In Proceedings of the 8th ESA Workshop on Advanced Space Technologies for Robotics and Automation
'ASTRA 2004' ESTEC, Noordwijk, The Netherlands, November 2 - 4, 2004

A-DREAMS: An Advanced Ground Control Station for Teleoperation and Telemanipulation
Frederic DIDOT(1), Konstantinos KAPELLOS(2), Andre SCHIELE(3)
(1)

European Space Agency (ESA)
ESTEC, Postbus 299, 2200AG Noordwijk,
The Netherlands
Email:Frederic.didot@esa.int
(2)

TRASYS s.a.
Avenue Ariane 7, B-1200 Bruxelles,
Belgium
Email: Konstantinos.Kapellos@trasys.be
(3)

European Space Agency (ESA)
ESTEC, Postbus 299, 2200AG Noordwijk,
The Netherlands
Email: Andre.Schiele@esa.int
INTRODUCTION
Due to high cost of sending Humans into space, the application of robotics systems is considered an attractive
alternative and/or a complement for the future space missions. During the last 15 years, great effort from ESA has been
devoted to the area of space robotics. Concepts, methods and tools have been developed to cover all the areas related to
the high level robot programming and high level interaction with space robotics activities. The DREAMS system
integrates these results into a Ground Control Station and provides the operator the possibility to Teleoperate robots at a
remote site, i.e. to request the on-board execution of operations while supervising their evolution.
While the high level robot programming and supervision concept is perfectly adequate to perform space robotic
activities in a well structured environment, in case of severe anomalies a lower level of interaction with the robot is
required when either: a) The anomaly requires a quick intervention preventing to go back to the pre-preparation phase.
b) A repair activity is required on a complex infrastructure, not necessarily well structured and known as for example in
the case of the Eurobot or geo-servicing like operations.
Therefore, the DREAMS system is extended to support the Telemanipulation operational mode resulting on the
Advanced DREAMS (A-DREAMS) system. Following this mode, the operator extends his manipulation and sensing
capability to a remote location using a master device that remotely controls a slave robot located at the operations site.
In addition, when operating in a structured environment, that is partially known and evolves independently or because
of the robot actions, the possibility to reconstruct in 3-dimensions the real world is mandatory for the safe and
successful completion of the operations. This need is covered by a Perception s/s that is developed and integrated into
A-DREAMS.
This paper is structured as follows: we firstly present a synthetic view of the A-DREAMS system and then we focus on
the main enhancements wrt DREAMS that include the integration of the dynamic simulation, the telemanipulation and
the perception functionality.
A-DREAMS: A SYNTHETIC VIEW
In order to prepare future Automation and Robotics missions in space, the DREAMS (Distributed Robotics &
Automation Environment for Advanced Missions Specification and Supervision) ([2]) Ground Control Station has been
developed. Its main objective is to provide an end-to-end system for specification, validation, monitoring and control of
space robotics applications covering payload tending and large system servicing.
The DREAMS system is now the basis of new developments that add new advanced functionality such as
telemanipulation and visual perception. The resulting system is called A-DREAMS (Advanced DREAMS). Other
functionality as connection with high level task planning tools and use of formal methods for tasks specification and
formal verification are also under development but are not considered in this document.
The main Robot Monitoring and Control technologies that are considered in A-DREAMS are the following:
Off-line programming. Following this programming methodology all the positions that the robot must reach during the
experiment execution are fixed and defined a priori. This methodology is mainly used when the robot environment is
structured and known. Dedicated and very efficient robotics CAD tools are used to support off-line programming.
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Calibration technology. Necessary conditions to succeed the experiments specified using off-line programming
technology are first, the availability of a robot with a very predictable cartesian and dynamic behavior, and second, an
accurate knowledge of the working environment position. Therefore, it is necessary to improve the absolute positioning
accuracy of the robot with respect to its working environment, and to identify the real position of the environment with
respect to the robot. This can be achieved using advanced calibration techniques ([5].
H/W in the loop simulation. High-level kinematics simulation of an abstraction of the executed robotic programs is
insufficient for complex robotic operations and gives little confidence about the validity of the simulation results. The
use of an emulator that has, as far as possible, the same behavior with the real controller ensures that during operations
