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Abstract

This paper approaches the hand/eye coordina-
tion problem as a skill learning as well as a control
problem. We show—or rather, confirm analytically
the intuitive concept—that all poses of the observer
are not equally good in terms of the visual servo-
ing to perform, and that a good pose can be chosen
that facilitates both the local control problem and
the learning of the visuo-motor coupling.

We represent the relation between visual input
and movements of the actuators by a hyper-surface,
whose shape we propose to learn, through the execu-
tion of simple hand displacement tasks. The shape
of this hyper-surface depends on the geometry of
the manipulator and on the position of the observer
(camera) relative to it. If the observer is active,
it can therefore, simply by changing its viewpoint,
modify the shape of the hyper-surface, and some-
times even its topology.

We show that it is possible to establish a finite
“family portrait,” indexed by the position of the
observer relative to the manipulator, of all qualita-
tively different possible aspect of this hyper-surface.
We also show how this information can be exploited
to facilitate the skill learning process.

1 Introduction
1.1 Hand/eye Coordinations

The term “hand/eye coordination” is often used to
represent several different concepts. With humans,
the term often refers to the current degree of skill
of an athlete, a craftsman, or an infant, but also to
the process through which such sensorimotor skills
are acquired. At the other end of the spectrum, in
robotics, the term “hand/eye coordination” refers,
almost exclusively, to the visual control of a robot
manipulator in hand or tool positioning tasks.
This simplified form of hand/eye coordination is
traditionally treated as an application of the cali-
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bration problem: kinematic calibration of the ma-
nipulator, optical calibration of the visual system,
and estimation of the pose of the “hand” and of
the goal relative to the observer. Hand/eye coor-
dination is then achieved when the visual module
is capable of determining estimates of the current,
initial state and of an expected final state that can
be exploited by classical control processes.

Due in part to the complexity of pose estima-
tion computations, the observer is generally a single
camera, fixed with respect either to the base of the
manipulator arm or with respect to the end-effector,
as in the “eye in hand” configuration. In either case,
it becomes possible to avoid one of the pose esti-
mation problems and perform image-based control
that directly exploits image measurements without
computing any 3D information ([10], [3]). Still, such
control rely heavily on precise estimates of a number
of parameters of the optical and mechanical appa-
ratus. Should the value of any of these parameters
be changed (for example if the camera is displaced),
the system would need to be re-calibrated, with no
accumulation of experience from one time to the
next, in clear contrast with the way humans seem
to be dealing with the reaching problem.

1.2 Hand/Eye Coordination in Humans

We can only present here a rudimentary summary of
the literature on the reaching problem. Hand/eye-
coordination-as-a-learning-process (in infants) can
be decomposed into three main phases. First is a
phase of sensory accomodation, during which the
child acquires focusing, object fixation, eye vergence
control, etc. Next, the visuo-motor coupling is ex-
plored: the infant learns how to move one hand
toward an object, with alternate glances from hand
to object. At the end of the third phase, this simple
visual control has been replaced by a more elabo-
rate, anticipatory strategy, allowing the task to be
initiated from a position outside the visual field.
The anticipatory aspect being even more promi-



nent with adults, it has been suggested that fast
movements, such as the initial phase of precise hand
movement, were ballistic, that is, programmed in
advance and run without correction, and that only
the slower homing-in phase is performed under vi-
sual control.

1.3 Application to Robotics

Without trying to precisely emulate the way hu-
man learn this visuo-motor coupling and accomplish
hand positioning task, we can attempt to retain the
same decomposition of hand movements into a fast,
“ballistic” phase and a slow, precise phase that is
performed under visual guidance. In many respects,
we already know how to execute the second phase:
visual servoing techniques have been successfully
used to perform fine tool-positioning tasks in the
case of an eye-in-hand system ([10], [3], [2]). As
mentioned later in this paper, we have also imple-
mented a simple image-based controler, for a 6-dof
manipulator, in the case of the “eye looking at the
hand” configuration [7]. The part of the problem
that remains mostly unaddressed concerns therefore
the generation of ballistic hand movements.

