An Invited Talk on

Human-Robot Collaborative Assembly:
The State of the Art and Latest Advancement
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Background and definition of human-robot collaboration (HRC)
Safety standards and active collision avoidance in HRC assembly
Dynamic task planning and on-demand job dispatching
Adaptive and programming-free robot control

In-situ operator support in changing HRC assembly environment

Challenges and future research directions
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Why Human-Robot Collaboration t}@
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Robot with
integrated collision
avoidance systems

Robot with
programming
for everyone

Key Requirements:

Desktop ®m Safe environment
plug-and-produce
robot B Programming-free
Robot capable Consumer goods, wood,
to grasp randomly furniture, recycling | Plug-and-pro duce
positioned workpieces B Manufacture of industrial
process goods ] User fr]endly

Robot as SME
Worker’s third
hand

™ Man. of machinery and
fabricated metal products

B Man. of electrical and optical
equipment

B Manufacture of transport

equipment

(Adapted from FP6 SME Robotics project’s survey on 482 SMEs)

Multi tool robot

%
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Scope of the Presentation 9.

or Thenmoreay = JEC-61499 function blocks compliant
= Smart algorithms encapsulation
= Adaptation via event-driven behaviours
= Zero robot programming to end users
= Multimodal programming in real-time

- Human-Robot
Adaptive Robot Collaboration

Control

= Location-aware
= Task-specific

= Multimodal

= In-situ assistance
= Decision support

= Intuitive support

= Portal for end users

= Dynamic task
planning/re-planning

= Supervisory control

@ Safe HRC Active Collision J %
R4
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Environment .
Avoidance

= 3D models of structured environment
= Point-cloud images of human workers

Symbiotic communication: — Auditory —— Visual —— Haptic
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Classification of H-R Relationships .(_}@

Coexistence Interaction Cooperation | Collaboration
Workspace v v v
Direct contact v v
% Working task v v
é Resource v v
Simultaneous process v v v
Sequential process v v

Reference

Wang XV, Seira A, Wang L (2018) Classification, personalised safety framework and strategy for human-robot collaboration.
Proceedings of CIE48, Vol. 3, pp. 2302-2311.
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Charicteristics of HRC Assembly

Collaboration

Part to be
assembled

Monitored area

Robot’s end-

effector follows
the operator’s

hand

Operator’s modes can be
hand specified by
tracked by operator's voice

the system commands

Monitored
distance

_.‘*—————a(

1

Operator’s
thoughts can be
converted to robot
control commands

Parts of the scene
considered as
background

Low Dimension Humman Motion

B The capability to track an
operator’s position allows
controlling a robot to support
the operator as needed

AV

Learning
Algorithm
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Key Properties of HRC Assembly .CE%

Multiplicity Initiative
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Wang XV, Kemény Z, Vancza ], Wang L (2017) Human-Robot Collaborative Assembly in Cyber-Physical Production: Classification
Framework and Implementation. CIRP Ann - Manuf Technol 66(1):5-8.
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Definition of Symbiotic HRC .CE%

® Symbiotic human-robot collaboration places the interplay of human
and robot into a cyber-physical environment where human and robot
interact in a shared work environment to solve complex tasks which
require the combination of their best, complementing competencies.

® A symbiotic HRC system possesses the skills and ability of perception,
processing, reasoning, decision making, adaptive execution, mutual
support and self-learning through real-time multimodal communication
for context-aware human-robot collaboration.

L. Wang, RX. Gao, J. Vancza, . Kriiger, X.V. Wang, S. Makris and G. Chryssolouris, "Symbiotic Human-Robot Collaborative
Assembly," CIRP Annals - Manufacturing Technology, Vol.68, No.2, pp.701-726, 2019.
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Al as the Foundation of HRC

o
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> A
P
= 1975:
& 1965: Genetic
S Fuzzy Sets, Algorithm, 1987: Since 2002:
% Lotfi Zadeh John Holland Fuzzy Logic-based 1997: ACO, PSO, AIO,
%’- electronics, Japan Hybrid Al DNA Computing
= 1950: 1958: 1969: 1 Systems
o Turing Test - Can LISP - 1stAl DENDRAL, Edward 1982: 1992: I
i Machines Think? Language, Feigenbaum, Bruce Hopfield Net, Genetic 1995:
Alan Turing John McCarthy Buchanan, Joshua John Hopfield Programming, Intelligent
L Lederberg John Koza Agent

