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Introduction
From cages to human environments

Traditional view on robotics:
Robots are locked up in cages
No humans around

Highly conditioned environment
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Introduction
From cages to human environments

New application areas where the traditional view isn’t valid any more:

« Robots working in a human-like environment or with natural products:
— variability and uncertainty in the environment or products

« Human collaborators close by

 Humans physically interacting with robots (jointly performing tasks)
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Introduction
Seemingly conflicting goals when creating “robot apps”

1. Dealing with variations in the process
- Production line is less conditioned
- Product variations (natural, processes such as molding)
- Human interference/interaction
=>More complex and involved robot programming

2. Decreased development cost needed
- Smaller production series
- Rapid deployment
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Approach

Traditional : Sense-Plan-Act

* Requires extensive calibration
* Once planned, there is no

flexibility during execution.
Sense | Plan T ACt | (or at least, much coarser)

Models of
the environment

Trajectories

ROB T % WMKKE KULEU\#EE

RESEARCH TEA



Approach
Skill-based

 Plan in terms of “skills” or
behaviors

 Reactive

 Avoid calibration issues:

« Local sensor measurements
Instead of global

o Often more robust

e Variable environments with
human intervention/interaction

Behaviors
Skills
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Example of skill-based approach e
Force/Torque-based Assembly : |

Sequence of skill execution

assemble
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Example of skill-based approach

Cheese decrusting

* Cheese decrusting application

« Alocal measurement of
3 distances :
(using laser distance sens.)

* High speed — high accuracy —
avoiding calibration errors

Accurate layer of
crust removed

Echord++ 3DSSC : KULeuven / FRS-Flexible Robotic Systems
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A constraint-based approach

Task function e(q,t) =0

First order @ — —ke

dt

d?e de
Second order 7 = 20w, e w2e
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A constraint-based approach

First order % — ke
dt
de de
7 . de
= —Ke ——
Jacobian Feedback term Feedforward term
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A constraint-based approach

First order % < —ke
dt
de de
16 < —k de
<—Ke —— T
Jacobian Feedback term Feedforward term
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A constraint-based approach
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eTaSL

expression graph based Task Specification Language

Constraint-based task specification and control framework to describe these reactive
skills (behaviors)

 at each sample time (100 Hz—250 Hz), it optimizes the control velocity
of each robot joint subject to a number of constraints

e instantaneous optimization: we do not (yet) look ahead in time
 only considers kinematical model of the robot

— we can still achieve high performance!

More information: https://etasl.pages.mech.kuleuven.be/ and E. Aertbelién and J. De Schutter, Etasl/eTC: A
Constraint-Based Task Specification Lanquage and Robot Controller Using Expression Graphs, IEEE/RSJ
International Conference on Intelligent Robots and Systems, 2014
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https://limo.libis.be/primo-explore/fulldisplay?docid=LIRIAS1126257&context=L&vid=Lirias&lang=en_US&tab=default_tab

eTaSL

expression graph based Task Specification Language

« Constraints are described using expression graphs:
« Symbolic, graph-structure
* Not only scalar expressions
* Robot is described as a function of its joint variables
« Trajectory as a function of time
« EXpressions can relate to sensor-input

« Simple language (LUA-based) where you can write down such
expressions

« Controller is automatically generated:
« Evaluation
* Introspection

* Automatic differentiation for Jacobians (avoiding representational
singularities)
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Variables & Feature variables
ITaSC (*)

S .-
G N =3

(*) J. De Schutter et al., “Constraint-based task specification and estimation for sensor-based robot systems in the presence
of geometric uncertainty,” The Int. Journal of Robotics Research, vol. 26, no. 5, pp. 433-455, 2007.
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Variables & Feature variables
eTaSL

XL B

(*) J. De Schutter et al., “Constraint-based task specification and estimation for sensor-based robot systems in the presence
of geometric uncertainty,” The Int. Journal of Robotics Research, vol. 26, no. 5, pp. 433-455, 2007.
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elaSL

expression graph based Task Specification Language

Constraints can be related to:
 the task: desired trajectory, speed, contact force, distance, etc.

