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Abstract— The CyberWalk is a large size 2D omni-directional
platform that allows unconstrained locomotion possibilities to
a walking user for VR exploration. In this paper we present
the motion control design for the platform, which has been
developed within the homonymous European research project.
The objective is to compensate the intentional motion of the
user, so as to keep her/him always close to the platform center
while limiting the perceptual effects due to actuation commands.
The controller acts at the acceleration level, using suitable
observers to estimate the unmeasurable intentional walker’s
velocity and acceleration. A moving reference position is used to
limit the accelerations felt by the user in critical transients, e.g.,
when the walker suddenly stops motion. Experimental results
are reported that show the benefit of designing separate control
gains in the two orthogonal directions (lateral and sagittal) of
a frame attached to the walker.

I. INTRODUCTION

Exploration of virtual reality worlds by allowing omni-
directional unconstrained locomotion possibilities for a walk-
ing user is the main objective of the European research
project CyberWalk [1]. Different locomotion interfaces al-
ready exist that allow walking in virtual environments (see,
e.g., the surveys in [2] and [3]). However, they usually
constrain the feet, the body, or the legs of the user. Moreover,
locomotion is either restricted to a 1D motion on a linear
treadmill, like in the Treadport platform [4] with possible
slope effects [5], or is limited in space and speed, like in the
case of the moving tiles of the CirculaFloor [6].

Within the CyberWalk project, two different 2D motion
concepts have been considered for unconstrained walking on
a plane: the “ball-array” CyberCarpet and the more recent
“omni-directional” CyberWalk platform. Both concepts have
been analyzed in terms of mechanical feasibility, perceptual
effects, and motion control point of view. The ball-array prin-
ciple is similar to that in [7]: a conveyor belt and a turntable
are used to transmit translational and angular motion to the
walker through a ball-array board. The kinematic model in
this case is nonlinear and the corresponding control problem
has been tackled in [8], [9], [10].

The second concept of the omnidirectional CyberWalk
platform, which is the one considered in this paper, is
sketched in Fig. 1. The platform consists of an array of
synchronous linear belts Cy,C5, ..., Cy that can be dis-
placed with a common velocity v, in the (blue) direction,
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Fig. 1. The kinematic concept of the 2D CyberWalk platform (German
Patent filed in 2006 by TUM, Munich)
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Fig. 2. Control system architecture of the CyberWalk

which is orthogonal to the (yellow) velocity v, of each
independent belt. Thus, a velocity with any (green) direction
in the plane can be obtained as a combination of the two
linear motions. In this case, the system kinematics is linear.
This concept is similar, although with different implementa-
tions of the mechanical, actuation, and control parts, to the
Omnidirectional Treadmill proposed in [11], which uses two
perpendicular belts and a large number of rollers, and to the
Torus Treadmill [12], having a torus-shaped belt arrangement
but of quite small dimensions.

The overall control system architecture of the CyberWalk
platform is illustrated in Fig. 2. The walker is allowed to
execute slow or fast locomotion in a natural way and in any
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Fig. 3. The realized 2D CyberWalk platform before it was moved to its
final location in Tiibingen (picture courtesy of TUM, Munich)

planar (possibly infinite) direction. The platform controller
counteracts her/his motion and pulls the walker toward the
center of the platform, taking into account physiologically
acceptable velocity/accelerations bounds. The head pose on
the platform is tracked by a Vicon motion capture system and
is used for estimating the walker voluntary motion (through
suitably designed observers) and for driving the actuators
that move the platform in the two directions'. The combined
walker-platform displacement is also needed to update the
scene of the virtual environment shown to the user through
a head mounted display. A 3D virtual representation of the
ancient city of Pompeii, generated with CityEngine [13], has
been used in the actual experiments. A full-scale prototype
of the platform has been built by the Technical University
of Munich within our European project (see Fig. 3), and is
currently located at the Max Planck Institute for Biological
Cybernetics in Tiibingen. With a side of 5 m, CyberWalk is
the largest VR platform in the world.

