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Abstract. In this paper an experimental platform developed for the ESPRIT 

project MARIE is described. The vehicle has an automobile-like kinematics and 

is fitted with a control computer and ultra-sonic sensors. The control software 

has a layered, modular structure and standardized interfaces, suitable for an 

experimental platform. The principal software modules and the experiments 

performed to test the integrated system are described. 

1. Introduction 

Robot autonomy requires that a robot be able to sense its environment, process and 

understand its observations and select and execute appropriate actions in response 

so as to attain a set goal. 

In this paper we describe the the hardware and software of a mobile robot 

developed for the ESPRIT II project 2043 "MARIE"2. The MARIE architecture is 

described in a companion paper [1] 

In the MARIE project we aim for the creation of hardware and software systems 

to give autonomy to robot vehicles in a dynamically changing environment. The 

environments selected for demonstrating these systems were automatic docking 

with an extension towards industrial transport and a diagnostic application in a 

hazardous environment. 

Three test-bed systems were developed: a robot arm on a moveable platform and 

two robot-vehicles. In this paper, we shall describe the hardware, the computer 

control system and parts of the control software for the robot vehicles. The final 

paragraphs will deal with some of the experiments performed with the vehicles. 

                                            
1 Was published in "Intelligent Autonomous Systems - IAS 3," (conference proceedings), F.C.A. 

Groen, S. Hirose, C.E. Thorpe (editors), IOS Press, p. 164-173 (1993) 
2The MARIE project is performed in collaboration by the following partners: VOLMAC (prime 

contractor), Robert Bosch GmbH, Framentec, Framatome, Hitec, IAI, Indecon, University of 

Amsterdam, University of Strathclyde. ESPRIT projects are 50% funded by the EEC. 



2. The vehicle hardware 

At the Bosch and UvA sites two essentially identical vehicles were realized to 

facilitate testing of software at both sites. At the hardware level some differences 

exist, that are compensated for in the lowest layers of the control software. Both 

vehicles are based on a Trekka3 vehicle for the disabled, an electrically powered 

four-wheeled vehicle. 

The vehicle was selected as it provided an affordable platform with kinematics 

similar to a normal automobile, appropriate for docking experiments. These 

experiments will be discussed later in this paper. We found it to be just small 

enough for indoor use, and sufficiently robust for outdoor experimentation. Fitting 

it with computer control was a relatively straightforward operation. 

All three motors (one for each of the rear wheels, one for the steering system), 

were fitted with shaft encoders and are pulse width controlled.  

Both vehicles have been equipped with eight Polaroid ultra-sonic sensors with a 

relatively narrow beam (about 20˚ Full Width Half Power) that are used primarily 

for environment mapping and a number of lower resolution sensors ultra-sonic 

primarily for collision avoidance (twelve 60˚ FWHP sensors at Amsterdam and six 

120˚ FWHP sensors at Bosch). 

As delivered by Vessa, the vehicle can attain a maximum driving speed of about 2 

ms-1. For safety reasons, we have limited the maximum speed to 0.5 ms-1. One of 

the reasons for this is the range-to-cycle-speed ratio for the ultra-sonic sensor 

system. 

Even when we fire two sensors simultaneously - which we found to be the 

maximum number for interference reasons - it still means that we have to fire 10 

groups in sequence. With the delay required before all echoes have died out, we 

obtain a maximum cycle frequency of about 2 firings per sensor per second. 

At Bosch, the vehicle has also been equipped with the MaxVideo4 image 

processing system, for implementation of stereo vision algorithms. 

2.1. The computer system and operation system 

The vehicles were fitted with a VME crate housing the control computer (a Force 

30ZBE, MC68030 based single-board computer running VxWorks5), a MC68000 

based system for the ultrasonic sensor system (Robosoft) and dedicated PID 

controller hardware (four NS LM628 on a Philips PG3679 board) for the low level 

control. The motors are not controlled directly by the computer, but by the 

hardware PID controllers. At UvA a (removable) Ethernet connection provides the 

communication between the VME bus system and the SUN network; at Bosch 

wireless Ethernet is employed. 