Although it is naturally possible to perform such
gross motion planning if the kinematics of the ma-
nipulator and the position and orientation of the
hand, the eye, and the object relative to each other
are known, the performance of current visual re-
construction algorithms does not allow such direct
computations. Furthermore, we believe that image-
based qualitative methods are better adapted to
problems in which the sources of incertitude and
inaccuracy are numerous. In particular, we would
prefer to learn a global representation of the visuo-
motor coupling betweeen the visual feedback and
the control to generate. For example, [8] showed
that, given an adequate representation, learning can
be performed by determining of a few parameters,
through the direct observation of hand movements.

Our approach can be viewed as a geometric coun-
terpart to that of [8]. We represente the visuo-motor
coupling by a geometric object, and the goal of the
learning process is to determine—qualitatively—the
shape of this object. In order to determine what
must be learned, we proceed by first analyzing the
visuo-motor coupling. Next, we distinguish classes
of patterns through which this coupling can be ex-
pressed. Finally, we propose the sketch of a learning
strategy for the reaching problem.

2 The Perceptual Kinematic Map

This section presents a very brief overview of the
mathematical concepts on which our study is based:
the Perceptual Kinematic Map, or PKM, and its as-

sociated Perceptual Control Surface: Although the
ideas and techniques of PKM-based control apply
to the case of a full-fledged 6-dof manipulator ([7],
[7]), the analysis of bifurcations presented in Sec-
tion 3 was done specifically for a 2-dof manipulator.
The notation in this section has been simplified to
take this restriction into account.

2.1 Definition of the PKM

The PKM is a mapping between the joint space and
the camera space [8] that maps the joint coordinates
to a vector of image features:

warde—-€
q+— c.

In the case of polyhedral objects, Weiss [10] pro-
posed a list of easily extracted image features that
could be used: areas of faces, lengths of edges, an-
gles, centroids of faces (to which we can add corner
points), and ratios of areas of faces, but more so-
phisticated information may be used as well [1].

2.2 The Kinematic Map

The type of manipulator we are considering in this
paper is a 2-dof (2R) manipulator that has its ro-
tation axes perpendicular to each other, which cor-
responds to the configuration presented by the first
two joints Jy and J; of most manipulators, as shown
in Figure 1.

@

Figure 1 — Denavit-Hartenberg parameters for a
2-dof (2R) manipulator

. Since we are only treating here the case of 2-
dof manipulators, it is sufficient to track a point M
that is attached to the terminal link of the arm (for
example its tip, Oz). The kinematic map « then
simply maps the joint vector q = (g1,¢2)’ to the

192



Cartesian coordinates of M relative to Ro, Mg:
ke J—
q —> M() = (X(),Yo,Zo)l.

The kinematic map’s Jacobian matrix is then

—a151 — a251Cy — doCy —a3C1 Sy
K = a1Ci + asC1Cy — dsS; —a351 52 )
0 —azc’z

where we have used the shorthand notation C; = cos gq;

and S; = sing;.
2.3 Expression of the PKM

In the case of a 2-dof manipulator, the simplest cam-
era space is the one generated by the image coor-
dinates of m, the projection of M onto the image
plane:

T ey
q+— m=(z,y).

Let R be the coordinate system associated with the
camera. The coordinate vector of M relative to R
is M= (X,Y,2)"

M = E¢,g’¢ . Mo —+ To (1)
=Ey,94 Mo—Ey,4-C, (2)

where Ey ¢ 4 is the 3 x 3 Euler rotation matrix of
angles 1,6, and ¢, Ty is the coordinate vector of
Oy relative to R, and C = (Xe,Ye, Z.)' is the coor-
dinate vector of the camera’s optical center relative
to Ro. C=-E. TO.

If we model the camera as a pinhole of focal
length f, then m = f/Z - M and, by differentiating
m with respect to the joint variables, we obtain

Om 0m oM 1 :
Ty T oM 5 zD T

where D = (g 3. :';)

2.4 Simple PKM-based Control

In order to learn anything about the PKM, we need
a basic image-based control scheme capable of mov-
ing the arm across the field of view. Specifically,
we need a control technique capable of bringing the
arm from its current position in the camera space,
m;, corresponding to a (known) joint configuration
q;, to a desired final position m; corresponding to
an unknown joint configuration. We proposed in [7]
to use a simple gradient descent algorithm to solve
this problem:

q(k+1) = q(k) — v-J' - (m(k) — my).

