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Abstract

The integration of basic cognitive functionalities into the operation
of real-time, closed-loop systems seems to be one of the trends in
control. Potential applications are found Iin vehicle and defence
systems or robotics and mechatronics. With respect to biological
models we distinguish perceptive, mental und executive cognitive
functionalities. There exists also a close relationship between
cognition and notions such as intelligence und autonomy.

Based on recent results from theoretical and experimental
research in the field of intelligent humanoid robot walking this talk
will demonstrate how some degree of locomotion autonomy can be
achieved on the basis of artificial cognitive functionalities, such as
step sequence planning and step adaptation by use of a walking
primitive database, task-dependent visual perception and gaze
control, as well as object classification and decision making.
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Motivation

Improving Autonomy of Biped Locomotion

by means of

Artificial Cognitive Control Functionalities

Project partially funded by DFG
In the framework of a
Cross-disciplinary Research Program
“Autonomous Walking
In Robotic and Biological Systems*




Basis of Locomotion Autonomy
in Humans and Robots ?

» Cognitive Functionalities,
“*orchestration of
perceptional and locomotion behaviours”
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Related Notions

Cognitive functionalities

receptive: seeing, feeling, hearing, ...
mental: analysing, planning, learning, ...
executive: plan execution, attention, gaze, ...

ntelligence
nterplay of (i) sensory-motor (cognitive)
processes, (i) body, (iii) environment

Autonomy

Behaviour based on (i) intention and (ii) internal
Intelligence, i.e. no human intervention required
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Intermediate Goal of this Research

“Continuous, stable, safe and goal-oriented
biped walking
In partially unknown 3-D indoor environments”

» Demonstration of
“Intelligent” walking capabilities
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Prototype Scenario of this Research

H Human or Humanoid Robot —@?
et g

In a Pedestrian Walk Scenario
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“The view anticipates our steps”

stairs
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curve —»

» A. E. Patla et al., Univ. of Waterloo, ~ 2000
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Observing a Human Walker . . ..




m Locomotion

Biped in
Environment

=
LLM Perception-Action-Cycle _u?
of Autonomous Locomotion N4
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Biped in
Environment
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Biped in
Environment
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http://www.Isr.ei.tum.de/movies/IBART.avi
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Architecture and Modules
of the Guidance Control System

I -



locomotion task

vision-based guidance system

-

reference view direction

-

obstacle and
landmark
information

view . .
direction | ) current view direction
control stereo camera images

dead reckoning, head pose

guidance
control

loop

' 3D feature| SC€ne
environment < : recon.
intormation) - o411 ction
free space
detection
WP
free yspace selection, |
local local step
path | sequence
path |—» | WP
planner features
planner [obstacle ea
info

WP concatenation

!

WP database

pan-tilt camera head

joint
angles,-_ walking [
L;Jp%er robot

ody
pose etc. control |

walking
robot

s J. Denk, G. Schmidt
Walking Primitive Databases for Perception-Based Guidance Control
of Biped Robots.

In Fundamental Issues in Control, Special Issue ECC’07,
European Journal of Control, Vol.13, 2007, pp. 171 - 188

Guidance Control Architecture
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3 Vision for - Visual Camera
""""" > Walking Perception Head
4 4

|, Local Map Gaze
& Planner Control

View

5.

n

©

_5 Direction

e Guidance

S Control Loop

9 Local "Autonomy"”

Path 6 q
2| step Sequence || ©"-'ine

Planning &

WP Concatenation ||joint & Torque Coﬂ‘t’,.i{,‘ﬁed
f Trajectories Biped

1 Walking Primitive

Walking Pattern Database Off-line

Generator
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Walking Pattern Generation
for Perception-Based Locomotion

< J. Denk, G. Schmidt

Walking Primitive Databases for Perception-Based Guidance Control
of Biped Robots.

