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Abstract

This paper describes a fundamentally new approach
to vision-based control in robotics. In particular, the
problem of grasping different objects using a robot
with a singe camera mounted on the end-effector (an
eye-in-hand system) is considered. In the proposed
approach the recognition of the object, and thereby
the identification of its grasp position, the subsequent
translational and rotational pose alignment of the ma-
nipulator with the object, and its movement in depth
are controlled by using image morphing. We use a
model-based framework where the image of each object
at a graspable pose is stored in a database. Given an
unknown object in the workspace, its identity is estab-
lished by morphing its contours to the shapes in the
database and using o quantification of the morph as
o dissimilarity measure. From the morph a sequence
of virtual (synthesized) images are obtained, which de-
scribe the progressive transformation of the input (both
in terms of its shape and pose) to the template. These
images are used as sub goals to guide the eye-in-hand
robotic system to attain the desired orientation and
height from which the grasp can be executed.

1 Introduction

Sensing and recognition may be considered to be
two primary prerequisites for meaningful interaction
of an agent, either cognitive or cybernetic, with the
real world. A typical example of such an interac-
tion involving a cybernetic agent is robotic grasping.
Of the many different sensor modalities in use, the
choice of vision as a sensor has many significant ad-
vantages; vision is intuitive, it is a passive non-contact
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sensor modality, and cameras support a high informa-
tion bandwidth and can provide a large field of view.
Moreover, many well developed theoretical and imple-
mentational models are available for controllability of
vision. It has also been observed [9, 12], that the in-
corporation of vision in a grasping methodology often
leads to increased robustness.

Figure 1: Starting state (top left), goal state (top
right), and the traje tor ( otto ), as represented

s essi es ntheti i ages, in the orph plane

In a realistic setting, the grasp location as well as
the alignment position from which a grasp can oc-
cur, vary with each ob ect. iven an ob ect in the
wor space, grasping it involves solving the following
sub-problems:



Identification of the grasp points for the ob ect.

ra ectory generation for the manipulator from
its current position to the position from which the
grasp can occur. his step includes the following
issues:

1. ranslational and rotational positioning of
the end-effector with respect to the ob ect.

2. Movement in depth to execute the grasp.

alibration between the image plane and the
world.

In this paper we consider the problem of vision-
directed grasping of ob ects based on a conceptually
new framewor involving image morphing. he pro-
posed approach allows us to treat issues related to
recognition, tra ectory generation and on-line calibra-
tion in a unified manner. e begin with a operational
division, similar to [ ], of the positioning and grasping
problem:

1. ff line learning: he eye-in-hand system is
moved to the alignment position with respect to
an ob ect. he alignment is such that the gripper
is directly above the grasp position of the ob ect.

he view of the ob ect is captured and stored in
an image database.

2. isual servoing: After the camera and or the tar-
get has moved, the camera motion is controlled so
that the visual error between the current view of
the ob ect and its reference view obtained in the
previous step is reduced to ero.

he first step is used to create a database of images
where each image represents the desired view of the
ob ect and specifies the pose which the manipulator
needs to attain. he alignment and grasp positions
can be arbitrarily defined and are neither limited by
assumptions on ob ect shape, nor depend on hand-
crafted rules for their definition.

uring the second step, a given un nown input is
compared at run time with the images acquired and
stored in the database. he comparison is based on
using a quantification of the non-rigid deformations of
the input ob ect contours to the models stored in the
database by using image morphing. Along with the
recognition result the morph provides a sequence of
virtual images describing the progressive transforma-
tion of the input both in terms of its shape and pose
to the template see igurel . hese images are used
as sub-goals to guide an eye-in-hand robotic system

to attain a desired pose and grasp arbitrary ob ects in
its wor space.

e begin this paper with an overview of the prior
research in the area of vision-based grasping systems
Section 2 . his is followed by the formulation of the
proposed method in Section xperimental results
are presented in Section and the wor is summa-
ri ed and some possible directions of future wor are
outlined in Section

I u nd rior rc

epending on whether the control error function
is computed in the artesian space or in the image
plane, most vision-based positioning and grasping sys-
tems can be classified as position-based or image-based
respectively [ , ].  he basic idea of image-based
robotic visual servoing lies in defining a visual error
between the current and the desired positions of the
manipulator in image coordinates [11], such that ero
error implies that the desired end-effector position is
reached, regardless of the camera position [ ]. In con-
trast position-based methods allow the direct specifi-
cation of the desired relative tra ectories in the end-
effector artesian coordinate frame.