                                            
3Trekka is a trademark of Vessa GmbH, Germany. 
4 MaxVideo is a trademark of DataCube, Inc 
5 VxWorks is a trademark of Wind River Systems, Inc 



3. Software design for the MARIE vehicle 

We have aimed to realize as much as possible a modular software structure for 

our robot. The philosophy of our approach is to develop control and sensor data 

processing modules as stand-alone processes, which communicate via standardized 

communication channels. In specifying the modules, we strive for a structure that 

makes the software easily portable to other mobile robots, having a different 

hardware and different sensor types. This puts requirements on the level of 

abstraction at the interfaces, which must be as high as possible. I.e., going up from 

the lower software levels to the higher levels, we strive to go from hardware specific 

to more general applicability as quickly as possible. 

Though all the control software (except for the stereo-vision system) currently fits 

onto a single processor board, the interfaces have been designed such that tasks can 

easily be distributed over multiple processors. Except for the few processes that 

directly control the hardware, and must meet strict real-time requirements, all 

interfaces are based on message passing via the UNIX-compatible socket 

mechanism provided by VxWorks. Library routines to support the various types of 

interactions required, make a fast and straightforward implementation of new 

routines possible. 

This choice has also considerably facilitated obtaining monitoring and debugging 

information in our host-target environment, as the necessary data could be directly 

read by processes on the SUN host. 

4. Low level control 

At the lowest level, we find the software modules directly responsible for 

controlling the hardware, the PID device driver and the interfacing software for the 

ultra-sonic sensors. 

4.1. The virtual cart 

The virtual cart is a software layer that provides the developer of high-level 

software with a simple and consistent call interface that is, as far as possible, 

independent of the underlying hardware. It also provides certain basic safety 

features. The concept of a virtual cart plays an important role in achieving 

portability and data abstraction. It has some similarities with Standard vehicle 

Controller as described in [2]  

In designing the virtual cart interface, it was necessary to choose a suitable 

control paradigm. Basically, three different types of wheeled vehicles are in use 

(disregarding a plethora of special purpose vehicles). The most versatile, but 

probably least common of these is the vehicle that can move in any direction in any 

orientation. The other two types have one less degree of freedom. They are those 

with one or more drive wheels providing propulsion, and one or more steered 

wheels, determining the path curvature and those where the driving and steering 

are combined. The former ("bicycles") cannot in general turn in place, the latter 

("wheelchairs") can. The most appropriate set of parameters to describe the 



behaviour of bicycles are speed and path curvature, for wheelchairs speed and 

turning speed. These differences are only important at low speeds and high path 

curvatures, where a singularity occurs in the conversion, otherwise both models are 

compatible. 

We elected to implement both the bicycle and the wheelchair paradigms for the 

virtual cart interface. The actual vehicle has one more controlled axis than it has 

degrees of freedom. The virtual cart layer not only hides this redundancy from the 

user, but also hides details such as the wheelbase, encoder resolution etc. 

Commands to the virtual cart (bicycle paradigm) specify a path length relative to 

the current position of the cart, a maximum velocity, acceleration, path curvature 

and time derivative of the curvature all in SI units. Each new path specification 

immediately replaces the current specification. 

Besides providing the desired abstractions, the virtual cart layer does more. 

Firstly, it significantly decreases the frequency at which higher level modules need 

to be executed. While the virtual cart control loop is executed 40 times per second, 

the trajectory controllers that make use of its services need not execute more than 

five times per second. 

This is realized by ensuring that a moderately complex path segment can be 

driven with good accuracy and by ensuring that those sensors that signal conditions 

that need to be reacted to, on very short time scales, are monitored. This is realized 

via collision detectors attached to the bumpers of the cart. The virtual cart also 

integrates the actual path as derived from the encoder readings to obtain estimated 

Cartesian positions (dead-reckoning). 

Another important service it provides is some basic safety measures. The most 

evident measure is the monitoring of the collision detectors. If a collision is detected 

on one of the bumpers, the cart is prevented from driving further in that direction 

until the condition is reset by a higher software level and an exception is signalled. 

Similarly, if the desired and actual position of the cart differ too much, a stop is 

forced and an exception is signalled. A third measure is more subtle and more easily 

circumvented; the higher level software must always specify a path length. This 

ensures that the cart will be stopped within a given time frame  even if the higher 

level software crashes. 

The virtual cart is implemented as two separate tasks - the hard real-time 

control task, and an information task that provides the communication interface. 

The two tasks communicate through shared memory. 