1943: 1951: I L

Binary ANN 15t Neuron Computer, 1961: 1970: 1976: 1986:

Model, Marvin Minsky & GPS, Allen ANN MYCIN, Back-Propagation

Warren Dean Edmonds Newell & Learning, Stanford and Start of DAI,

McCulloch & L Herbert Bryson & Ho University D.E. Rumelhart &

Walter Pitts 1956: Simon J.L. McClelland

15t Al Workshop, L Al Becomes
John McCarthy a Science
The Rise o
of Al Al Winter
1 1 1 1 1 >
1943 1950 1960 1970 1980 1990 2000
L. Wang, "From Intelligence Science to Intelligent Manufacturing," Engineering, Vol.5, No.4, pp.615-618, 2019.
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Earlier Al Applications

Garry Kasparov playing Deep Blue in 1997

Honda ASIMO walking downstairs in 2005

o

bS5
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AlphaGo in 2016 G

i ‘gp

DeepMind
Servers in USA

During the legendary matches:

® Google cloud servers in the USA
using 1920 CPUs, 280 GPUs and 64
search threads.

® Big data: 30 million moves.

B Reinforcement leaning, Monte Carlo
search combined with deep neural
network for decision making.

AlphaGo vs. Lee Sedol
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Self-Learning of AlphaGo Zero A 5
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L]
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@ DeepMind «== AlphaGo Zero 40 blocks ~ ee=+ AlphaGolLee  sses AlphaGo Master
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Human Tracking and Detection .(:}@
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o | S

ﬁ HROS Hr.-man—Rnbf Dynamic model
listan -
> ———= | Controller [*——% kRC |«
> &

Command torque

Meguenani A, et al. (2016) Energy based control for safe human-robot physical interaction. Int. Symp. Exp. Robot, pp 809-818.
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Active Collision Avoidance 9.

i Dual-camera — | Comyara | Capam?
for positioning — 1 n " :
—_ ——— ==
e | 4
1 kil T I ramaval )
A ! Depth images without
beckground
Filtering | ™
and labeling

Active Collision Avoidance |Jil etcted operter

3D visualisation |

Human-robot co-existing environment

30 point cloud of
detected operator

[ Combini 0
Monitoring robot Making decision / Acquiring depth |, | [ “rodotrabor |
via a 3D model taking action images of operator — . e
l T l [ Active colision )
detection and
avoidance between
Collecting current Calculating Detecting | taman and robot |
robot position °| relative distance |~ operator's position :

Schmidt B, Wang L (2014) Depth camera based collision avoidance via active robot control. ] Manuf Syst 33(4):711-7118.
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Four Safety Policies S

Monitored area Monitored area

—

%
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0

MH

©® Warning the operator 8 @ Stopping the robot

Active Collision
Avoidance

©® Moving the robot back O Modyfing the path
Monitored area Monitored area
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Dynamic Planning and Dispatching

ROBO-PARTNER
Human — Robot Cooperative Tasks Planner

%

ROYAL INSTITUTE
OF TECHNOLOGY

+ Efficient planning of niman & robetic resowrces

* Ergonomic optimization of tasks allocation
ROBO-PARTNER + Simplified programming of new tasks
Mobile Roborts * Programming through direct physical interaction
* Intuitive librarjgs

* Intelligent intra-logistics
ROBO-PARTNER * Moving large parts through
Human - Robot Safe interaction Pphysical interaction

* Operaror support
* Direct H-R interaction
* Elimination of safety fences
* Certified process - New safery
standares

x
MM M- =
assembly
* Enhanced sensor based interaction:
* Visual guidance
| 1 * Speech recognition
1 Human Robot Interaction Level '
Low | T \ High
Common workspace sharing Mobile unit part handling Joint task execution

