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Beneficiary Beneficiary name Short Country Main research objectives
Number * name
1 Deutsches Zentrum fur Luft- > WIS MEE NG [PREHEn
. DLR Germany * Robot control
(coordinator) und Raumfahrt : .
* Integration and demonstration platform
* Learning of planning operators / hybrid
. . _ United planning
2 SRS e uB Kingdom » Optimising Grasping Strategies using
POMDP solvers
» Symbolic robot plans / hybrid planning
3 Oerebro Universitet ORU Sweden * Task level planning
» Geometric reasoning
» Adapting grasps and grasping primitives to
4 TU Darmstadt TUD Germany new objects using statistical reinforcement

learning
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V] G e RT GENERALIZING ROBOT MANIPULATION TASKS

Motivation

* Robots already perform nice manipulation tasks / demos

e Special programs for each robot, task and object

* Robust programs need expertise and time!
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G e RT GENERALIZING ROBOT MANIPULATION TASKS

State of the art

e Manipulation options are currently restricted to:

— Small set of previously known objects
* Object recognition and localisation
» Geometry of objects is known in advance

— Minor changes in the scene arrangement
« Motion planning (goal configuration reachable)
» Offline grasp planning (take a configuration from database)

— Simple Objects and simple tasks
* Robustness of operation is far from suitable for daily use
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V) G e RT GENERALIZING ROBOT MANIPULATION TASKS

Motivation

In GeRT we aim to generalise manipulation task with:

e the same task constraints

o different object geometries

o different object postions
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G e RT GENERALIZING ROBOT MANIPULATION TASKS

Motivation
Goal:

Enable a robot to autonomously generalise its manipulation
skills from a set of known objects to previously un-
manipulated objects in order to achieve an everyday
manipulation task.

Approach:

e A set of demonstration programs achieving the same
abstract task with different objects and varying scene
arrangements is coded by hand and executed on the
robotic system.

 These examples form the base for generalising the
planning operators and for learning pre- and post
1o CONAITIONS OF OPEIAONS, v 2 222001
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V] G e RT GENERALIZING ROBOT MANIPULATION TASKS

Key aspects

Planning
- Create programs for new task variations

Perception
- Determine Similarities between objects

Learning
- Adapt manipulation to new objects

Integration
- Combine all and run it on a real robot
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i
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G e RT GENERALIZING ROBOT MANIPULATION TASKS

Research Areas

 Hybrid planning of robotic tasks
— Logical planning is required to generate plans from abstract tasks
— Planning operators are to be learned from example programs
— Geometric states have to be accounted to generate executable plans

* Visual perception: recognising objects, parts, affordances
— Functional object classes have to be recognized and labled

— Correspondences between functional parts of known objects and new
objects have to be found.

« Learning and Optimizing Grasp Strategies

— Grasps from the example tasks have to be mapped and adapted to the
changed geometry of new object (based on the perceptual information)

— Reach to grasp strategies (control schemes) have to be developed that
allow adaptation and preserve robustness
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Integration / Example Programs

 What are good example — -
programs? ¥ = J (3 o

8|
)
3

e How is the structure of
example programs?

e How can we support
parallel development/
Integration?
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What are good example programs?

 The GeRT inspiring “Instant tea preparation”

* control program is a
sequence of actions
given in an XML file

 end of interpolation
gives stop condition

 through moderate
stiffness trajectories
are adapted.
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The tea preparation

Christoph Borst
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G e RT GENERALIZING ROBOT MANIPULATION TASKS

Good example programs?

Control programs need.:

e stop conditions based on sensor input

« control structures like if-clauses, loops, switch-statements

e state-machines to control movements

« to be online interpreted to be fed by hybrid planners
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The structure of example programs

 GUI code displays python m—

] ML Sy, AL S e P e ianmy

36
source (pyrs-source) 3 enats_totzst0n
3B reset logl
389 Fagrasp
A0 annotate_log[arasp")
41 goto_pos('grasp sugar” + pos_name, vias=['pre grasp sugar’ + pos_name])

