Journal of ELECTRICAL ENGINEERING, VOL. 52, NO. 11-12, 2001, 329–337

AN UNCALIBRATED ROBOT SYSTEM FOR
REACHING AND GRASPING OBJECTS IN
UNPREDICTABLE PHYSICAL ENVIRONMENT
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This article describes an active stereo vision system which, in combination with a robotic manipulator, is able to perform
various visual tasks such as object reaching and grasping. Using the weak perspective camera model, the weakly calibrated
stereo vision system, and some heuristics about the robot gripper, the closed-loop visual control of the robot manipulator
is generated. Experiments show the robot system based on visual feedback control to be insensitive (robust) to diﬀerent
disturbances of the stereo vision system and robot setup during operation.
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1 INTRODUCTION

A stereo vision system allows robot systems to operate in an unpredictable physical environment. When a
robotic manipulator is to be controlled by visual information from a vision system, a transformation between
the image space and the manipulator (working) space has
to be established.
Conventional approaches to solving this problem are
based upon calibrating a vision system with the 3-D environment, determining the object pose, and then grasping
the object by the manipulator’s gripper, using an openloop control procedure [16].
The calibration procedure is a time consuming task,
which has to be repeated whenever the vision system
parameters and/or the robotic manipulator parameters
are changed. Moreover, the estimated parameters allow
an accurate object pose determination only over a small
part of the manipulator working space. Robot systems
not requiring calibration are therefore of great practical
advantage.
To avoid the precise calibration procedure, techniques
were developed to describe a physical environment inaccurately (‘weakly’), but suﬃciently to perform some visually controlled tasks [4]. In stereo systems, the usual
way to obtain weak calibration is to use at least eight
point-correspondences between the left and the right image [7, 12] for estimating the elements of the fundamental
matrix [13, 18], thus deﬁning the epipolar geometry of the
system. Using this geometry one can compute relative
3-D point positions [4]. The drawback of this is, again,
the need of re-estimating the fundamental matrix , if the
system parameters change. This can be circumvented by

techniques that can build a weak description of the environment using only available information about the system and information that is quickly obtainable from images.
Visual information from images can provide closedloop position control for a robot end-eﬀector, also known
as visual servoing [3]. Algorithms presented in the literature diﬀer regarding the deﬁnition of the error signal
and/or the way the visual information is used to control
the robot. If the error signal is deﬁned in 3D robot coordinates, the approach is referred to as position based.
Although it is insensitive to calibration errors and minor changes of camera positions, a camera and a target
model are needed and a sort of quick self calibration or
on-line calibration procedure is necessary [8]. If the control values are computed on the basis of image features
directly, the servoing is denoted as image-based. Sometimes, the error signal is computed from optical ﬂow [5].
In the look-and-move systems, the vision provides the inputs to the joint level controller of the robot manipulator.
Since robot controllers already solve many kinematic and
dynamic problems, most of the visually controlled systems are of this type [17, 6]. In contrast, if the visual
controller replaces the robot controller entirely and directly controls the robot joints, the system is known as
direct visual servo; this is rarely used [11].
A new approach to the realization of a robot system
not requiring calibration is presented here. It is based
upon an inaccurate (‘weak’) simultaneous determination
of the object and manipulator’s gripper poses, and on the
use of a closed-loop control algorithm to reach the object
with the manipulator’s gripper. The error signal is interpreted in robot coordinates (position-based approach),
and control values are passed on to the robot controller
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Fig. 1. Experimental active vision system setup

2 EXPERIMENTAL SETUP

Fig. 2. Photography of the laboratory active stereo vision system

(look-and-move system). The main advantage over similar systems lies in the fact that no calibration procedure
of any kind takes place. The available information about
the system and some image features are used instead.
This paper is organized as follows: In Section 2 a brief
system overview and a short description of its most important parts are given. Section 3 introduces the idea of
weak perspective and its implementation in the stereo vision system. In Section 4, a description of each step in
the process of visually guided object grasping is given.
In Section 5, we present the system behaviour and some
results obtained so far. Section 6 concludes the paper.

