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Abstract— Extended range telepresence allows a human user
to intuitively teleoperate a mobile robot through arbitrarily large
remote environments by natural walking. In order to give the user
the possibility to navigate the robot through an arbitrarily large
remote environments, while his own environment is of limited
size, Motion Compression is used. The Motion Compression
framework provides a nonlinear transformation between the
user’s path and the robot’s path, which preserves path length and
turning angles. There is, however, a difference in path curvature,
which is minimized in order to guarantee a high degree of
immersion.

A major drawback of the current system is its inability to
deal with non-convex time-variant environments or environments
shared by multiple users. This paper presents a systematic
approach to extending Motion Compression to non-convex envi-
ronments. This solution will then be used to cover the multi-user
case.

I. INTRODUCTION

Telepresence systems aim at giving a human user the

impression of actual presence in a remote target environment.

To achieve this goal, a robot that represents the user is

placed in the target environment. This robot, the teleoperator,

records live camera images and other sensor information, e. g.

acoustics, and transfers them to the user through an internet

connection in real-time. The sensor information is presented to

the user on an immersive display, e. g. a head-mounted display.

In order to give the user the possibility to move in the target

environment, his head motion is tracked and transferred to the

teleoperator, which replicates this motion. As the user only

perceives the target environment and his motion matches the

visual cues, he immerses into the target environment.

In order to allow exploration of large target environments,

mobile robots, typically wheel-based platforms equipped with

a pan-tilt camera unit, are used as teleoperators. In con-

ventional telepresence systems the wide-area motion of the

platform is controlled with additional input devices like joy-

sticks [1], foot pedals [2], or steering wheels [3], while

only the rotational motion of the user’s head is tracked and

replicated by the pan-tilt unit.

Those conventional systems do not provide proprioceptive

feedback, i. e., the sense of self motion. However, there is

evidence, that proprioception is important for human nav-

igation [4]–[6]. As a consequence, users should navigate

the teleoperator through the remote environment by natural

walking and, thus, receive proprioceptive feedback.

Fig. 1. Two users sharing a multi-user environment for telepresence. As
they are both immersed into their respective target environments, they are not
aware of each other.

Typically the local environment of the user, the user envi-

ronment, is limited for example by the range of the tracking

system or just by available space, but the target environment

is of arbitrary size and shape. In order to give the user the

possibility to not only explore target environments of the

user environment’s size and shape, current research aims at

interfaces that allow infinite walking in limited spaces.

There are various mechanical approaches that try to provide

the impression of walking on an infinite floor. Examples for ac-

tively controlled mechanical systems are the torus treadmill [7]

or the CirculaFloor system [8], where the user is walking on

moving floor tiles, which move him closer to the center of the

user environment. In other work the user is passively guided

back to the center of the user environment, e. g. by walking on

a disc that is equipped with ball bearings [9]. Those systems,

however, require complex mechanical setups.

More promising work aims at algorithmic solutions to the

infinite floor problem. Those algorithms map the user’s path in

the target environment into the user environment. In order to

guarantee a high degree of immersion, as many properties of

the path as possible should be preserved. These are especially

path length and turning angles. Scaling of the path is obviously

no adequate solution. There are basically two approaches to

mask path changes.

Redirected Walking [10] masks path changes in rotations.

However, walking along straight paths for a longer time cannot

be mapped with this technique.



Motion Compression [11] preserves both path length and

turning angles. Only path curvature is changed. Motion Com-

pression has been formulated as a dynamic optimization

problem to minimize the curvature difference between the path

in the target environment and the path in the user environment.

However, Motion Compression so far has high spatial

requirements, as the user environment has to be an empty

convex area. In order to achieve a better exploitation of the

available space, Motion Compression has to be modified to

support non-convex user environments.

An additional gain can be attained, if multiple users share

one user environment. Such a scenario is depicted in Fig. 1.