Michalos G, et al. (2014) ROBO-PARTNER: Seamless human-robot cooperation for intelligent, flexible and safe operations in the assembly factories
of the future. Procedia CIRP 23:71-76.
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ML in HRC Assembly Planning .(_}@

oF TicuNoLooY.
i ™ " ™ SR
Sensors Functionalities for HRC .
5
XL
Human Assembly
identification parts
and tracking recognition °
i ( ) ™
Machine Human Assembly Human
learnin g activities environment
models recognition recognition operators
\ 7 A
L d
, \ ~ il
Multimodal Human motion
History robot control prediction
data \= ) -ﬁ.-_
—'—( Data )—( Knowledge ) \ Actions :'_)
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Deep Learning of Assembly Context .(_}@

[} =) T T i
Screw - 1
Screwdriver - B
Part/tool identification

Small part r
Large part | =
Free [ =
! ! o L L L

0 20 40 60 80 100

L Time [s]

= Part/tool identification: recognize what the human operator picks up
= Identified part/tool: valid for a “picking up” + “installing” combination

T T = T T
Installing &
Picking Up Bl
Human action recognition
Standing - B
I8 . . o . . Il
0 20 40 60 80 100

Time [s]

Wang P, Liu H, Wang L, Gao RX (2018) Deep learning-based human motion recognition for predictive context-aware human-
robot collaboration. CIRP Ann - Manuf Technol 67(1):17-20.
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Prediction for Robotic Assistance C?@

o o /2 ( ‘US‘ +1)
( i Plots) = A LWL, p s
Human motions (s XS (1) -
When to pass Prediction (5 2 X -fsl+)
i Parts and tools ~+  whattools to _Plals) > f3, [ positive constant
human operators P(c|suf(s))
Context awareness |

Example: probabilistic modeling of human action and intention

ROYAL INSTITUTE
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Video Robot 4 T )
images | planning 7
m Prediction :
L4 ¥ 3\
— @ = Based on cognition and modeling 3 e
of human behavioral pattern and Action decomposition & recognition M identification!
preference - i . . .
= Human heterogeneity needs to be w
accounted for, in a probabilistic o m -
. J manner Synbolzation| [8) [03] [ [ [o0 o0l (o) Q)
. é tw‘m.’.er Pla, q}f‘lﬂ a) Plo,|a) E]!‘la &)
m Action 5 | || e | 50 S R [0 [EED [ai (3 ) (6
= Safely adapt to human worker’s planned and unplanned = . Plastfana)) PR | N
High-order LY Plai{a,e))
interactions S | || mooatiny B
g inference Plovialanl)  Plota,la.a)) “fog]
j=
Wang P, Liu H, Wang L, Gao RX (2018) Deep learning-based human &~
Reference =
- motion recognition for predictive context-aware human-robot g [ElGH - [Elof - [elos] - [l
collaboration. CIRP Ann - Manuf Technol 67(1):17-20. AN =
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Context-Aware Trajectory Planning .C?@

ROYAL INSTITUTE
OF TECHNOLOGY

Multiple demonstrations Phase normalization Correlated model

Human trajec!
g plw; 8) = N{w|p, T)
= ‘
@ L4
= Rabot trajectories
- _. Human
T oy T:,'(Tnum T,mm_/
" ) Trajectory tracking
Human observations Searching n* Conditioning p(y .8"”] :
1T -
[0)]
o [ s rholptws 6w
£
2
£
Ct‘T;mm -"J

Maeda G, et al. (2017) Phase estimation for fast action recognition and trajectory generation in human-robot collaboration.
Int ] Rob Res 1-16.
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Robot Assisting Human in Assembly
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Typical Machine Learning Models
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| ) &

Machine learning models Supervised/ Discriminative/ Deep learning/
Unsupervised/ Semi- Generative Not deep learning
supervised

K-Means Clustering Unsupervised Generative Not deep learning

K-Nearest Neighbours Supervised Discriminative Not deep learning

Support Vector Machine Supervised Discriminative Not deep learning

Hidden Markov Model Supervised Discriminative Not deep learning

Random Forest Supervised Discriminative Not deep learning

XGBoost Supervised Discriminative Not deep learning

Ensemble Methods Supervised Discriminative Not deep learning

Convolutional Neural Network Supervised Discriminative Deep learning

Recurrent Neural Network Supervised Discriminative Deep learning

Long Short-Term Memory Supervised Discriminative Deep learning

Naive Bayes Supervised Generative Not deep learning

Gaussian Mixture Model Supervised Generative Not deep learning

Generative Adversarial Nets Semi-supervised Generative Deep learning

2020-11-05
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Multimodal H-R Communication ﬁﬁw