4.2. Ultrasonic sensor manager 

The ultrasonic sensor manager 'BOSUS' provides a uniform interface to all 

ultrasonic transducers used in the MARIE test beds independent of the hardware 

the transducers are connected to [3]. This is done in an object-oriented fashion so 

that higher-level software can deal with task specific sensors without knowledge 

about location and properties of the corresponding transducers. It is the human 

operator who must create a list of sensor groups which are each dedicated to a 

special sensing purpose, e.g. for observing the area in front of the vehicle. A sensor 

group can be composed of any available transducers. Its specification also 



determines the firing sequence. During run-time application programs can 

activate/deactivate sensor groups in two modes: single-shot or automatic repetitive 

measuring. In the latter mode a priority value determines the relative frequency of 

measurements. On basis of the priorities BOSUS will schedule the sequence of 

measurements in such a way that each sensor is fired in evenly spaced time 

intervals.  

Every measurement of a transducer is stored as a separate entry in the data 

manager specifying a free-space triangle given by the transducer's position and 

orientation, the measured distance and the FWHP angle. As this triangle is given in 

vehicle relative co-ordinates it is accompanied by the pose of the vehicle at the time 

of measurement. Retrieval from the data manager is supported by selection flags 

that classify each measurement as either to the front or rear and/or either to the 

left- or right-hand side of the vehicle.  

5. Medium level software concepts 

The control software of the MARIE vehicle has a kind of sandwich structure - 

between the small number of low-level controllers and the high-level supervisory 

module, we find a variety of intermediate level software modules that can be 

combined in various ways to obtain the desired behaviour of the vehicle. 

At this level we find the modules that define the basic capabilities, or rather the 

"elementary operations" of the system. They include logical sensor modules [8] that 

process the information coming from the physical sensors, the control tasks that 

allow the vehicle to follow various paths, and the path planners for the model-based 

controllers. 

Almost all data-exchange with and between elementary operations takes place 

via "data-manager" tasks, that serve as a repository of information. Data items are 

divided into classes and subclasses, allowing a flexible selection mechanism. E.g., 

for collision avoidance features detected by vision or sonar could be equally 

relevant, and selected as a class (features), where other processing modules could 

specifically request sonar data. 

The data-managers together with the logical sensors constitute a dynamic 

database storing and maintaining the vehicle's information on the environment. 
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Figure 1. This figure illustrates the approximate relationship between the various software modules 

for the MARIE vehicle. The logical sensors, the path planners and the path controllers together are 

the elementary operations of the system; the logical sensors plus the data-managers together 

constitute the dynamic environment database. 

6. Medium level control modules 

A variety of path-control modules [3] is available. The most important 

distinctions between the modules are the controlled variable (distance to a curve for 

model-based control, distance to a wall for sensor-based6 control) and the control 

paradigms (classical control theory for the standard controllers written by the 

Universities of Amsterdam and Strathclyde, and fuzzy control in an alternative 

controller written by IAI). The fuzzy controller incorporates a collision avoidance 

strategy; the control output of other two controller is filtered by a multi-mode 

collision avoidance module. 

6.1. The clothoid-trajectory controller 

Paths in cartesian space are specified as a series of clothoid curves, matched at 

the ends. A "clothoid-trajectory" controller can steer the vehicle along such paths 

[3]. In order to allow the clothoid controller to operate at a relatively low frequency, 

it has been designed as a simple predictive controller, employing the projection of 

the current vehicle position on the clothoid curve as a guide point. 

As simple as the procedure appears, there are several pit-falls. The most 

problematical of these stems from the interaction between the collision-avoidance 

                                            
6 Although we speak of sensor-based control, we do not use the very direct sensor to actuator 

coupling usualy associated with that term. Actually, quite a bit of interpretation in terms of 

environment models (walls) is included. 



module and the trajectory controller. The collision avoidance module can force the 

vehicle sufficiently far off the desired path, that the projection point becomes 

ambiguous. The controller will then attempt to drive to a point further along the 

specified trajectory. 

As clothoids are not the only curves that could be used to specify a path segment, 

dependence on this type of path specification has essentially been limited to two 

support functions. 

6.2. The wall-follower controller 

The control algorithm for the wall-follower is essentially the same as that for the 

clothoid-trajectory controller [3]. The most important differences are the following: 

1. The path is specified as a distance from the observed wall, and is 

basically straight. 