the validated tasks will be successfully executed. This includes the possibility to accurately simulate the dynamics of
the interactions between the robot and the environment and to couple it with the emulator.
Interactive Autonomy operational mode. It includes two aspects:
a) Autonomy: The nominal task of the robot is pre-programmed and its safe execution (e.g. against collision) is
verified on-ground. Once the task has been validated a robot task file is produced and uploaded to the robot
controller for later execution. The robot task file is a high level description of the activities that the robot must
perform. Low level control (i.e. automatic control feedback) is considered to be provided by the robot
controller.
b) Interactivity: In case of anomalies or divergence between the expected experiment results and the actual ones,
the possibility exists for an operator to interact with the executed process. Those interactions provide the
necessary flexibility for handling anomalies. These interactions are performed at task or action level making
use of pre-programmed recovery sequences. Once the anomaly is solved, the operator may resume the nominal
experiment plan.
Telemanipulation operational mode. It extends the manipulation and sensing capability of the operator to a remote
location using a master device that remotely controls a slave robot located at the operations site. In particular, in case of
severe anomalies a lower level of interaction with the robot is required. During Telemanipulation operations gesture
aids are provided to the operator for active collision avoidance or specific trajectory tracking.
Vision Based technologies. In the case that the environment is structured but not well known a 3d-dimentional
reconstruction allows to update the 3D models and to perform the operations with the required precision. 3D
reconstruction is based on images acquired by an Imaging Head attached to the robot.
Remote and Distributed control. The need to control from earth a robot in the space imposes the remote control.
Moreover, in order to offer the possibility to various types of users, either experimented in robotics or scientists with no
knowledge in the field, to run experiment by their home-bases, a distributed control is necessary.
Integrated user friendly environment. Presently, all the previous items are considered in the robotics community
separately. Their integration into a coherent, user friendly environment that guides the operator from the specification of
the robotics operations to their validation and execution is one of the main achievements of the A-DREAMS system.
While DREAMS was a complete new development in the context of the JET project ([3]) its design and construction
rely on important existing ESA studies and developments. SPARCO and CESAR ([4]) projects constitute the basis of
the controller programs and the emulator, JERICO project constituted a solid experience about the functionality and the
architecture design of DREAMS, and ROCAT project ([5]) provided the basis of the calibrations s/s. Telemanipulation,
Dynamic Simulation and Vision Based technologies are developed in the context of the on-going TELEMAN project.
Thanks to the VIABLE mission ([1]), successfully accomplished by TRASYS Space, a big experience was acquired on
the utilization/development of ground robot control station, the use of the off-line programming methodology and tools,
validation of the robotics activities, monitoring needs and operations procedures.
Finally, thanks to the EUROPA project ([6]), DREAMS has been extended to monitor and control not only the robotic
part but the complete robotised facility at system level integrating SCOS-2000.
DREAMS has been developed using state of the art development tools and languages (e.g. JAVA object oriented
language, PDL2 robotic language guaranteeing its generic use, its smooth evolution and its easy extensibility.
DREAMS has been transferred and installed at ESTEC premises in November 2000. Experiments have been conducted
on the optical bench facility of CAT. Initially, robot and environment calibration has been performed and introduced in
the system. Then, tasks such as open/close drawer, actuate curtain, remove/install in a sample have been prepared,
validated by simulation and executed. The whole system has been demonstrated during the ASTRA 2000 conference.
Remote operations have been conducted at June 2001 from users’ home base validating the distributed capabilities of
the system. A robotics expert operator, located at TRASYS premises, conducted experiments on CAT at ESTEC
premises. During the iSAIRAS 2001 conference, remote operations demonstrations have been performed. Robotic
experiments on the CAT facility at ESTEC were controlled from the iSAIRAS exhibition hall in Canada.
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DREAMS has been selected as the Ground Control Station of the EUROPA mission, an ESA/ASI cooperation, and
successfully passed all the review phases until the EUROPA project is hold providing so a mature product from the
design, implementation and testing points of view.