B Gesture-based .
) _ Programming-free
B Brainwave-driven

( Intended } { Unintended |

®m Haptic guidance :

m Voice processing
Communicative |

> | 1
@H|||||||||||||||||||||||||||||II By pointing )| S e Jl|||[|||( I ]||||||||||"'

[ 1 [ 1
[Directionll [ Pose l [Trajectoryl! [ Explicit J [ Implicit 1| [Pushing) [ Turning J

Pavlovic VI, Sharma R, Huang TS (1997) Visual interpretation of hand gestures for human-computer interaction: A review. IEEE Trans Pattern
Anal Mach Intell 19(7):677-695.
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Gesture-Based Robot Control .(i%

eyl @&'

Lambrecht ], Kriiger ] (2012) Spatial programming for
industrial robots based on gestures and augmented
reality. [IEEE/RS] Int. Conf. IROS, pp 466-472.

Reference

Human Task is starting

Makris S, Tsarouchi P, Surdilovic D, Kriiger | (2014) Intuitive
dual arm robot programming for assembly operations. CIRP

Ann - Manuf Technol 63(1):13-16.
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From Brain Signals to Robot Actions .G%

| Biological & physical artifacts |
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EEG electrode  @Biuetooth

AD conversion Noise

Biological artifacts Electromagnetic artifacts

Digital EEG

Analog EEG

Electrode artifacts Electronic artifacts

Signal Artifact Feature Robot
Acquisition B Removal) Extraction Eessincon Commands [~

- - = L3 -

X R i o Industrial
Robot

EEG: electroencephalography
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Types of Brainwaves ’
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Theta waves 4-8 Hz Beta waves 13-30 Hz

* Higher in young children

* Drowsiness in adults and teens

« Idling

* Repress a response or action

Delta waves 0.5-4 Hz >

* Active calm « Active thinking
« Intense * Focus

« Stressed « High alert

» Mild obsessive * Anxious

Alpha waves 8-13 Hz

* Relaxed/reflective

* Closing the eyes

« Inhibition control, seemingly for
timing inhibotory activity in dif-
ferent locations across the brain

* Adult slow-wave sleep
« In babies
* During some continuous-attention tasks
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ROYAL INSTITUTE

OF TECHNOLOGY

Brainwave-Driven Robot Control

Emotiv Epoc

&

EEG: electroencephalography

Bluetooth’

Brain {EEE)
— 1]

o — { ) ) [
Brainwaves e .'.. Application !:
- ¥

1

1

engine

Emotional event
query handling

Emotional
state
buffer

EEG and gyro
post-processing

Control logic

Interface

b d Commands
handler

=% Ethernet

server

Al unit

Brain
training unit

-

Robot control signals

Robot

L

Robot

Terminal
Instruction
unit

Mental
commands

Bluetooth dongle

enabler

Status W
B visualizer

ABB IRB 120 robot

monitor
i et
Industrial Ao
robot :

controller

G

“ard

SAMPLE BRAINWAVES

Alpha MM\WWMW
s [ Mg Mo, oA MmN o
eln A i iy
Garmms. Pt Nttt

s T L M
@ are curreny take

Mohammed A, Wang L (2018) Brainwaves driven human-robot collaborative assembly. CIRP Ann - Manuf Technol 67(1):13-16.
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ELINI

ELRUN Inserting
AF-FB

ELUPD
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INLINFO
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AC_UPD
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Macro-Micro Robot Control by FBs .Cf;%%