2. In every control-cycle, the wall sensor , which is described below, is 

queried for new observed wall parameters. If these are found, the position 

of the wall in the laboratory co-ordinate system is computed, and from 

that, the line on which the vehicle should travel. 

3. If no new parameters are found or the new wall differs too much with the 

old one, the controller will continue to use the old values for some time, 

e.g. until either the specified distance has been driven, or the controller is 

stopped by the high level control software. 

4. Because the path is a straight line, no problems with the center-of-

curvature can occur. 

5. The wall-follower retains the information about the last wall-data 

between successive activations, so that an "extrapolated wall" may be 

followed for some distance after it has been lost by the wall sensor, or 

even, without the wall sensor running at all. 

This option can, e.g. be used when searching for a docking-spot. 

6.3. The collision avoidance module 

Various collision-avoidance heuristics have been examined for use on the MARIE 

vehicle. Most of the commonly used "low-level" heuristics are based on artificial 

potential, or similar repulsion-based schemes. For the MARIE vehicle, which has a 

rather large turning radius compared to its size, such schemes were generally found 

to produce either too late a change in the course of the vehicle for obstacles placed 

in front, or too large a change, for obstacles located to the side. 

Therefore, a method was sought that would give a more accurate prediction of the 

magnitude of the change in the course of the vehicle required to avoid the obstacle 

[4]. This lead to the development of the obstacle-to-curvature mapping approach, 

which was implemented and found to perform quite well [3] 

The basic principles of the approach are quite simple: the vehicle must pass an 

obstacle either to the left (driving a circle with a signed curvature of at least cl) or to 

the right (driving a circle with a signed curvature of at most cr). 



Collision avoidance now becomes a three-step procedure: computing appropriate 

avoidance curvatures cl and cr for all observed obstacles (assumed to correspond to 

range measurements from the U.S. sensor system), and next, finding a safe 

curvature near to the commanded curvature. The last step in the procedure is the 

computation of a safe speed for those situations that an obstacle comes very near 

anyway. 

In figure 2 the various domains relevant to the obstacle-curvature mapping 

procedure are illustrated. The domains are related to the points on the vehicle that 

would first collide with an obstacle as the path-curvature is changed. E.g., if the 

obstacle is in domain 1, the two relevant points are the front right corner, when the 

obstacle should be passed on the left, and the side of the vehicle at the rear axis, 

when the obstacle should be passed on the right. In domain 2, the two front corners 

are important; domain 3 is similar to domain 1 again. 
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Figure 2. This figure illustrates the various domains that have to be distinguished in the collision 

avoidance procedure. 

 

To obtain the appropriate limits on the curvature, we follow a simple procedure: 

we try to find the curvature for which the distance to the point on the vehicle from 

the center of curvature equals that of the appropriate point on the obstacle. E.g. for 

domains 1 and 2, we look for the curvature for which the front right corner of the 

vehicle just goes through the "leftmost" point of the obstacle. 

For the computation, we use a vehicle centered co-ordinate system, with its origin 

on the middle of the rear axis, and with the x-axis forward. 

Let the position of the obstacle be (xo, yo) in this co-ordinate system. For a given 

curvature c, the center of curvature will be at (0, c-1) = (0, r). Let us assume that we 

are interested in the front right corner of the vehicle, which is at (lf, -w). Now we 

can equate the squares of the distances of the two points to the center of curvature. 

The r2 terms will conveniently cancel out: 
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Let us now examine what happens for an obstacle in domain 2, extending from 

+yo to -yo, at x = xo. To pass it on the left, we should select a c > cl, where cl is given 

by (2); to pass it on the right, we should choose c < cr, with cr = -cl . From this we 

can see that the range of forbidden curvatures goes to zero as x
-2

o  . Even if we 

assume that the avoidance zone in y is proportional to xo, as is a convenient 

assumption for U.S. sensors, the effect of a distant obstacle on the path curvature 

readily becomes negligible. 

Figure 3 illustrates the the 1D curvature space with forbidden regions, 

corresponding to obstacles. cmax and cmin are the sharpest left and sharpest right 

turn possible; cdes is the commanded curvature from the trajectory controller, cact is 

the current curvature for the vehicle. csafe is the output of the curvature selection 

procedure. 
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Figure 3 An example of a 1-D curvature space, with forbidden regions (cross-hatched). 