Fig. 1. The central RMC of the DREAMS system functioning at ESTEC premises
A-DREAMS Structure
A-DREAMS is a Distributed Robotics and automation Environment for Advanced Mission Specifications and
Supervision. It integrates the following main s/s (see Figure 2):
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Fig. 2. A-DREAMS sub-systems
The Pre-Preparation s/s allows the adaptation of the A-DREAMS system to a new robot facility. It supports the
installation/adaptation of the needed s/w, the development of models of the robotic system including 3D, kinematics
and dynamics aspects, the specification and simulation of robotic control laws, the analysis of the operations to be
performed, and finally, the enhancement of the on-board robot controller with tasks implementing the required
operations.
The Calibration s/s includes the necessary s/w and h/w that allows robot and environment calibration. The robot
calibration aims to improve the accuracy of the robot absolute positioning, while the environment calibration aims to
determine the position of work-pieces of the environment with respect the robot base frame. On-ground and in-orbit
calibration procedures are provided. The calibration results are integrated in the workcell modeling environment
through dedicated MMI’s.
The Preparation & Verification s/s provides the necessary s/w and h/w environment to specify and verify all the robot
facility activities. The specification is done in a structured and hierarchical way through dedicated MMI’s. New
actions/tasks can be created and added in the library of the already defined activities. The controller programs are
produced through automatic code generation. For verification purposes an emulator of the real target controller is
integrated. It is linked with the workcell modelling environment in which exteroceptive sensors are modelled and
interact with the emulated programs.
The Robot Monitoring & Command s/s includes the necessary s/w and h/w environment to execute and monitor a
complete activity plan following the Interactive Autonomy execution mode. From the control point of view this s/s
supports the start-parameterise/pause/resume/abort of activities. For the monitoring purposes, the status of the activities
is provided as well as the available telemetry. Camera snapshots and/or live video are displayed to enhance the users’
perception of the robotic cell during operations. The operator can handle contingency situations using a set of
predefined low level commands that allow to put back the system in an operational state as soon as possible.
The Telemanipulation s/s consists of a Haptic Device, the master/slave robot control including the constraints
computation and the virtual 3D representation of the robot with its environment and the computation of their
interactions. The haptic device is a h/w mechanical system that creates a bi-directional information flow between the
human operator and the real/virtual world. The master/slave robot control consists of the s/w that allows first, to
reproduce movements of the haptic device (master) on the slave robot, and second, to provide the haptic device with
feedback of the interaction between the slave robot and its environment. In addition, movement constraints are
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computed and are taken into account by the haptic device control loop: safety constraints, limiting the movement of the
slave robot into safe areas, and robot guidance constraints, helping the operator to move according to predefined
geometrical paths.
The Perception s/s consists of an Imaging Head that is a mechanical device with two fixed cameras, the Calibration
component that allows single camera and Imaging Head calibrartion, the triangulation component that allows to
compute the x, y, z coordinates of a particular point in the view of the two calibrated cameras. This is at the basis of the
DEM construction component that allows to compute the 3D coordinates of a set of points of an area viewed by the two
cameras and therefore to provide a 3D model of this area. Finally, this model is integrated in the world model to give
further information on the robots environment.
The Facility Monitoring & Command s/s provides the operator the means to follow the evolution of the critical
telemetry of the mission, to be alerted in time when telemetry exceeds predefined limits and to be informed about the
detected dysfunction. In this case, context dependant information and procedures that could/should be applied to solve
the problem are proposed to the operator. A predefined set of system level tele-commands can be send to the O/B
segment (robot and payloads) for reconfiguration and contingency handling situations.
Payload Monitoring & Command s/s: provides the necessary s/w and h/w environment for a scientist, in his user home
base, to request for execution and to monitor pre-defined activities on the allowed payload. The command request is
submitted to the central Robot Monitoring and Command s/s for execution. The monitoring is done using high level
graphic simulation based on telemetry data and images of the video down link.
A-DREAMS Control Stations
The considered sub-systems are regrouped in three categories of control stations in order to propose at users with
different background the adequate environment to prepare and to execute calibration, robotic and scientific activities insite or remotely.
The central Robot Monitoring & Command Station (cRMC) provides the Preparation & Verifications s/s, the O/G
Data Handling component, the Facility and Robot Monitoring & Command s/s, the Telemanipulation s/s, the Perception
s/s and the Calibration s/s. Its main characteristic is that it is the only control station that has direct access to the flight
segment and the on-board controller. Its operator is the only responsible to apply calibration procedures and to handle
contingency situations. The central RMC is unique, it is situated in the Facility Responsible Centre and his operator is a
robotics and operations expert. In case that a A&R Ground Reference Model is available (e.g. EUROPA mission) it is
handled by the central RMC station.
The remote Robot Monitoring & Command Station, as the cRMC Station, provides the Preparation & Verifications
s/s and the Robot Monitoring & Command s/s. But, during operations it does not directly address the on-board
controller, using for that functionality of the central RMC Station. The remote RMC operator is a robotics expert
located at his home base.
The Payload Monitoring & Command Stations provide the Payload Monitoring & Command s/s. During operations
they address the on-board controller through the central RMC Station. The PMC Stations operators are scientific that
are located at their home bases and control experiments
WORKCELL MODELING AND COMPUTING
A major enhancement of A-DREAMS with respect to DREAMS is its capability to simulate the dynamics of the
interactions between the robot and its environment and to couple it with the target ARE providing so a more accurate
simulation and validation of robotic Actions and Tasks as well as training for telemanipulated operations. The
integration of this functionality into an operational and user-friendly environment is achieved by the design of the
Workcell Modeling and Computing (W-MC) component that integrates a set of functionality ranging from off-line 3D,
kinematics and dynamics modeling to on-line dynamic simulation, (re)synchronization, on-line configuration and 3D
animation. From a s/w engineering point of view the W-MC component uses the 3DRM package ([4]) in place of
ROBCAD commercial tool improving so the cost-effectiveness of the whole system and its portability.
The following functionality is provided by the W-MC component (see Figure 3):
-