* the robot platform and its limitations in

lations in = all
terms of reachable/allowable joint positions & 4% @ |

velocities

a3

(specified using URDF)

* the environment: e.g. avoiding collisions
and self collisions

7 dof 8 dof 20 dof 33 dof 100 dof

* interaction with humans (physcial or cognitive)
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elaSL

expression graph based Task Specification Language

e constraints can be conflicting:

* priorities

* soft constraints & weights
« and can be equality or inequality constraints (e.g. collision constraint)
« explicit time

* task function expressions within the constraints:

 atrajectory can be specified a mix of trajectories with time-varying
weights

« eTaSL perfectly deals with tracking errors
(automatically generates feedforward control term!)
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Geometric constraints

Tools to model geometric constraints:

 Facilitated by the use of feature
variables

« Distances between convex objects using
the GJK-algorithm (*)

 Library for typical geometrical distances
and angles.

(*) Gilbert, E. G., Johnson, D. W., & Keerthi, S. S. (1988). A fast procedure for computing the distance between complex objects in three-
dimensional space. IEEE Journal on Robotics and Automation, 4(2), 193-203.
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Flexible trajectories

- Linear combination of basis functions B;
(in function of feature variabels f;
and progress s)

T(S, fis s fo) = Tnean() + ) fi Bi(5)

- Basis functions can be
- Pre-defined ( Gaussians, B-splines,...)
- Generated by programming-by-
demonstration

- Soft constraints on the feature variables

RESEARCH TEAM



Flexible trajectories

- Linear combination of basis functions B;
(in function of feature variabels f;
and progress s)

T(S, fis s fo) = Tnean() + ) fi Bi(5)

- The progress s is modeled separately and
IS related to time via a soft position or
velocity constraint
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Reactively modeling grasp and contact
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C. Vergara, S. Iregui et al. Generating Reactive Approach Motions Towards Allowable Manifolds
using Generalized Trajectories from Demonstrations, IROS 2020
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Reactively modeling grasp and contact
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Flexible trajectories & grasp modeling

* Impose constraints “in the future”

* (local) collisions can be
Implemented by adding virtual
“tools”

Surface model * reactive

parameters acquired
with vision
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Sensor-related constraints
Admittance constraints

A generalized way to include sensors using a admittance control strategy:

* model of the sensor measurement
* Sensor measurement
 target value

J(@) a=-K (@) ——-(@)+e
-g.—model meas - target ?/_/
q 5 model
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Sensor-related constraints
Force/Torque for assembly
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Sensor-related constraints
distance sensors
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Combining constraints

Added value of eTaSL:

« generating robot trajectory based on
model built from sensor readings

* trajectory control (feedback +
feedforward)

 automatic pitch control to keep laser
sensor measurements within range

« compensation of time delays in control
loop

« automatic speed reduction to keep
joint velocities within limits

 smooth and fast transition between

_ _ approach/retract and cutting trajectory
Echord++ 3DSSC : KULeuven / FRS-Flexible Robotic Systems
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Sensor-related constraints
Conflicting admittance and position constraints

* Impedance = conflicting position
and force constraint

* Need not necessarily the same reference point!

* Often used Iin shared control
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Sensor-related constraints
SKin

The operator place a screw while the robot
moves to insert the next solenoid.

o Skin with 400 cells
that measure both
distance and force.

» Defined behavior
along a trajectory
and away from
that trajectory.

* Trajectory adapts
itself to the
Information from
vision.
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Sensor-related constraints
Force/Torque for contour following

e QC l
“FrRS

e

Ultrasonic Robotic Quality Control  Real-time Adaptive Control

No Pre-programmed Positions
Demo Inspection Time: 00:35

(=1

Quality R
Control

Results

accept
reject (o)
conditional ) |/

Movie by Flexible Robotic systems (FRS, https://www.frsrobotics.com/

No pre-programmed positions,
the robot is automatically
adapting to the contour.

A constraint formulation similar to
the task frame formalism (*)

Can still be combined with other
Non-task frame related constraints

H. Bruyninckx and J. De Schutter,
"Specification of force-controlled actions in the
"task frame formalism"-a synthesis," in IEEE
Transactions on Robotics and Automation, vol.
12, no. 4, pp. 581-589, 1996
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Modeling human motion
Why?