As the users are completely immersed into their respective

target environments, they are not aware of each other. Thus,

Motion Compression has to prevent collisions by simultaneous

compression of both paths. So far, there is only a highly heuris-

tic approach to this problem [12], yielding very suboptimal

solutions. In this paper, we modify the original optimization

problem systematically in order to provide good results for

simultaneous Motion Compression.

The remainder of this paper is structured as follows. A

short introduction into the algorithmic framework of Motion

Compression is given in section II. Section III-A reviews the

path transformation problem and formulates necessary exten-

sions for the non-convex case. A practical solution to the path

transformation problem is given in section IV. This solution

is modified to meet the requirements of non-convex user

environments. In section V these modifications are applied

to solve the multi-user case. The validity of the algorithms is

shown with simulations in section VI. Finally, conclusions are

drawn.

II. MOTION COMPRESSION

Motion Compression is an algorithmic framework, that

provides a nonlinear transformation between the user’s path in

the user environment and the teleoperator’s path in the target

environment. It consists of three functional modules, as shown

in Fig. 2. For each of the three modules specialized instances

can be loaded, in order to fit the given application.

The first step in Motion Compression is path prediction.

Path prediction tries to predict the desired path of the user in

the target environment based on tracking data and, if available,

additional information on the target environment. In many

experiments Motion Compression has proven to be robust

against errors in path prediction.

This predicted path is transformed in path transformation

in such a way that it fits into the user environment. Path trans-

formation is formulated as a dynamic optimization problem,

which will be discussed in detail in section III-A. The resulting

transformed path is called user path.

Finally, user guidance guides the user on the user path

while he has the impression of walking on the original path

in the target environment. This is achieved by introducing

small deviations in the teleoperators orientation, which are

compensated by the user.

The result of these three steps is at any time and position

a linear transformation between user environment and target

path

trans-

formation

user

guidance

path

prediction

U

T

user

position

transformed

position

Fig. 2. Overview of the Motion Compression Framework.

environment [11]. This transformation can now be used to

transform the user’s position into the desired position of the

mobile teleoperator in the target environment. The suitability

of this concept was proven in [13].

III. THE PATH TRANSFORMATION PROBLEM

A. The General Optimization Problem

In [11] path transformation is formulated as a dynamic

optimization problem. The user’s state in cartesian space is

given as the user’s position and orientation x = [x, y, φ]
T
,

with the initial state x
0

= [x0, y0, φ0]
T
. While the user’s

state is given in cartesian space, the predicted path in the

target environment is described as a curvature κT = κT (s)
depending on a continuous path variable s = 0 . . . sE .

The optimal user path is then given as the path κ =
κ(s), that minimizes the overall curvature difference. This

corresponds to the optimization criterion

J =

sE
∫

0

(κT − κ)
2
ds . (1)

J has to be minimized regarding the functional relationship

between s and x and a set of spatial constraints to the user

path.

The functional relations are given as

dx

ds
= ẋ = cos φ ,

dy

ds
= ẏ = sin φ , and (2)

dφ

ds
= φ̇ = κ .

Spatial constraints can be modeled as a set of inequality

constraints in the form of

g(x, y) ≥ 0 . (3)

Each of the components gi(x, y) describes the relationship

between the user’s current position and one obstacle, e. g. a

boundary of the user environment.
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Fig. 3. Example of a non-convex environment X described as by means of
its convex hull C and some inner objects I1 . . . I3.

B. Describing Arbitrary Environments

In order to be able to extend the optimization problem to

non-convex user environments, an efficient description of such

environments has to be used. It is a well known fact, that

arbitrary non-convex user environment X can be described by

a set of convex areas as

X = C − I1 − . . . − In , (4)

where C is the convex hull of X and Ii are convex descriptions

of the inner objects. This is shown in Fig. 3. If X is a convex

environment the equation X = C is valid.

The description in equation (4) can be used to specify

several types of inequality constraints for non-convex user

environments.

The first set of constraints

g
C

(x, y) ≥ 0 (5)

describes, that the path is inside the convex hull of the user

environment X .