In Fundamental Issues in Control, Special Issue ECC’'07,
European Journal of Control, Vol.13, 2007, pp. 171 - 188
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Concept and Basic Approach

Goal Area

Barrier Given
Local Path

Vision Sensor

s
e

. Start
Ditch g

Walking Pattern q,.(t), 7.cs(t)
- physical feasibility
- posture stability

Our approach to Pattern generation:
Off-line: Synthesis of Walking PrimitivesTj(t)z[qﬁef(t),frf:ef(t)], g=1,...,.M
On-line: Concatenation of appropriate WPs into a Walking Pattern
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Generation Approach - Overview

Offline

Model of Biped Set of Desired
Walking Machine Step Parameters

g g g g g g g
robot (@  Step
parameters parameters

-

Walking Primitive Specification kf

search space

Optimal Control Problem

|=
2 NO

YES Walking P_rimitive_
L (1) =1g7.() T/, (D]

Walking Primitive
Database

Online

Walking Primitive Visual and Path
Database Information

|m——=m e mmm——m—————mm—— = —
database properties:
graph structure with

step-parameters
> Step Sequence
Planner

T ()=l (0), 7y (0)] \ \ trder- -

Walking Primitive Concatenation

Walking Pattern: smooth, physically feasible
joint trajectory q,.(t) + control torques Trey(t)
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The Walking Primitive Database
Offline Synthesis

T
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Defintion of Primitives
for Continuous Biped Walking

Basic Walk Behaviours
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Locomotion Capabilities Required by Biped

In 3-D Indoor Environments

Given
Local Path
Barrier
START _
Es =0 =0
Bl oo [=o

» start and stop walking

» normal walk

» change step-length

« stride over small obstacles

* make direction changes

* step on platform, climb stairs

Stairs

Goal Area

; ~i>-_ Barrier  Given

~~F A / Local Path .
L€ Vision
oy -~ Sensor
P
_//_./
/ 4

Obstacle

U




Typical Primitives for Continuous
Static and/or Dynamic Walking

Given
Local Path
Barrier
START &
s 5o =5
[=—et—= o] = 0 = o
smrr,rll

e start-/stop-primitive

e cyclic primitive

e transition primitive

* obstacle primitive combination
* curve primitive combination

e Stair primitives
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START cyclly

Y
[Eo——{=]
o] BEE &« | =3

e Start-/stop-primitive

e cyclic primitive

e transition primitive

* obstacle primitive combination
 curve primitive combination

e Stair primitives
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trans . 1~
5 i

e Start-/stop-primitive

e cyclic primitive

e transition primitive

* obstacle primitive combination
 curve primitive combination

e Stair primitives

e



obst, I lo~~13,c

Y

e Start-/stop-primitive

e cyclic primitive

e transition primitive

 obstacle primitive combination
 curve primitive combination

e Stair primitives

<z



obsr,HT [3~[s,c

e Start-/stop-primitive

e cyclic primitive

e transition primitive

 obstacle primitive combination
 curve primitive combination

e Stair primitives
3%; 28



curve,l.i"-. lo~>la,0

e Start-/stop-primitive

e cyclic primitive

e transition primitive

 obstacle primitive combination
e curve primitive combination

e Stair pl’illli'[iVGS
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curve,ll.r lg~~1o,0

e Start-/stop-primitive

e cyclic primitive

e transition primitive

 obstacle primitive combination
e curve primitive combination

e Stair primitives
3%; 30
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Computation of

Joint and Control Torque Trajectories
Physical Aspects

s J. Denk , G. Schmidt
Synthesis of Walking Primitive Databases for Biped Robots in 3D-Environments,
Proc. IEEE Int. Conf. on Robotics and Automation, ICRA 2003, pp. 1343 - 1349.
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Walking Primitive Synthesis

Model of Biped
Walking Machine

Set of Desired

Step Parameters

robot

parameters V

o step

v parameters

Walking Primitive Specificationk|

-

@search space

<G
? NO

YES

I
|
I
|
I
|
I
|
|
Optimal Control Problem :
I
|
|
|
I
|
I

walking primitive

N L O=[g,0), 77, (0]}

Walking Primitive
Database




Kinetic Model of the Biped

*bodies B;,i=1..N, connected by driven joints ¢;, 7i, i =1...N;

| 5, [» symmetry of left and right side |
* 2 6 joint-DOF in each leg
» contact beween foot and ground sufficiently inelastic

 given masses, inertia-tensors, friction coefficient and
restrictions on joint-angles, joint-velocities and joint-torques

hip -
joint-angle-vector:

pose of left/right foot:

knee

PrL/r = [TL/R7 ‘351,/3]

posture of biped:
la, = la.p,] |

_@;FS;