Previous works on locomotion interfaces have paid little
attention to control algorithms, relying mostly on very sim-
ple PID laws or heuristic schemes. With the few notable
exception of [14] for a 1D treadmill, no stability analysis
has been considered until now, while control performance
could be predicted in 2D only by restricting motion to
slow and piece-wise constant walker velocity, and with few
directional changes. In particular, control design issues are
fully overlooked in [11], [12], the two other papers dealing
with platforms of similar construction. In this paper, we will
address the complete motion control design for the omni-
directional 2D CyberWalk platform, including its experimen-
tal evaluation. Related information on the mechanical design
of the platform and on the VR representation and integration
in the system can be found in [15] and [16], respectively.

After recalling the second-order kinematic model of the

'In general, non-intrusive tracking systems, such as overlooking cameras,
could also be used to obtain the planar walker position. However, an accurate
Vicon tracking of the head position/orientation would still be needed for
correctly displaying the virtual scene viewpoint to the user. Therefore, we
chose to use the head pose tracked by the Vicon system as an estimation
of the walker’s planar position.

platform (Sect. II), we present the control strategy in
Sect. III: this includes the estimation of walker’s acceleration
and velocity (see Sects. III-A, III-B), the tuning of the
reference position (Sect. III-C), whose effects on the closed-
loop behavior is evaluated in Sect. III-D, and the rotation of
the control frame (Sect. III-E). The control objective, in fact,
is keeping the position of the walker near to the platform
center, without violating the physiological constraints on
comfortable accelerations and jerks, that are particularly
strict in the side direction w.r.t. that of motion. Performance
has been evaluated through a series of experiments reported
in Sect. IV, which can be further appreciated in the video
clip accompanying this paper. Further movies are available
at http://www.dis.uniromal.it/~Ilabrob/research/CW.html.

II. KINEMATIC MODEL

Each direction (i.e., x and y) of the CyberWalk platform is
independently actuated by a combined electrical/hydraulical
system, with low-level servo-controllers providing torques
and accepting high-level velocity reference commands?.
However, we have chosen to design the control law at the
acceleration level, with the velocity control inputs computed
then by numerical integration. In fact, acceleration control is
more suitable to take into account the limitations imposed to
the platform motion by the actuation system and/or by the
compliance with the physiology of a human walker.

To this purpose, the interaction between the walker and
the platform can be modeled by the following second order
system

T = v
0 Qci + Quis

i=1,2 (1)

where x; is the (measurable) position of the walker, v; the
walker’s absolute velocity, a.; is the platform acceleration,
and a,,; is the walker’s own (intentional) acceleration. The
indices ¢ = 1, 2 represents the two planar directions z; = x
and x9 = y on the platform surface, and z; = x5 = 0 (or
r =y = 0) is the platform center. Since the system model
and the corresponding control problem is exactly the same
in the two orthogonal directions of platform motion, we will
drop in the following the index ¢ whenever it is not strictly
necessary, and consider the control problem in the first place
as one-dimensional (1D). We note that the orientation 6,,
(around a vertical axis) of the walker cannot be modified by
the platform motion and is thus not included in the kinematic
model (1). Still, this orientation can be measured through
the Vicon system by assuming that the user looks in the
direction of his planar motion, and will be used in Sect. III-
E to improve the control behavior in terms of perceptual
effects on the walker.

2The platform dynamics, i.e., the relationship between commanded and
actual velocity in each of the two main directions, has been identified
through experiments. The delay/attenuation is negligible up to 50 Hz in the
y-direction of the IV belts, and up to 3.5 Hz in the common x-direction.
Inclusion of this dynamic model in the control design was found irrelevant,
see [17] for details.
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III. CONTROL DESIGN

The simplest way for stabilizing the linear system (1) to
a desired position x,..y would be using, in each of the two
controlled directions of the plane, a control law of the form

Ae = —Qy — kvv + k'p(mref - JJ), (2)

with k, > 0 and k, > 0. However, this would require
the availability of the unmeasurable quantities v and a,,,
which are describing the a priori unknown intentional walker
motion. This problem can be solved by replacing v and a,,
in eq. (2) with proper estimates ¢ and a,,, i.e., by taking

(e = —by — ko0 + kp(Xres — ). 3)

The problem of obtaining the estimates v and a,, is consid-
ered in the next two subsections.