Our experimental system consists of an active stereo
camera system, a robotic manipulator, an image processor and a personal computer (Fig. 1). The active stereo
camera system is based on a motorized camera stand,
built from ISEL linear drives, and two pan-tilt units
(PTU), manufactured by Directed Perception. The camera stand enables adjustment of the vertical position of
the camera pair from 0 mm to 800 mm, resulting in the
distance between the cameras and the robot’s workspace
to be between 400 mm to 1200 mm. The horizontal positioning range for each camera is 315 mm. This allows the
baseline distance to be set between 200 mm and 830 mm.
Positioning accuracy for each linear drive is better than
0.01 mm.
To control the gaze direction of the two cameras, the
camera stand is equipped with two camera pan-tilt units.
The pan angle range is 318◦ and the tilt angle range 78◦ .
Maximum rotation speed for both axes is over 300◦ per
second. The controllers of the pan-tilt unit allow diﬀerent
operating modes to be set, such as coordinated movement
of pan and tilt axes, adjustment of acceleration proﬁles,
etc. All motors in the camera stand drives and the pan-tilt
units are steppers. Since the camera stand and the pantilt units have no built-in absolute position sensors, the
system must be initialized (set to home position) before
use.
Two B/W CCD cameras (SONY type AVC-D7CE)
are attached directly to the pan-tilt units. Each camera is
equipped with an automatic iris/manual focus lens. Camera outputs are connected to separate video inputs of the
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Imaging Technology 151 image processor. Both cameras
are externally synchronized in order to minimize input
video multiplexer switching time. The image processor is
used to grab and binarize the camera images and to perform some low-level image processing tasks. The robotic
manipulator Rob3i, manufactured by P&P Elektronik,
has ﬁve degrees of freedom and a motorized gripper. The
joints are driven by DC servo motors. The positioning
resolution is rather low — about 3.5 mm in the worst
case (manipulator fully stretched). The original form of
the gripper jaws was not suitable for visual robot control.
Newly designed and enlarged black painted gripper jaws
[15] with white stripes on the top edge enable the robot
vision system to see the gripper during the object reaching phase. The manipulator and the surface of the table
are covered with dark textile (Fig. 2) to avoid reﬂections
and to simplify segmentation of the camera images. During the experiments, additional light sources were used to
illuminate the robot’s workspace.
An IBM-compatible PC is used to control the gaze
direction of the cameras and the position of the manipulator. Controllers of the camera stand, pan-tilt units and
the robot arm are connected to a host PC via RS232 ports
(Fig. 1).
3 WEAK PERSPECTIVE CAMERA MODEL

Assuming the classical full-perspective camera model,
the relations describing the mapping of a robot space
point (an object point) to the image plane are nonlinear.
A weak perspective camera model represents a zero order
approximation of the full perspective camera model [10];
geometrically, it assumes that the object points lie on a
plane (usually called object plane) parallel to the image

plane. Since all points on an object plane lie at the same
distance from camera’s perspective center, the mapping
between world and image coordinates becomes aﬃne and
can be modeled by scaling.
In Figure 3, it can be seen that by using the weak perspective instead of the full perspective projection of an
object point cause an erroneous projection of the point,
which is geometrically equal to the distance Pweak Ppersp .
While this error decreases as the object point P gets
closer to the plane approximating the object (object
plane) or to the optical axis, the weak perspective camera model will be an appropriate approximation of the
full perspective model providing that the object lies in
the neighbourhood of the camera optical axis.
Using the weak perspective camera model has some
advantages over using the full perspective one [2]. The
weak perspective model is conceptually simpler since it
uses orthographic instead of perspective projection and
it doesn’t require the knowledge of camera intrinsic parameters. It is a linear model therefore, the computations
involved are less complicated than with a non-linear full
perspective model. The scale factor is incorporated in the
weak perspective model itself, and it can be used without
modiﬁcation to recognize a scaled version of an object.
4 WEAK PERSPECTIVE MODEL OF
AN ACTIVE STEREO VISION SYSTEM