In order to guarantee, that the user path does not intersect

the boundaries of the inner objects, an additional set of

constraints

g
Ii

(x, y) ≥ 0 (6)

is added for every inner object Ii.

The complete set of constraints is then given as

g(x, y) =

⎡

⎢

⎢

⎢

⎣

g
C

(x, y)

g
I1

(x, y)
...

g
In

(x, y)

⎤

⎥

⎥

⎥

⎦

≥ 0 . (7)

Unfortunately, there is no analytical solution known for the

general path transformation problem.

IV. THE γ-ARC ALGORITHM

A. Convex Environments

Although the general problem has no analytic solution,

it is possible to find a heuristic, that solves a simplified

problem. The γ-Arc algorithm, which is a generalization of

the semicircle algorithm presented in [11], gives a suboptimal,

yet satisfactory solution for path transformation.

Given the assumptions, that

• the user environment X is convex, i. e., X = C and, thus,

g(x, y) = g
C

(x, y),

• the predicted path in the target environment is a straight

line, i. e., κT = 0 starting at x
0
, and

• the path in the target environment has no fixed endpoint,

or the endpoint is far away from the user,

the optimal user path is given as follows.

The user path starts at the current position and orientation

x
0

of the user. The path is the largest circle segment fitting

into the user environment, where the parameter γ ∈ (0, 2π]
determines the segment length. This circle segment can be eas-

ily found geometrically. Fig. 4 compares the circle segments

found for different choices of γ. By successively re-calculating

the largest γ-Arc, arbitrary paths can be generated as a series

of momentary circles.

(a) (c)(b)

γ
γ

γ

Fig. 4. Largest circle segments fitting into a quadratic user environment for
different values of γ. (a) γ = π, (b) γ =

π

2
, (c) γ =

π

4
.

B. Extension to Non-Convex Environments

In order to be able to apply the γ-Arc algorithm to non-

convex user environments, it has to be modified in such a

way, that the resulting path also meets the constraints given

by g
Ii

.

In a first step, the γ-Arc algorithm as described above is

used to find the largest circle segment, that fits into the convex

hull C of the user environment. The resulting arc is called

maxarc. If marcarc does not intersect the boundaries of any

of the inner objects Ii, it is considered to be the best user

path. However, if there is an intersection another arc has to be

calculated.

For every bounding wall of the inner objects, the largest

circle segment, that either touches, but not intersects, the wall

or leads through one of the endpoints of the wall is calculated.

The smallest of these segments, called maxinnner, is the

largest γ-Arc compatible with all constraints g(x, y) ≥ 0. A

more formal description is given in Algorithm 1. Fig. 5 shows

Algorithm 1 γ-Arc algorithm for non-convex environments.

maxarc ← GAMMA-ARC(C)
if !INTERSECTS(maxarc, Ii) then

return maxarc

end if

for all Ii do

inner ← GAMMA-ARC(Ii)
if ISSMALLER(inner, maxinner) then

maxinner ← inner

end if

end for

return maxinner



maxarc

maxarc

maxinner

(a) (b)

candidates

for maxinner

Fig. 5. Results of the γ-arc algorithm for non-convex environments with
γ = π. (a) Case where maxarc is the adequate solution. (b) Case where
maxinner has to be calculated.

the relation between maxarc and maxinner. As the number of

calculations grows linear with the number of inner objects, the

modified solution is still very easy to compute.

C. Choosing the Parameter γ

In this algorithm, the parameter γ can be regarded as tuning

parameter that describes the trade-off between greediness and

look-ahead. Typically a value of γ > π is not useful, because

this would lead to walls situated behind the user effecting

the resulting path. A value of γ → 0 results in a user path

consisting of almost straight line segments connected by sharp

turns. γ = π

2
seems to be a good choice, however, theoretical

validation is still missing.

V. MULTI-USER MOTION COMPRESSION

If Motion Compression is extended to multi-user telepres-

ence, several users share one user environment. As all users

are immersed into their respective target environments, they

are not aware of each other. Thus, path transformation has to

transform the paths in such a way, that no collisions between

the users occur.