A. Estimation of the walker voluntary acceleration

The walker voluntary acceleration a,, (an external dis-
turbance for the control system) is estimated by the linear
observer

£ = &L +k(r—&)
& = acth(z—&) )
dw = k2($—€1)7

where k1 > 0, ko > 0, and (£1,&2) is the observer state.
Transforming these equations in the Laplace domain, we
obtain

Ay(s) = Fa

showing that the estimation a,, is a stable, low-pass filtered
version of the unknown quantity a,,. Moreover, by exploiting
the model (1), eq. (5) can be rewritten in terms of the
measured walker’s position and the platform acceleration
command as

. ko
Ap(s) = 5——r
(S) 32 + k13 + ]412

This equivalent expression will be useful in the analysis of
the closed-loop system behavior.

P s 1k 2w =Fi(s)Au(s), 6

(S2X(S) — Ac(s)) . (6)

B. Estimation of the walker absolute velocity

Similarly, an estimation of the walker absolute velocity v
(an unmeasured state of the system) is provided by the linear

observer .
5? = ks(z— &) 7
v = k3 (.’17 - 53)7
with state £3 and ks > 0, yielding
~ kig k‘38
= = X(s).
V()= V(s = 25X () ®)

Note that the dynamics of the two estimations ¢ and a,,
are completely independent. Furthermore, having available
a good estimation ¢ allows to estimate also the walker
voluntary velocity v,, as

@w :’IA)—UC, (9)

where v, is the velocity of the controlled platform. This
can be either numerically integrated from (3), or measured
from the low-level platform platform controller. The value
0, 18 part of the information passed to the VR visualizer for
updating online the virtual scene.

C. Tuning the reference position

The most critical situation for platform control with re-
spect to VR immersiveness is when the user abruptly stops
from walking at normal speed. Indeed, since at steady state
the treadmill velocity v. exactly matches (with opposite sign)
the user velocity v,,, when the user stops the control must
accelerate from v, = —wv,, to zero, while keeping her/him
within the platform boundaries. This may require a treadmill
acceleration that is incompatible with perceptual constraints.
A possible way to overcome this problem is to “virtually”
increase the size of the treadmill by changing the reference
position x,.; (nominally set to zero, i.e., at the platform
center) according to the user velocity v,,: the faster the user
moves, the more s is shifted towards the platform border
in the direction of the user motion. Such a behavior can be
implemented by defining

(10)

Tref = krey arctan by,

where the arctan function is introduced as a saturation block,
and the gain k,.y tunes the limits of the saturation action.
D. Closed-loop analysis

The closed-loop behavior of the system can be analyzed
in the Laplace domain. To this purpose we linearize eq. (10)

around ?,, = 0, without loss of generality. Using (9), it
follows
krekaS kref
Xre = —— X(s) — — A.(s). 11
f(6) = RS X(s) - L as). A

Plugging the control law (3) into the system model (1), and
using the Laplace relations (6), (8) and (11), the resulting
closed-loop transfer function is obtained as

(s+ k3)N(s)

X(s) = s D(s)

Au(s) = P(s)Au(s),  (12)

with
N(s) = (53 + (k1 + kpkref)SQ + kpkrerkis + kpk’,vefkg)
and
D(s) = s° + (ks + k1 + kpkyes)s*
+ (kpkrepki + koks + kski + ky, + ko)
+ (kvkdkl + ]ﬂpkrefkg + kpkl + kpk‘5 + k2k3)82
+ (kpk'lkg + kvkgkg + ]Cpkg)S + kpkgkg.
The six gains k;, i = 1,2, 3, kp, ko, and k,.y can be always
chosen so as to guarantee that D(s) has (arbitrary) prescribed
roots in the left-hand side of the complex plane. The stability
intervals for the gains can be studied with the Routh criterion.
It is interesting to note that a pole in s = 0 structurally

appears in P(s), thus implying that the closed-loop system
may not be stable when excited with an arbitrary input signal.
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In particular, if the system step response is considered, the
system output z(¢) may become unbounded. Such a behavior
is a direct consequence of having designed z,..y as in (10),
i.e., as a monotonic function of the walker’s own velocity.
Indeed, the linearized version of (10) used for deriving P(s)
in (12) reduces to a proportional gain between z,.; and
D, 1.6., Tref = kref 0. Hence, a constantly accelerating
user would result in an unbounded ©,, signal (the user’s own
velocity keeps increasing) and x,..y would be shifted towards
infinity. However, an analysis based on the step response, or
any equivalent persistent input, does not reflect the physical
constraints of the platform/walker system. In fact:

