MVA'94 IAPR Workshop on Machine Vision Applications Dec. 13-15, 1994. Kawasaki

UNCALIBRATED STEREO VISION WITH POINTING
FOR A MAN-MACHINE INTERFACE
Roberto Cipolla, Paul A. Hadfield a n d Nicholas J. H o l l i n g h u r s t
Department of E n g i n e e r i n g ,
TJnivcrsity of Ciitnl)ridgc,
(!a.mbridgc

CB2 IPZ, U I i .

ABSTRACT
Here we report preliminary work on a g e s t u r e b a s e d i n t e r f a c e for robot guidance. The system requires no physical contact with the o p
erator, but uses u n c a l i b r a t e d s t e r e o vision
with a c t i v e c o n t o u r s to track the position and
pointing direction of a hand. With a g r o u n d
p l a n e c o n s t r a i n t , it is then possible to find the
indicated position in the robot's workspace, by
considering only two-dimensional collineations.
The system is accurate to about 2cm in a
40cm workspace; natural operator feedback improves this to within Icm. It is initialised by
observing just 4 points on the plane.
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Iland gestures and pointing. Some systems required the user to wear a special glove or magnetic sensors [ I , 2, 31. Others using image processing have required calibration for each user's
individual hand shape and posture [4].
We have developed a stereo vision pointing
system as an input device for a robot manipulator, to provide a novel and convenient means for
tho operator to specify points for pick-and-place
operations. We use active contour techniques [5]
to track a hand in a pointing gesture, with conventional monochrome cameras and fairly modest image-processing hardware.
A single view of a pointing hand is ambiguous: its distance from the camera cannot be determined, and the slant of its orientation is hard
to measure. Stereo views constrain the indicated
point to a line in space, passing through the fingertip in the direction of pointing. We employ
a ground-plane const,raint to determine the single point on a tnl,lc-lop corresponding 1.0 each
gesture. The use of such a constraint effectively
reduces the problem to a two-dimensional one.

2

THEORY

2.1

Viewing the plane

Consider a pinhole-camera vision system viewing a plane. The viewing transformation for each
camera is a plane-to-plane collineation between
some world coordinate system (X, Y) and image
coordinates (u, v ) thus:

where s is a scale factor that varies for each
point; and T is a 3 x 3 transformation matrix.
The system is homogeneous, so we can fix tg3 =
1, leaving 8 degrees of freedom. To solve for T
we must observe at least four reference points;
nntl, by assigning arl)il.rnry worlcl coorclina1.c~1.0
t.llcsc poit1t.s (c.g. (0, O), (0, I ) , ( I , I), (1, O)), we
define a new coordinate system on the plane,
which we call working plane coordinates.
Now, given the image coordinates of a point
anywhere in the plane, along with the image coordinates of the four reference points, it is possible to invert the relation and recover the point's
working plane coordinates, which are invariant
to the choice of camera location.

2.2

Pointing at the plane

With natural human pointing behaviour, there
is an arbitrary distance between the hand and
the indicated point: the hand is used to define a
line in space, passing through the fingertip. This
line will not generally be in the ground plane
but intersects the plane a t some point. It is that
point that we aim to recover.
Let the pointing finger lie along the line 1, in
space (see fi gure 1). Viewed by a camera, it appcnrs to bc on line li in the image, which is also
the projection of a plane, P, passing through the
image line and the optical centre of the camera.
This plane intersects the ground plane G along
line lSP. We know that the I , lies in P , and
the indicated point in I, but from one view we
cannot see exactly where.