Adopting the weak perspective camera model to model
the cameras of our stereo system, the cameras are controlled in such a way that their optical axes intersect in
or pass close to the point of interest (Fig. 4). The optical centers of the two cameras (L, R) and the ﬁrst point
of interest O (object’s center of gravity) form a triangle
of constantly changing area and angles, as the point O
moves across the robot workspace. The angles ΘL and
ΘR are calculated from the pan (ϕ) and tilt (ϑ) angle of
the two cameras [15]:
cos Θ = cos ϑ sin ϕ .

(1)

Observing Figure 3, one can notice that the weak perspective error on the image plane would be zero if the
point P lay on the object plane (P = P ) or on the
optical axis; thus the overall error would be minimized.
Therefore, we deﬁne the two object planes Π (left and
right) as both passing through the second point of interest P (gripper’s center of gravity). The left camera
optical axis perpendicularly intersects the plane ΠL and
the right camera optical axis perpendicularly intersects
the plane ΠR . The triangle LRO lies on the plane Σ
perpendicular to both object planes Π. The inclination
angle δ in Fig. 4 is calculated from pan and tilt angles,
regardless of the camera [15]:
tan δ =

tan ϑ
.
cos ϕ

(2)
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Fig. 5. Image representation of the gripper and object

5 CLOSED–LOOP CONTROL APPROACH

In order to move the manipulator’s gripper close to the
object which should be grasped, both the robot gripper
and the object must be accurately detected in the left and
right image. Following the scheme described in Section 4,
the vergence control is necessary to keep the optical axes
of the cameras near to the object. After analyzing the
abilities of the available system, especially the abilities of
the robotic manipulator and the image processor, a lookand-move approach of visual control [3] was implemented,
therefore all actions are performed sequentially.
5.1 Camera Vergence Control
The goal of the camera vergence control system is
to generate camera movements that compensate for vergence errors. This is achieved by two independent control
loops for each camera, controlling the pan and tilt movements [14]. The vergence control loop consists of three
stages: image digitalization, error estimation and error
correction. Error is deﬁned in the sense of image distance
of the object’s center of gravity to the center of the image. Since the camera stand is aligned with the robot coordinate system in a way that the baseline LR is nearly
parallel to the y axis of the robot coordinate frame, tilt
movement is used to correct the vertical image position
and pan movement is used to correct the horizontal one.
The vergence system is active all the time during the system operation to compensate for the movements of the
object or the camera stand during task performance.
5.2 Mapping from Image to Object Plane
To locate the manipulator gripper and the candidate
object for grasping, the size, orientation, and gravity centers of all objects in both images are determined. Parallel
gripper jaws are marked with rectangular white stripes
on the top edge. They appear in the image as oblong objects and are checked pairwise for parallelism determine
the gripper candidates. If two corresponding objects are
found, the average of their centers of gravity deﬁnes the
gripper position.

The candidate object for grasping is selected as the
smallest of all objects on the scene, having an area above
the threshold.
The length of the white stripes on the gripper jaws
is approximately the same as their opening. The stripes
form a virtual square with two sides parallel to the x-axis
of the robot coordinate frame and two sides parallel to y axis. Under oblique camera viewing angles this square is
seen by the cameras as a parallelogram using the weak
perspective model [15]. Two parallel sides of length gl
reﬂect the x world axis direction in the image and the
other two of length gw the y direction. The separation
between gripper center Pi and object center Oi is decomposed into two segments, one with orientation α and
the other with orientation β (Fig. 5).
5.2.1 S c a l i n g F a c t o r
According to the weak perspective camera model the
points and lines seen in the camera image are a scaled
version of all the points and lines on the virtual plane Π
passing through the gripper’s center of gravity. There are
two directions in the image reﬂecting the world’s x- and
y -axes; therefore not one, but two diﬀerent scale factors
(λl , λw ) have to be determined. In our case, they are
determined from the known length Gl of the white stripes
on the top of the robot gripper jaw and the jaw opening
distance Gw . Those stripes lie in a plane parallel to xy
plane of the robot coordinate system and are aligned with
the x-axis. In the image processing stage, the length of
the stripes gl and the jaw opening gw are measured in
the image.
Gw
l
The ratios G
gl and gw can not be used directly because the inclination of gl and gw towards x- and y -axes
has to be considered. The scaling factors are
λl =

