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Abstract The TELEDIMOS project addresses issues related to the design, development and demonstration of a real
time simulation system to support robotic telepresence platforms. We describe here two building blocks of the project:
a real-time simulation of the robot dynamics and a vision system able to accurately build an elevation map of the
robot environment.

1 Introduction

The purpose of the TELEDIMOS project is to address issues related to the design, development and demon-
stration of a real time simulation system to support the control of remotely operated robotics systems. The
applications we consider concern for example post-war civil buildings dismantling, nuclear plants decontam-
ination or demining ... . The considered robotic system is a large scale excavator. A demonstrator based
on this robotic system will be integrated in order to illustrate the results of this project. The design and
development of the whole control architecture will be considered in the project but is out of the scope of
this paper.

The simulation system will be integrated in an operational architecture, in order to support:

e the 3-dimension reconstruction of the remote site viewed from the robot,

e the specification and validation of the tasks to be accomplished by the robot,
e the prediction of the execution of the validated tasks, and finally,

e the monitoring and control of the tasks to be executed by the robot.

Usually, simulation in robotics is used for validation purpose before real operations. In our approach the
simulation environment is a central feature in the robot monitoring and control system, as an interactive
support for the operator from the specification of the tasks to their execution.

The required functionalities of such a system are: locomotion and manipulation capabilities, perception
of the surrounding environment, localization, communication capability with the master station. The sites
where the robot operates are partially known and the typical operations to be performed (navigation, posi-
tioning, cutting, digging ... ) are mostly unpredictable. In addition, the environment is dynamic since most
of these operations change it during execution. Thus we need updated perception of the robot surrounding
environment, continuous re-planning of the tasks to be executed, on-line validation and prediction of the
execution results, and monitoring and control of down-loaded operations.

The paper deals with the tasks devoted to Inria, i.e. real-time simulation of the machine and the envi-
ronment 3D reconstruction.
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2 Simulation-based Control

The operator will be able to specify the task he wants to be performed by the robot system (as, for
example, the excavator), to validate and check its results in simulation, and finally to request its execution.
However, the task will be communicated to the system using higher level commands, (such as end effector
motion / force coordinates) while a parallel simulation process on the robot system will translate these
commands to input data for individual joint operation. Both simulation models (on the robot as well as
on the Master Station) will be based on the robot kinematics and dynamics and will be fed with real
time machine state parameters such as joint positions, internal forces in actuators ... Finally, the robot
environment will be reconstructed by combining existing data (if available) on a digital elevation map, with
information collected locally by the robot perception subsystem and transmitted to the Master Station in
real time.

The main components of the simulator are (Figure 1):

e The numerical integration subsystem which takes as input the desired trajectory or end-point specified
by the operator, integrates the equations of the robot’s dynamic, computes the inverse-kinematic and
kinematic of the robot and produces the expected actual trajectory as output. This sub-system is
designed using the ORCCAD system ([5]) where the Physical-Resource component uses an efficient
numerical integrator instead of providing drivers to the real machine.

e The control panel which allows the operator to manage the simulator, e.g. to choose a particular
trajectory generator, duration of motion, to start or stop the simulation, to reset the simulation, to set
the excavator controller in manual mode ... , according to events defined in the simulation controller
specification. According to the ORCCAD approach this logical behavior is specified using the ESTEREL
synchronous language and can be verified using the associated Fc2TOOLS formal verification tool-set
(14)).

e A communication system which allows data communication between real-time tasks (the simulator and
the its controller), interactive tasks (the control panel) and the 3D-Viewer developed in the project.
Interactive control of this subsystem will be done through a graphical panel sketched in Figure 3.

2.1 Design of the Simulator

Trajectory generation The joint space trajectory generator component basically implements the follow-
ing algorithm:

e Computing the desired sampled pose according to a timing law: Xg4[i] = X;[i] + r(X; — X;)[4] with
7 being a 3 or 5 degree polynomial of time to give a constant velocity or acceleration time profile.
Trajectory generation passing through intermediate via-points will be added;

e Computing set points in joint space according to the system’s kinematics. The current implementation
allows for joint limits avoidance according to [10]:

dg = JYdX + (I, — JTI)Vé

where dg and dX are the position increments in joint and operational spaces, J is the Jacobian matrix
of the system (defined by X = Jg), JT is the pseudo-inverse of J, « is a negative weight and ¢ is a
scalar function to be minimized. In the current prototype ¢ is choosen to find trajectories away from
joint limits:
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Finally, rather than computing an explicit inverse of the geometric model we simply compute the suite of
positions in joint space by g4, = ¢4, , + dg.
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Figure 1: Functional decomposition of the simulator

Numerical integration The integrator uses a variable step, variable number of steps algorithm to improve
simulation speed and avoid possible numerical unstability. For a given integration accuracy the simulation
speed relies upon the fastest time constant of the model and the simulation speed cannot be guaranteed to
be real-time.