1) Assuming a persistently accelerating walker is, of
course, not realistic. A sounder approach would con-
sider the walker’s acceleration as a rectangular signal
whose area is bounded by the largest achievable veloc-
ity. With this respect, the system closed-loop behavior
is more suitably represented by the system impulse
response. This yields a bounded behavior for x(t),
with lim—. 2(t) = Zref,00 = krefUw, being v, the
magnitude of the input impulse (i.e., the walker’s final
velocity after the acceleration phase is over).

2) The saturation effect of (10) is not taken into account
by a linear analysis. In particular, the actual arctan
function guarantees that, for any value 0y, |7 f| never
exceeds krefﬂ/ 2 so that, even in the case of a hy-
pothetical persistently accelerating walker, x(¢) would
still be kept bounded within the platform boundaries
by appropriately choosing k.

In conclusion, stability of the closed-loop system repre-
sented by (12) can be guaranteed by restricting the class of
input signals to the sole impulsive ones, since no persistent
walker’s acceleration actually reflects the physics of the
system under consideration.

E. Rotating the control frame

The control law (3) is most naturally designed in the fixed
frame (X,Y") attached to the platform (see Fig. 1). In this
frame, the same control gains should be used in the two
directions of the plane in order to avoid a bias in the platform
motion while re-centering the walker. These gains, however,
must be chosen so as to comply with acceleration and jerk
constraints set by the limitations of the actuation system,
and especially by the physiological comfort of the human
walker. The latter results to be particularly critical in view
of its dependence on the direction of the walker motion: in
fact, physiological studies have clearly shown that human
walkers are much more sensitive to accelerations/jerks along
the lateral direction (Y,, axis in Fig. 4) than they are along
the sagittal direction of motion (X, axis). As a result of
this sensitivity, the experimental validation of control law (3)
on the CyberWalk platform was characterized by the fact
that most users often needed to laterally cross the legs
in order to keep balance because of the excessive lateral
accelerations/jerks that sometimes annoyed the walking gait
(see also the first part of the accompanying video clip).

[
>

X

Fig. 4. Definition of a control frame attached to the walker

This problem can be overcome by designing the control
law (3) in the frame (X,,Y, ) attached to the walker.
In particular, this allows to choose different control gains
along the two current X,, and Y,, axes, namely, larger in
the X, direction of motion and smaller in the side Y,
direction, so as to comply with the different desired bounds
on acceleration and jerk. The resulting feedback part of the
acceleration commands must be rotated back to the frame
(X,Y) attached to the platform, before being provided to
the actuation system. From an implementation point of view,
this is equivalent to computing (3) with variable (i.e., 6,,-
dependent) position and velocity control gains. For example,
we will use the position gain matrix

Kp(ew) = R(ew)pr RT(ew)a

with
cosb, —sinb,

R(0,) = sinf, cosf, |’

where K, = diag{k,, ,kp,, } is the chosen diagonal and
constant position gain matrix in the frame (X, Y,) attached
to the walker. This control frame rotation requires indeed the
availability of the walker’s body orientation angle 6,,°.

IV. EXPERIMENTAL RESULTS

The controller described in Sect. III has been extensively
tested on the CyberWalk platform with several different
walking users. While the tuning of the reference position
(see Sect. III-C) was always included, we present results
both without and with rotation of the control frame.

The physical limits of the platform motion are as follows:
maximum constant velocity of 1.4 m/s in each direction, with
admissible peaks up to 2 m/s; maximum acceleration in the
y direction (of the belts) equal to 1.3 m/s?> and in the x
directions slightly larger than 0.25 m/s?. The control loop

3In the reported experiments, we have used instead the information on
the walker’s head orientation provided by the Vicon motion capture system,
under the simplifying assumption that the user is mainly looking in the
direction of motion.
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Fig. 5. Experiment 1 (without control rotation): Approximately square
path executed by the walker in the virtual world, with starting point at the
triangle mark and end point at the square mark

works at command rate of 20 Hz, while the Vicon motion
capture system has a data acquisition rate of 120 Hz.

