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Abstract

Positioning an eye-in-hand robotic system with re-
spect to a static target is a challenging research prob-
lem since it involves recognition of the object and the
desired pose at which alignment is to occur, planning a
trajectory for the robot to attain this pose, and careful
calibration of the system and the environment. In this
paper we introduce a unified framework based on image
morphing, to address the above problems and apply it
to the task of translational and rotational alignment of
an eye-in-hand system to planar objects or planar pro-
jections of 3D objects. In our method the desired ma-
nipulator pose for each object is defined and stored as
a view of the object taken from this pose. The identity
of an unknown object in the workspace is established by
morphing its image to the views in the database, and
using o quantification of the morph as a dissimilarity
measure. The synthetic images generated during the
morph are used guide an eye-in-hand system to the de-
sired pose. The framework can accommodate partially
occluded or deformable targets and smooth trajectories
can be generated since an arbitrary number of inter-
mediate images can be used.

1 Introduction

Aligning a robotic manipulator with a given ob-
ject, using visual information, is an important prob-
lem in active vision and robotics. Applications abound
in robotic visual-tracking, vision-based grasping, and
a variety of tasks involving manipulation of indus-
trial parts like bolt insertion, point-to-point position-
ing, and part mating. In a general setting, the re-
quired alignment position may vary with each object.
Pose alignment therefore, subsumes the problem of ob-
ject recognition. Another problem which needs to be
solved for alignment is that of generating a trajec-
tory for the manipulator from the initial to the desired

pose. Finally, vision based control is based upon the
calibration, which has to be computed apriori, or ap-
proximated on-line, of the image plane with the 3-D
environment.

While much of the early research in vision-based
servoing [2, 3, 5, 14] involved precise off-line calibra-
tion, such systems usually suffer from lack of accuracy
outside the regions where they are calibrated [15]. In
contrast, recent work has focussed on the use of on-line
estimation of the calibration [6, 7, 9, 15]. Although
these methods are less sensitive to calibration errors,
it is worth mentioning that they primarily focus on the
vision based control aspects of the problem and either
do not consider formulations where the required align-
ment pose may vary with the object [6, 15] or involve
manual selection of features which are used to reduce
the image error and thereby control the manipulator
[7,9].

This article introduces a methodology which differs
significantly from previous approaches in that, given
an object, the issue of determination of the alignment
pose (the recognition problem) is addressed in con-
junction with the issues involving trajectory genera-
tion based on reducing an image error and those re-
lated to the on-line estimation of the calibration. Fur-
thermore, the method does not require explicit (man-
ual) selection of features. The formulation considered
in this paper uses object contours (2-D shapes or pla-
nar profiles of 3-D objects), which are extracted auto-
matically.

We base our method on the emerging area of image
morphing. Image morphing techniques rely on image
interpolation or pixel reprojection between a set of ba-
sis views to obtain new, virtual views (see [1, 8] for an
overview). The fundamental idea behind our method
is to synthesize a sequence of images, which essentially
define a morph trajectory between the starting and the
desired views of the object. Each virtual (synthetic)
image constituting the trajectory is then successively



used as goal inputs to visually servo the manipulator
to the desired pose. Based on a physics-based model
for the object contours [11], each morph is quantified
by the work done to bring about the corresponding im-
age transformation. Besides satisfying the properties
of a metric, this quantification is invariant to transla-
tion and rotation, and can therefore be used as a dis-
similarity measure for recognition [12, 13]. A morph
between any two object views (real or virtual) is dis-
tinguished by an optimal (in a minimal work sense)
correspondence between the points on the object con-
tours. In our method, this correspondence is used to
obtain a pose error in the image plane. Starting from
an arbitrary initial calibration, an iterative scheme,
based on this pose error, is used to estimate the actual
calibration between the morph plane and the world co-
ordinates.

The organization of this paper is as follows: Sec-
tion 2 describes the image morphing technique used for
recognition and generation of the virtual images. The
mathematical formulation of pose alignment by visual
servoing using the morphed images is described in Sec-
tion 3. Section 4 describes the experimental setup and
the experimental results. Finally, in Section 5, the pa-
per is summarized and some future research directions
are suggested.