The Workcell 3D Modeling and Animation (W-3DMA) function provides all needed for the robot and
environment 3D modeling and animation and the specification of related entities (poses, locations, etc). This
function is covered by the 3DRM package and it is not further detailed.

-

The Workcell Robot Kinematics/Dynamics Modeling and Computing (W-RobKinDynMC) function provides
all needed for the robot kinematics and dynamic modeling and the computing of these models. This function is
covered by the 3DRM and the DCAP ([7]) tools and it is not further detailed.

-

The Workcell Environment Dynamics Modeling and Computing (W-EnvDynMC) function that provides all
needed for the environment dynamic modeling and the computing of the interactions between robot and the
environment. Collisions and forces generated by virtual constraints are also computed here. The W-
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EnvDynMC is also responsible to provide the ARE with the initial robot position and exteroceptive sensor data
(Force/Torque, distance and tactile sensors). During simulation, this function allows the animation of the
simulated robot and environment using the W-3DMA function. This function is further presented later in this
paragraph.
-

The Workcell Models Data Base (W-MDB) function provides information related to the modeled robot and
environment. It consists of information about characteristics of the workcell facilities and subjects used for the
generation of the A&R Controller Data Base.

-

The Workcell Models Synchronization (W-MSYN) function provides the means to facilitate the placement of a
well defined set of components of a cell at particular positions in the cell. These components are mainly the
subjects that are manipulated by the robot (drawer, pegs, etc) and the positions correspond to the open position,
close position, attached in the gripper position, etc.
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Fig. 3. Data Flow of the Workcell Modeling and Computing component
We focus now on the W-EnvDynMC function implements the following functionality:
- Modeling of the robot environment and in particular the items that are manipulated by the robot end-effector and
therefore are characterized by geometrical and dynamic properties including mass, inertia, friction, bouncyness and
softness.
- Computing the forces/torques that are applied to the robot end effector because of the interaction of the robot with
the manipulated items.
- Exchanging the computed information with the ARE:
o To receive from the ARE the robot joint values and to use them to update the position of the simulated
robot and the simulated environment.
o To receive from the ARE commands related to the gripper and to update the position (open, close,…) of
the gripper of the simulated robot. It computes the interaction of the end effector with the grapple of
fixture of the mechanisms and attaches the end effector to the mechanism in case of grasping. Grasping
situation appears when a) both jaws of the end-effector are in contact with an object b) the cross product of
each contact normal with the corresponding jaw normal is equal or close to zero c) The total force on each
jaw from the contact joints exceeds a maximum value and finally the total torque applied to the object is
less than a minimum value. Figure 4 (a,b) illustrates the contact points and the forces generated during
grasping.
o To compute the gripper status and to send it back to the ARE.
o To send the computed forces/torques that are applied to the robot end effector back to the ARE (see Figure
4 (c)).
o Apply on-line configuration requests e.g. change the dynamic parameters of an object.
o Apply synchronization requests to reset the position of a set of predefined objects.
The dynamic response is computed function of the type of the mechanism:
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-