In the reported experiments, the observer gains were set
to ky =1, ko = 0.2, ks = 2.5, while the reference position
parameter was chosen as kp.y = 3/m in both controlled
directions. In the absence of control rotation, the feedback
gains were chosen constant and equal along the fixed X and
Y axes, ie., K, = k,I and K, = k,I. The proportional
and derivative gains k, = 1.4 and k, = 0.5 in (3) were
found acceptable to the users. For the rotated controller,
the following gains were chosen along the X,, and Y,

axes attached to the walker: k, = 0.5, k,, = 1.4 for
the sagittal motion (the same as before), and k:pyw = 0.2,
ky, = 1 for the lateral motion (reduced gains). For a

better comparison, in the following all plots of the relevant
variables will be represented in the frame (X,,,Y,,) attached
to the walker. The three following experiments are shown in
the accompanying video.

In Experiment 1, we tested the controller without the
rotation strategy. The user starts from the platform center
and walks with rather constant speed along the approximately
square path in the virtual world shown in Fig. 5. Data are
recorded for a total time of 90 s, with the actual walker
locomotion starting around ¢ = 10 s and ending at ¢ =
70 s. Figures 6-8 display the main quantities of interest.
In particular, the speed-dependent behavior of the modified
reference positions, computed through eq. (10), and their
tracking is clearly illustrated in Fig. 6. We note that the
commanded platform velocities (bottom of Fig. 8) are almost
equal to the opposite of the (filtered) intentional velocity that
is being estimated for the walker (top of Fig. 7), resulting in
a good motion cancellation at walker speeds up to 1 m/s.

In Experiment 2, a similar walking path was repeated as
shown in Fig. 9, but considering now the control rotation
strategy, with an actual locomotion time of about 70 s
(data recording is extended for 20 s before and after). The

; ;
0 10 20 30 40 50 60 70 80 90
time [s]

Fig. 6. Experiment 1 (without control rotation): Walker position along
the axes of the frame (X, Yu) attached to the walker (in blue); for each
coordinate, the corresponding modified reference position is shown (in red)

&

- 1
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E

>; 0

Z -05

(2]

o -1} |

10 20 30 40 50 60 70 80 90

w

esta [m/s]

10 20 30 40 50 60 70 8 90
time [s]

Fig. 7. Experiment 1 (without control rotation): Estimated intentional
walker velocities and accelerations in the frame (X, Yy ) —2 components
in blue, y components in red

10 20 30 40 50 60 70 8 90
time [s]

Fig. 8. Experiment 1 (without control rotation): Commanded platform
accelerations and velocities in the frame (X,Y,) —a« components in
blue, y components in red
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Fig. 9. Experiment 2 (with control rotation): Approximately square path
executed by the walker in the virtual world, with starting point at the triangle
mark and end point at the square mark

20 40 60 80 100 120 140
time [s]

Fig. 10. Experiment 2 (with control rotation): Walker position along the
axes of the frame (X, Yw) attached to the walker (in blue); for each
coordinate, the corresponding modified reference position is shown (in red)

results are presented in Figs. 10-12, in the same way as for
Experiment 1. While the plots appear qualitatively similar
in the two cases, a closer look at Fig. 6 in comparison
with Fig. 10 reveals longer transients for recovering the
moving reference position ¥,y along the Y,, axis in the
second case, because of the smaller proportional gain used
in the lateral direction of the walker. Moreover, the estimated
walker velocity in the forward motion direction (top of
Fig. 11) is closer to being uniformly constant (at 1 m/s)
when compared to the unrotated case of Fig. 7. Accordingly,
the peak velocities of the controlled platform in the lateral
direction of the walker (bottom of Fig. 12) are reduced by
more than 25% with respect to those in Fig. 8.

