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Control specifications (again)

= keep the walker close to the platform center
= taking into account platform dimensions
= absolute orientation of walker is not relevant

= Satisfy user’s perceptual/comfort constraints

= smoothly controlled motion, especially during start/stop
transients

= only measurement of walker position is available
= Visual feedback from external camera system
= possibly, also information on walker “orientation”
= intentional walker motion (velocity/acceleration) unknown
= interface/synchronize control commands with VR
visualization
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Omnidirectional platform
mechanical concept

25 treadmill belts
mounted on a chain

Locomotion and Haptic Interfaces 4



Omnidirectional platform
design specifications and characteristics

control & :
communication cabling endless rotation |
networking gap-free | energy consumption

surface stiffness : -
_ size & weight
natural ground feeling acceleration

motion control . .
thermic analysis

electrical
vs hydraulic

supply/actuation _ ) m?dularlty
frame stiffness

enough friction .
position measurement

no “beats” chain I :
I
Actuation vibration decoupling
individual treadmills (25) > 1 m/s? 1.4 m/s
principal chain 0.25m/s?2 1.4 m/s
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Omnidirectional platform
mechanical design and assembly of parts

continuous curvature profile (clothoid)

Klothoid

zirkular

HE | HE B

zirkular F 9 Kette | H

250 '

aa NN N

linear

: 4 electrical actuators for the two chains

(coordinated for synchronicity/tension) €AY

Al Master & A2 S
(frequency controlled)
A3 & A4 torque controlled
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Omnidirectional platform
hydraulic vs. electric actuation of each treadmill

hydraulic actuation components

(1) transmission roller
(2) timing belt

(3) hydraulic actuator
(4) leakage pipe

(5) bypass valve
(6-7) pneumatic parts

operating pressure at ~ 30 bar

discarded due to
excessive leakage
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hydraulic actuation
mounted for trial

AC electric motor: 90 Nm rated torque
1.5 kW, transmission ratio 1:10

hydraulic electric
power density +4++ +
dynamic range ++ ++ _

; final
_ + _
= choice
safety of operation -— ++
synchronism ﬂ-@ +
behavior at start + ++
\/




Omnidirectional platform
electric actuation of chain and barcode sensing

[four] 9.7kW AC asynchronous motors
with rated torque 1569Nm
(max platform speed 1.71 m/s)

video
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Omnidirectional platform
more technical insights..

video

cycloid profile at the from TU Munich to MPI Tubingen ...
motion reversal of the chain integrating various design stages
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Control HW architecture

Main drives

Belt drives
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Switch
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with HMI
(Human-Machine
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System architecture
omnidirectional platform

VR
visualization

4 Vicon
system

V

commands
-

walker position
(of the head)

X & Y linear motion
(velocity/acceleration)

platform state direct-level servo (torques)

o

. SEeNSOors (encoders
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and barcodes)
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Control principle
omnidirectional platform

center

(Xrefr Yref) N

T -
o

control

o . &
| ?

observers VICON system

N

Vi

(or ,&W )
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Kinematic model
1-D/2-D omnidirectional platform

= Second-order, linear, and decoupled model
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= x; absolute user position: measurable
= v; absolute user velocity: not measurable
= a., carpet acceleration: commanded

= a,, user intentional acceleration: not measurable
for each controlled direction i = (x, y) (1-D or 2-D)

= applies directly also to the 1-D linear treadmill...
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Control design
1-D/2-D omnidirectional platform

independent behavior in each direction — 1-D analysis (drop index 7 )
the nominal acceleration control law
A = —Qy — k¥ + ko (Trer|— )
yields a global, exponential stable equilibrium at x,. ¢
two separate observers of walker acceleration a,, and velocity v

5:1 = S+ k(v —&) L p(r— £
{§2 —arheoa) {92 POTY

o = kolx—&)
provide (stable) low-pass filtered versions
~ o kQ ~ . ks
Als) = Fo s ) Vis)= S35V

actual feedback law

s A

e = —|Q| — kvv + k‘;lr(aj'ref — 37)
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Modified position reference
1-D/2-D omnidirectional platform

