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Who am I?
e Bornin Thessaloniki (1996)

e Grew up in Thessaloniki (1996 — 2014)

* Integrated Master in the Aristotle University of Thessaloniki (2014 — 2019)

 phD and working at research projects in the Aristotle University of
Thessaloniki (2020-now)
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Research Interests

* Bimanual Robot Control
* Non-Prehensile Object Manipulation
* Robotic Cutting

* Orientation Control

 Learning by Demonstration (DMP)
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e Complex task execution based on
years of experience.

* Dynamic adaptation on
environment changes.

* Predictable behavior.

e Safe for other humans in the
workspace

03/12/2025 4



Learning by Demonstration

* Intuitive way to
program a robotic
motion without
requiring tedious
programming.
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 Kinesthetic
teaching:
Physically guiding
the robot to
perform the
desired task.
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Human Robot Coexistence

e Modern robotics operate in
shared workspaces with
humans

e Modern industries and small
businesses, domestic
environments, retail

* Therobot needs to be able to
learn, adapt and be safe for the
humans in its workspace

03/12/2025
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. N QELLIT
Dynamic Movement Primitives (DMP)

. , tz=a,(B,(g—y) —2)+ ng(X)
* Linear second order dynamics Ty =2

* Augmented by a non-linear forcing S, = diag(g — ¥o)diag(gq — Yoa)
term.

Flx) = 2w i (x)

* First order canonical system. > Pi(x)

. — —_— . _ . ;Z
 The canonical system makes the ¥i(x) = exp(—hi(x —c)%)

system autonomous.
TX = —A,X

03/12/2025 7



° ° < Excellence Center at Linkdping — Lund

fa=1"¥q—a,(B,(9qa —¥a) —1V4)

* The non linear forcing
term is trained to match
a desired trajectory.

* Only one demonstration
is needed.

U, /F
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DMP Properties: Spatial Scaling

* Predictable adaptation to new goal /

new initial position.

* 8, =diag(g —yo)diag(ga — Yoa)

e Scaling according to the difference in

each coordinate

03/12/2025
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DMP Properties: Temporal Scaling

 Make the robot faster/ slower by
setting a different values to T than
the demonstration.

 Demo: Tqg = 1 or Tqg = Td'

* Duration: T = %d T,

* T > 1,4 slower motion, T < 74
faster motion.

03/12/2025
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DMP Properties: Phase stopping

« Stop / restart the trajectory e c=a.lly —Propocll?
execution.

1+c(-)

e T=15(14+c("))

* TX =

e ¢(-) function of the state that
determines when to stop / start.
For ¢c(-) = 0 nominal execution,
while large values pause .
execution. il

03/12/2025 11
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DMP Properties: Coupling terms

 Adaptation via additional terms

 Velocity / acceleration terms. .
v/ 1z =a,(B,(g—y) —2z)+ ng(x) T Cq

Ty = Z + C,
* Dynamically modify the
generated trajectory to

senerate adapted behaviors. C,: acceleration (force) coupling term

c,: velocity coupling term

* Applications: obstacle
avoidance, force feedback,
constraint enforcement etc.

03/12/2025 12
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DMP Applications (ARL)

Progressive automation of robotic tasks.

Demonstration duration:
1st: 16s
2nd: 12s
3nd: 12s

L LT T T

Demonstration of a pick and place task
Robot stiffness increases if consecutive demonstrations are similar, assisting the operator

03/12/2025 T. Kastritsi et al, "Progressive Automation with DMP Synchronization and Variable Stiffness Control “, RA-L 2018 13



DMP Applications (ARL)

QELL
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Human-robot collaborative object transfer.

03/12/2025

A. Sidiropoulos et al, "Human-robot collaborative object transfer using human motion prediction based on Cartesian pose Dynamic Movement
Primitives “, ICRA 2021
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DMP Applications (ARL)
DMP for surface tasks

Training

03/12/2025 D. Papageorgiou and Z. Doulgeri, "Learning by demonstration for constrained tasks “, RO-MAN 2020 15
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 DMP for orientation.
e DMP are built for stationary goals. Extension to moving goals.
e DMP spatial scaling.

e DMP applications.

03/12/2025 >
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O rientation D M P fO Fmau I ation < T T

 Goal: Second order dynamics

similar to linear dynamics. 71 = a,(B,2 log(Qg «Q) —1n) + Sof(%)

* Unit quaternions. .1 [0]
70 = — *
e QOrientation error?

. : . . y ] _1
o ngar|thm|c orientation error Sg = dlag(Qg * Qo)dlag(di 8 QOd)
(Lie Algebra).