he problem of robotic visual servoing around a
static ob ect has been a sub ect of active research.
A model reference adaptive control scheme was pro-
posed in [1 ]. A pre-computed acobian was used in
con unction with a an adaptive control law to control
the motion of a robot-camera system to attain a cer-
tain pose with respect to a static ob ect in [1]. In
[ ], a neural-networ based approach was proposed to
learn the inverse perspective transformation based on
feature points. It may be noted that the above men-
tioned approaches were all tested in simulations. A
realrobot irect rive ArmII wasusedin [ ], where
the controlled active vision framewor was used for po-
sitioning the robot. An extension of this approach for
grasping static and moving ob ects can be found in
[9]. ased on geometric-cues obtained from the envi-
ronment, a calibration free approach for manipulating
a randomly placed part is formulated in [2]. In this
wor calibration is performed as a part of the esti-
mation, planning and trac ing process. In [ ] results
from pro ective geometry are used to design a calibra-
tion free approach. A pure position based approach
is presented in [12]. A hybrid approach is proposed
in [ ], where the control error function is computed
partly in the 2 image plane and partly in the

artesian space.



ro o d t od

c t a t r r

ncoding shapes and comparing them using de-
formations is a possible approach to the recognition
problem. e propose a strategy for shape recognition
using a framewor based on image morphing. ach
shape is represented by its contour.  onceptually,
recognition is achieved by quantifying and using as
a dissimilarity measure, the morph of an un nown in-
put shape to models stored in a database. he morph
is defined in terms of the stretching and bending of
the contours by using a physics-based model and de-
scribes the minimum amount of deformation required
to transform one shape into another. sing a quan-
tification of the morph as a dissimilarity measure em-
phasi es the intuitive fact that two shapes that are
similar do not have to go through an extensive meta-
morphosis in order for one to assume the form of the
other.

et [ ] and [ ] be
the segmentation points of the input and the target
shape contours. ontour metamorphosisof to is
defined by a sequence of intermediate shapes obtained
by a linear interpolation between and . he
intermediate images can be expressed as:

[ ]
[ ] 1

where 1 is the segmentation point
of the intermediate shape, formed at time . he time
parameter is normali ed to the interval [ 1].

he contour morphing process can be used as the
basis of a method to compare the similarity of con-
tours. It may be noted that the morph as described
by q. 1, requires a correspondence of the segmen-
tation points of the two contours. y defining the
optimal correspondence between two contours to be
the one that involves minimal deformation, the shape
recognition problem can be reduced to solving the fol-
lowing two sub-problems:

efinition of a quantification of the deformation.

Algorithmic establishment of the optimal point
correspondence between any two shapes, by min-
imi ing the above quantification.

ased on the physics-based model [ ], we quantify
the deformations using the energy spent in stretching
and bending the input contour to the target. he

stretching energy is computed for every segment pair
of points and is defined as:

2
1
where
In q. 2 denotes the stretching energy spent
in the current deformation, , and denote the

segment lengths at the beginning, before the current
deformation, and after the current deformation, re-
spectively. he term  corresponds to the penalty for
segments collapsing to points and  is the stretching
stiffness parameter. he bending energy is com-
puted for point triplets and denotes the cost of angular
deformation.

[ ]

where indicates bending stiffness, represents
the original angle, and and denote respec-
tively, the angles before and after the current de-
formation. y constraining the deformations at the
segmentation points, the following optimal substruc-
ture property may be observed: he optimum cost of
the point correspondence equals the optimum
cost of the previous point correspondence
and the cost of establish-
ing the correspondence ased on the above,
an e cient dynamic programming scheme
can be constructed for obtaining the optimal corre-
spondence. wo issues need to be pointed out here.
irst, the optimal correspondence as described above
is dependent on the starting correspondence. his de-
pendence can be removed by minimi ing the energy
required for deformation over all starting correspon-
dences. Second, the point correspondence is invariant
to uclidean transformations and can be used to re-
cover the translation and the rotation between the in-
put and the target. sing this information, the pose
error between successive virtual images and the target
can be reduced.

or or

A ta ras S
rt a a s
et denote the world frame, the robot

the camera tool frame.
and the

end-effector frame, and
et also the morph plane be denoted by



ob ect frame by he relations between these
coordinate frames can be described by the following
homogeneous transformations.

escribes the pose of the end-effector in
the world frame at time instant his transfor-
mation is nown at any time instant.

he constant transformation between the
robot end-effector and the camera un nown .

enotes the ob ect in the camera frame and
is un nown.

he image pro ection transformation, which
is assumed to be nown. In the equations below,
we use which is the inverse of the trasnforma-
tion

he transformation describing the ob ect in
the image plane and is assumed to be nown.

he transformation between the ob ect
frame and the world frame which is un nown.