In this section, we show how the problem of multi-user

Motion Compression can be reduced to the non-convex case.

In order to prevent other users to approach too closely, every

user is enclosed by a security area, which is regarded as inner

object for all other users. This security area can have any

convex shape, e. g. triangular or quadratic. An optimal shape

is yet to be determined. However, asymmetric shapes seem to

yield the best results. As a result, at any given time, for every

user the environment is a non-convex environment and the

path transformation problem can be solved with the modified

γ-Arc algorithm as presented in section IV-B. However, this

environment changes as the other users move. Fig. 6 shows

an example for two users with their security areas and their

respective maxarcs.

As a result, the users are guided around each other, while

moving along in the user environment.

VI. SIMULATIONS

The Motion Compression framework has already proven

practical for mobile robot teleoperation [13] as well as for

avatar control in computer games [14]. For this reason it is

sufficient in this context, to show the feasibility of the new

path transformation methods by means of simulations.

user 1

user 2

security area

for user 1

maxarc

for user 2

maxarc

for user 1

Fig. 6. Two users with their security areas (in this example in triangular
shape) and their respective maxarcs for γ =

π

2
.

As real users, of course, deviate from the ideal transformed

path, the inner objects should be padded with an extra security

margin in real applications.

A. Non-Convex Environments

We will first show the feasibility of our approach for the

non-convex case. In all simulations the user was moving in a

4×4 m2 user environment, with 0.1 m step length and γ = π

2
.

In such a setting without additional obstacles, a typical

curvature of approximately 0.5 m−1 is expected. Obviously,

inner object will raise this value.

In a first simulation a user moves straight along for 15 m in

the target environment. Fig. 7(a) shows his user path, which

was transformed with respect to two inner objects placed in

the upper right corner and the lower left corner of the user

environment. It is clearly visible, that the algorithm leads the

user as close as possible to the inner objects, in order to

minimize path curvature. The curvature plot shown in Fig. 7(b)

shows the absolute value of the path curvature. The curvature

typically stays well below a value of 1 m−1, which is a good

result given the expected value for the convex case.

0 5 10

1

2

0 1-1

0

1

-1

x/m

y/m

s/m

κ/m-1

(a) (b)

Fig. 7. (a) User path of a user walking straight along for 15 m with two
inner objects in the corners of the user environment. (b) Curvature of the user
path.

In order to show that more complex paths are also possible,

the user performs a 90◦ turn in a second simulation after

walking straight along for 2.5 m in the target environment.

After turning he follows a straight path for another 7.5 m. The

user environment features two quadratic inner objects inside



the user environment. Fig. 8(a) shows, that the user path is

transformed in such a way that the user is guided between the

inner objects. Again, this behavior guarantees best usage of

available space and minimizes path curvature. The curvature

plot in Fig. 8(b) shows, that the curvature is relatively low

apart from some curvature peaks. Additional curvature peaks

may arise, when the user turns toward a bounding wall of

the user environment. However, this is not a result of the new

algorithm, but a yet unsolved problem of Motion Compression.

Fig. 9 shows a comparison between the curvature from this

simulation and from the same path in a convex environment

without the inner objects. It is easy to see, that the curvature

peaks are due to the inner objects appearing in the look-ahead

of the algorithm. A less greedy algorithm, i. e., using a larger

value for γ would reduce these peaks, but lead to a higher

overall curvature.

0 3 6

1

2

0 1-1

0

1

-1

x/m

y/m

s/m

κ/m-1

(a) (b)

3

90° turn

Fig. 8. (a) User path of a user walking straight along for 10 m with a 90
◦

turn after 2.5 m. There are two inner objects inside the user environment. (b)
Curvature of the user path.

0 s/m3 6

1

3

2

κ/m-1

Fig. 9. Comparison between the curvatures in the non-convex case (solid
blue line) from Fig. 8 and the same path in a convex user environment (dotted
red line) without the inner objects.