* Non-linear forcing term / -
) ) w = 2vec|Q *
canonical system remain the (Q Q)
same.

03/12/2025 A. Ude et.al, "Orientation in Cartesian space dynamic movement primitives “, ICRA 2014 17
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Oscillatory Behavior <
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System Analysis (position DMP)

* Assume negligible training errorand g = g4, Yo = Yog4- Then:
fx) =fax) =1%Yq — a,(B,(ga — Ya) — 1Va)
* C(losed loop tracking dynamics:

7’y =a,(B,(g—y) —y) +S,f/(x) =
(Y —yg) +1a,(y —yq) + azﬁz(y yq) =0

e Linear tracking error dynamics lead to perfect trajectory tracking.

03/12/2025 L. Koutras and Z. Doulgeri, "A correct formulation for the Orientation Dynamic Movement Primitives for robot control in the Cartesian space”, CoRL 2019 {19



- - - QELLIT
System Analysis (Orientation DMP)

* Assume negligible training errorand Q, = Q 44, Q9 = Qoq- Then:
f(x) =fq(x) = Tzd’d - az(ﬁz2108(di 8 Gd) — TW,)
* Closed loop tracking dynamics:

2@ = a,(B,2log(Q, * Q) —tw) + S,f(x) =
Tz(d) o d)d) + TCZZ((U o (‘)d) + azﬁz(z log(di 8 ad) — 2 log(Qg * Q)) =0

* Non-linear tracking dynamics cannot guarantee trajectory tracking leading to
oscillatory behavior.

03/12/2025 L. Koutras and Z. Doulgeri, "A correct formulation for the Orientation Dynamic Movement Primitives for robot control in the Cartesian space”, CoRL 2019 {20
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Proposed Orientation Formulation =

Tz = —a,(feo + z) + S.f(x)
Introduce linear second order Z('BZ Q ) g

dynamics. .

TeQ =7
Integrate the linear system and get , , 1
the unit Quaternion from the error Sg = dlag(eQO)dlag(eQOd)

formula.
eg = 2 log(Qg * Q)

DMP properties are maintained.
w =] eg

03/12/2025 L. Koutras and Z. Doulgeri, "A correct formulation for the Orientation Dynamic Movement Primitives for robot control in the Cartesian space”, CoRL 2019 {21
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Experimental Results
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03/12/2025 L. Koutrasand Z. Doulgeri, "A correct formulation for the Orientation Dynamic Movement Primitives for robot control in the Cartesian space”, CoRL 2019 {22
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Real Time Adaptation to Moving Goals R

1.8

YDMP
1.6 [[= = =Ydemo /

e QOriginal DMP: ,/
* the linear attractor system does not yield zero 20
tracking error

A goal moving away from the initial position
would induce high velocities due to the spatial
scaling of the DMP

* Previous works: 035 ——
* predictors or estimators for the goal’s position | :::?2535
at the time of interception. '
e estimation errors which may worsen the
system’s performance.

 they do not consider the possible large velocity
scaling rendering the system unsafe for human
environments.

20

03/12/2025 23
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DMP for Moving Goals

 Rewrite the linear system

with respect to the error. 1z = —a,(B,e +z) + diag(g — y,)F(x)
T€e =12

 Train the DMP with a .
stationary goal. TX = —UxX

 Adaptation of the temporal t=—a,(t —14) +1,

scaling parameter.
lg — yoll

T, = Td
g lga — Yoall

 Exponentially stable through
contraction analysis.

03/12/2025 L. Koutras and Z. Doulgeri, "Dynamic Movement Primitives for moving goals with temporal scaling adaptation, ICRA 2020 24
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Temporal Scaling Adaptation

1.8 T T - 0.35 T T T T
yparp proposed Yparp proposed
1.6 F|= = =Ydemo 03r -t -ydnrm
--=g -—-g

7| 0 PR YDMP 0.25
1.2+

g — Yol T= o

£
=08}
T T : 06} L2
o oab=-""
i -TN’.’/
| y | 0.2 ‘/ '\"-;.,,.,_,,,
3 ‘ . .
0 2 4 6 8 10 12 14 16 18 18
t[s]
0.4 ¢ . . e 0.2 i
\ yparp proposed ,’ pas p proposed
035 M = = =UYdemo i 1 ! = Ydemo
\\ -—- i 0.15 1 "'-‘».7
| g yO | l : 03} N YDMP i 1 (IR Y| —— YDMP
Tl= <
| / | T ‘lg
0 . . ‘
0 2 4 6 8 10 1 01 . i
t[s] 0 6 8 10 12
ts]
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Simulation Results
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L. Koutras and Z. Doulgeri, "Dynamic Movement Primitives for moving goals with temporal scaling adaptation®, ICRA 2020
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Dynamic Movement Primitives
for movin% ooals
with temporal scaling adaptation

Leonidas Koutras and Zoe Doulgeri

» A\ Aristotle University of Thessaloniki,
| §n) Department of Electrical and
&) Computer Engineering, Greece.