Specification of Walking Primitive Properties

Model of Biped
Walking Machine

Set of Desired
Step Parameters

robot

parameters v

©  step

v parameters

Walking Primitive Speciﬁcationl(f

-

@search space

<G
? NO

YES

I
|
I
|
I
|
I
|
|
Optimal Control Problem :
I
|
|
|
I
|
I

walking primitive

v 'I‘J' (t):[qif_f(t), Tf-f.f(t)]J

Walking Primitive
Database




Walking Primitive Motion Phases,
Kinematics and Dynamics

Motion Phases Kinematics
right foot - step-parameters: length |, 1, ; height c;
Pre- Swmg- eft foot *) phase transition times t,, t,, t.,
Phase
t € [0,  continuous system state

= no jumps in velocities
— avoidance of impacts during

) E heel strike
Swing-
Phase :

Fe ] e avoidance of internal and external
- collisions by inequality constraints
on direct kinematics

1l )
Heel-Contact- é, Dynamics
Phase e
- — « specific rigid body models

tE [ty t] - _
lig for each phase assuming
*) left foot resides flat on ground bilateral rigid body contacts
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Conditions for Contact Stability

Example: Pre-Swing-Phase I)

Unilaterality Conditions:
frz N, frz nL £, > ( | contact force
z = not attractive
fR,:r:’ nNgx — fL,;z:a Nz
= @ ' >
TRy try=0 JT st ZMP-Conditions:
side view Ny - Ny
Fpe = _77 Tpy = f_
T-f'}J:y’T&Lay . : z . -
T fr oM . = ZMP inside supporting area
o Y o Loyl )
T (SRR Friction Conditions:
fR,:{:’nRx
1 OfF—" 2 2 |I
O fa:_'_fy_'_? < pf
top view :
no slippage

i =



Conditions for Concatenation of Walking Primitives

55 I

Symmetric primitive for
left foot swinging

by mapping:

a(t) = [q,(t),q,(t)]

(i) Walking primitive for
right foot swinging:

q(t) = [q,(?),q,(?)]

Continuous system state —»

boundary initial joint state | To = 4o, o]
conditions for {

final joint state | z, = [q,,q,]

(i1) cyclic primitive maaEne

— — 4 X
(iii) transition primitive g e G e
Ilza" |”:b transwg'\»b __cycl igwb

I -



Example of Walking Primitive Concatenation

Generated Mapped Walking Pattern
Walking Primitives Walking Primitive  after Concatenation

o]
Cyclic =% 0]
Walking =P 4 |71 —
Primitive [I=b ‘D’

il
______________________________ L
Transiton  [;=b |
Walking = E
Primitive li=a
Y
A
waking " Directon

Primitive

Led | cyclﬂra
‘ ‘ ‘ ‘ \ %Q’ 38




Computation of Joint + Control Torque Trajectories

Model of Biped
Walking Machine

Set of Desired

Step Parameters

robot

parameters v

o step

v parameters

Walking Primitive Specificationk|

-

@search space

<G>
? NO

YES

|
|
|
|
|
|
|
|
|
Optimal Control Problem :
|
|
|
|
|
|
|

walking primitive

v 'I‘J'(t):[qiﬁ_f(t), Tf-f.f(t)]J

Walking Primitive
Database




3-Phase Hybrid Optimal Control Problem

[ to ts i
Hl(iI)l f o' (z,T)dt —i—/ o (x, T) / o (z,T)
T
) t to J
Pre-Swing Swing Heel-Contact
subject to: Typical

performance index

» system of ODEs for each phase (AUTOLEV)
* contact stability conditions ZJ‘
¢ = |4 ()7i(t)

e constraints for collision avoidance, i=1
internal & external

Absolute mechanical power
» mechanical and electrical restrictions

e boundary conditions for start/stop, cyclic
or transition walking primitives

I ="