The only unknown term in this algorithm is the Ja-
cobian matrix of the PKM, J, which can be esti-
mated at the initial position and updated along the

trajectory by a Kalman filter [7]. The data about
the PKM that we compute along such trajectories,
however, is very local and short-lived: the value of
J at a particular point of the joint space. It is now
time to look for more global information about the

PKM.
2.5 The Perceptual Control Surface

In [6] we suggested studying the PKM geometri-
cally, in the form of the hyper-surface that it im-
plicitly defines, which we call the Perceptual Con-
trol Surface, or PCS. Figure 2(a) shows the very
tube-like PCS of a typical 2D pendulum. Except
In the case of the very degenerate configurations
that are the subject of the next section, small per-
turbations of the parameters of the hand/eye sys-
tem (due for example to vibrations or to displace-
ments of the observer) will only result in small de-
formations of the PCS. The shape of the surface will
be preserved (qualitatively), although the numeri-
cal values taken by the PKM in the camera space
will all have changed.

We can go further towards a qualitative repre-
sentation of the PKM if we notice that the shape of
the PCS is qualitatively uniquely defined by the lo-
cation and type of its singularities. Comparing Fig-
ures 2(a) and 2(b), we see that the singular curves
form the “skeleton” around which the surface is
fleshed. The object of our study will therefore from
now on be the geometry of the singularities of the
PKM and their behavior under perturbation of the
hand/eye apparatus, in particular under displace-

S,

ments of the observer.
@ ®

Figure 2 — (a) A Perceptual Control Surface
PCS); (b) Its singularities

3 Bifurcations
3.1 Presentation of the Problem

We suggested in [6] that, since displacements of the
camera can change the topology of the PCS, the
pose of the camera could (and therefore should)
be chosen so as to result in “good” changes in the
topology of the PCS. For example, the total num-
ber of singularities—or, more simply, the number of
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singularities between the current position and the
goal—could be reduced. The problem that we are
studying here could therefore be considered as an
example of sensor planning [9] where this planning
is not done directly in order to improve the percep-
tion of the shape of a physical object, but in order
to improve the shape of a topological one.

bm % ?Pq.

-y observer ‘:>;'qz

% pose Cy

K

observer
pose C;

(b) @

Figure 3 — Effect of a displacement of the ob-
server on the geometry of singularities
of the PKM

As an example, let us consider the hand/eye con-
figuration represented in Figure 3(a) and the cor-
responding singularities, drawn in the joint space
(Figure 3(b)). We should first emphasize the fact
that, with our PKM-based approach, the path is
actually planned in the image space. We just show
here how the problem appears in the joint space.

Looking, then at the figure, we notice that it is
impossible to plan a path between joint configura-
tions ¢; and ¢y that does not cross a singularity. It
is, however, sometimes possible, simply by changing
the pose of the observer, as shown in Figure 3(c),
to modify the topology of the PCS so that it is now
possible to plan a path between g¢; and ¢y that does
not cross a singularity, as shown in Figure 3(d). Ob-
viously, only “perceptual” singularities can be so
modified; displacements of the observer have no ef-
fect on kinematic singularities.

We will see that we can obtain a “family portrait”
of the possible configurations of the singularities,
that is, a finite set of 2D curves, indexed by the
position of the camera relative to the manipulator.
The learning of the PCS can therefore be guided by
the prior recognition of a particular configuration
of the family portrait, using measurements made
by the low-level controller.

3.2 Bifurcations and Transition Sets

The underlying philosophy of our approach is that
of the theory of singularities, applied to the study of
bifurcation problems and in particular to the con-
cept of an organizing center, defined as a configu-
ration for which the system exhibits its most singu-
lar behavior [4]. A very interesting aspect of this
theory is that quasi-global results may often be ob-
tained by the application of local analysis near an
appropriately chosen organizing center. Parameters
of the system can therefore be treated as perturba-
tion terms in the neighborhood of the organizing
center.

