeMore

& describe

\[ gotoExhibit_4 J
&[ describeMore & des@‘
gotoExhibit 5 :
& descnbe describeMore J

gotoExhibit_ 2} l l
gotoExhibit_3 J./{ describeMore | & describe gotoExhibit_3J
& describe & describe

gotoExhibit 2 describeMore }3%
descrlbeMore & describe

[QOtOEXthIt_1 - 4’( describeMore } *{ endTour ]
& describe ,N endTour J

Different actions chosen by the learned policy for the tour art at different levels of engagement. Engagement
values are red for LOW, blue for MEDIUM and green for HIGH

w2 UNIVERSITY OF

258 LINCOLN Upper-Confidence-Bound Value-Iteration \ /




| earning phzase
Verficahon phase

il

(a)

M il

Getting better on the job!

[ describeTour gotoExhibit_5

c-.c g geme ny ‘*

& describe
N gotoExhibit_4 } describeMore |
& desCiioo gotoExhibit_4 ] 10 (b)
N N *
N describeMore = descr{\ o]
N
gotoExhibit_5 : 2
& descnbe describeMore ] T
r(s) *engagement : -~\. , i
O(,e) = r(s) + benus ‘ g b T . gOtOExh|blt 2 ] l l 2
+ EJV(:)] : . - [ gotoExhibit_3 J({ describeMore ] & describe gotoExhibit_3
x(s) = argma\"(_)'\,m) ‘ & describe [ & describe ]
X = mistate) A | !
[

\ gotoExhibit_2 describeMore ]ﬂ% (c)
descrlbeMore & describe -

V 0.3
F ) : r }“ T
Y !.'L‘:.‘n...‘.?g1 p: [ gotoExhlblt_1 o | describeMore ;{ ol ] T o
Wonhe St . N
1‘; e Sunulaben & describe endTour J a’)' 0.2 a . i a
B iep- - » r b B .
v J s @ 4 a 4 " @ e
; e A 0.1- : v . o
)
| SLatic rour
C .-ll-v-—r‘---.-—-l (BN D .
00 - ' Vo » learning tour 0.0 1 L { | s & I /!
- ) 20 _ | | | | | | l. ' | | | | | | | | | | | | ll ( | | l.' / | | | | | | | | | | |
- 2000 04 - 0.5 - i ]
% 157 — (d) o
g oo 505{ ', e, * ¢ "o
: 1000 1 f E ) P s B o " v oow u 4l ®
o - - v B jod B w o
2 . T 0.4 ® ° a »
M 3 .
=
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» Y L - - ”, \ . U‘ - | 4
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TER

Fleet Management Autonomous Operation

The robotic fleet will be coordinated so that each robot is assigned the most Theought the wse of afiordabale sensor technoiogy the robots will be abie to move
wgent task such as tray delivery or transporation to a coid store. The fleet control atomously while conducting different tasks. Key navigation elements will indude
system will remember where and when a picker was approached by a robot and real time modelling obstacles in environment from experience and embedded

learn when the next call is likely given work rates and pattems. The system will dynamic obstacies detection (pickers, trays, other robots).
also allow for monitoring and manual intervention by a human operator.

0 < rem
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e supporting fruit pickers

e up to 20% productivity gain
through autonomous transport

e

<2 UNIVERSITY OF
A8 Robotic Platform Safe Human-Robot Collaboration
28 LINCOLN DESmEEmLILTESIET  Amonmmmertimins
working conditions. Due 10 its low weight, Thorvaid will mot cause soil compaction device.

and has a very low power consumption.



Summon a robot to help

[E——— P——

* Embedded “Smart
Trolley” system

* GPS

e 4G/5G
communication
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Using Robotics Tech to improve “noisy” sensors

* GPS noisy (~3m) meast 4

| Initialisation (t=0): pfzo( )~N (gtzo, 0')
(even worse In tunnels v

beams) \gf[hterg p0 is i partlcle and g, is the GNSS location

ldeq: 2.  Prediction (t>0): Predict future states of particles.

* Particles can only move to nodes connected by
edges (neighbour)

* Probability of a particle i moving out from a node J:

54 53 . , j Continuous Time: exponential
ot r. ("CJ ) =1 — e(—}ﬂ',') distribution of leaving a node
j :

Use knowledge of “roa

to go to neighbour node

37 33 3

—r— where 1:’ is the duration of particle i at node j and

A determlnes how fast the picker is moving

28 29 3
oo
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RObots supporting pickers and other jobs In strawberry fields
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Make Request

Emergency Stop




MesaPro

* [nteraction
modalities vary
greatly by
domain

Regulations

and safety play
a key role In the
workplace (and
other domains)
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Embrace the

Robots do fail:

Change: Prospects and

Challenges of Long-term behaviours are needec

Autonomy and

. software Is prerequ
INnteraction P .

A o https://lcas.lincoln.ac.uk/

(Interactive) Recovery

. Robust
site.

L earni

bul

eff

di

IC|

mode
improve long-term navigation.

ng routines can help

8
en

S d

£ systems, s

Mmore effec

Ive and
hectral

@MarcHanheide

re very powerful to



https://lcas.lincoln.ac.uk/

10/03/2017

« 11:41 GMT: Sudderly new aafas out of nowhara the tapaagical map had o ba radifiad ta
mave the ViPa away “rom aoclias.

Remaining
Challenges
for Robots

Sofas on waypoints

Charging station
blocked

Motor
fallures

28/02/2017

« 16:44 GMT. Someone placed @ chair on tep of the robot staton Mate had to call the
“acepton'st 20 move it away.

) R DA RS T o

Plants and tableswz

on waypoint -y
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