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Introduction

Most manipulation tasks involving the use of an end e ector coupled to a robot
arm, require, as a basic skill, the ability to reach a point in space. For example
most of the tasks proposed by the organizers of this workshop (such as inserting, catching, digging, unlocking a door, feeding someone with a spoon and
others), require, as a part of the overall task, to bring the end e ector close to
some point in space. This observation becomes even more important considering that, during the approaching phase, vision is the only sensory information
usable to adapt the system to changes in environment conditions. The simplest
possible example is that of \reaching" a target which moves unpredictably in
the environment.
Many solutions have been presented in the literature to solve this problem
even in complex, dynamic situations [1, 2]. Almost all systems, however, are
bounded by the use of quantitative geometric measures relying, one way or
the other, on the knowledge of some calibration parameters. Even if in many
practical situations this is not really a constraint, the exibility of the resulting
system is reduced because the procedure required to set-up the system has to
undergo a calibration phase involving the extraction of the camera's intrinsic
and extrinsic parameters as well as the relationship between the camera and the
arm coordinate systems. It is worth noting that, following this approach, even
in a \simple" reaching task, part of the calibration procedure must be repeated
whenever the end e ector is changed or a di erent tool has to be manipulated
(e.g. a spoon or a fork, an hammer or a wrench). This solution is not feasible
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whenever the manipulated tool is not known a-priori or if the camera and the
arm are not mechanically connected (e.g. in case the camera and/or the arm
are mounted on moving platforms).
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The approach proposed

The approach presented in this paper is based on a control structure using visual
measures not requiring camera calibration or the knowledge of the camera-arm
relationship [3, 4, 5]. Similar approaches have been presented in the past within
the framework of active perception [6, 7] and visually guided manipulation [8, 9].
With particular reference to the current presentation relative to a reaching
action, the goal of the visually-guided controller is to keep the end e ector on
an ideal linear trajectory connecting, at each instant of time, the point to be
reached with the end e ector. The projection of this 3D trajectory on the image
plane represents the 2D trajectory that must be followed by the image of the
moving end-e ector in order to reach the goal point (see Figure 1). This is
the rst constraint: keep the image of the end-e ector moving along this ideal
2D trajectory. Reasoning in terms of optical ow vectors, this constraint can
be satis ed by minimizing the component of the ow eld perpendicular to this
ideal trajectory. The component of the optical ow along the ideal trajectory, on
the other hand, can be used to control the approaching speed of the end e ector
by computing the time-to-impact with respect to the goal point. Both measures
do not require a calibration of the eye-hand system and of the camera itself.
Using these two measures the control is limited to 2 degrees of freedom because
the relative distance of the end e ector and the point to be reached cannot
be computed from a single camera. To overcome this constraints a binocular
system is required. However, in order to comply with the initial assumption of
an un-calibrated system, depth cannot be computed directly and, for the task
described, it is not strictly necessary. In fact, if we assume to be able to retrieve
the disparity of the image points, the task will be successfully executed if the
control action minimizes the di erence in disparity between the end e ector and
the goal point.
Summarizing the overall approach, then, the visual measures necessary to
drive the controller are the 2D image velocity eld (used to drive the end e ector
toward the goal point and to control the approaching speed) and the di erence
in disparity between the end e ector and the point to be reached (used to bring
the end e ector and the goal point on the same disparity plane).
To test this approach experiments have been realized controlling in real-time
a robot arm performing a reaching task in unpredictable environments.
The experimental set-up is shown in Fig. 2 and, at this stage, is based on a
single camera and the use of optical ow. Two constraints have been used: the
arm and the goal points are on the same 2D plane (this plane, however, does
not need to be parallel to the image plane); the position of the target in the
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Figure 1: Reference frame. Left: sample image of the puma arm during a
reaching task. The end e ector and the target lies on the same vertical plane.
~ is the desired trajectory of the
Right: schematics of the measures used. RT
end e ector on the image plane. V~R is the istantaneous velocity vector obtained
by averaging the optical ow of the end e ector (This is used to control its
approaching velocity).  is the angle between the desired trajectory and the
actual velocity (this controler zeros this angle).
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image plane is determined on the basis of its gray level.
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Figure 2: Experimental set-up used for the experiment. The sparc station controls the arm using RCCL and is connected through ethernet to the workstation
performing the real-time computation of the optical ow.
The integration of optical ow and disparity has not been completed, however, in addition to what has been presented in a recent paper [4], the computation and use of time-to-impact has been fully tested and included in the control
loop to show the importance of this direct measure in the execution of reaching
tasks.
The control strategy is implemented as follows: the error
~ ~k
~ ~
e(t) = (t) = atan( kV~r  RT
(1)
~ sgn(Vr  RT ))
Vr  RT
~ and V~r .
where  is the angle between RT
This is used to control the arm velocity that is useful to be represented in the
following way (all these variables are expressed in the robot coordinate system):

u = V cos( )
(2)
v = V sin( )
where V is the amplitude of the velocity, the angle and (u; v) the cartesian
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velocity of the end e ector. Then the following control law is applied:
(t) = kp e(t) + kd (e(t) ; e(t ; 1))

(3)

The amplitude V is controlled by measuring:
~
e(t) = V ; ktRT k
(4)
cdes
and acting on the arm acceleration A = dV
dt as follows: (A is expressed in the
robot coordinate system):

A = kp e(t) + kd (e(t) ; e(t ; 1))
(5)
this is equivalent to control the time to impact tc but has a better stability
respect to the direct control of the tc variable:
~ k kRT
~k
tc = kRT
(6)
~Vt = V cos()
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