= a useful idea: modify z,.; according to the user own velocity
Lref = S(@w> + Lref.0

scaled “saturation” function
€.g. k,.s arctan v,

= if the user moves forward/backward, z,., “follows” in part this motion

@w:@_vc

s when the user halts, more space available to stop the platform motion

Tref,0 for standing Tre ¢ for walking L re f for running
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Final control scheme
1-D/2-D omnidirectional platform

gains to be optimally tuned
kl) k27 k37 k:m kv >0

Lre f

Locomotion and Haptic Interfaces 16



1-D linear treadmill
electrical actuation and transmission

1 Motor Belt

ﬁ 44.5 mm
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Treadmill Belt

135 mm




Experiments
1-D linear treadmill

=V S
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Size:6m X 2.4 m
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max velocity: 40 km/h
(s/w limited to 18)

max acceleration: 3 m/s?
(s/w limited to 1)

s/w limited jerk to 1.5 m/s3

pose extraction via VICON at
max data rate 120 Hz

velocity commands data rate:
30 Hz

different scenarios

= standing still, but initially out
of center

= Mmoving at constant
speed/halting in various
combinations

= accelerating/constant
speed/decelerating

= random walk

18



ref

x [m], x . [m]

v [m/s]

time [s]

walker position, reference position,
and walker estimated velocity
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velocity command
sent to the carpet

no velocity/acceleration jumps

ends with horizontal tangent
(zero acceleration)

100
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3 T ?
k: walker posmor_n _and
E reference position
_20 5I 10 15 20 2[5 3]0 35 40 45

walker estimated
velocity
(~ trapezoidal!)

5 10 15 20 25 30 35 40 45
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Random walk
1-D linear treadmill
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video

@ Max Planck Institute for Biological Cybernetics, Tlibingen
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ancient Pompeii for CyberWalk = Ny i
Rome rebuilt in one day!
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New and old cities with CityEngine

later on, it became a spin-off of ETH Zlrich

video

this procedural language « Zurich on its lakeshore as “"Manhattan”
allows easily to re/create ... < ancient Pompeii for CyberWalk

Locomotion and Haptic Interfaces 24



Vicon 8i optical tracker
(4 cameras)
accuracy: 1 mm/0.1 deg
frequency: >120 Hz
cost: 45000 €

emulating a tracked HMD

Locomotion and Haptic Interfaces 25



Integration with VR visualization

First Level Tracker
(Head Tracker)
Vicon Tracker ' Head
| CityEngine Multi-Resolution Orientation
- - High-Resolution  |—m Conditioning
Lama Cam2 Environments (Level of Detail) Cyberwalk Head Mounted
g Marker Detection Rendering > Display
Application
Manually-Created ]
Content

O * Position, Speed
5 User State

larget
o o Marker Labeling
wn4 a3 3D Reconstruction &
| Trajectory Filtering Higher Level Tracker
Platform Control  (e——— User Position,
Orientation, State

Additional Input CityEngine
‘Mouce K |_.”' " > Scenegraph -t Mod I" &
(Mouse, Keyboard) Geometry Viodel Generation

& Textures
v CyberWalk's
Rendering complete
OpensG visualization
flow charts

Display
Stereo Beamer / HMD

Locomotion and Haptic Interfaces 26




Integration test
walker tracking, treadmill control, VR visualization

CyberWalk Integration Test
Tracking - Virtual Environment

Simon Haegler, ETH Zurich

Thanks to:
Jan Souman, llja Frissen, MPG Tuebingen
Paolo Robuffo Giordano, UOR

May 2007
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Steps in control validation
for "kinematic control" of any platform

1. control design in the ideal case

= commanded = actual velocities of platform (no dynamics)
= no saturations in platform acceleration/jerk

2. trial control gains obtained via simulation on ideal model

3. experimental tests and collection of plant measures/data under
closed-loop control of platform

4. platform dynamic model identification and fitting
5. model validation by matching new experimental data

6. set actual control gains via simulation on identified model and
keeping perceptual constraints into account

finally, fine tuning on real platform + performance evaluation
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Design steps 1 & 2
applied, e.g., to the 1-D linear treadmill

design in the ideal case & choice of trial control gains

" (linearized) closed-loop system, with transfer function from walker’s
intentional acceleration ( ) to walker position (output to be
controlled)

(s +k)(s° +(ky +hehg )s® + ik, ks + k0 ky)

s(Dy(s) + D,(s))

X ()= A,(s) = P(s)4,(s)

Dy(s) =5 +(ky Tk +h 0 )s* + (ke +hsky +k, + e+, ok )s®

Dy(s) = (k. by + sk + ke koky ke ke, + ko ky)s” +(k.k, +k ks, +k kid)s + k. ks k,
2 x™3 372 vi3t x™ xref x™2 x"3™M yi3n2 x"372

" control gains chosen so as to have stability and only real poles/zeros
(= no oscillating transients)

(s+10.09)(s+8)(s+1.171) (s + 0.6465)
$(s+9.583)(s+5.983) (s +3.323) (s + 0.6035) (s + 0.4174)

remove this integrator
considering ¥, (s) as input P(s) =

(constant accelerations /7

cannot be sustainable)
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Unmodeled dynamics
omnidirectional platform

V.(s)

not critical in Y direction (up to 50 Hz = 300 rad/s, =1 is ok)

chd(s)

needs identification in X direction, due to the larger inertia
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Design steps 3 & 4

omnidirectional platform

measures from experimental tests under closed-loop control
& dynamic model identification (only in X direction)