42
43 FIift

e Script Server code IR o Pomet s ach sugar  pos_rame
46

- a7 Fwait
provides a general set of 15 gt ogtei
50 to rquszé = app.justin_log["h=nd_tau_act'0)

robot commands (Macros) [ st s iom v

53  ifrght_hand = 0.20:

54 log_base+="_failed"
55
56 #place

57 annotate_log['place”)
BB i with_guard:

e pyrs-code runs in GUI e
G2 golo_frame( dlsucdl " + pos_name)

process, can be single 63 i g

guard.disable(]

stepped = A

BB goto_pos('open right hand", vias=['pre grasp sugar" + pos_name)

=
=
=]
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The structure of example programs

snaptagrid | [> 13 [follow execution | [
>

!_ges' || pd tray at shelf 82
tools |
teach master

object master

out

telemetry
tests
openrave
intipol
platform
new page
new page 1
cartipal
init
vision
callisions
hands
library
gui items
logging
speech

he quiet?
B o
vision | bp.be_quiet=False
demos hp.head release)

affen

=
2

aettray
bier
beatch
GeRT

2t tabls
i

in_limits(0.5, 0
‘at shelf tray)

HormiL1 7oA s
G

=
2

v

© @~

S O BBl
§  om=object_master &
L} -
7 cating tat
8 0, 5,10,
9 fried=set)
10 #move_platform((0, 0, 0], ext=0)
1 p et_pos('hefore table
12
L
14 for headin heads show place tray
15 for signin 1,-1: .
16 hs = sign * head Sl |
17 print “iry; %" % (hs, ) 1 # starting from body place tray teact =
18 if hs in fried 2 tm=teach_master
19 continue 3 " o
20 tried addhs) ﬂ select_cat("at tablz")
21 pos[head|[0] i
22 n ns : 5
23 goto_pos(pos) =
24 set_var(joint_via_speed’, 40)
25 sleep(0.5)
26 #print“head fkine: lifttray
27 #print repr(self parentapp.frames['head"]) > o
28 ry:
29 frame = om.lacalize_ohject(object_name) = 1 part pyutils matrix as mat
=i s 5 ooy 2 select_cat('attable")
ol | v 1> 3 tm=teach_master
3 4 frames=self parentapp.frame:
i ; il
v
place tray 5
>omoE 3
1 #slaningﬁumbudyulacmraylea:A
2 -
= Z "
L - _.
3

Tocate fray an table

=030 R =
S s =
=
3
Jacate pad
>
5 36 d=tiss
check pad new 37 score % 17 % (score * 100)
m 5 & 38 refurn score, frame
i 4 xe 39 score, frame = get_bast of_n_framas(10,
= app justin_log['hand_tau_act][0] - 40 ohjfframe’] = frame 4
app.elemety_managerhand_sequence sel(g) 41 sayCgotit) i |
tau = dict(app telemetry_manager hand_sequence.items() B 42 #sleep(l1d) =)
hold_tau = abs(tau['right_fhumi'](1] +taul nant_tip")[11) A2 B s} =

if hold_tau <00 &:
say('pad grasp did not wark \nini wi
Bxitf B0l

exitf'success")

sUECess

Il 1ry againl’) / =
|
i grasp pad
i & e B |
I 13 "right_fig"; [{0 a1 [a
3 14 ) r
15 goto_frame('at pad on fray)
~ 16 did_stop=quard did_stop(
E 17 guarddisableQ i
5

18 if not did_stop:
19 #say('ipol stopped')
20 pass

5
2

P

Gmawn = 7

mne w7

v

oo s wia =

approach shelf with tray
m =
app.head.release

select_cat('al shelf)
om = object_master
object_name
heads= [0, &,
tried = set()

move_platform([0, 0, 0, ext=0)
pos = get_pos('h
pprintpprint(pos)
frame = Hane

set_var(joint_via_speed’, 40)

for head
for signin 1,-1
hs = sign *head
print "1y, %0 % (hs,)
it hsin fried:
continue
tried.add(hs)

heads:

=
s

place fray on shelf
m m ef
app.head.look_center()
select_cal('at shalf fray')

set_var('cart_speed’, 0,1
#goto_frame("ap place fray", [ock_left_to,

out

release tray on shelf
m & el
select_cai('at shalf fray"]
set_var(joint_via_sp:
set_collision_limits(0.5
aolo_pos('left and right ©

ase fray')

g

5
s

remove sugar on tray
L1110 = 2
app.head.relzase(
select_cat('at shell fray)

set_var(‘carl_speed'
set_var(
aoto posi”

helf approach In base
. 5,25

2 shelf locate wilh

T

release tray on sheif 1

[> o &
L 1 right_target = transformiframes['ri(
- 2 top_pos_right, hold = teach_maste
| 3 goto_direct_frame top_pos_right, |

nuﬂ_ |
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Example: Stacking cups

Christoph Borst

CogSys - TU Vienna, Austria, 22.- 23.2.2012 WwWw.gert-project.eu
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Example: Stacking cups / sensor log
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commanded joint positions measured joint torques

Sensor logs are annotated in relation to the example programs
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GeRT

GENERALIZING ROBOT MANIPULATION TASKS

Justin‘s execution environment

Clear separation of real-time
feedback control loop, event
based execution control and
higher planning levels

Immediate response on external
disturbances through real-time
guards.

Compliant control modes of
hands, arms and torso with
variable stiffness and damping

Task PLannInG f Task SEQUENCING

EvENT BaseD

ExXEcUuTGION
CONTROL

ReaL-TiME ConTROL Loopr

CogSys - TU Vienna, Austria, 22.- 23.2.2012

_________________________________________

IPOL IPCL IPOL 1IPCL IPOL
Q5Y arm torso hand hand
"""'"""-'-_-'.'.','_-_-J.ml,-,-,'_'.'.'-'--'"""'""

Arbitration

. B
Y [ «< -
Contral 3 Caontrol 2 Control | reflex

@ Tms

___________ i ____________T_______________

Justin Robot
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TOP Gwi
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............ consistent control switchirg, __;'*
_.-'ll B’tcp
extern al . e
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V] G e RT GENERALIZING ROBOT MANIPULATION TASKS

Action generalisation / hybrid planning

« How can we analyse/
generalise the
examples?

,il
%
il
|

e How are the general
actions used to replan
the same semantic task?

Christoph Borst CogSys - TU Vienna, Austria, 22.- 23.2.2012 Www.gert-project.eu 20




e RT GENERALIZING ROBOT MANIPULATION TASKS

Action learning overview

# go to & known good Start-position -
goto_pos {"start_positioa")

~“Example programs

#annotate_log|"approa
actionlearner.evaluateCyele()

goto_pos("right upsids pre grasp")
actionlearner.evaluateCycle()

HPARANFUP ; Parameter frame—up (or f-up) PLANAGE
goto_frame("right shove cup”)
actionLearner.evaluateCyele()

Fie Edt Format Run Options Windows Help

PDDL
model of
action

#annotate_log{"grasp cup’)
actionlearner.evaluateCycle()
#PARAMFRIME "right at cup”
goto_freme ("right at cup’)
actionlearner.evaluateCyele()
goto_pos("right upsids preshape’)
actionlearner.evaluateCycle()
goto_pos("right upside grasp")
actionlearner.evaluateCycle()
#PARAMSTRING mucy
app.rave_interface.bind("rightirm”, Moug")
actionlearner.evaluateCyele()

Python code
fragment

#annorate_log{Ttransport cup”)

actionLearner.evaluateCyclei)

goto_freme("right ehove cup”)

actionLearner.evaluateCyclei)

HPARAMFRANE "right above cup stack %d" % target_stack PLANAGE
goto_frame("right shove cup stack $d” % target_stack, hold tors
actionlearner.evaluateCycle()

#annotate_log{"place cup")

actionLearner.evaluateCyele()

# lover cart. speed to 30% te avoid a teo hard contact - isn't
set_var ("ecart_spesd”, 0.3)

# stop going dovn s soon as contact with takle is detected (wi
guard.enable ({"right_tep": [{Z, "<", -5.00)1})

# start going down

HPARAMFRANE "right at cup stack 3d" 5 target_stack
goto_frame("right st cup stack $d” % target_stack)

did_stop = guard.did stop()