03/12/2025
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Original DMP Spatial Scaling

 Assume negligible training error. Closed loop tracking dynamics:
Tz(j} o ng.'d) + TCZZ(}" o Sng) + azlgz(y o Sg)’d) — “zﬁz()’o o gyOd)

* Diagonal §,: trajectory flipping, large scaling when a coordinate of g and
Yo is similar, trajectory flipping when the sign of g — y, changes.

1
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Biologically Inspired DMP e

TZ = az(ﬁz(g - y) —z) + azﬁz(sg + f(X))
Ty =Z
* Proposed to correct the
scaling issues of the

original DMP. Sg=—(9—Y0o—9a+Yoa)x

. . 2w (%)
 Additive scaling rather f(x) = W ()
than multiplicative. i Ti

Pi(x) = exp(=h;(x —¢)?)

TX = —A,X

03/12/2025 H.Hoffmann, et. al, "Biologically-inspired dynamical systems for movement generation: Automatic real-time goal adaptation and obstacle 29
avoidance “, ICRA 2009
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Biologically Inspired DMP Spatial Scaling

e Assume negligible training error. Closed loop tracking dynamics:

Tz(j} o yd) + Taz(y o Yd) + azﬁz(y o yd) —
azﬁz(g o gd) — az:BZSg

* Additive s,: works well for small variations, dominates large ones.

1.5

X[m]

30

5
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Proposed Formulation for Spatial Scaling

* |nstead of scaling each
coordinate independently, 1z =a,(f,(g—y)—2z)+S,f(x)
we scale based on the Ty = Z
magnitude of the
difference between initial

and goal position. 5 = SgRy
_ g = yoll
* The trajectory is also Sg = 194 — Voull

rotated according to
rotation matrix R, related
to rotation axis k and
angle 6.

R, = I3 + S(k) sin(0) + S*(k)(1 — cos(6))

03/12/2025 L. Koutras and Z. Doulgeri, "A novel DMP formulation for global and frame independent spatial scaling in the task space”, RO-MAN 2020 31
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Rotation Axis Selection <

g —Yo __9d 7 Yod
) nd - )
lg —yoll lga —Yoall In—ng4ll

* Requirement:n = Ryny
* S, ={keR’||lkll = 1,k"n = 0}

T T
) _ ~1 ng(I —kk")n )
9 = cos (II(I —~kkT)n ||| (1 —kkT)n]|

=)
|

e Letn =

* Freemotiontk=n; Xn

(I-anT )ng

|(I-ART)n|| Xm] A

e Tasks over a surface: k = |

03/12/2025 L. Koutras and Z. Doulgeri, "A novel DMP formulation for global and frame independent spatial scaling in the task space”, RO-MAN 2020 e



Simu

Excellence Center at Linképing — Lund
in Information Technology

| QELLIT
lations

—— 1y proposed y original
0.8 - gdp p 0.7 —_—
O Yo 0.6 - O W
0.6 - 4 X Gd
0.5
X g4 O You
B O o — M X w
G' 0.4 0 g4 .gl 0.3 -
N 0.2- S
0.2 - 0.1
0- 0+
) -0.1 -
0-8 \\\ - l__/—"’:’_/_’_—
06, , 0.8 E‘» 0.5
0 0.2
02 05 0
Y|m)| ' X|[m)] Y[m]
. —— 1y B-Inspired
06 4 ]
ém - _ 0.6 - O w
= N A Ga
02 . ~a 1 . O wa
0 + ) . . . . |§. 0.4 1 X gd
0 1 2 3 4 5 6 7 8 N
Original
5 ' | == B-Inspired 0.2
4l Proposed J
- = = =Demonstration
G | 0
52 1 0.8 0.6 _
1} T 0.4 Oh
: -0.2

03/12/2025

0 1 2 3 :Eq] 5 6 7 ) Y[m] X[m]

L. Koutras and Z. Doulgeri, "A novel DMP formulation for global and frame independent spatial scaling in the task space”, RO-MAN 2020 33
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A novel DMP formulation for
global and frame independent
spatial scaling in the task space

Leonidas Koutras and Zoe Doulgeri

Automation & Robotics Lab
Aristotle University of Thessaloniki
Department of Electrical

and Computer Engineering, Greece

03/12/2025
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Compliant Impedance Control e

e Robot system under Impedance control:
€p ép e
M, [ ] +Dd[. ] + Ky || = Fe+ fext
€, €o 0

* €y = DProbot — Y €p = 2 log(Qrobot * Q)

* Low stiffness implies compliant behavior when in contact with the
environment exerting forces f .