Model of Biped
Walking Machine

Set of Desired

Step Parameters

robot

parameters v

i step

v parameters

Walking Primitive Specificationk|

-

@search space

<G
? NO

YES

I
|
I
|
I
|
I
|
|
Optimal Control Problem :
I
|
|
|
I
|
I

walking primitive

N L O=[g,0), 77, (0]}

Walking Primitive
Database
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Systematic Procedure for
Database Generation




Database Synthesis and Graph Representation

(1) Synthesize cyclic primitive |,

L : " sl =11
— initial / final joint state “““x, = %%,

i ="




cycl

.rl.l cycl,r.gzo

(1’) Synthesize cyclic primitive |,

T




(2) Synthesize transition primitives

T




rmns.rgzmh
2 N
u
z‘mm,.I.glf\_,ﬂj2

(3) Define joint state for biped in state stop

T




(4) Synthesize start primitive

T




'I cycl
O rmns.rgz,mh o

.rmn 1m+gz .

s*mp-r[l rarr T I

(5) Synthesize stop primitive

T




yc[

cycl
O
ObSI,II Tlsz\,-)-lz JC

trans ]
-rig {1

h
~~— "~
rmm,-rglmb obst, 1 T! o~alg.C
stop.r[l . /rarr »-rlg

collision free space

(6) Synthesize obstacle primitive pair " Ay /9/_%

'E‘ A T A ¥ i A

» 6-phase optimal control problem

3
clearance ¢
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yc[

cycl
Th T£ Q
()f).\;'f.HT[';;”w[') it

trans ooy
-rlg {1
/—-\
~—_ "~
”’"’“‘rll’\#b obst, lef\»lg C

SIO[JTII . / ‘tart T 52

(6°) Synthesize obstacle primitive pair =

» 6-phase optimal control problem

U




yc[

cycl
T 'r‘

curve IT[J ~l4, Q) ”"I”S-rlz'*v*h obSIIITJ3m+l2,

curve, HT[él"’*tl 0 rmm.rgl,wb .,bsr] le’“ﬁl% c
SIOPTII /mrr ng

(7) Synthesize curve primitive pair

» 6-phase optimal control problem

T




yc[

: LS
curve, IT[I ~>lq,0 ”"I”S-rlz"v*h ObSI’HTJB’\’*lQaC
7 N
. S——"
curve, /[T[,’,u.[l R0 rm”g‘rfl’\#b obst,1 lemh c

stop‘rﬁ . /rarrnrlg 4\q5

(7’) Synthesize curve primitive pair

» 6-phase optimal control problem
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Final Database = Knowledge Base
Comprising Available Walking Behaviours

C"]Tll cycl £2

curve, [Tt] "\,—>£4’ frans_riz,\_&z] ()bbf 11 Tlgmﬁl;}’
@ Q.rrcm.s 'I-ilmég .Obcrf

curve, H.-rhn.,;gl le’\f?'l'%

stop T [1 s*mrt '8 L

—3  Synthesis procedure emulates
“learning of elementary human walking behaviours
by trial and error”
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Details of Numerical Database Generation

e kinetic model of biped Johnnie 6 joints/ leg
e various performance functions

* numerical solution by direct collocation:
continuous problem — time-discrete problem

» starting with feasible initial solution:
automatic generation of primitives for straight-ahead walking with

step-lengths 0.22, 0.26, .... 0.54 m (9 cyclic and 72 transition primitives)
 typical computation time: 0.5 - 1.0 hour / WP
o total: ca 700 WPs for JOHNNIE

» parameters: - average velocity: 0.5 m/s
-t.=1.15s
- fixed ratio ¢, /t: ~ 9 %
- fixed ratio £,/t: ~ 83 %
- step-width: w=0.20 m
- friction coefficient: 0.7

T



Direct Collocation (DIRCOL) Method

Tapp(lit1) = f(Tapp(titr), Uapp(fisr1))

e time discretization

e approximation of state
trajectories by cubic
splines

e approximation of
controls by piecewise
linear functions

e collocation condition
| e nonlinear programming
gy fi1) problem (SNOPT)

-

t; tiv1

s O.von Stryck i
User’'s Guide for DIRCOL: A Method for Numerical Solution %Q-;

of Optimal Control Problems, _ 55
2"d ed., Chair for Numerical Mathematics, TU Minchen, Germany.