#annotate_log("guard stopped: sd” 5 did_stop) # vhether or not
guard.disable() # disable guard for further motions

set_var ("ecart_spesd”, 1) # resst cart speed to 100%
actionlearner.evaluateCycle()

#annotate_logi"relsase cup”)
actionlearner.evaluateCyele()
goto_pos("right upside pre orasp", vias=["right upside preshape
actionlearner.evaluateCycle()

FPARAMSTRING mug

app.rave_interface.release ("rightirm®, "mug")
actionLearner.evaluateCyele()

goto_frame("right shove cup stack $d" % target_stack)
actionLearner.evaluateCyele()

ygram

Pr
achieve-goal

Need to learn action models, but also mapping between geometric
predicates (“on-top-of”, “touching”, ...) and geometric states.

Ln: 1/Cal: 4

Christoph Borst CogSys - TU Vienna, Austria, 22.- 23.2.2012 www.gert-project.eu




GeRT

example_program.py - F:\SlideFig

GENERALIZING ROBOT MANIPULATION TASKS

Action learning

ures\example_program. py [=(=) 3]

File Edt Format Run Options Windows

Help

/. | #annotate log("grasp cup")

== actionLearner.evaluateCycle()

=== #PARAMFRAME "right at cup"
».| goto_frame( )

= ') actionLearner.evaluateCycle()

- goto_pos(

...c| actionLearner.evaluateCycle()

-] goto_pos( )

| actionLearner.evaluateCycle()

wwsd #PARAMSTRING mug

N7| app.rave_interface.bind(

.2\| actionLearner.evaluateCycle()

PDDL Representation of Action

(:action learned_act_1 :parameters ( ?param0O )
:precondition (and
( forall (?ALL)( not (above ?ALL ?param0)))

(right-hand-empty) Unnecessar
(left-hand-empty) reconditiony
(object ?param0) P
)
-effect (and
(right-can-grasp ?paramO)
(forall (?ALL)( not (right-can-grasp ?ALL)))
)

actio
#PARAMSTRING mug
app.rave_interface
acti

ruer. evaluateCyele ()

.release{"rightirn

onLea Levalua
goto_frame ("right shove cup stack $d7 % target_stas
actionLeal &

* Planning domain definition language action
representation learned from annotated code

— Annotations split up actions, tell us what the

parameters of the actions are

Christoph Borst

— Preconditions and effects learned by generalising
over state before and after code is executed
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Geometric Predicate Learning

 As well as actions, we need to learn predicates for the
planning domain and their corresponding geometric states

— Do this using training data that could be generated from the example
programs
o At present we augment this with hand-generated data

Labelled Training Examples Learned geometric relation
W - Mixture of Gaussians model

- 17 dimensional model of
relationship between two
objects

ERYCs Yl

P(Above(cup,tray) = true). Usable
tray shown in black (two dimensions
shown).

Christoph Borst CogSys - TU Vienna, Austria, 22.- 23.2.2012 www.gert-project.eu 23
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GENERALIZING ROBOT MANIPULATION TASKS

Using the learned model

Forward direction: just query distribution

&R BE@ Sl

P(on(cup,tray) = true) = 0.95

e

*®

4

-

a4

On(cupl,tray), =

On(cup2(tray), 7

On(cup3,tray)

Backward direction: hill-climbing search in
probability space

Christoph Borst ‘ CogSys - TU Vienna, Austria, 22.- 23.2.2012 www.gert-project.eu 24




4 GeRT

Goal specified
to planner

Planner
generates
symbolic plan

Learned
predicates used
to get geometry

Code generated
and executed

Christoph Borst

GENERALIZING ROBOT MANIPULATION TASKS

Putting it all together

ot oty I

p=aCiR’ FBE" B ' B ¥ = "~

viewer O: Chris/Hybrid Planner
| T o
o smap tegiig lelloweveclion |,

Fredicate Testing

pages
™ Chris
Phisics Test State Find Stats

alarid Pl

S5 Monitor

Desired Goal State
Fimed phjects (space sepevata)

Exodutinm
¥ init
cube stacking
cup stacking
ActionedCupS
» planner interfi Probability Breakdowr:
Items
Qrasp examip
SugarPouring
live
rave planaser
RepairPlanming Plaies
diemmy planng Find Symbolic Plan tybrsdizat
pamain File homeburbreic/justin_exec_env/packages/cjch/datafaction