2 Contour Metamorphosis

Let ST = [SE,...,8%] and ST =[S7,...,5T] be
the point sets representing the input and the target
contours, respectively. Contour metamorphosis of S’
to ST is defined by a sequence of intermediate shapes:

uSt + 18T
[uSE + ST, uS] +1ST, ..., uST +tST]
= [So(t):sl(t):;sn(t)] (1)

where u = 1 —¢. S;(¢) is the ith contour point in
the intermediate shape, formed at time ¢. The time
parameter ¢t is normalized to the interval [0,1]. In
practice, the contours of the object are approximated
by using a segmentation algorithm. In this work, we
use the segmentation algorithm [10]. This algorithm is
parameterless and has a linear complexity. The place-
ment of segmentation points in this algorithm is based
on minimizing the sum of absolute errors along each
piecewise linear approximation of the input curve. It
may be pointed out that if the input objects undergo
substantial deformations, it may be desirable to use
a segmentation algorithm that is not based on reduc-
ing an error norm. Segmentation strategies based on

S(t)

Il

the detection of perceptually important point could be
used in such cases [13].

Since the contours S’ and S7, in general, will have
a different number of segmentation points, for the pro-
cess of metamorphosis (as described by Eq. (1)) to oc-
cur, a point correspondence between the segmentation
points in the input and the target is needed, wherein
every segmentation point on the input contour corre-
sponds to at least one segmentation point on the target
contour and vice versa. To find an optimal correspon-
dence (and thereby an optimal morph), we define the
cost of a point correspondence as the sum of stretch-
ing and bending energies required to bring about the
correspondence. The stretching energy is computed
for every segment (pair of points) and is defined as:

(Lt — Lo)* — (L1 — Lo)®
(]- - cs)Lmin + csLmaz

E, =k, (2)

where
me = min(Lo, e ,L], LT)

and
Lyee = max(Lo, ..., Lp, L)

In Eq. (2) E; denotes the stretching energy spent
in the current deformation, Lo, Ly, and Lt denote the
segment lengths at the beginning, before the current
deformation, and after the current deformation, re-
spectively. The term ¢s corresponds to the penalty for
segments collapsing to points and k; is the stretching
stiffness parameter. The bending energy Ej is com-
puted for point triplets and denotes the cost of angular
deformation.

By =| ks[(d1 — $0)* — (61 — $0)°] | (3)

where kjp indicates bending stiffness, ¢o represents the
original angle, and ¢r and ¢ denote the angle before
the current deformation and the angle after the cur-
rent deformation, respectively.

The optimal metamorphosis, between two contours
is defined by the correspondence requiring the least
stretching and bending energy. By constraining the
deformations at the segmentation points, the following
optimal substructure property may be observed: The
optimum cost of the point correspondence (S; ,SJT)
equals the optimum cost of the previous point corre-
spondence (S{_,,ST) or (S]_,,8] ) or (S{,S]_,) and
the cost of establishing the correspondence (S{ ,SJT).
Based on the above, an efficient (O(mn)) dynamic pro-
gramming scheme can be constructed for morphing a
contour C4 with m points to another Cp having n
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Figure 1: Contour morph sequence showing pose (rotational) rectification and deformation rectification
for a key. The initial and final pose of the object are shown by black borders.

points. Since the energy computation described above,
requires a starting point correspondence, we define the
optimal morphing between two contours C4 and Cp
as:

Dmorph (Aa B) = mén E(CA, CB) (4)

Here, Q denotes the set of all starting point corre-
spondences between the contours C'y and Cp.