Control Torques T(t) for Right Foot Forward

() Phase (i

(iii)

Tt . : I s
n bow 9 - e a g 1 O 4
Nm] [ Th——" ", : Iﬁi (Nm| L . .
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 06
T eof i YR g
Nm] 0 Nm] of——
-50 -850 I I L
0. 0.0 0.2 0.4 06
00 .
T3 13-. To 15,0._...;.. Rl
[Nm] © [Nm] OF oo
=50 50 1 1 I
0. 0.0 0.2 0.4 0.6 0.
Ta 5’: T10 sg,.._: . Il_
[Nm] -s0f [Nm] -s0f- : e
=100 -100 .
0. 0.0 0.2 0.4 0.6 0.
Ts E'E Ty ; : ;
0|_ -
[Nm] Nm] : : N
0. 0.0 0.2 0.4 0.6 0.
7% ol 4 B 5
Nm] o Nm] ol ] ]
-50 50 | ; i : —
0. 0.0 0.2 0.4 0.6 0.
t|s] ts]
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Biped Locomotion by Concatenation of Walking Primitives

with FF & PD - Joint - Control

Validation of
sample
walking patterns

Qref (t)a Tref (t)

Spring-damper-contacts
for simulation:

PD-Control Law: 7 = kp(q,e; — @) + ka(Qyey — @) + Tres J




Impact of Performance Functions

Ny "dynamic" gait
¢ = Y |a(t)m(1)| | = high joint accelerations
i— 1 during double support

Absolute mechanical power

| g . ) "customized” gait
¢F = Z (kst}; + fm‘) —> reduced
i — 1 joint accelerations

Energy + acceleration

&F = Z (1) > "pathologic_:gll“ gait
: "gluteus medius limp"




Customized Gait
Min. Energy + Acceleration




“ Patient with Gluteus Medius Limp”

mii
T(1)

Pathological Gait
Min. Energy

T




Vision for - Visual Camera
""""" > Walking Perception Head

L, | Local Map Gaze
& Planner Control

View

5.
n
H
_5 Direction
g Guidance
S Control Loop
S Local "Autonomy"”
Path | q
2 || Step Sequence On=line
Planning &  [I=—/——— :
WP Concatenation [[joint & Torque c o‘li?rlgltled
f Trajectories Biped
. Walkin Primitive\
Walking Pattern Da?abase Off-line
Generator
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Situation-Dependent

Concatenation of Walk Behaviours
Step Sequence Planning - online

% J. Denk, G. Schmidt

Walking Primitive Database for Perception-based Guidance Control
of Biped Robots,

European Journal of Control, Special Issue ECC’07, pp.171 - 188
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Vision-based Walking Primitive Selection

Walking Primitive
Database

-: database properties:
i graph structure with
step-parameters

Visual and Path
Information

~

Step Sequence
Planner

! ! jltjiﬂt"'

Walking Primitive Concatenation

N

walking pattern: smooth, physically feasible
joint trajectory q,.;(t) + control torques T;(t)

T




Step Sequence Planning by Tree Search

~X < Dg—+i-; collision-free space
A, . A, of obstacle primitives

- : : : c‘\d..rh c\c!TIO
Fl F3
______ . -/m-x obst, H.-rlgr\,;b c

= O ”f””-'rb’wh
_':‘;___//‘____ N
p— . — local path ~—

mms .rflr\,}[) nbs.f].-rlywlg @

Situation in front of a barrier. Walking primitive database
X, o, /1, w provided by vision.

I /

[p nci
.02 3
md

”(‘IMTZL"’}IZ

[pF 1 ?mdw;z] [pF 1 ;wfwll]

trans le'v}h obst.] ’I‘Zz”\”IS c trans ’I‘ll’v}b delL
mc.’..r,gz

[PFz;mdw“] [PFszT'lz] [PonbM‘c] [Pras” ! 2] [Py fui h]

f ? I obst IT "I‘ES’V"EZ:C ?
Pra

Search tree showing feasible step sequences
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Reactive Behaviour
by Step-wise Step-sequence Replanning

for each step before obstacle do

search optimal step sequence s= [ (11 Cor ... Cn; | !
until request of the controller
search finished ?
yes no
Nﬂion ? solution ?
yes yes no
(1) (1) (1) (V)
optimal stepping over| (sub)optimal | planning time
solution obstacle solution too short:
found: not possible: found:
send (‘;fm to stop the send .:‘.’:"f to stop the
controller ! robot ! controller ! robot !




