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tour-guide robots, there is a growing need for tele-operation
interfaces which can be used even by untrained people. In

Vi lization i ) dition this context, accurate visualizations of the robot’s actions
isualization is an important precondition for success- p..ome more and more important.

ful tele-operation of instructable mobile robots. Data con- . _ o .
nections with varying and limited bandwidth such as the  In this paper we describe a predictive simulation scheme

Internet, however, prohibit the continuous transmission of (PSS) which provides a basis for smooth and reliable real-
video Signais_ In this paper we propose a predictive sim- time 3D visualizations of the movements of an autonomous

ulation technique which is designed to permit the reliable Mobile robot based on an object-oriented 3D CAD environ-

visualization of the robot's actions over the Internet. It dif- ment model. Predictive simulations are employed to syn-
fers from previous approaches in that it includes an odom- chronize the visualization with the current state of the robot

etry and sensor simulation. This simulation of the robot €ven during larger transmission gaps of several seconds.

allows the integration of a complete robot control systemto  The |ong term behavior of an autonomous robot is usu-
reliably predict complex actions of the robot even if large a|ly determined by the planning component of the robot's
transmission gaps of several seconds occur. We describe aontrol system. Thus, to make long term predictions, it is
application of the predictive simulation technique to navi- npecessary to include this planner into the predictive simu-
gation experiments with mobile robots. We present different|ation. The PSS therefore provides a robot simulator and
experiments carried out with a real robot illustrating that  appropriate interfaces to integrate a control system. It fur-
the predictive simulation technique provides accurate visu- thermore is able to exploit a 3D model of the environment
alizations of the robot’s actions even if transmission gaps of for the visualization of the robot's actions as well as for the
more than ten seconds occur. simulation of proximity sensors.

We built a prototypical implementation of PSS for our
mobile robot Rhino. In the current system, the path plan-
ning component and the collision avoidance of Rhino’s con-
htroI system are integrated into the PSS. The experiments we
1carried out with our system show that the PSS-based vi-
sualization is highly accurate even in situations in which
transmission gaps of over ten seconds occur. We believe
that such techniques are a basic precondition for a robust

isualization of navigation experiments over the Internet.

his will allow distributed research groups to carry out and
observe joint experiments with expensive laboratory equip-
ments such as mobile robots.

Abstract

1. Introduction

Due to the increased costs of laboratory equipment suc
as mobile robots and due to the increased specialization o
research on the other hand, there is a growing need for coop
eration between research groups. Visualization over the In-
ternet will become an important means for the collaboration
of research groups, for example during the developmentan
the testing of control systems or for the demonstration of
new systems.

Unfortunately the Internet does only provide a restricted
bandwidth and arbitrary large transmission gaps can occur The remainder of this paper is organized as follows. Af-
so that video streams cannot be used for the visualizationter discussing related work in the next section, Section 3
of the robot’s actions. Obviously, accurate visualizations introduces the PSS framework. Section 4 briefly describes
are important for the observation of experiments and dur-the parts of the Rhino system, which have been integrated
ing demonstrations. Furthermore, with the developmentinto our system. Finally, Section 5 presents experimental
of web-operated robots, for example tele-operated museunresults which illustrate the strength of the approach.



2. Related Work

A variety of web-based tele-operation interfaces for au- Robot Contral Robot
tonomous robots has been developed over the last few years. |  System i
Three of the earlier systems are the Mercury Project, the 5 '
“Telerobot on the Web” and the Tele-Garden [7, 8, 16]. | pss Rabot Control
These systems allow people to perform simple tasks with - Visualization System
a robot arm via the web. They provide still images from a S e ]
camera mounted on the robot arm after a requested mover | ~ v
ment task has_ been _completed, no feedback is given while || pos cjient EEer—
the robot arm is moving.

XAVIER [15] is a web-operated autonomous mobile
robot. It can be advised by web users to move to an office
and to tell a joke. The web interface relies on client-pull Internet é ~ate of the robot g Internet
and server-push techniques to provide images taken by the
robot and a map indicating the robot's current position. Figure 1. Architecture of the PSS.