* However, it also means low accuracy due to unmodelled dynamics and
uncertainties f,.

03/12/2025 35
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Compliant and Accurate Motion &

* DMP with a coupling term e,,:

TZ = az(ﬁz(g - Y) —z) + ng(X) — Bzazep
Ty = Z
* The coupling term generates a virtual refence trajectory that compensates
for the errors due to the modelling uncertainties.

T="To(1l+ eXp(“sigHepH — Csig))

 Temporal scaling adaptation ensures that the system evolution stops
when large errors are detected, which are attributed to collisions.

03/12/2025 K. Vlachos and Z. Doulgeri, "A Control Scheme With a Novel DMP-Robot Coupling Achieving Compliance and Tracking Accuracy Under Unknown Task 36
Dynamics and Model Uncertainties”, RA-L 2020
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Simulation Results
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03/12/2025 K. Vlachos and Z. Doulgeri, "A Control Scheme With a Novel DMP-Robot Coupling Achieving Compliance and Tracking Accuracy Under Unknown Task 37

Dynamics and Model Uncertainties”, RA-L 2020
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A control scheme with a novel DMP-robot coupling achieving compliance
and tracking accuracy under unknown task dynamics and model uncertainties

Konstantinos Vlachos and Zoe Doulgeri

Wy, Aristotle University of Thessaloniki
) Department of Electrical and Computer Engineering
" Greece
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Full Body Obstacle Avoidance

 Body of the manipulator is covered
by M capsules. N moving obstacles
are in its workspace. Let d;; be

their distances.

y m(t)zh(hwl» W27 ) WN)
W
° hwi(dil»diz:--- m) 1]J
Y= 1d;;
o _In(+d 1 om(O\ !
Qobs = ~K 1% ”am(t)H ( )
. _ m@®)-p
d p

03/12/2025 L. Koutras et.al, "Enforcing Constraints for Dynamic Obstacle Avoidance by Compliant Robots “ ICRA 2023 39
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Tz.p = az(ﬁz(g _.y) - Zp) + ngp(x) — p,azep
Ty = Zp + uobs’p

TZQ — _az(ﬁzeQ + ZQ) + S(eQ’O)FQ(X)
TeQ = ZQ — uObS’Q

T="1o(1+ eXP(“sigHepH ~ Csig))
Uops, .
Upps [quzZ] = J(q) qobs

Ty = _NTDNN(q - qobs)

03/12/2025 L. Koutras et.al, "Enforcing Constraints for Dynamic Obstacle Avoidance by Compliant Robots “ ICRA 2023 40
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Constraints Controller
. Unhs Orientati ch-.- Wy Wy q. q
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Uohs, P Virtual | Ys Us ¥ IE}”Z’;’;‘;
DMP 7mpe
g Controller
Time Scale r/;\\ Forward
Adaptation e, .+ Kinematics

03/12/2025
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First scenario:
Three siherical objects move in
the workspace of the robot

03/12/2025 42



To perform the collaborative

TV assembly

03/12/2025 L. Koutras et.al, "Enforcing Constraints for Dynamic Obstacle Avoidance by Compliant Robots “ ICRA 2023 43
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 Problems with the existing DMP formulation were showcased and a
proposed formulation was presented.

* A DMP extension to moving goals was proposed.

 Problems with the spatial scaling of existing DMP were demonstrated
and a new method was proposed.

A way toinclude full body obstacle avoidance to compliant robotic
systems was proposed.

03/12/2025 44



Thank you for your
attention

Any Questions?



	Bild 1
	Bild 2
	Bild 3
	Bild 4
	Bild 5
	Bild 6
	Bild 7
	Bild 8
	Bild 9
	Bild 10
	Bild 11
	Bild 12
	Bild 13
	Bild 14
	Bild 15
	Bild 16
	Bild 17
	Bild 18
	Bild 19
	Bild 20
	Bild 21
	Bild 22
	Bild 23
	Bild 24
	Bild 25
	Bild 26
	Bild 27
	Bild 28
	Bild 29
	Bild 30
	Bild 31
	Bild 32
	Bild 33
	Bild 34
	Bild 35
	Bild 36
	Bild 37
	Bild 38
	Bild 39
	Bild 40
	Bild 41
	Bild 42
	Bild 43
	Bild 44
	Bild 45