Vision for

Walking

|, Local Map Gaze
& Planner Control

View
Direction

Locomotion Task

Local
Path

Control Loop
"Autonomy”

_

Step Sequence
Planning &
WP Concatenation

Guidance

P Visual Camera
Perception Head

On-line q

- —
-_—%

Joint & Torque

t

Walking Primitive
Database

Trajectories

Off-line

Joint
Controlled
Biped

z; 66
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Vision for Walking
Perception + Map-based Approach

* R. Cupec

Scene Reconstruction and Free Space Representation
for Biped Walking Robots,

Doctoral Dissertation, TU Munchen, 2005
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2-camera system inclination sensor joint encoders

and localization

1 image / step l

| . Scene_ _______ 1: kKinematics of dead reckoning
, _Analysis . camera pose FOT
| edge detection | rel. to foot frame Al
! ! - BIPED
: edgel map ! FTC ROBOT
| . . sl
: line extraction .
I I v
! straightledges i object pose PERCEPTION
I . .
! object detection : Sl e oy SYSTEM
| |
| |
| |
I |
| |
| |
| |
| |

|

detectedlobjects 3
object classification object | precise
. . base object
3D objects inview __ S s

Local Environment Map

=
I ‘ ‘ H ‘ ‘ \ Architecture of Perception and Data Fusion System R ,?68:



Scene Analysis and Feature Tracking,

Free Space Detection, Object Classification & Localization

N

S

left camera image

detected lines

base edges
obstacles

obstacle free area ahead of
the next obstacles

T




Locomotion Task

Vision for

Walking

Local Map
& Planner

Gaze
Control

View
Direction

Path

Control Loop
"Autonomy”

Step Sequence
Planning &
WP Concatenation

Guidance

> Visual Camera
Perception Head

On-line q

- —
-_—%

Joint & Torque

t

Walking Primitive
Database

Trajectories

Off-line

Joint
Controlled
Biped
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Map-based 3-D Path Planning
for Next Locomotion Action

* R. Cupec, G. Schmidt

An Approach to Environment Modelling for Biped Walking Robots,
Proc. IEEE/RSJ Int. Conf. on Intelligent Robots and Systems,
IROS 2005, pp. 2089 - 3094.
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Local 3-D Path
Suitable for Current Obstacle Situation

3 Classes of Cuboid Obstacles

= stair: robot can step on it
= barrier: robot can step over it

= wall: robot can go around or stops

robot's feet i - iliti
barrier template Mp,, <:| defined by mechanical abilities

I\ of the walking machine
y WA\ \ C Mpgy O is a barrier
ey

objéct O

7



Locomotion Task

Vision for

Walking

View
Direction

L, | Local Map Gaze
& Planner Control
Local
Path

Control Loop
"Autonomy”

Step Sequence
Planning &
WP Concatenation

t

Walking Primitive
Database

uidance

> Visual Camera
Perception Head

On-line q

—_—

_—

Joint & Torque
Trajectories

Off-line

Joint
Controlled
Biped

—
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Selection

of Camera View Direction
Gaze Behaviours

% J.F. Seara, G. Schmidt

Intelligent Gaze Control for Vision-guided Humanoid Walking:
Methodological Aspects,

Robotics and Autonomous Systems, Vol. 48, 2004, pp. 338--342.

s J.F. Seara, K.H. Strobl, G. Schmidt

Path-dependent Gaze Control for Obstacle Avoidance in Vision-guided
Humanoid Walking

Proc. IEEE Int. Conf. on Robotics and Automation, ICRA 2003, pp. 887—892.
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Intention Problem: “Where and how to look next ?”