Hirukawa et al. [9] describe web-operation interfaces, . . . .
where web users can perform manipulation tasks using a 3Dtlons even over unreliable connections without a guara_nte_ed
graphics simulation contained in the web browser. Theseb"’mdv\/Idth such as the Interngt. In the case of transmlssm,n
interfaces follow the tele-programming approach. Tasks are92Ps: the PSS uses a robot simulator to simulate the robot's

first tested in a simulation and afterwards executed by thections. It furthermo_r e provides mterfaces to integrate a
real robot. robot control system into the PSS. This way, the PSS can

Simulation based delay compensation techniques anqreliably_ vi§ualize complex navigation experiments even if
virtual environment interfaces are in use for space and un_transmlssmn gaps of more than ten seconds occur.
dersea tele-robotics for several years now [4, 19, 14, 1]. o ] )
These methods are designed to deal with large transmis3. The Predictive Simulation Scheme PSS
sion delays but, in contrast to Internet based systems, rely
on communication links with a guaranteed bandwidth and ~ The task of PSS is to achieve a better visualization accu-
known transmission gaps. A visualization method, which is racy over the Internet when long transmission gaps caused
often used in tele-manipulation systems are predictive dis-by high packet loss rates occur. To compensate lost packets
plays [11]. Methods of this type combine low-bandwidth and to provide smooth visualizations during transmission
video transmissions with graphics visualizations. gaps, the PSS provides simulators to simulate the robot's
The simulation scheme we use is conceptually similar to sensors, a 3D-visualization component of the robot in its
the one used during the ROTEX experiment on board theenvironment, a network synchronization mechanism, which
space-shuttle COLUMBIA in 1993 [10]. During this ex- receives the state information from the real robot via Inter-
periment a 6 DOF robot arm was controlled from ground net, and interfaces allowing to establish a communication
employing tele-sensor programming. A human operator between the robot control system and the PSS. The architec-
planned a sequence of “elemental operations” which wasture of the PSS and the major flow of information is shown
afterwards carried out by the robot. Elemental operationsin Figure 1.
are short-term reactive control tasks, like for example grasp-
ing operations, which the robot can carry out autonomously 3.1. Sensor Simulation
using its sensors. Truly autonomous robots, however, in-
clude methods to plan even complex actions and to react To achieve fast visualizations of the robot’s actions and
to unforeseen circumstances. For example, in environment$o perform a simulation of the robot’s sensors, PSS uses a
which are not completely accessible by the robot, which is 3D environment model. The model is organized as a hi-
generally the case, the robot must have the ability to de-erarchical scene graph, where objects are described in the
termine the shortest path from its current trajectory to a boundary representation. Based on this representation, the
given target point and to re-plan dynamically whenever un- PSS renders this scene graph several times per second.
expected obstacles block the robot’s path. The PSS furthermore provides methods for carrying out
The predictive simulation system described in this pa- ray casting within the world model which builds the basis
per is designed to provide a robust visualization of nav- for the proximity sensor simulation. Realistic scene de-
igation experiments carried out with mobile robots over scriptions generally contain a large number of objects so
the Internet. The main advantage of the PSS is that it al-that a huge amount of line-polygon intersections have to be
lows accurate and smooth visualizations of the robot’s ac- calculated to simulate the proximity sensors. To achieve this



long distance connections, we frequently observed packet

loss rates of up to 30 percent. In contrast to that, the trans-
— mission time of a single packet rarely exceeded 0.3 seconds,
and the accuracy of the re-synchronization of the PSS-client
solely depends on the transmission time of the latest syn-

(Dedactival
o

chronization message. To minimize the time required to
obtain the latest packet, the PSS uses the unreliable UDP
protocol. Each synchronization message therefore includes
a state vector completely describing the state of the robot at
timet as well as the time-stanmpvhen this vector was sent.
The PSS-client extrapolates the state of the robot at message
arrival time and warns the user if a packet needed more than
0.4 seconds for the transmission. The system relies on the
“Network Time Protocol” [12] to synchronize the clocks of
the computers involved for this purpose.

After receiving a synchronization message the PSS-
client transmits it to the robot control system, which itself

technigue based on the rectangular tiling of the scene [13]. uses the PSS-simulation to compute the next actions of the
robot. In return, the PSS-client receives the state of the

To establish a realistic simulation of proximity sensors . . ) . . - . .

the PSS takes sensor specific measuring errors into accoun[.ObOt n the simulation. - Since this predictive S|mulat|or_1
For example, ultrasound is subject to specular reflection. In"uns W'th'.n a local network_, stgte messages can be deliv-
case of a reflection the sensor does not perceive an echo an fed "?lt h!gh frequency which is the basis for the smooth
thus erroneously indicates free space. According to experi_wsuallzatlons.
ments carried out with the ultrasound sensors of our mobile
robot Rhino, the probability of such a reflection increases 4. A Predictive Simulation for the Rhino Sys-
with the anglex between the surface normal and the acous-  tem

tic axis of the beam and also depends on the distahce
to the obstacle. We therefore approximate the probability
P(r | a,d) of a specular reflection by