Gl
cos ϑ ,
gl

λw =

Gw
sin Θ .
gw

(3)

The mapping from the image onto the Π plane in
general does not preserve the orientation angles α and
β . This is due to sampling errors which we neglected.
With the help of the angle γ the projection p of the line
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Fig. 6. Path segments between the gripper and the object

segment d to the intersection between planes Σ and Π
is calculated.
5.3 Mapping from Object Plane to Robot
Workspace
The path that the manipulator’s gripper has to travel
to grasp an object, is depicted in Fig. 6. Point P lies
on the virtual object plane Π described in Section 3.
The gripper must travel from this point to the point O.
The ﬁrst two segments of the path (v and h) lie on the
object plane. The third segment (o) lies along the optical
axis and is computed from the information extracted from
both stereo images. Since the camera-centered coordinate
frame is rotated and translated in relation to the robot
frame, all three segments contribute to the x, y and z
direction of the robot movement.

pR − pL cos ν
,
sin ν

ν = π − ΘL − ΘR .

(4)

The lengths of the three segments are now known, and
by considering the inclination angles of the robot coordinate axes towards planes Π and Σ and the orientation
of the optical axes and segments themselves, projections
of the segments to the robot coordinate axes can be computed. Some of the angles involved in the computation,
like Θ and δ , are obtained from the camera orientation
angles, ie, pan and tilt, and the others, like γ , are obtained from the images. Only one object plane Π (left or
right) can be used to get segments v and h and corresponding x, y and z projections. From the other object
plane, only the segment d is used to calculate segment o
on the optical axis. Calculations for both Π planes and
object axes can be used to smooth the errors. The sign of
a particular segment depends on the mutual positions of
points P and O. The path segment o yields the following
contributions:
∆xo = o sin Θ sin δ ,

∆yo = o cos Θ ,

∆zo = o sin Θ cos δ ,

(5)

the segment h yields
∆xh = h cos Θ sin δ ,

∆yh = h sin Θ ,

∆zh = h cos Θ cos δ ,

(6)

and the segment v produces:
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∆xv = v cos ϑ ,

∆yv = v cos γ sin Θ ,

∆zv = v sin ϑ cos ϕ .

(7)

Estimates for the x, y and z movements are summed
and passed to the three controllers, one for each axis.
Since positioning the gripper point P onto the object
point O is not possible (due to occlusions caused by the
gripper jaws approaching the object and possible hitting
of the object by the gripper) the reference point for the x
controller is intentionally oﬀset by the distance Dx from
the object point O in the direction of the coordinate
origin. Finally, control rules for each axis are generated:
∆x = Kx (∆xo + ∆xh + ∆xv − Dx ) ,

Fig. 7. Calculating the distance between object O and plane ΠL

∆y = Ky (∆yo + ∆yh + ∆yv ) ,
∆z = Kz (∆zo + ∆zh + ∆zv ) .

(8)
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Table 1. Results of the grasping experiment

δ = 0o − 5o
δ = 13o − 17o
δ = 23o − 27o
n succ. err. (mm) rep. succ. err. (mm) rep. succ. err. (mm) rep.
20 95 %
1.8
7.5 60 %
1.9
6.2 70 %
2.3
7.7

Fig. 8. Gripper approaches the reference point.
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Fig. 9. Ballistic grasp.