Owing to the fact that the energy measures (Eqgs.
(2) and (3)) used in the metamorphosis depend on
the relative position of the contour points of an object
and not their absolute position, they are invariant to
translation and rotation. Invariance to scale changes
is achieved by mapping the shapes to a unit square
(or alternatively, as in the present case, by utilizing
the fact that alignment involves movements in the X-
Y plane of the robot and occurs at a fixed depth Z
above the object). We note that, since the formulation
of metamorphosis used by us (see Eq. (1)) is linear, it
does not, by itself, guarantee physically valid interme-
diate shapes in the morph between images of the same
object, unless the input and the target contours have
rotational alignment. Specifically, the lack of physical
validity may be manifested by a cross-over of the ob-
ject contours during the intermediate morphs. This
may be avoided by including in the morph a recti-
fication of the rigid transformations (translation and
rotation) between the input and the target shapes,
prior to the application of Eq. (1). The rectification
of the rigid transformations is based on the observa-
tion that during the recognition process, the computa-
tion of the optimal morph provides a point correspon-
dence, which is invariant to translation and rotation of
the corresponding objects. This correspondence can
therefore be used to estimate the elongation vectors
for the input and the target shapes. The translational
discrepancy between the centers of the input and the

target elongation vectors can be used for translational
rectification between the images. The rotation be-
tween the two shapes can be estimated by computing
the angle between the elongation vectors, about their
center, after translation rectification. The rectification
of the rigid transformations (translation and rotation)
involves an update of the coordinates of the input and
does not affect the correspondences that were obtained
during the computation of the minimal energy. These
correspondences along with the updated coordinate
values of the input are used to rectify the deforma-
tions between it and the target. The modified shape
metamorphosis paradigm used by us, thus consists of
the following steps:

1. Shape recognition: Obtain the shape model, clos-
est to the input, in terms of the stretching and
bending energies. The identity of the closest
shape is determined by using the optimal sub-
structure property described above.

2. Rectification of rigid transformations: Compute
the elongation vectors for the input and the tar-
get. Recover and rectify the the translational and
rotational differences. Update the coordinate val-
ues of the input shape.

3. Rectification of deformations: Use the updated
coordinate values of the input along with the
correspondences computed during the recognition
stage and rectify the deformations using Eq. (1).

An example metamorphosis sequence is shown in Fig-
ure 1. The first and the last frames show the object
in its initial and final pose respectively. The interme-
diate frames show rotational rectification, followed by
rectification of the deformations of the input object
contour.



3 Pose Alignment By Visual Servoing

Traditionally, the visual servoing formulation is
based on relating the feature velocities in the image
plane to robot velocities through a Jacobian [4, 9, 15].
The present approach is distinct from traditional vi-
sual servoing research in that we use the intermediate
(synthetic) images generated by the morph to verify
and correct the robot trajectory. Owing to the fact
that the intermediate images are inherently position-
based, we formulate the problem in terms of homoge-
neous coordinate transformations rather than a Jaco-
bian.

Let {W} denote the world frame, {R} the robot
frame, and {C} the camera tool frame. Let also the
morph plane be denoted by {I} and the object frame
by {O}. Denoting the transformation between arbi-
trary frames {j} and {k} as ;T, the following two
basic relationships can be established between the ob-
ject frame and the world frame and between the object
frame and the morph plane respectively.

6T = RTET ST (5)

ol = ¢T 5T (6)

The above two relationships, we note, are coupled
by ST, which is the transformation describing the ob-
ject in the camera frame. The calibration problem
consists of the following two parts:

e Determining the camera tool transformation &T

e Determining the image projection transformation
Lt
c

Assuming calibration, if we denote the initial trans-
formation between the object and the image frames
as [Ty and the goal transformation between them as
5 Ty0a1, then it follows from Egs. (5) and (6)

6To = (T 6Ty (7)

IOT_qoal = {\JTQZ};I IOTO = éT gTi (8)
where, {VITgoal is the transformation from the current
image to the goal image in the morph plane and §7T; is
the intermediate transformation between the camera
and the object. Replacing in Eq. 8, the value of 5T
from Eq. 7, we get

T gou T 6To = 0T 6T )

Taking into account Egs. (6) and (5), and denoting
the desired robot motion by £T;, we have

ST, = BT T, 1 WT = BT BT, YT T
(10)
Finally, simplifying for the desired motion of the
robot, we have

BT, = BT L= 4 Tyous LT ET7! (11)

We note that in the above formulation, the knowl-
edge of the image projection transformation is as-
sumed. If we have an only an estimate of the tool
transformation (i.e. we do not assume complete cal-
ibration information), the commanded motion to the
manipulator may not produce the desired motion in
the image plane. An error transformation may then
be computed by considering the deviation between the
morph trajectory and the resultant view. This trans-
formation can then be used to update (with possible
averaging), the estimation of the transformation &7
A morph of the new view to the current virtual image
being used as a sub-goal, then provides the new move
for the manipulator.