V.(s) _1 - V.(s) _ 1.0275
Vo (5) Vona(s) 1+0.093967s

g 8

mag (dB)

,CD A A AL A ALL A A A A A all
= o1 0 ! 2
10 10 10 10 10

phase (deg)
S

1(:0 A A A A L 1 LA A A A A A2 L il A A -
10” 10" 10° 10 10

w (rad/s)

using pem function in Matlab System Identification Toolbox
(prediction error estimate for parametric linear models)
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Design step 5

omnidirectional platform

model validation by matching new experimental data

Model vahdation

measurned
simulated: it 97 B4%

0Bp f

' !
» BaF f

|
» |
I

!

02}
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V.(s) 1.0275

V. .(s) 1+0.093967s

= other real platform motions
vs. control simulations with
identified model

= comparison of samples in
time domain

= in all validation tests, fit was
> 91%
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Design step 6

omnidirectional platform

set actual control gains, with perceptual constraints

ky =1, ks=25 . 162 . _;s mMmaxacceleration = 0.5 m/s’
gt =107 y =19 .
k, =02, k. =0.3, T max jerk = 1.2 m/s?
simulation experiment
05 T T T T 05
g“; o
E o E o
“u" ‘.'lv-
_05 A1 A A A A A 'S
L 10 20 0 40 0 60 70 80 % ) 20 2 T %0 ) 70 0 0
time [s] time [s]
15 Ll L T Ll Ll L3 !
v ' | 08+
E os| - H
S i
05 - - - - - - - 05
0 10 20 30 40 0 60 70 80 [ 0 20 0 “ 50 60 70 80 %0
time [s] ad

walker starting off-origin, moving with constant velocity, and stopping
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CyberWalk Workshop
(at project end in April 2008)

video
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CyberWalk dissemination
(National Geographic video)
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Need for further improvement...

video
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Selective control gains
based on walker orientation

= basic control design takes "equal”

gainsin X, Y A
= axes are mechanically y
decoupled (1-D design)
=" humans are more sensitive to
lateral (Y\y) acceleration
= use then gains that are "larger" in
Xy and smaller in Yy
= needs body (not head) orientation N
= overhead camera(s) may be used, X
in addition to Vicon
r N (Kp(ew) = R(0w) Ky, R" (6) A
ac = —éw = kud + kp(res — ) )| K = dielh )
(same for y direction) cosB.. —sinf
. J R(0y) = [ P o
\ sinfl,, cosf, )
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Simulation
selective control gains strategy

pointing arrow is the pose (position and orientation) of the walker in motion,
empty circle is the current reference position, full circle is the platform center
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Latest experiments

video

Video attachment to IROS'09 paper

Control Design and Experimental Evaluation
of the 2D CyberWalk Platform
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Conclusions

s lessons learned

= high data rate (30 Hz — 50 Hz) allows very fast control reaction,
which may not meet perceptual/comfort constraints

= too slow rate (< 10 Hz) leads to jerky and oscillatory control
= slow reaction when user is still, fast reaction when is moving
= avoid in acceleration/jerk

= adjust thresholds and gains according to the "system state"
= magnitude of walker intentional velocity
= walker position w.r.t. the “zero” reference

= different set of gains according to walker status (still, walking, running)

Locomotion and Haptic Interfaces 41



Bibliography

= J. Souman, P. Robuffo Giordano, I. Frissen, A. De Luca, and M. Ernst, "Making
virtual walking real: Perceptual evaluation of a new treadmill control algorithm,"
ACM Trans. on Applied Perception, vol. 7, no. 2, pp. 11:1-11:14, 2010

= M. Schwaiger, T. Thimmel, and H. Ulbrich, "Cyberwalk: An advanced prototype
of a belt array platform,” IEEE Int. Workshop on Haptic Audio Visual
Environments and their Applications (HAVED7), pp. 50-55, Ottawa, 2007

= A. De Luca, R. Mattone, P. Robuffo Giordano, and H.H. Bulthoff, "Control design
and experimental evaluation of the 2D CyberWalk platform," 2009 IEEE Int, Conf.
on Intelligent Robots and Systems (IROS09), pp. 5051-5058, St. Louis, 2009

= J. Souman, P. Robuffo Giordano, M. Schwaiger, 1. Frissen, T. Thimmel, H.
Ulbrich, A. De Luca, H.H. Bulthoff, and M. Ernst, "CyberWalk: Enabling
unconstrained omnidirectional walking through virtual environments,” ACM Trans.
on Applied Perception, vol. 8, no. 4, pp. 24:1-24:22 (plus Appendix), 2011

Locomotion and Haptic Interfaces 42