-

-

For a sliding/hinging mechanism: the sliding/hinging mechanism consists of a ‘base’ and a ‘gof’ (ode
geometries) glued together to form an element of type edsElement. Dynamic properties of the sliding
mechanism (mass, inertia matrix) are user defined. A slider/hinge joint is defined along the sliding/hinging
mechanism open/close direction with a low and high stop, bouncyness and softness of the stops are user
defined parameters, friction is simulated using the slider/hinge’s motor.
For an actuated mechanism: the actuated mechanism consists of a ‘base’ and a ‘gof’ (ode geometries) glued
together to form an element. Dynamic properties of the hinging mechanism (mass, inertia matrix) are user
defined. A slider joint is defined along the mechanism open/close direction. Spring and damper are simulated
using ode’s “ERP” and “CFM” parameters.
For an inserting mechanism: the inserting mechanism is composed of a ‘peg’ and a ‘hole’ (a composed ‘ode’
static geometries. Properties of the ‘peg’ (mass, inertia matrix) are user defined. Friction, bouncyness and
softness at the contact points between the ‘peg’ and the ‘hole’ are user defined.

Fig. 4. (a),(b) Grasping procedure (c) Forces generated while sliding
TELEMANIPULATION S/S
The TELEMAN s/s implements a bi-lateral telemanipulation control. It mainly consists of:
- A desktop haptic device, with the associated API, that implements the functionality of tracking the movements of
the user and conveying tactile sensations to the user through force feedback.
- The TELEMAN component that implements the following functions:
- The Master and the Slave Robot control function that computes the set-points (TCs) to be sent to the slave and
the master robot controllers to implement a bi-lateral telemanipulation control. User defined gesture aids and
virtual constraints are also considered.
- The Slave Robot I/F and the Master Robot I/F functions implement the interfaces of the Master and the Slave
Robot control functions with the targeted master and slave robot controllers to exchange the necessary TM/TC.
- The Gesture Aids computation is used as an additional input to the Slave Robot control function to guide the
operator to apply to the slave robot specific movements.
- The Configuration & Display function that provides the operator the means a) to set telemanipulation configuration
parameters some of them updated on-line and b) to visualise on-line telemanipulation dedicated critical TM.
The design of the TELEMAN s/s is modular to allow its enhancement for the integration of other types of haptic
devices and control algorithms. This is achieved by the separate development and deployment of the Real-Time
Executive and the Telemanipulation Task and Action. In this way, the integration of a new master and/or slave robot or
of a new algorithm is limited to the design of a new Action.
The Master/Slave Robot Control functions
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The Master Robot control function aims computing
the TC set-points to be sent to the master robot to
provide force feedback to the operator. The setpoints computation is based on the TM issued by
the slave robot and in particular the force/torque
measured on the robot end effector (in case the
robot is in contact), the virtual forces/torques
computed by the W-MC component (in free
motion) and the upscale/downscale gains.
The virtual constraints, configurable by the
operator, generate forces that applied to the master
robot aim to prevent the operator to drive the slave
robot to directions that violate some constraints.
The considered constraints are:
- Keeping away from real and/or virtual

-

Avoiding joint limits.
Avoiding singular positions.