Note that li is an image of lgP;that is,

Figure 1: Projection of the finger's image line
li onto the ground plane yields a constraint line
lgp on which the indicated point must lie.

where T is the projective transformation from
equation (1). If the four reference points arc
visible, t,l~istransformation can bc invcrtctl to
find t l ~ cconstraint line in terms of the working
plane coordinates.
Repeating this procedure with a second camera C' gives us another view 1: of the finger, and
another line of constraint l i p . The two constraint lines will intersect a t a point on the ground
plane, which is the indicated point. Its position
can now be found relative to the four reference
points (figure 2).
Because all calculations are restricted to the
image and ground planes, explicit 3-D reconstruction is avoided and no camera calibration
is necessary. In fact, provided four points on
the plane are always visible, the results will be
invariant to camera motion.
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3.1

IMPLEMENTATION
Equipment

The system is implemented on a Sun SPARCstation 10 with a Data Cell S2200 frame grabber. Images are provided by two PULNIX monochrome CCD cameras, which view the operator's
hand and the working area from a distance of
about 2 metres. The angle betwen the cameras
is about 30'. A Scorbot ER-7 robot arm is also
connected to the Sun.

3.2

(c)

Figure 2: By taking the line of pointing in each
view (a, b), transforming it into the coordinate
system defined by the four reference points, and
finding the intersection of the lines (c), the indicated point can be determined; this is then
projected back into the images.

Tracking the hand

We use a template-based active contour model
[6] to track the extended index finger and upturned thumb of a hand in the familiar 'pointing'
gesture.
Initially, the tracker deforms affinely until
it has aquired the dimensions of the operator's
hand; it is then restricted to rigid motions in
the image plane, and a single degree of shearing
(which is how the fingers appear to move unless
strongly foreshortened). The pointing direction
~ ~ ' z s stoube~ the
~ c0rientat.ion
~
of the intiex finger; the base of the thumb is tracked merely to
resolve an aperture pmblem [TI induced by the
finger's long thin shape. w e have deliberately
avoided tracking the main part of the hand because this has a complicated shape which can
vary significantly from one person to another.
The template-based tracker (figure 3) is designed to settle on a pointing hand so that one
of its basis vectors is parallel to the index finger.

This makes it easy to recover the line of pointing
in the image.

For this experiment, the corners of a coloured
rect,angle on the tabletop are used to define the
working coordinate system.
The trackers for the two cameras are initialised, one after the other, by the operator
holding his hand up to a template in the image, and waiting a few seconds while it moulds
itself to the contours of the finger and thumb.
With both trackers running, the hand can be
used as an input device by pointing to places on
the tabletmop.

Figure 3: The template for the finger-tracking
active contour.

Uncertainty
Wc can derive a measure of uncertainty for the
t.rackers' position and orientation in the image
by considering the "residual offsets" (offsets bet.wccn nct.nnl and prctlict,cct image edges after
st)Ivilig for t.rn~~slnl.io~is
nntl tlrforninl,io~~s
[(i]).
I:ron~ i.l~iscrror wc cnlculatc f2a pcrlrirbations of the position and orientation of lines li
and 1:; and, by projecting these onto the ground
plane, estimate the uncertainty in the position
of the indicated point.
Figure 4 shows the system in operation, with
an uncertainty ellipse drawn two standard deviations (95% confidence) away from the indicated
point,.

IIumans seem to judge their own pointing direction partly by the line of sight connecting their
fingertip to their eye rather than the finger direction itself, and this produces an offset between
imagined and observed pointing directions. Subjective estimates of accuracy are in the order of
2-4cm.
Tests using an artificial pointing device (figurc 5) sl~owt,llat our system is accurate to about
3.7%) (RMS error) of tllc working plane coordinates, or 15mm in a 40cm workspace, which is
comparable with predicted uncertainty.

3.4

Figure 4: Uncertainty measure for the pointing
lines and indicated point.

Robot guidance experiment

For this experiment, the reference points are defined by observing the robot gripper as it visits
4 points in a plane (this not only defines the

Figure 5: Mechanical pointing device used to
assess the accuracy of our system

working coordinate system but relates it to the
robot's own world coordinate system).
Finger-trackers operate as before, but now
the robot is instructed to move repeatedly to
where the hand is pointing, providing the operator with direct feedback of the system's output.
Performance
By observing feedback from the robot, the operator is able to position the gripper to within
lcm: sufficient accuracy to instruct it to pick up
n small wootlcn I~lockplacctl in i t s workspacc
(fig~tre6 ) .
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