Symbolic Plan Engine:

¥ Stale Investigal
Physics
55 Manitor
Desired Goai

FEEREERESERCRINE|

o=

¥ SymState Splil €

up

efburbrcjcfjustin_exec_env/packagesfrobot_scriptsfrobot_scripts py —wait —co/ i Pallow

Doyl ] collision (tray:]x{table:) contacts=171
| colfision (tray: Jx(table:) contacts =164
- - ] v e
o oLt oy selacted [10.4 MA). Fre Sran the predicate Testing gui page
5 v BroR) Start the hybrid_planner gl gu page.
58 loading of page ‘Chris/Hybrid Planner finished!
EL goTa_pas|*start position®, vias=["rignt appro
>3
cz -
¢ seareh | Semichinfiles | Stack Deta | Subweersion | Testing * ¢ Bookmarks Delwglio | Debug Probe | Messsgds | Modules * *

& Line 81 Col 0+ [User]

CogSys - TU Vienna, Austria, 22.- 23.2.2012 www.gert-project.eu 25




G e RT GENERALIZING ROBOT MANIPULATION TASKS

Verfying the plan through hybrid planner

 The symbolic part of the plan can be generated
o Geometric predicates and actions are learned

« Geometric state is evaluated trough RRT planner

PICK Cup4 PLACE Cup4 PICK Cup4 PLACE Cup4
\ ON Table ON Torus /

Christoph Borst ‘ CogSys - TU Vienna, Austria, 22.- 23.2.2012 ‘ Www.gert-project.eu ‘ 26




GeRT

Perception

 What are the objects
of the same functional . =
object class? .
(Shape Similarity)

 How correspond
functional geometric
parts of known and
unknown objects?
(Shape Warping)

Christoph Borst CogSys - TU Vienna, Austria, 22.- 23.2.2012

GENERALIZING ROBOT MANIPULATION TASKS

| 5 =
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G e RT GENERALIZING ROBOT MANIPULATION TASKS

Perception in GeRT:

Understanding Unknown Objects, for Manipulation

e N/ fezne— Mouth
o T Upper handle

“— 1 Quierchandle

w5— Inner handle

\ Gt | ower handle
Y1:0 data

Non-rigid
alignment

Rigid
alignment

h q

Known mug

Mouth

g

Inner handle
Lower handle

Unknown mug Unknown mug data

Christoph Borst ‘ CogSys - TU Vienna, Austria, 22.- 23.2.2012 ‘ Www.gert-project.eu




G e RT GENERALIZING ROBOT MANIPULATION TASKS

Shape Similarity:
Geometric Feature

For query and model shapes independently:

edrawing of random surflet pairs
ecomputation of intrinsic geometric parameters of

each surflet pair:  (a,8.7.d) eR*
— |

Angular Distance
components component

"u,
s
]
S
"u

Christoph Borst CogSys - TU Vienna, Austria, 22.- 23.2.2012 www.gert-project.eu 29




«J GeRT

GENERALIZING ROBOT MANIPULATION TASKS

Shape Similarity:
4D Feature Density

For each query/model view: random sampling of 100,000 surflet pair relations

A

Aduanbal4

&

Angular components

Christoph Borst CogSys - TU Vienna, Austria, 22.- 23.2.2012

o

o L 1dE add

Distanc1a component

Median distance
scaled to unity

‘ www.gert-project.eu ‘ 30




ﬂ G e RT GENERALIZING ROBOT MANIPULATION TASKS

Shape Retrieval: Example

ve bbby

Query: Mug

20 most similar models from the database

Christoph Borst CogSys - TU Vienna, Austria, 22.- 23.2.2012 ‘ www.gert-project.eu ‘ 31




‘ G e RT GENERALIZING ROBOT MANIPULATION TASKS

Shape Retrieval: Example

M Na Sy }g by ™
W rﬁ’ 2
oo o o
o W W e

20 most similar models from the database

Christoph Borst CogSys - TU Vienna, Austria, 22.- 23.2.2012 ‘ www.gert-project.eu ‘ 32
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V] G e RT GENERALIZING ROBOT MANIPULATION TASKS

Shape Warping

- >
Given a source shape (model) and a :
target shape (scene) from the same
functional category...