The Isoda package we have elected [1] for the Teledimos simulator uses two integration methods: an
explicit Adams method is used at starting time and when the system is considered to be non-stiff. The
software automatically switches to an implicit (Backward Differentiation Formulae) when an on-line test
estimates that the system becomes stiff and thus that the implicit integration method becomes faster than
the explicit one (and switches back conversely).

The only way to provide a predictable simulation time would be using a fixed step, implicit method
integrator providing unconditional stability [3, 11]. In that case the integration step should be set at a value
small enough to insure the required accuracy all along the system’s trajectory. The variable step method
speeds up the integration by increasing the step when possible, e.g when the system exhibits slow transients.
Finally the explicit method is chosen when it is faster than the implicit method. Therefore, we can consider
that this software implements a method which is always faster than the potentially predictable fixed step
implicit method, and that this choice consists in the best effort to run the simulation as fast as possible
given a required accuracy.

The equations of the kinematic and dynamic models of the system are automatically generated using
ROBOTDYN, a symbolic equations generator for robots with a free reference [9].

Simulation logical behaviour The behavioural part rhythms the logical evolution of the simulator; it
receives input events from the simulator environment (control panel, other TELEDIMOS supervision system
components, ...) and reacts to them by emiting output events.

The input events allow to start (and parameterize) the simulation of a robotic task, to pause/resume or
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Figure 2: Design of the simulator

abort it and to indicate various types of exceptions (joint limits, ... ).

The output events transmit to the simulator environment significant situations such as the good end of
the simulation or a singularity crossing.

Input/output events constitute the external view of the simulator and are used to interface it with the
other components of the system. The simulator behaviour is specified using the ESTEREL language (Figure
3).

After receiving the StartSim the application begins with an initialization phase, e.g. checking that all
necessary sockets are open and reading the initial value of parameters. In normal operation the simulation
run upto completion, i.e. reaching the specified duration.

In case of failure, e.g. because the desired pose of the end-effector is out of range, the simulation stops and
waits for the operator to change the simulation parameters and launch a new simulation by typing a Reinit
order through the control panel. After finding a successful trajectory the operator can stop the simulation
by typing a UserStop order. In a future, more complete application, the same kind of controller will be used
to schedule the phases of the full system operation including system preparation, simulation, downloading
and executing trajectories on the real machine, monitoring ...

Currently the parameters which can be set through the control panel are the duration of the simulation
and of the trajectory, the kind of velocity profile and the value of the desired pose.

Experiments The simulator is specified using the GUI depicted by Figure 2 from which the executable
code is generated using the standard run-time code generator of ORCCAD. Experiments has been performed
on a PC running Linux! on a Pentium IT 334 MHz. (The software also works with Sun/Solaris 5.6).

The sampling period has been set to 50 msec (a larger period can lead to control unstability). Results
can be viewed using a 2D plotter (see samples in Figures 4 and 5). The final steady-state error is mainly
due to the uncontrolled motion of the vehicule suspension

!Using a standard Linux system the clock resolution in bounded by 10 msec. Using more accurate clocks needs running in
superuser mode or using a real-time operating system like RTLinux.
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Figure 3: Simulation behaviour specification and associated control panel

With then given parameters the simulation speed easily fits the real-time constraint, using about 10% of
the CPU computing power. However, the simulation speed is very sensitive to:

e the complexity of the robot dynamic model,e.g. computing the centrifugal and Coriolis forces is very
costly and should be avoided when their effect is negligible,
e the fastest time constants of the system which control the value of the integration step. In particular,

increasing the value of the control gains is paid by increased computing power consumption and can
lead to a runtime overrun.

In any case it cannot be guaranteed that the simulation will fit the real-time constraint. Missing a temporal
dead-line exits the system.

Changing the values of the negative a has few effect on the generated trajectory, probably because we
have only one redundant degree of freedom. An important improvement for trajectory generation will be

adding intermediate way-points. Speed limits should also be added and the parameters of the real excavator
must be identified to make the simulator predictive enough.

3 Stereo Imaging Head

A stereo vision imaging head will be used to provide the necessary information to reconstruct the 3D
elevation map of the excavator working environment. The building of the map is based on reliable and semi-
automatic procedures. It requires tools and methods especially to gather images, to calibrate the individual
cameras, to calibrate the stereo pair and to build particular 3D points.



Figure 5: desired and actual positions of the 1st and 3rd joints

The next three subsections decribe tools and methods which have been implemented through a single
Java clicking interface.

3.1 Acquisition of images

The calibration of the stereo pair and the building of the 3D map are computed from pictures gathered by
both cameras. In order to fix the desired scene and to bring the cameras into focus, the images gathered by
the camera need to be viewed by the user. The following basic facilities have been primarily implemented:
gathering periodically images(around ten per seconds), freezing a single image and storing it on disk, opening
an already stored image in pgm format.