1 NI ALG_INI m
1
P ALc_RUN[EO_RUNRD
S > B - e o mone]

e
g UPDATE ALG_UPDATE
E1_ESR

Reference

Assembly

Function é
Blocks 7

Material
Handling

Material
Handling
Function

Manager

O—— From Wise-Factory Cockpit
——0 To another resource

Actuators, l/0's

®
7@

ol

k3

Pomt 1

Aszsembly station

Wang L, Schmidt B, Givehchi M, Adamson G (2015) Robotic assembly planning and control with enhanced adaptability through function blocks.
Int ] Adv Manuf Technol 77(1-4):705-715.
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AR-based instruction Task sequence planning & Industrial robot control | VR/AR
system re-planning system system

B Text

In-Situ Support to Mobile Workers
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Assembly
information
registrar

— Assembly informat —— Assembly commands—

Ty

Database
Control commands

Registered information
l Worker commands’ Predicted intentions
ei —Worker position—— - ;-Er ~
;Eg
[N o pwase I s (I

Feedback

monitor

¥
< .
% Maonitored

Human worker . Se
Worker monitoring system

Liu H, Wang L (2017) An AR-based Worker Support System for Human-Robot Collaboration. Procedia Manuf., pp 1-9.
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Alexopoulos K, et al. (2013) ErgoToolkit: an ergonomic Makris S, et al. (2013) Assembly support using AR technology

analysis tool in a virtual manufacturing environment. based on automatic sequence generation. CIRP Ann - Manuf
Int ] Comput Integr Manuf 26(5):440-452. Technol 62(1):9-12.
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Joint-1
Behaviour
Control

Gripper
Behaviour
Control
A mini robotic assembly cell

L. Wang, M. Givehchi, G. Adamson and M. Holm, "A Sensor-Driven 3D Model-Based Approach to Remote Real-Time Monitoring,"
CIRP Annals - Manufacturing Technology, Vol.60, No.1, pp.493-496, 2011.
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Wise-ShopFloor
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B Current standards do not yet address many key issues of mixed teams of humans and robots. More realistic
standards are needed.

Future Research Directions

BOYAL INETITUTE
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®m Digital twin shall combine and align all aspects of modelling the function, structure and behaviour of the
robotic cell including the worker, representing the multimodal and bidirectional channels of communication
and control when effectively tuned to the real environment.

B Emergency cases require fast and guaranteed mitigation to bring the situation back to normal without
interruption if the situation does not endanger the integrity or safety of human.

AR-based support to workers in dynamic HRC assembly deserves more attention to be both intuitive and
mental stress-free. Work instructions need to be adaptive to not only the changing competence level of
individual workers but also the declining focus and concentration during the day or within the week.

® When adding humans to shared robotic environments, the trust of the humans on the robotic environments
is unavoidably important and deserves attention.

B [n HRC assembly, mental stress and psychological discomfort leading to any potential accident can be
monitored and diagnosed via the brainwaves of workers, collected by sensors embedded in a safety helmet.
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Symbiotic HRC Assembly in Action .(:}@
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Summary .(_}@
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= J[EC-61499 function blocks compliant

= Smart algorithms encapsulation

= Adaptation via event-driven behaviours
= Zero robot programming to end users

= Multimodal programming in real-time

B Background and definition of human-
robot collaboration (HRC)

o R - Human-Robot B Active collision avoidance in HRC
Q] \Y n
>\ Collaboration assembly

® Dynamic assembly planning and on-

= Intuitive support g N = Location-aware . . .
= Portal for end users EE ; = Task-specific demand JOb dlspatChlng
= Dynamic task E E E, = Multimodal . .
planning/re-planning R £ * In-situ assistance = Adaptive and programming-free robot
= Supervisory control & & = Decision support
e control
L e Active Collision [ ® In-situ operator support in changing
nvironment v .
‘ HRC assembly environment
( = 3D models of structured environment ] ® B
= Point-cloud images of human workers |E% u C!lalle_nges and future research
directions
Symbiotic communication: — Auditory —— Visual —— Haptic
2020-11-05 KTH Sustainable Manufacturing e www.kth.se ¢ © Lihui Wang 37

Thank You for Listening .(_}@

ROYAL INSTITUTE
OF TECHNOLOGY

Lihui Wang
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Human-Robot Collaborative Assembly,” CIRP Annals - Manufacturing Technology, Vol.68, No.2,

pp.701-726, 2019.
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