4 Experimental Results

Experiments were conducted on a set of six objects.
A single image of each object, at a desired pose with
respect to the manipulator, was stored as a template in
the image database. The contours of an input object
were extracted and morphed to the stored templates in
the database. The morph consuming the least energy
was used to recognize the input. The images generated
by the morph sequence were successively used to guide
the manipulator. After each move of the manipulator,
the real image of the object, obtained from the cur-
rent position of the manipulator, was morphed to the
virtual image being used, as the current subgoal, and
a pose difference (translational and/or rotational) be-
tween the two was computed (from the morphs). This
difference was used to update the estimated transfor-
mation matrix and move the manipulator to a new
pose with respect to the object. When the pose differ-
ence between the actual image and the virtual images
became less than a threshold (empirically defined to
be 0.10 radians for rotation and within five pixels in
X and Y for translation), the next virtual image from
the morph sequence was used. The process terminated
when all the images generated in the morph had been
utilized.

Experimental results for pose alignment with a pair
of pliers and a wedge are presented in Figure 2 and
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Figure 2: Experimental results for a pair of pliers. The image on the top left indicates the starting pose.
The final pose is is shown in in the bottom left image. The first graph shows the angular pose difference

(with respect to the final desired pose) after each move of the manipulator. The second graph shows the

angular pose error between each virtual image and the corresponding real images, obtained by using the

virtual image as an intermediate goal pose.

Figure 3, respectively. Figure 2 shows the results of
rotational pose alignment for a pair of pliers. The
first graph plots the angular pose error as it decreases
through the alignment process. The second graph
shows the rotational error between each virtual image
constituting the morph trajectory and the correspond-
ing real images obtained during the servoing. Graphs
of the error in the morph plane, the error in the world
frame and the manipulator trajectory for translational
pose alignment with a wedge are shown in Figure 3.
Figure 4 shows a morph sequence for the pair of pliers.
In Figure 5 the images seen during the pose align-
ment of the manipulator with the object are shown
interleaved with the virtual images generated during
the morph. Each virtual image (shown as object con-
tours) denotes the desired pose which the manipulator
needs to attain with respect to the object. The arrows
indicate manipulator poses which are within the des-
ignated threshold with respect to the desired pose as
obtained from the morph. The starting pose and the
desired pose are denoted in black borders. The exper-
imental setup consisted of an IRIX Indigo workstation
for generating the morphs. The results from morph-
ing were communicated to a PUMA 560 manipulator,
used as the eye-in-hand system.

5 Conclusions and Discussion

This article proposes the use of image morphing for
vision-based robotic tasks involving hand-eye coordi-
nation. In particular, we have successfully achieved
pose alignment of an eye-in-hand system with various
objects using the proposed framework. In our for-
mulation, image morphing is used to generate a set
of virtual images, which guide the manipulator to the
desired pose. Of particular importance is the fact that
no manual feature selection is needed for the operation
of the method.

We believe that the idea presented in this paper
holds promise in many challenging tasks in active vi-
sion and robotics including grasping of 3-D objects
using their planar projections as well as grasping of
3-D objects in a full 6-DOF formulation. The lat-
ter formulation is especially interesting, since for 3-D
objects self-occlusions may render feature based tech-
niques unsuitable. Of particular interest is grasping
in the context of programming by human demonstra-
tion. Using this paradigm, a camera can be attached
to the human demonstrator for acquisition of the goal
image, thus obviating the need for absolute position
sensing.

An important open problem is the possibility of a
transition, based on the proposed approach, from a
geometry based task specification to a specification
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Figure 3: Translational pose alignment with a wedge. The error from the desired pose in the morph plane
and the world coordinates is plotted in the left and the right graphs of the top row. The pose error between

each virtual image used as a sub-goal, and the corresponding real image is shown in the first graph in the

bottom row. In the second graph the trajectory of the manipulator, during the pose alignment is shown.

based on demonstrations.
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