The Master Robot Control function exchanges the following information with the other functions:
- Provides the Master Robot I/F function with the set-points to be sent to the master robot.
- Acquires from the Slave Robot I/F function the slave robot TM.
- Acquires from the Master Robot I/F function the slave robot TM.
- Acquires from the W-MC component the generated virtual forces.
The Slave Robot Control function aims computing the TC set-points to be sent to the slave robot. The set-points
computation is based on the TM issued by the master robot, the gesture aids computed by the Gesture Aids function and
the upscale/downscale gains.
The Gesture Aids function, following the operator’s configuration, modifies the set-points to be applied to the slave
robot to constraint the profile of the trajectory followed by the slave robot. The considered constraints are:
- Follow a given direction on a user defined axis.
- Move on a plane specified by two user defined axes.
- Move on a circle specified by a plane and the radius of the circle.
The Slave Robot control function exchanges the following information with the other functions:
- Provides the Slave Robot I/F function with the set-points to be sent to the Slave Robot
- Acquires from the Slave Robot I/F function the Slave Robot TM.
- Acquires from the Master Robot I/F function the Master Robot TM.
PERCEPTION S/S
When operating in a structured environment, that is partially known and in addition evolves independently or because
of the robot actions, the possibility to reconstruct in 3-dimensions the real world is mandatory for the safe and
successful completion of the operations. The Perception s/s consists of an Imaging Head (pair of cameras) and a
dedicated s/w for the construction of a 3D-elevation map based on a pair of images.
The aspects to be considered here are related to the Image Acquisition, the camera and the Imaging Head calibration,
triangulation and registration methods, and finally, 3D elevation map computation and rendering.
Image Acquisition
The Image Acquisition component provides all other Perception s/s components with images issued by the Imaging
Head and can set different parameters of the cameras. In particular, the cameras mounted on the Imaging Head are of
the type KODAKDC-4800. These cameras implement the standard PTP protocol. Using this protocol, the computer
they are connected to can control many properties of the cameras, take pictures and acquire them from the cameras.
Calibration Component
The Calibration component uses a calibration object, visible in the images, to
calibrate the cameras of the Imaging Head. If the calibration object is visible in both
images at the same time, the two cameras can be calibrated with respect to each other.
This is necessary in order to generate 3D information from matching points between
the images.
If the operator wants to calibrate the cameras of the Imaging Head, he needs to load
the image of the calibration object, taken by both left and right camera. The operator
then executes an algorithm and calibrates both cameras. If both cameras are
calibrated with respect to the same calibration object in the same place (i.e. both
images were taken at the same time), then the stereo head is completely calibrated.
The Calibration component can show both visual and numerical results of the
calibration.
Registration Component
The function of the Registration component is to compute the transformation that must be applied to the 3D
reconstructions from images of the Imaging Head to bring these reconstructions in the Teleman World frame. In
particular, the Perception s/s is used to create 3D reconstructions that can be used by the rest of the Teleman system. All
3D reconstructions that are created from imagery taken by the Stereo Head are located in the coordinate system that was
computed by the Calibration component. In practice the reconstructions must be known in the Teleman world
coordinate system in order to be useful. The Registration Component is in charge of computing the transformation
between the Stereo Head frame and the Teleman world frame.
Triangulation Component
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The Triangulation Component allows for the operator to select points, lines and planes to be reconstructed in 3D by
indicating them in both images of a calibrated stereo
pair. In particular, during operation of the Teleman
system, the operator might desire a quick check of
the coordinates of a 3D point, line or plane. The
triangulation component allows for the operator to
select the items (s)he want to know the coordinates
of and returns the result. The different operations
provided by the Triangulation component are:
• Indicate points on both images of a stereo pair,
computing the 3D coordinates of them
• Computation of the distance between two
points.
• Computation of a plane by indicating three or
more points.
Digital Elevation Map Component
The DEM component is a semi-automatic tool to generate 3D point clouds of the environment, seen by a stereo image.
It has two different kinds of operation, one using separate features to be matched in both images and the other trying to
find correspondences for all pixels in a region. These two modes of operation are described in the following two
paragraphs.
Feature Based Matching
Not all pixels in an image of a stereo pair that looks at a scene are equally suited to match in the other image. This is
especially true in man-made environments with large homogeneous areas. All pixels in these areas resemble other
pixels, so it is very difficult to find the exact corresponding pixel in the other image.
That is why a first mode of operation aims at matching only those pixels in the image that are distinguishable from the
others. A first step in this process is the detection of these features in both images. A corner detector is used for this. A
second step consists of matching these corners in both images. Since we know the calibration between the cameras,
matches must only be searched along corresponding epipolar lines.
Dense Matching
For scenes with few homogeneous areas, where pixels in the images can be clearly discerned, an automatic dense
matching algorithm is provided. This algorithm seeks for every pixel in one image a matching pixel in the other image.
Since the cameras are calibrated, some constraints can be taken into account to speed up the process and remove some
false matches. Among these constraints are the epipolar, the ordering, the uniqueness and the disparity constraints.
A dynamic programming algorithm searches for the best path, taking into account the constraints mentioned above.
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