Another important concept of the approach is
that of the transition set, ¥, of a bifurcation prob-
lem, that is, of the set of n-tuples of perturba-
tion parameters for which one of the basic elemen-
tary phenomena—Dbifurcation, hysteresis, and dou-
ble limit point [4]—are observed. Generally, ¥ de-
fines a segmentation of the space of perturbation
parameters, W, into connected components. Fig-
ure 4 shows the transition set (on the left) and the
persistant forms of the bifurcation diagram for the
pitchfork organizing center =3+ Az +a+ Bz?, where
o and B are the perturbation terms.
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Figure 4 — Persistent perturbations of the pitch-
fork bifurcation: z° — Az + o + ﬂ:c2 =)

The main theorem of the approach states that,
given G : U x L x W — R, a family of bifurcation
problems that satisfy G(z, A\; @) # 0 on 0U x Lx W,
the persistent bifurcation diagrams in the unfolding
G are enumerated by the connected components of
W~X.

If we work within the framework that we briefly
esposed, our immediate objective is then to deter-
mine the organizing centers of the PKM, their types,
and their transition sets.

3.3 Notation

We are studying here the singularities of the PKM,
that is, configurations for which

J =detJ =0, (3)
which, once developed, turns out to be a rather com-

plex expression. It is, however, possible to make
numerous simplifications, for example if we notice,
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first, that the orientation of the observer has no ef-
fect on solutions of (3), and, next, that our problem
1s cylindrically symmetrical with respect to the first
Joint axis, 7o . This means that we can simplify the
problem by using the distance between the observer
and the first joint, R, = (X.?+Y.?)!/2, rather than
coordinates X. and Y., as long as we use a relative
angle to represent the state of the the first joint.
Condition (3) then simplifies to

h(‘h»‘h) = 07 (4)
where

h(g2,91) = (a1 + a2C%) - (ks (q2) — Cs - k2 (q1))
+ d3Cs - k1 (q1)

and ® ki(q1) =ds + R, -singy,
® k2(q1) = R. - cosqy,
° k3(q2) =as+ a; -C2+Zc - S,.

The singularities of the PKM that were drawn in
Figure 2 were the solutions of (4) obtained for one
particular manipulator (that is; a triple of values
for a1, as, and ds) and one particular pose of the
observer (values for Z, and R.). We want now to
take a more general view at the 5-parameter family
of problems

H(qz2,q1;01,0a0,d2, Z, R.) = 0, (5)

in which three of the parameters are passive (the
D-H parameters of the manipulator) and two are
active: the pose parameters of the observer.

3.4 Identification of the Bifurcatiqns

The first comment to make regarding the general bi-
furcation problem (5) is that it is remarkably com-
plex. In fact, it cannot even be solved as a general
problem and must instead be decomposed into sev-
eral smaller problems, based on the geometrical con-
figuration of the manipulator. This decomposition
of the set of manipulator configurations into classes
is defined by criteria based on D-H parameters ds
and a1: d2 =0 or dy #0; a3 =0, 0< |a1| < ay,
lai| = ag, or |a;| > as.

For each of the eight manipulator geometry types
so defined, we have identified all “organizing cen-
ters,” that is, hand/eye configurations (g2, q1, Z¢, R.)
corresponding to the locally most singular forms of
H. Some of the results of this analysis were very
surprising. For example, it revealed that one of the
worst possible manipulator geometry—in terms of
the perceptual singularities it contributes to create—
is used in most industrial manipulators, such as the
PUMA 560: d2 # 0 and a; = 0. For this type of ma-
nipulator, a bifurcation of infinite codimension can
be observed, a mathematical object far too complex

to handle. Other types of manipulators give rise to
better behaved PKM:s.

We will treat the example of manipulators such
that ds # 0 and |a;| > a» (complete topological anal-
ysis corresponding to each of the eight types of ge-
ometries can be found in [5]). In this case, the fol-
lowing organizing centers can be observed:

® Three quartic fold bifurcations.
® One pitchfork bifurcation.

® One simple bifurcation, which is a “dual” of the
pitchfork bifurcation, since it is observed for the
same pose of the observer, and value of ¢;, but a
different value of ¢5.