The simulation in Fig. 10 shows a rather extreme case of

a non-convex environment. The available space is a 0.5 m

wide corridor around a large quadratic inner object. Fig. 10(a)

shows, that the algorithm still finds a valid user path and that

even steep turns are still possible. Of course, path curvature

is relatively high (Fig. 10(b)).

In this case, using a smaller value for γ might be the better

choice. This would lead to fewer but higher curvature peaks.

The effects on immersion are still to be investigated.

00 1-1

0

1

-1

x/m

y/m

s/m

κ/m-1

(a) (b)

3 6

1

3

290° turn

Fig. 10. (a) User path of a user walking straight along for 10 m with a 90
◦

turn after 5 m. The user environment is massively limited by a large inner
object. (b) Curvature of the user path.

B. Multi-User Environments

Additional simulations were performed for the multi-user

case, in order to show that the proposed approach meets the

requirements.

Fig. 11 shows the results of a simulation where two users

share one user environment. The target path for both users is a

straight line with a length of 10 m. Both users are surrounded

by a quadratic security area of 1×1 m2 aligned parallel to the

user. The user paths for user 1 (red circles) and user 2 (green

diamonds) are shown in Fig. 11(a). Figures 11(b) and (c) show

the path curvature for user 1 and user 2, respectively. Curvature

is typically below 1 m−1 with only very few curvature peaks.

0 1-1
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x/m

y/m

(a)

0 3 6
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0 3 6

1

2

s/m

κ/m-1

(c)

3

4

Fig. 11. (a) Simultaneously transformed paths for two users, both walking
straight along for 10 m. (b) Curvature of user path for user 1. (c) Curvature
of user path for user 2.

A second simulation for two users in the same environment

is shown in Fig. 12. Both target paths feature a 90◦ turn.

This is reflected in the users’ transformed paths in Fig. 12(a).

The curvature plots Fig. 12(b) and (c) show that both users



experience a curvature only minimally higher than for a single

user moving along the same path.
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Fig. 12. (a) Simultaneously transformed paths for two users, both following
a straight path for 5 m before performing a 90

◦ turn and then moving straight
along for another 5 m. (b) Curvature of user path for user 1. (c) Curvature of
user path for user 2.

VII. CONCLUSIONS

This paper presents novel extensions to Motion Compres-

sion for extended range telepresence. The Motion Compres-

sion framework allows human users to intuitively control mo-

bile robots robots through arbitrarily large target environments

by natural walking in a limited user environment. This is

achieved by providing a nonlinear transformation between the

user’s path in the user environment and the robot’s path in the

target environment. This nonlinear transformation preserves

path length and turning angles, curvature difference is kept at

a minimum level.

The framework can currently only deal with convex single-

user environments. The new extensions, however, also allow

non-convex user environments. This was achieved by refor-

mulating the original optimization problem and modifying the

algorithmic solution accordingly. The results for non-convex

environments were also used to extend Motion Compression

to multi-user environments.

In various simulations for both the non-convex case and the

multi-user case, we showed the feasibility of the algorithms.

Overall curvature of the paths is only minimally higher than

with convex environments. In addition, there are only few

curvature peaks. Thus, immersion will not be lost.

Of course, the solutions presented in this paper will be in-

tegrated into the existing telepresence system at the Intelligent

Sensor-Actuator-Systems Laboratory at the Universität Karl-

sruhe (TH) in the near future. Experiments will be conducted

to verify the simulation results.

Future work will focus on multi-user environments. There

are still open questions, e. g. if and how collision avoidance

can be guaranteed under all circumstances. Another topic is

the systematic determination of the tuning parameter γ for a

given user environment. Adaptive adjustments to this value

might yield the best solutions.

One important direction of research aims at finding a more

general solution for the path transformation problem, that

minimizes curvature difference for arbitrary paths with steep

direction changes or wide curves.

Given its features, extended range telepresence can be con-

sidered as the modern approach to robot teleoperation, where

the users do not have to focus on the act of teleoperation, but

on the task that is to be solved in the target environment.
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