« For use in programming-by-demonstration:
= For rapid deployment

« To anticipate and predict human motion in the neighborhood of the robot

 For shared control

» a modeling approach for reactive control and constraints.
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Demonstration of tasks

Demonstrate task
segments

while recording:

- poses
- wrenches

Kinesthetic teaching Passive observation:

- ensure feasibility  feasibility is not guaranteed

- less calibration efforts needed » less disturbed demonstrations

- use previous demonstrations to facilitate
- more disturbance forces
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Programming by demonstration
and combining this with constraint-based task specification

- we learn a trajectory and its allowable correlation of thw;fo”g the path
variations from demonstrations using a \
generative probabilistic approach:

Probabilistic Principal Component Analysis
(PPCA)

f

larger variations

« combine with (model-based) constraint-based
task specification

* to support the demonstration
e t0 add constraints for the task execution

small variations

ROB T § F‘NDEKE KULEmﬁi
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PbD for the assembly of solenoids: demonstrations

Behavior 1: kinesthetic teaching




PbD for the assembly of solenoids: guided demonstrations

Behavior 3: guided kinesthetic teaching
(incremental demonstrations)




PbD for the assembly of solenoids : execution




Tasks with an approach & contact-phase:
bier opening

Dem #1 Dem #2 Dem #3
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Tasks with an approach & contact phase:
contour following
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Tasks with an approach & contact phase:
contour following




Tasks with an approach & contact phase:
contour following

Similarly, in another use case, a user demonstrates how
to approach to perform a contour following task




Tasks with an approach & contact phase:
contour following

Same pose, wrench and evolution constraints as in the
bottle-opening case are used to perform this task
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Conclusion
Seemingly conflicting goals when creating “robot apps”

1. Dealing with variations in the process
- Production line is less conditioned
- Product variations (natural, processes such as molding)
- Human interference/interaction
=>More complex and involved robot programming

2. Decreased development cost needed
- Smaller production series
- Rapid deployment
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eTaSL Software

https://etasl.pages.qitlab.kuleuven.be/

Higher level specification

Ff)fl‘ﬂ':‘fl’,;(akll'vg into account application specific semantics, The S ep arati O n Of S p eC i fi C a.ti O n an d C O n tro I I er
Spocmoaon implementation
Addmo,.a.{ 'Z“’“s“i&" e Specifications can be manipulated and assembled
libraries eometric ||Collision ines Scene graph .
relations convex objects spec. (URDF) ( eve n O n _th e ﬂy If n e e d e d)
eTaSL { Task specification language (eTaSL), embedded in Lua.
C++ task specification API for the Context L aye re d ap p ro aC h :
Context data structure ° ETaS L |S a I| b I'ary
olver (uses expression graphs) . . .
Sen » « a Python driver for quick prototyping
Instantaneous Instantaneous '“513”1322?5 -
°1° < | ZS!S::%’:%‘;':Z;’J el || « ROS/OROCOS-RTT/eTaSL for more complete
Numerical solver | numerical QP-optimisation problem robot ap p lications.
qpOases St:;\ck-of-tasks
Libraries for all different types of constraints
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https://etasl.pages.gitlab.kuleuven.be/

eTaSL Software

* https://etasl.pages.qitlab.kuleuven.be/

IROS 2020 workshop an Bringing X | eTaSL— eTaSL 1.3 documentation X | =

<> C @ (D @ niips//etast pages gitisb kuleuven.be

Table Of Contents

eTas!
Gelting started and ulorials
Documentation

Projects

Related Publicabons
Getling support
This Page
Show Source

ce and force

Quick search

Go
For more information on the above examples, you can ciick on the links above or you can go directly to the Showcase page, Enter search terms or 2 madule

class or function name
eTaSL

eTasl Is a lask specification language for reactive control of robot systems, It s a language that allows you to describe how your robotic system has 1o move
and interact with sensors Thrs description is based on a constraint-based methodology. Everything is specified as an optimization problem subject to
canstraints, What eJa8s f explains this further. The following pres ion details the motivation behind eTaSL and explains the basic

Robolics research group
semantics/syniax ul an eTaSL -sptvxﬁr,dtu)n The Showcase page gives many example videos Department of Mechanical
Enaineering



https://etasl.pages.gitlab.kuleuven.be/

eTaSL Software

We use the same robot definition as in Tutorial 1.