 

The heuristics to determine csafe take into account whether the curvature was 

adjusted in the previous time step:  

If in the preceding time step cdes was not adjusted, find csafe on the boundary of 

the forbidden region nearest to cdes, but if a collision avoidance manoeuvre was 

made, find the one nearest to cact. 

Not using cdes, but cact to determine csafe if a previous adjustment was made, is 

necessary for the stability of the heuristic, when interacting with a trajectory 

controller. Otherwise, if the collision-avoidance module increases the curvature one 

time step, the trajectory controller can, by reducing cdes cause the collision-

avoidance module to try to avoid the obstacle on the other side, leading to a 

switching behaviour. 

The third component of the collision avoidance module is involved with choosing 

a safe driving speed. It tests the speed with which an obstacle approaches a safety-

zone around the vehicle, taking into account the path-curvature. When the 

commanded driving speed is to be too high to comfortably stop before the obstacle 

would enter the safety-zone, it is reduced. If an obstacle enters the safety-zone after 

all, a back-away option is available. 



7. Sensor modules 

7.1. The wall sensor 

The wall sensor is described extensively in another paper in this volume by  [5]. 

It makes use of Kalman filtering to fit straight lines through sequences of observed 

points observed by the sonar system of the vehicle. Its output can be used for 

various purposes. Currently, it is mainly used to provide wall data for the wall-

follower controller; in the near future it will also be used to provide updated maps of 

the environment and for pose recalibration, matching observed structures to 

structures in the static map. 

The wall sensor tends to 'iron' out small disturbances in the walls. Holes in the 

wall are neglected. Obstacles are neglected or, if they extend sufficiently into space, 

are taken as a new wall.  

7.2 Border line segment extractor 

In order to obtain an image of the environment quite an extensive number of 

ultrasonic measurements is required [3]. In opposite to the occupancy grid method 

that creates a raster image representation from all transducers the strategy chosen 

for the MARIE vehicle test beds is to generate line segments for every single 

transducer while the vehicle is moving and to leave data fusion to higher level 

modules. In an artificial scene the line segments will in most cases represent object 

surfaces or edges if some intelligent filtering is performed that excludes 

measurements which are likely to be erroneous, e. g. due to interferences between 

transducers, echoes from previous measurements, indirect reflections, etc. One 

strong criterion for a line segment is that its normal must not be tilted by an angle 

of more than half the FWHP angle with respect to the transducer's orientation as it 

can not be a direct echo otherwise. All line segments are specified by their start and 

end points and their associated tolerances and are classified either as line segments 

that are likely to represent surfaces or segments likely to be related to edges.  

The functionality of the border line segment extractor is similar to the wall 

sensor's. However, the interfaces of the modules are different: the wall sensor issues 

a line segment as soon as possible, in order to meet the requirements of wall 

following. Besides, it specifies segments in vehicle related co-ordinates, while the 

border line segment extractor provides world features immediately.  

7.3 Docking spot detector 

From the line segments issued by the line segment extractor the docking spot 

detector in a first step selects those of relevance for the search algorithm [3]. These 

line segments are arranged in a list sorted by the start point co-ordinate value. 

Each known generic docking spot model specifies a significant feature (e. g. 

prominent angle between two segments). This feature is searched for whenever the 

list of segments is modified. It serves as "crystallization point" around which the 

specific docking spot is then incrementally built using neighbouring lines in the list. 



Each time a line segment is incorporated the size of the tentative model is checked. 

If its dimensions are insufficient for docking, matching is aborted.  

This procedure is performed for all known docking spot models in parallel, until 

one of the models is completed. This model will finally be adapted - if necessary - to 

those line segments that had not been taken into account so far (e. g. segments 

representing object edges). After a last size check, a polygon is generated which 

specifies the adapted model. This polygon is furthermore used to calculate the 

docking posture which is then issued together with the spot model.  

7.4 Vision based logical sensors 

On basis of the image processing hardware mentioned before, a stereo vision 

system has been developed for the localization of 3D features of the vehicle's 

environment [3]. As features, straight line segments (e. g. object edges) are used. 

Their location is specified in vehicle related co-ordinates, therefore incremental 

values for the vehicle's position and orientation can be determined by tracking the 

features obtained from a series of stereo images. Extended Kalman filtering is 

applied for this purpose in software modules developed by Hitec. The system 

operates at a rate of approximately 2 Hz and can therefore be used for real-time 

control of the vehicle. 