Cameras: ® Limited Field of View _, Adaptation of View Direction,
" Active Vision System i.e. pan, tilt

Self-Localization

Obstacle Avoidance
Objects

Desired
Path




Bio-inspired “1-Step-Ahead” Gaze Control Strategy

Maximization of anticipated
visual information content

by selection of proper camera
orientation Q = (pan, tilt)

Information Content IC
Maximization

N
Q, = arg m/@XZ ZC; (2,0 o, F T4, V3),
=i
S

Q
Qin < Q< Qe and U
g(©) = o, Uncertainty
Minimization

I -



Tir1 = f(@r, W1, wy)

= Tp(1 — Yrq1) + Fs(Tr, Wpgr, Wr) Vit
e =1: change of S¢
vx = 0: no change of Sg

Hybrid EKF

Robot Perception
Kin. Model Model

Perception System

Environment Dead- Vision for
Map Reckoning | | | gpcomotion

New View

A

» Hybrid Extended
Kalman Filter

Approach
S;: foot frame

Task-Specific
Gaze Control Evaluation

Obstacle Avoidance

Self-Localization

Others: Exploration, etc. ...

Decision Strategy

Agents

All| A2|| A3|| Ad

NZ NZ N7 N7 N7

Direction

Winner Selection Society

Architecture of System
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Task-Specific
Gaze Control:

Obstacle
Avoidance
only

Self-Localization
only

(X, Ysy 65) = (0.3 m, 0.2 m, 0°)
(0, oy, 65) = (0.005 m, 0.005 m, 3°)
14 measurements per step

| ——— Real path ¢ ’ i
—<="__ Field of view
Step #11

| - Estimated path :

-

=
=
0 L
Landmarks
\ ﬁ‘\

- 1 L 'y 1 rY 1 Y 1 Y 1 o 1

0 1 2 3 4 5 6

x/m

2 [ —— Real path

-~ -~ Estimated path o Obj 2

Landmarks

e e e
° — L e L e -
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Results from Simulation Studies




Vision for

Walking

L, Local Map

Gaze
& Planner Control

View

» Visual Camera
Perception Head
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©
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Step Sequence | ©'ine
Planning & e
| WP Concatenation| joint & Torque
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6

Locomotion Autonomy
by means of Perception-based
Application of Behaviours

= Intelligent Walking

** R. Cupec, O. Lorch, G. Schmidt

Vision-guided Humanoid Walking — Concepts and Experiments,
Proc. 18" Workshop on Autonomous Mobile Systems, AMS 2003,
Springer Verlag, pp.1-11

* R. Cupec, G. Schmidt, O. Lorch
Experiments in Vision-Guided Robot Walking in a Structured Scenario,
Proc. of IEEE Int. Symp. on Industrial Electronics, ISIE 2005, pp.1-6

U =




Experimental
Platform #3

e Visual Guidance System
and Pan-Tilt Stereo Head,
Institute of Automatic Control
Engineering,
TU Munchen

 3-D Biped JOHNNIE
Institute of Applied Mechanics,
TU Minchen

s M. Gienger, K. Loffler, F. Pfeiffer
Towards the Design of a Biped Jogging Robot - JOHNNIE
Proc. IEEE Int. Conf. on Robotics and Automation, ICRA 2001, pp.

m“ m Intelligent 3-D Walker iJOHNNIE —r@?
By

with Visual Guidance System

4140 - 4145.




3-D Walking
Scenario

“ nominal path
4 Without obstacle

.......
----------

Boundaries of
workspace

==
I ‘ ‘ H ‘ ‘ \ Locomotion Task: ”Walk along U-Shaped Path ...” %:382




http://www.lsr.ei.tum.de/movies/IJohnnie.avi

S B H“ i | .IrF

S . o 4’
B

1
|

I ‘ ‘ H ‘ ‘ \ (Semi-)Autonomous, Goal-oriented Walking
Obstacle Avoidance and Self-Localization




Conclusions

= "Intelligent” biped walking by incorporation
of artificial cognitive control functionalities,
e.g. walking and gaze behaviours, . ..

= Flexibility of locomotion by WP Database approach

" |n general, classical control methodologies highly
supportive for this (new) way of thinking

" |nspiration by analysis of biological prototypes

= Results indicate importance of research in the
area of cognitive control methods with application
to cognitive vehicles, robots, machines . . ..

I .
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