¢ In addition, two of the quartic fold bifurcations
admit a “dual” bifurcation of codimension zero.

H
ey
o)
D, © @ C (
® %
; g © (1)
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Figure 6 — Persistent perturbations of the quartic
fold bifurcation z* — X\ + az + 22 = 0.

We proved in [5] that at the quartic fold and pitch-
fork organizing centers, the family of bifurcation
problems H (g2, q1; Z¢, R.) was a universal unfolding
of the corresponding elementary problems. In other
words, all possible perturbations of the singularity
conditions can be represented by a displacement of
the observer, and all possible bifurcation diagrams
for the PKM of this type of manipulator can be as-
sociated with one connected component of the space
(Ze, Re).

The complete bifurcation diagram of the PKM
is therefore a complex composition of the bifurca-
tion diagrams of elementary bifurcations such as the
pitchfork bifurcation (Figure 4), the simple bifurca-
tion (Figure 5), and the quartic fold (Figure 6). In
either diagram, we see that the perturbation space is
decomposed into a finite number of connected com-
ponents and that a (qualitatively) different bifurca-
tion diagram corresponds to each of these connected
components.
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Figure 7 shows a part of the transition set associ-
ated with the type of manipulator geometry that we
are considering here. Any displacement of the ob-
server across one of the curves composing the tran-
sition set results in the occurrence of one of three
basic topological phenomena: a bifurcation; the ap-
pearance or disappearance of a hysteresis point; or
the appearance or disappearance of a double limit
point. Figure 8 gives examples of bifurcation dia-
grams observed when the camera is displaced in the
neighborhood of the pitchfork organizing center.

Zc

Rc
8§  TU0—32

-2

Figure 7 — A part of the transition set.

The “family portrait” associated with this type
of manipulator geometry is composed of its transi-
tion set and of the (finite) catalog of all classes of
bifurcation diagrams that are allowed.

/
#

pitchfork

simple
bifurcation

BN] xe

Figure 8 — Examples of bifurcation diagrams
observed in the neighborhood of the
pitchfork organizing center.

4 Recognition-Guided Learning

The bifurcation diagrams shown in Figure 8 rep-
resent locations of singularities of the PKM in the
joint space for different poses of the observer. Any
displacement of the observer across the transition
set results in a change in the topology of the PCS.
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If the complete transition set has been defined, then
this topological change can be chosen a prior: so
that beneficial effects can be observed on the PCS.
There are therefore several aspects of learning
that must be pursued. The simplest kind is the
recognition of the type of bifurcation diagram cur-
rently imposed by the pose of the observer. This
task is simple enough, since simple point-to-point
trajectories generated by the basic control sketched
in Subsection 2.4 routinely intersect singularities
and hence inform us about their locations and ori-
entations. We see in Figure9(a) an example of such
reports of “singularity crossings” collected along
six consecutive trajectories of the arm. After a
while, enough information about the singular curves
should be available to decide to which kind of dia-
gram in the “family” portrait the one being inter-
sected belongs to—for example, here, the one shown
in Figure 9(b). Since the model of the current di-
agram has been recognized, its complete recovery
is then greatly facilitated. For example, arm move-
ments can now be planned to verify if singularities
can actually be found where they are expected.

(b)

L
-

(c)

Figure 9 — Recognition of the bifurcation dia-
gram in the family portrait

In general, it is sufficient to recognize the current
bifurcation diagram to identify the type of the ma-
nipulator’s geometry; at most, only two candidates
remain to choose from. To each type of geometry
is assoclated a unique transition set, and a catalog
of bifurcation diagrams. It now becomes possible
to predict what bifurcation diagram—what shape
of the PCS—can be expected if the observer moves
in a certain way.

5 Conclusion
We have presented ongoing work on the role of
the observer in the hand/eye coordination problem,



based on the concepts of Perceptual Kinematic Map
and Perceptual Control Surface. We showed that
the position of the observer can be chosen so that
the problem becomes simpler, by removing some

- singularities or re-arranging them in a way more
convenient for the controller. Finally, we proposed
to use the displacements of the observer to guide
the learning of the PKM through the recognition of
some configurations of its singularities.
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