The resulting effects of the control frame rotation on
walker locomotion can be even better appreciated from
the snapshots in Fig. 13, taken from the accompanying

15
K 1 |
L s |
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% ]
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©

02 i i i i i i
20 40 60 80 100 120 140
time [s]

Fig. 11. Experiment 2 (with control rotation): Estimated intentional walker

velocities and accelerations in the frame (X, Y ) —a components in blue,
y components in red

0 20 40 60 80 100 120 140

v_[m/s]

1 i i i i i i
5O 20 40 60 80 100 120 140
time [s]
Fig. 12. Experiment 2 (with control rotation): Commanded platform

accelerations and velocities in the frame (X,Y,) —a« components in
blue, y components in red

video. Without control rotation the walker tends to cross
the legs when turning direction, in order to maintain a
more stable dynamic balance. This unpleasant effect vanishes
when controlling the platform with selective gains according
to the walker orientation. The more comfortable walking
experience obtained in this way was confirmed by all tested
subjects.

In Experiment 3 we evaluated the performance (including
again the control frame rotation) for a more general motion
task. The user starts just before ¢ = 20 s from the platform
center and walks in the virtual world along the erratic path
shown in Fig. 14 for about 80 s (recording ends 10 s later).
The corresponding variables are reported in Figs. 15-17.
Note that, despite the long path traced by the user, the
walker position is constantly kept closer than 1 m away
from the platform center (Fig. 15). Finally, the commanded
accelerations along the X,, and Y,, axes (top of Fig. 17)
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Fig. 13. Comparison of leg crossing (Experiment 1, top) vs. no leg crossing
(Experiment 2, bottom) due to the implemented control frame rotation; the
small top right window shows the current position and orientation of the
walker on the platform

remain always smaller than 0.5 m/s? in absolute value.

V. CONCLUSIONS

We have presented the design of a motion control law for a
large size 2D platform used for locomotion in virtual worlds.
The controller uses two observers to estimate the walker
intentional acceleration and velocity, generating acceleration
commands along the two actuated directions of the platform
with guaranteed stability properties and the capability of
smoothly keeping the walker around the platform center.
Recovering accelerations due to sudden intentional stops
of the user are limited through the definition of a moving
reference position that follows in part the walker in motion.

60 T T T T T T

50

40t

30

y,, [l

20

-10 i i i i i i
-30 -20 -10 0 10 20 30 40
x,, [m]

Fig. 14. Experiment 3 (with control rotation): Erratic path executed by the
walker in the virtual world, with starting point at the triangle mark and end
point at the square mark

i
20 40 80 80 100 120

Y Yo (M

time [s]

Fig. 15. Experiment 3 (with control rotation): Walker position along the
axes of the frame (X.,,Yw) attached to the walker (in blue); for each
coordinate, the corresponding modified reference position is shown (in red)

In terms of a more natural user’s perception, the performance
of the controller was improved by tuning the independent
scalar control gains in a rotated frame attached to the
walker, with axes oriented along the sagittal and lateral body
directions.

The platform has been in operation since April 2008,
with a successful opening at the final project workshop (see
http://cyberwalk kyb.tuebingen.mpg.de) where many atten-
dees have tested the behavior of the full system under the
control laws presented in this paper. Since then, the platform
has been used by a hundred of users.

An on-going activity is to combine the current walker lo-
calization, obtained using the Vicon system and its targets on
the user’s head, with that of an overlooking camera system,
which would be better able to estimate the orientation of the
main body of the walker without additional constraints on the
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Fig. 16. Experiment 3 (with control rotation): Estimated intentional walker
velocities and accelerations in the frame (X, Y ) —a components in blue,
y components in red
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Fig. 17.  Experiment 3 (with control rotation): Commanded platform

accelerations and velocities in the frame (X, Y:) —x components in
blue, y components in red

user. We are also considering to exploit the physiological
knowledge of human gait (see, e.g., [18]) to improve the
controller performance especially during sharp turns. Also,
as a validation of the overall approach, we plan to run specific
experiments in which the walker’s body will be instrumented
with accelerometers. This will allow us to obtain a quan-
titative measurement of the acceleration values felt by the
walker that can be compared to the more qualitative analysis
performed in this paper. Finally, perceptual studies are being
conducted at MPI on a statistically significant number of
users. This may eventually lead to a classification of the
best set of control parameters to be used, depending on the
walker experience or confidence.
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