8. Experiments 

Both at UvA and at Bosch a number of experiments have been performed. The 

experiments at Bosch focussed on docking in various environments, with and 

without obstacles, and using model-and sensor-based control techniques. The 

experiments at UvA focussed on testing the basic control system, comparing model-

based and sensor-based control and testing hybrid control using those control 

modes. 

8.1. Experiments at Bosch 

In the experiments at Bosch, the vehicle performs docking manoeuvres 

autonomously in an unknown artificial environment [6]. A purely model-based 

approach has been followed in a first series of experiments: the vehicle explores its 

neighbourhood with a set of high-resolution ultrasonic sensors, a geometric scene 

representation based on straight border line segments is created in real-time  and 

matched to known docking spot models and, if a spot is detected, a path suitable for 

docking is generated. For large spots a path with smooth curvature transitions is 

chosen, while docking in narrow spots is ensured by using paths with curvature 

discontinuities. Obstacles in the spot are taken into account by adapting the 

respective spot model.  



In order to cope with incomplete or imprecise models, sensor- based control 

techniques have been employed in a second set of experiments. These techniques 

allow the vehicle to perform local recovery procedures through reflexive behaviour. 

It can now drive around obstacles in the exploration phase when an environment 

model is not yet available, adjust its path during exploration by wall following in 

order to keep track of a candidate docking spot, and adjust its end position and 

orientation in the docking spot. 

 

 

 

Fig. 4  Automatic docking in rectangular-shaped spot with adjustment of exploration path and end 

posture 

 

Other experiments at Bosch have dealt with vision-based navigation, using the 

stereo vision system described before. It was demonstrated that a determination of 

the vehicle's position and orientation and control of its trajectory can be performed 

in real-time with visual information.  

8.2. Experiments at UvA 

In the experiments at UvA the execution of a parcel transportation task was used 

as a reference [7]. The environment which was used has dimensions of 11 * 7 

meters. Two docking spots are situated in this environment. They were used to dock 

the cart, re-calibrate the position or collect / deliver parcels.  

The aim of the first set of experiments was to test the basic control system 

without using the collision avoidance system. The basic control system was tested 

for accuracy and repeatability. Next the collision avoidance system was tested using 

both single- and multiple- obstacles. Again the accuracy of the basic control system 

was tested but now with obstacle avoidance enabled in several modes. 

Secondly the wall follower controller has been tested for performance. The 

influence of obstacles was again tested. In all cases the same obstacle avoidance 



system, as was described, was used. In case of the wall follower it was also tested if 

the obstacle avoidance system could also be used to assist in wall following. When 

the orientation of the wall changes the wall follower will react too late. Therefore 

the wall should be avoided, thus bringing the vehicle parallel with the new wall. 

Additionally experiments were performed which enabled us to re-calibrate the 

position of the cart at known places in  the environment. 

The results of the above mentioned experiments where used in a final 

experiment. Especially the switching between control modes to accomplish a given 

task were tested. To be able to do this a parcel transportation task (a series of drive 

commands, using different control modes) was supplied to the system. Besides the 

testing for switching between control modes we also tested the execution of the task 

with and without exceptions.  

9. Conclusions 

With the experiments, it has been demonstrated that the hardware and software 

systems developed in the MARIE project could successfully be integrated to give 

autonomy to robot vehicles in different applications with changing environments. 

The flexibility of the modular software structure approach has been proved by the 

integration of various types of logical sensors and control modules as well as by the 

combination of model-based and sensor-based control techniques. 

The implemented collision avoidance method is not anymore purely reactive, as it 

at several places retains a memory of its earlier state. It is also different from 

artificial force like schemes in that to a degree it is model based. 

The use of model-based and sensor-based control techniques enables us to 

execute our task without complete knowledge about the structure of the 

environment. We can use the environment and sensor based control to execute our 

task. By using known features in the environment and inaccurate knowledge about 

the position we are able to re-calibrate our position with sufficient intervals to make 

model-based control useful. 

Using data managers made it possible to monitor all modules which use the data 

managers. In a number of cases the status information has been used for on-line 

and off-line analysis. Graphics on a workstation were used to make the status 

information easier understandable.  

Using the set of available elementary operations is is rather straight forward to 

achieve different behaviours using elements out of this set. 
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