The hardware in use consists in a pair of Sony cameras with 8mm/f1.4 lenses. The processor is a 600
MHz PC running Linux, with at least 256 Mo of RAM. A color frame grabber with a DMA access to the
processor is required. The expected 3D reconstruction accurracy is about 1 cm at a 3 meters distance (which
is the lenght of the robot arm).



3.2 Calibration of a camera

The method we use to calibrate the stereo pair requires the calibration of each camera. The calibration
of a single camera consists in the estimation of its perspective matrix P used to map the 3D coordinates of
a point in space onto the coordinates of its image (Figure 6). If M(X,Y,Z) is a 3D space point and m(u,v)
its image, we have the formula:
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Figure 6: Perspective projection and epipolar geometry

The perspective matrix P expresses both the internal parameters of the camera and the camera position
and orientation relative to its environment.

The off-line calibration of an individual camera is a semi-automatic process and uses a special-purpose,
known object, to improve the calibration accuracy (Figure 7).
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Figure 7: Semi-automatic calibration process

The following processes are performed through a graphical interface:



e The image of a circular white mark being modeled, the center of each mark is detected in three steps.
An approximative position of the center of each mark is first computed. This position is obtained after
transformation of the initial image into a binary signal and taking as center the center of gravity of
the values [13].

The second step more accurately estimates the centers by approximating the parameters of the model
for each mark. Finally, some wrong detection are discarded by assuming the marks lie on planes [6].

e A recursive algorithm allows the user to define a correspondence between the centers of numbered
marks on a reference image and the extracted centers on his own picture. The algorithm takes as
input a maximum of nine “clicks”.

e From the previous correspondence, the method of Faugeras-Toscani [8] is performed in order to com-
pute the entries of the perspective matrix.

3.3 Calibration of the stereo pair

Calibrating the stereo system consists in computing the perspective matrices of each camera and to
compute the epipolar geometry, i.e. to compute the fundamental matrix which characterize the intrinsic
parameters of the cameras pair. To understand the use of the epipolar geometry, let us consider a space
point M and its two images m and m’. From m and the epipolar geometry, we can compute the epipolar
line associated to m. We know that m’ necessarily belongs to the epipolar line.

The perspective matrices are used as data input in the triangulation performed during the 3D reconstruc-
tion. The knowledge of the epipolar geometry is used in the automation of the 3D building.

3.4 3D reconstruction

The 3D reconstruction aims to semi-automatically compute the coordinates of some 3D points. More
precisely, from the two images we can reconstruct interest points (i.e. points for which the signal changes
two-dimensionally) using the perspective matrices of the cameras and the epipolar geometry of the pair.
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Figure 8: Semi-automatic matching

e Given a pair of image provided by the stereo system, the user selects a point of interest in the left image.
An algorithm based on the ZNCC (zero-mean normalized cross-correlation) computes candidates in the
right image according to the epipolar geometry. The ZNCCy(ij, lm) measure for a (2k +1) x (2k+1)
windows centered at pixels (i,j) and (L,m) is:
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where /;; is the luminancy of pixel (i,j) and [;; = m > —k<da dy<klitdz,j+dy)-
The user chooses in the right image the candidate on the highlighted epipolar line corresponding to
the point selected in the left image (Figure 8).

e To help the user in the selection of an interest point, an improved version of the Harris detector has been
implemented [12]. Then, the user selects only points which have a high rate of repeatability under the
following different transformation: image rotation, scale change, illumination and viewpoint change.
It must be point out that in structured environments made of polyhedric objects many interest points
can be automatically found and matched thus decreasing the burden of the operator and increasing
the quality of matching despite e.g. variable illumination conditions (all green spots in Figure 9 has
been automatically recognized as interest points).
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e For the triangulation, i.e. the estimation of the 3D point associated to a pair of matched points,
the polynomial method given in [7] is performed. The perspective matrices being exactly known and
assuming a Gaussian error distribution for the pairs of matched points, the method gives optimal
results.

4 Work in progress : connecting 3D vision and simulation

In a structured environment, with simple polyhedric objects like straight lines and plans, it will be possible
to build an elevation map using a coarse matching (a few tens of 3D points) and then applying the Delaunay
triangulation.

Once the digital elevation map is provided it is easy to check that the motions of the simulated arm are
collision-free with the reconstructed 3D environment. However, connecting these two subsystems requires



that all coordinates, i.e. those of the arm joints and those of 3D points, be expressed in a common frame
linked to the vehicule body. Once again the location of the camera pair relatively to the vehicule must be
calibrated. According to the location of the camera on the vehicule it is expected that parts of the arm, e.g.

the

gripper, will be in the view field of the stereo vision system. Thus, this task can be processed through

([2]):

e selection of at least 6 points on the arm link to define a frame;
o identification of this frame in the stereo system to compute the camera-to-arm transformation;
e using the arm kinematics to compute the camera-to-vehicle invariant transformation.
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