P
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Figure 2. The simulator provides a 2D visualization
of the robot and the computed sonar measurements.

simulation in real-time, the PSS applies a spatial indexing

Using the PSS, we implemented a prototype of a visu-
alization tool for our mobile robot Rhino [2, 18]. Rhino

0 a < 6(d) is an RWI B21 synchro-drive robot equipped with 2 laser
P(rla,d) ={ (a—6(d)/8 6(d)<a<b(d)+p range finders, a ring of 24 ultrasonic sensors as well as
a> 6_(d) 1+ with several tactile and IR sensors. In this prototype, the

PSS uses the reactive collision avoidance component and
wheref3 denotes the angle range in which the failure prob- the path planner of Rhino’s control system for the predictive
ability increases linearly from 0 to certainty, ad¢d) is simulation. All components including the network interface
a decreasing linear function. The valuesfoand6(d) de- of the PSS communicate via local socket connections using
pend on the material the obstacle is made of. An example of TCX [5] as the communication server. In the following we
a typical scan generated in an office environment is shownbriefly introduce the components of the Rhino control sys-
in Figure 2. For the more reliable laser-range finder we usetem.
the distance to the next obstacle in the sensing direction andath Planning: Rhino’s path planner uses value itera-
add an appropriate Gaussian noise to model the small meation [18] to determine the shortest path from the robot’s po-

suring errors. sition to its goal location. Path planning takes place in a grid
map representation of the environment, which is computed
3.2. Networ k Synchronization from the 3D model through projection. Value iteration de-

termines the optimal path towards the target point for every

In order to synchronize the visualization with the real POsition in the environment. After that, depending on the
robot, the PSS-server sends synchronization messages vigpbot's position, the optimal path to the goal position is ex-
the Internet to the PSS-client. Since the Internet is sub-tracted. The path planner of the Rhino system computes
ject to packet loss, the use of a reliable protocol like TCP & sequence of intermediate “target points” which are trans-
causes arbitrary long transmission delays, because the reMitted to the collision avoidance system
transmission of lost messages prevents the arrival of newCollision Avoidance: Rhino uses the dynamic window ap-
information. In several experiments carried out with typical proach [6] for reactive collision avoidance. The collision



Figure. 3. Trajectory of the robot during Figure 4. Trajectory estimated by  Figure 5. Trajectory predicted by PSS.
the office delivery task. extrapolation.

avoidance controls the velocities of the robot based on sen{| v =m = v mm - v mm -
sor input. Its task is to move the robot to a “target location” |—' J—' J—' LICJ—I J_. L. j_. J_.
prescribed by the path planner. To avoid collisions with ob- \ ST T
stacles it takes the dynamics of the robot into account. M == == 1 = = U e I
Given these components it suffices to transfer the robot’s Figure 6. Trajectory of the robot taken after leav-
current position, its current velocities and accelerations, as ing room 1 (left), circular trajectory obtained by ex-

well as the current target point of the path planner to the trapolation (center), and trajectory predicted by PSS
PSS-client in order to realize the visualization. (right).

5. Experimental Results To illustrate the improvements in the visualization we

now consider a small fraction of the trajectory of the robot

To demonstrate the prediction accuracy of the PSS, weafteritleftroom 1. Figure 6 shows the corresponding trajec-

performed several navigation experiments with our mobile tory of the robot (left image), the trajectory obtained by ex-
robot Rhino. The goal of these experiments is to demon-trapolation (center image), and the trajectory computed by
strate the advantages of the PSS over a visualization techthe PSS (rightimage). In this particular case one packet was

nique which extrapolates the most recent state informationlost so that the system had to predict the robot's trajectory
received from the PSS-server. for a period of 12.5 seconds. Since the extrapolation does

In the first experiment, Rhino started in the corridor of NOt change the velocities of the robot during a transmission
our department and visited five different offices in the order 9ap, the robot moves on a circular trajectory. In contrast,
which is depicted in Figure 3. The length of the trajectory is the PSS uses the path planner and the collision avoidance
80.8 m and the robot needed 320 seconds to complete thignodules to compute intermediate velocities. Therefore, the
task. The numbers in the offices correspond to the target_resulting trajectory is much closer to that of the real robot.
points sent to the path planning module. The corresponding sequences of computed images for