A graphical depiction of these transforms and their
interrelationship is shown in igure 2. he series of
transformations may be arranged in two loops, de-
noted as A and respectively. hese loops are cou-
pled mathematically by the transform he ob-
ect frame can be related to the world frame and the
image frame based on the following relations:

enoting the initial and the goal transformation be-
tween the ob ect and the image frames by and
respectively, we have from loop of igure 2

et the transformation from the initial state to the
goal state in the morph plane be denoted as

etting the intermediate transformation between the
camera and the ob ect to be , we obtain the fol-
lowing relationships

, the value of in q.
, we get

eplacing from q.
and solving for

ut from q. , we have for

Figure ario s oordinate fra es and their rela

tionships
eplacing this value in the previous equation, we get
1

et us now consider the relationship described in loop
A of igure 2 and expressed by q. 9. et be
the desired motion of the robot at the intermediate
stage . e then have

11
eplacing in q. 9, the value of , from q.
11 , we obtain the following relationship for

12

rom the above equation, we obtain the following ex-
pression for

sing the value of from q. 1 , replacing it in
the above equation and simplifying, we finally have

1

If the calibration transform was nown, (.

1 could be used to align the eye-in-hand system
at the desired position with the ob ect. owever, we
have assumed no nowledge of this calibration matrix.
Instead, we estimate it on-line using the intermediate
images that result from the morph sequence. e start
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with an arbitrary estimation of and use each in-
termediate virtual image as a sub-goal. he deviation
between the actual and the desired tra ectory is then
computed by morphing the actual view of the ob ect
to the current virtual image being used as a sub-goal.
he error transformation thus obtained is used to up-
date with possible averaging , the estimation of

he motion of the manipulator in depth to execute
a grasp is initiated after the positional alignment is
complete. he amount of movement is controlled by
the apparent si e of the ob ect in the image plane.
It may be noted that at their graspable height, most
ob ects occupy the entire image and render contour
extraction impossible. e circumvent this di culty
as follows: during the off-line learning, the view of
the ob ect is captured at a nown height above it,
from where its contours are visible. he image of this
ob ect is then annotated with the height information
and stored in the database. Starting from an arbitrary
height such that the ob ect contours are visible , the
manipulator is first aligned with the ob ect in terms
of translation and rotation and then it is moved in
depth to bring it to the height at which the image
had been stored. rom this point, the distance to
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the grasp height, annotated to the image, is used to
execute the grasp. uring the recognition and pose
alignment phase, the si e of the images are normal-
i ed. his normali ation step is omitted during the
movement in depth.

ri nt ut

he method has been used for positioninga  MA

manipulator with respect to planar ob ects as well
as positioning and grasping  ob ects using their pla-
nar pro ections. or each ob ect, the alignment and
grasp position if applicable , was stored as described
in Section 1. uring the on-line visual servoing phase,
the un nown ob ect in the wor space was identified
by morphing it to the images in the database. he
images generated by the morph sequence were succes-
sively used to guide the manipulator. After each move,
the image of the ob ect obtained from the current po-
sition was morphed to the virtual image serving as the
current sub-goal. he pose difference between the two
was used to update the estimated calibration matrix
and move the manipulator to a new position.  hen
the pose difference between the actual image and the



virtual images became less than a threshold empiri-
cally defined to be 1 radians for rotation and within
five pixels in  and  for translation , the next vir-
tual image from the morph sequence was used. he
process terminated when all the images generated in
the morph had been utili ed. he movement in depth
was controlled such that the si e of the ob ect as de-
fined by the number of pixels inside the contour was
within of the template. rom this point, the re-
maining movement in depth was done using the depth
information collected in the learning stage.

esults for pose alignment and grasping of a rect-
angular prism are presented in igure igure
contains the graphs for translational and rotational
positioning with respect to the vacuum cleaner shown
in igure 1.

oncu ion nd wutur or

e have presented the theory underlying the con-
trol of vision-based robotic tas s involving hand-eye
coordination using virtual images created by image
morphing. he basic idea of the approach is to map
the virtual changes in the morph plane to the real
motion of the manipulator. he proposed approach
allows the specification of different grasp positions for
different ob ects and does not involve manual feature
selection and correspondence. urthermore smooth
tra ectories can be obtained by generating arbitrary
number of intermediate images. he idea explored in
this paper may provide a fundamentally new approach
to many problems in vision-based robotics. oremost
amongst its possible extensions are - grasping in a
full - O formulation and its application in a pro-
gramming by human demonstration framewor .
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