In [ ]: $%$matplotlib inline
import numpy as np

In [ ]: from IPython.core.display import display, HTML

https://etas' .pages. q":lab kuleuven _ be/ S1aplay (HTHL (mestyles. container f vidth: 004 |iagopbants ) €/abylesm))

In a similar way as in tutorial 1, we define a robot from an URDF-file. Our new task specification deals with a laserspot !
following the z-axis at the end-effector. The distance from the end effector to the laserspot is modeled using a feature
compute it explicitly. In this case, it still possible to compute it explicitly, but for more complicated surface. this will not th

« Two types of tutorials available:
« 1. Python notebooks (via Binder )

We then state that the laserspot should be on the ground plane ( constraint z : coord_z(laserspot) == 0 == tgt_z), an
(constraints x and z ).

To make things more interesting. we also impose some limits on the laser-distance (constraint laserdistance , dista
0.55 [m])



https://etasl.pages.gitlab.kuleuven.be/
https://mybinder.org/

eTaSL Software

This tutorial gives an overview on the impeortant aspects you need to take into account when integrating your own robot. This is exemplified by integra
example is not provided in the tutornal.

Overview of an Orocos Robot Driver

h tt pS " //etaS | D aq e S q Itl ab ku I e u Ve n b e/ As eTaSL is executed ac an Orocos component, it is recammended to creste an Orocos-based robot driver as well This way, real-time communication {
[ ] [ ] L} L ] L}

better handled, Another less recommended way is to handle the communication through ROS topics. This is made possible by using the RTT-ROS inte

A menimum requirement for an Orocos robot driver to be used with eTaSL is that the component must return joint positions and receive joint velocity «
may also have extra IO ports for other data such as jont torques, but this largely depends on the specific robot features. The default eTaSL 10 port typ
command s arcay . However, it is also possible to add |10 ports of different types. Currently, efaSL also supports receiving joint state of type sensar s
command of type moticn _control msgs::lointVelocities

» Two types of tutorials available: ey S e A A b ol
2. Full robot application example

and template using

ROS/Orocos/eTaSL

N y 4
joint state »

oint vel
—p OR?BC(;)TS S ETASL RTT
‘_

— e COMPONENT

comm

B,

»
LWR4 robot - g X o

(DlreCtIy su pportl ng. simu lation ! UR 10’ Deploying the Robot Driver and Connecting the Minimum 10 Ports
Ki n Ova G e n 3 y F ran ka E m I ka- P an d a, K U KA- I iwa: Using the already developed LWR4 driver, the next task is to write a LUA library that contains functions to deploy the robot driver and connects the ap,

convention, this Forary is located at the folder /scripts/lib/  Some examples ace already provided, such as the UR10 robot ( etasl UR1&. lus Jand L

r
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https://etasl.pages.gitlab.kuleuven.be/

¢ ¢ ® @& hny etasl pages gitlab kuleuven.be/<h

Y Pane, € Agrthatiin, J Do Schumor and W Docrd, "Seiidasad Programming Framawonk for Composabile Roactive Robot Bebaviors™ Accaepad 10 [EEE
Intecrabonay Corference on Imeligent Robots ane Systerms (IROS) 2020

eTaSL Software

https://etasl.pages.qitlab.kuleuven.be/

A model-based task specification that includes programming by
demonstration aspects

Tho Video Shows & ohotic pek and pack aopbcalion, whsie medal-based sk spacilicaion and proguemming by Semorad alion afe Sombined n o laamablo skl
for orkno and reacive exocution. Trageciones and its vanatons aro extracted Som progrumming by Jemonsiaaton while alicwng noramental loameng

« Show-case of examples:
https://etasl.pages.qitlab.kuleuven.be/showcase.html

This widno SNows Work parformed i I Facsory o o (ay progect

A demonstration of dual arm motion on the PR2 robot using our
expression-based Task Specification language (eTaSL).

In this axarpio a constrant-based task specahicason and cortrol famowork & Lead o conal ne robat 1D satsdy awhol 1ange of consrans, such as sol-
cotision meodiroa. join lmes, jont voloaty brels. camera thist looks i the and efecior of Te 1igh! . orcudae Sajectonss for both onms that Rlersect

r
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