Initial alignment brings
corresponding parts close

Four stages of warping: to each other — but without
' knowing or computing
Deformation-tolerant alignment | coresndences

Correspondence assignment (forward and backward)

Map interpolation (forward and backward)
Enforcing forward/backward consistency

-\ =

The rest is simply based on
proximity of surface points
and surface orientation

Hillenbrand; ICPR 2010

Christoph Borst CogSys - TU Vienna, Austria, 22.- 23.2.2012 Www.gert-project.eu 33




G e RT GENERALIZING ROBOT MANIPULATION TASKS

Shape Warping: Alignment

Source

\.%"-«._:“

Target

b I *q»i a
jm m | l}*l

fi"

1HIM

Christoph Borst CogSys - TU Vienna, Austria, 22.- 23.2.2012 ‘ Www.gert-project.eu 34




V) G e RT GENERALIZING ROBOT MANIPULATION TASKS

Shape Warping: Correspondence

t - Forward
d Backward

Source

Correspondences are assigned

for each point independently
(interaction between points only
through rigid alignment)

Target

Christoph Borst CogSys - TU Vienna, Austria, 22.- 23.2.2012 www.gert-project.eu 35




GENERALIZING ROBOT MANIPULATION TASKS

GeRT

1ISE

Point-Wi

ing:

Shape Warp

36

www.gert-project.eu
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Shape Warping: Grasp Contacts

Top Grasp Handle Grasp

&

Christoph Borst CogSys - TU Vienna, Austria, 22.- 23.2.2012 www.gert-projec




G e RT GENERALIZING ROBOT MANIPULATION TASKS

Learning grasping strategies

« Adapting example - _
grasps to new « \ ! 3
objects

 Make use of human
example grasps

e Learn a robust
scheme to execute
finger strategies
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-' ' GeRT GENERALIZING ROBOT MANIPULATION TASKS
Grasping with Motor Primitives

* Flexible representation for entire grasping action
* Obtained from human demonstration

* Automatically adapt to new grasps

04 Approach
Directions

Object
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G e RT GENERALIZING ROBOT MA

Grasp Adaptation

. Generalization of grasps to:

. New objects

« New positions and orientations

. Different grasp types
« 12 Grasp types from our taxonomy
. Grasp types are learned by imitation

Lateral

Spherical
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G e RT GENERALIZING ROBOT MANIPULATION TASKS

Imitation by Dynamic Motor Primitives

Based on Dynamical Systems

Used to generate Trajectories of arm and hand
Parametrized by warps of contact points
Easily generalized to new goal states

'D DMP Movement

New contact points
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V) G e RT GENERALIZING ROBOT MANIPULATION TASKS

Results of last weeks integration week

Christoph Borst CogSys - TU Vienna, Austria, 22.- 23.2.2012 Www.gert-project.eu 42




. G e RT GENERALIZING ROBOT MANIPULATION TASKS

Learning forward models for grasping

* In GeRT we want to generalise from
example programs

* Use these to gather data to learn
forward models

« Use these to plan actions for novel
tasks or objects

« Start with single finger, then multi-
finger grasps, in hand manipulation
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‘ G e RT GENERALIZING ROBOT MANIPULATION TASKS

Prediction learning for single contacts

Frame 4 Frame B

» Robot effector as some frame A
« Object it is pushing as frame B

» Prediction is saying what Bt+1:t+n 1S going to be given At1:t+n-1,
Bt and Bt (i.e. prediction for N steps into the future)
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G e RT GENERALIZING ROBOT MANIPULATION TASKS

Prediction learning & planning with
prediction models

Rapidly-exploring Random
Trees (RRTs) based

Motion Planner

Claudio Zito
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V] G e RT GENERALIZING ROBOT MANIPULATION TASKS

Next steps:

 Multi-finger manipulation

prediction
e Repairing plans that have | Theconsortiurnin(ﬂvidl_{als_ 3
not been successful A i s

e Adding contact and force
Information from sensor
logs (DMPs)

* Integrating to a working
example on Justin
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