Proportional gain coeﬃcients Kx , Ky and Kz , set to
values less than 1, compensate for the errors and prevent instability in the manipulator movement. When the
robot gripper successfully reaches the reference point, the
following take place: ﬁrstly, the size of the object in the direction of gripper opening is determined; secondly, the visual control is turned oﬀ and the gripper moves above the
object; ﬁnally, the gripper moves vertically downwards
until the appropriate height is reached, the opening of
the jaws is adjusted, and the jaws grasp the object.
6 SYSTEM IN ACTION

The initial system setup demands an object to be visible by both cameras and to be in or moving towards the
robot workspace. The locations of the cameras are arbitrary except that they must both observe the common
area where the object is to appear. The cameras lock on
the object and track it until it stops. The robot gripper
is then moved into the workspace, and both the object
and the gripper must be seen by the cameras. If not, the
gripper systematically moves around inside its workspace
until it comes into the viewing area. In that moment,
the grasping action starts. The grasp control loop starts
by grabbing and proceeds by binarization and segmentation of the image stereo pair. Points Oi and Pi are

located and initial gripper-to-target separation in robot
coordinates is computed and passed to the x, y , and z
controllers.
The controllers ﬁrst calculate directional movements
and second, if these movements are small enough, enable ballistic grasp action. If the movements are not small
enough, the controllers move the manipulator to the new
position. If the grasp action was not enabled, the control
is passed to the outer verging loop that checks the object
position. If it is diﬀerent from the last known position,
camera orientations are adjusted. Figure 8 shows an example of the manipulator movements during an approach
to the reference point. When reached, as shown in Fig. 9,
the system can grasp the object in an open-loop manner,
without looking. This is achieved in two steps: ﬁrst the
gripper moves above the object to prevent it from being
accidentally hit and moved, and then it descends to an
appropriate height with the jaws fully apart. The dimension of the object is estimated with the help of λβ and
the opening of the jaws is adjusted accordingly.
The grasp control loop runs at 2.5 to 3 Hz. Typically
6 to 8 repetitions are needed before the reference point
is reached. Occasionally, low positioning resolution of the
manipulator causes problems and the gripper oscillates
around the reference point. In Fig. 10, two cases of the
approach are depicted. On the left graph a typical sit-
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Fig. 10. Smoothed approach of the gripper to the reference point

uation is shown where the control loop stopped after 5
iterations. The right graph represents an extreme situation where the gripper oscillated around the reference
point and the loop ended after 25 repetitions.
To test the ability of the system and the described
control algorithm a cylindrical object (h = 10 mm, d =
15 mm) was placed in the robot’s workspace sixty times
at diﬀerent heights and diﬀerent distances to the gripper.
The camera stand was moved to three diﬀerent distances
from the edge of the robot’s basic workplane resulting
in three diﬀerent ranges of the angle δ (see Fig. 4). The
maximum gripper opening (32 mm) enabled the object to
be picked up easily. This is why some inaccuracy of gripper positioning to the reference point was allowed (1 mm
in each direction). Besides the number of successfully accomplished grasps and the number of loop repetitions,
the absolute distance between the gripper position and
the reference point, which was placed 40 mm in x direction before the object, was measured. This error is caused
by image segmentation, the weak perspective model, and
weak calibration. The average values of this error and the
average number of loop repetitions for each range of angle
δ are presented in Tab. 1.
7 CONCLUSION

In this paper an active stereo vision system and a
closed loop visual control algorithm, which is able to perform object grasping and manipulation by knowing only
a few facts about the system, are presented. Instead of
system calibration or self calibration, only available information and some constraints were used to visually guide
the manipulator gripper to the target. Pan and tilt angle orientations of stereo cameras, the length of the ﬁducial marks on the gripper jaws, and the gripper opening
are the only absolute values available to the control algorithm. By placing the object plane Π through the gripper’s center of gravity and by verging the optical axes of
stereo cameras in a way to intersect in, or pass through,
the nearest neighborhood of an object’s center of gravity,

the systematic error of the weak perspective model was
minimized. Errors, which are successfully overcome by visual feedback gain, do not signiﬁcantly reduce the system
performance.
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