To evaluate the capabilities of the PSS, we manually de-the 3D visualization are shown in Figure 7. The time de-
creased the packet transmission rate to approximately 1day between consecutive frames is 2 seconds. The first row
packets per minute. We used a constant transmission inshows the images obtained using the correct position of the
terval, so that the time gap between subsequent packets wa®bot. The second row contains the images computed by
approximately 6 seconds. Since packets sometimes get losthe extrapolation, and the third row includes the images ob-
the effective time-gap between subsequent packets in sevtained using the PSS. Obviously, the PSS significantly im-
eral cases was x 6 seconds. Figure 4 shows the trajectory Proves the quality of the visualization.
obtained if the robot’s movements are extrapolated based We repeated this experiment several times given the data
on the most recent packet. Obviously the resulting trajec- recorded during this run. In each experiment we randomly
tory differs largely from the true trajectory of the robot. It selected the packets which were not transmitted. Figure 8
furthermore contains several long gaps of more tharil- shows the average positioning error — the distance between
lustrating the limited quality of the standard extrapolation the predicted position and the position of the real robot —
approach. The PSS, however, provides a trajectory which isas a function of transmission gap. This shows, that the PSS
much closer to the robot’s actual trajectory (see Figure 5).is able to significantly reduce the average positioning error
Thus, the PSS provides a better estimation of the robot'scompared to the extrapolation technique after transmission
position than the extrapolation approach. gaps of at least.5 seconds. Since these differences depend



(a) Trajectory of the roy u u u u
(c) Trajectory computed by extrapolation.u N u u

(b) Trajectory predicted by PSS.

Figure 7. A sequence of computed images showing Rhino moving thitegtorridor of our department. The time-
difference between consecutive images is approximately 2 seconds. The caniteva jgaBustrated in the left image
of Figure 6.

200 T T T T T T 250

PS:! ' PSS
180 - Extrapolation -—-— % 1 Extrapolation - -
160 - S
140 + %%

200 -

120 150

100 |

80 100 |

positioning error [cm]
positioning error [cm]

60 -
40 50

20 -

0

= . . . . . 0 = . . . . .
0 1 2 3 4 5 6 7 0 50 100 150 200 250 300

transmission gap [s] distance driven after most recent synchronization [cm]
Figure 8. Average displacement depending on the Figure 9. Average displacement depending on the dis-
length of the transmission gap. tance traveled after the last synchronization.

virtual visitors used this applet to monitor the activities of

on the speed of the robot, which wa$.5 cm/s on average the robots.

in this experiment, we additionally computed the average
displacement depending on the distance traveled after the6 summary and Conclusions
latest synchronization packet. The resulting plots are shown™" y
in Figure 9. Thus, at least aftém of travel, PSS provides In this paper we presented the PSS, a predictive simula-
a significantly better prediction than extrapolation. In both g system for the accurate visualization of navigation ac-
figures, the error bars indicate the 95% confidence intervaliions of autonomous mobile robots over the Internet. The
of the average mean. PSS has a client-server architecture. The server is linked
Recently, we used parts of the PSS during the deploy-to the robot control system and broadcasts the status of the
ment of two mobile robots as interactive museum tour- robot to all its clients. The clients use the PSS-simulator
guides which also possessed Web interfaces allowing to re-and a copy of the robot control system to predict the actions
motely control them over the Internet [3, 17]. Both Web- of the robot after receiving a status message. This way, the
Interfaces (Figure 10 illustrates Rhino’s interface) included PSS can reliably visualize the robot’s action even if trans-
a Java-applet for a smooth animation of the robots move-mission gaps of over 10 seconds occur.
ments in a 2D-projection of the environment. Duringthe 19  The PSS has been implemented and tested in a typical
days of the deployments of the two robots more than 4000 office environment using the mobile robot Rhino. Extensive
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Figure 10. Java-applet based on the PSS displaying
smooth trajectories of the robot Rhino
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(7]

(8]

(9]

[10]

[11]

experiments showed that PSS is robust against transmission
gaps of up to several seconds and that it provides smooth[12]

and realistic visualizations even in such situations. Parts of

the PSS have furthermore been used during the deployment

of mobile robots Rhino and Minerva as interactive museum

tour-guides to visualize the movements of the robot over the [13]
Internet.

Despite these encouraging results there are several wal
rants for future research. The mostimportant topic concerns

the extension to dynamic environments and the visualiza-[ ]
tion of manipulation tasks. This requires a reliable model
update mechanism based on the sensor interpretation capa-
bilities provided by the robot system.
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