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Abstract

VIRTUE: A virtual trinocular Stereo-Head, is a
trinocular head implemented using a single camera
mounted on the end-effector of a robotic manipu-
lator. VIRTUE’s three virtual cameras lie on the
vertices of an equilateral triangle and symmetrically
fixate points which lie on the normal which projects
to the triangle’s center. This arrangement allows for
converging virtual cameras over a range of fixation
distances. This paper describes VIRTUE’s design;
its forward and inverse kinematics, as well as the de-
tails of a trinocular stereo algorithm. A calibration
procedure and some results are also included.

1 Introduction

The active observer paradigm has given rise to more
integrated systems for nearly all tasks in computer
vision. An active vision system [1,3,4] is a system
which aims to achieve a specific computer vision
task not only through some sort of image process-
ing, but also by controlling the image acquisition
process. In order to perform active image acquisi-
tion, an image sensor needs be relocatable and redi-
rectable. In the context of active stereo vision, the
sensor has to provide stereo-images of an object to
be modeled from variable positions in space. This
may be achieved by a specially designed stereo-head
(e-g. [14,16,9]), by a pan and tilt unit mounted on a
mobile robot (e.g. [6,8]) or, with even greater flex-
ibility, by an “eye-in-hand” set-up (e.g. [19]). The
term “eye-in-hand” refers to configurations consist-
ing of an image sensor (eye) mounted at the end of
a manipulator (hand).

In an active stereo system, a primary task is
to fixate different locations under computer control
and to recover scene structure from this sequence of
fixations. An individual fixation point is the point
in space where the optical axes of all image sensors
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intersect. (If the optical axes are parallel, the fix-
ation point is said to be at infinity). In general,
the number of cameras used in a stereo-head may
vary from 2 to n. However, using three cameras
1s especially advantageous. Every match between
any token (e.g. point, line, feature etc.) in two of
the images can be verified with the aid of the third
image given the visibility of the token in all three
images. More than three cameras provide more re-
dundancy between images but also increase the pro-
cessing load (see [2, pp.159-160] for a more detailed
discussion). :

Existing trinocular stereo rigs have been built
around static arrangements of cameras. Ayache’s
([2]) is typical. It consists of three cameras mounted
in a “L-shaped” configuration with parallel optical
axes. This arrangement reduces the overlap of the
visual fields but is well suited for imaging reason-
ably distant objects in mobile robot applications.
When targets are to be imagined over a range of
distances, a head capable of converging over a range
of distances is more appropriate.
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Base Coordinate System

Figure 1: VIRTUE Concept

A completely controllable trinocular head has
many potential degrees of freedom. In order to re-
duce these to a manageable number, VIRTUE was
designed so that it was only capable of symmet-
ric fixation. The three cameras which make up
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VIRTUE are placed on a circle with radius 7. The
cameras are placed equidistantly around the circum-
ference so that the nodal points of the cameras form
an equilateral triangle. The cameras symmetrically
fixate a point lying along the normal to the plane
formed by the position of the three cameras, which
projects to the center of the circle. This is sketched
in figure 1.

Ignoring individual camera torsions, VIRTUE has
eight degrees of freedom. The head is centered at
C, fixates a point F, and has a variable baseline.
VIRTUE is also free to rotate about the line C — F.

2 Implementing VIRTUE

A single eyed VIRtual TrinocUlar stEreo-head
(VIRTUE) offers a number of advantages over the
use of a specially designed stereo-head. The in-
trinsic camera parameters for each camera in the
virtual trinocular head are identical (disregarding
changes due to environmental conditions like tem-
perature, pressure, etc.) since the same camera is
used for each of the three sensors of the head. The
underlying manipulator also has known kinematics
and uses a standard controller. The disadvantages
to the eye in hand approach are primarily related
to simultaneity of imaging; and, the limited (five)
degrees of freedom available with the arm. The
lack of simultaneity of imaging is only a problem
if VIRTUE is to imagine dynamic scenes or if the
lighting changes due to the changing location of the
robot arm. A more sophisticated manipulator ca-
pable of achieving arbitrary positions and orienta-
tions in its workspace could obviously achieve the
same number of degrees of freedom as a specifically
designed trinocular head. Limitations in the kine-
matics of the manipulator utilized for VIRTUE in-
troduces a number of problems as described below.

Figure 2: CRS-PLUS A150 Manipulator with Cam-

era

At York University, VIRTUE is implemented us-

ing a CRS-Plus robotic manipulator. The CRS-Plus
A150 (see fig. 2) manipulator is an all rotational
joint robot (RRR). The manipulator possesses five
degrees of freedom (DOF) which allows for arbitrary
positioning of the camera within its workspace. It
does not, however, allow for arbitrary control of the
orientation of the end-effector and, hence, the image
plane with respect to the optical axis of the camera
cannot be independently controlled. This is due to
the kinematics of the arm. The joints are arranged
such that the arm is always in a plane containing
the origin and z-axis of the base coordinate system.

Figure 3: (a) Forward Mount, (b) Sideway Mount

In order to achieve a common fixation point for
the three cameras of the head, the optical axis of the
camera must be rotated with respected to the plane
of the robot arm. The three virtual cameras have to
be directable to points off the plane of the robot arm
and, therefore, the camera mount holds the camera
sideways rather than forwards. The sideway mount
(see fig. 3(b)) allows the use of the wrist bend and
roll to direct the camera in an arbitrary direction
relative to the end of the lower arm of the manipu-
lator. The camera will always lie on a circle around
the end of the lower arm of the manipulator. The
resulting single eye virtual trinocular stereo-head
(VIRTUE) configuration is shown in fig. 4.

3 Controlling VIRTUE

3.1 Positioning the Head

The task of fixating with VIRTUE can be decom-
posed into the task of computing the poses associ-
ated with the virtual cameras that form VIRTUE
and hence the appropriate arm configuration for
the corresponding individual eye in hand configu-
rations.

The center of the virtual camera-head is specified
as a distance fiz Dist form the the fixation point F
of the head. The specification is completed by the
azimuth 1 and elevation ( of the head relative to the
x-y-plane of the base-coordinate system. The posi-
tion of the center of the head C is calculated as C =
F 4 fiz Dist [ costpcos( sinycos{ sin( ]T

The cameras must be placed in a circle around
the center of the camera-head. The plane of the
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Figure 4: Single Eye Virtual Trinocular Stereo-Head (VIRTUE)

circle is orthogonal to the vector from the fixation
point to the center of the camera head (see fig. 1).
A plane not parallel to the z-plane may be described
by parameters a,b, p such that az + by+z+p=

0; the vector [ a b 1 ]T is normal to the plane

and the point [ 0 0 —p ]T lies in the plane. A
similar parameterization is obtained if the plane is
not orthogonal to z.

The parameters a, b, p need to be found based on
the position of the fixation point F and the cen-
ter of the head C. Based on the description of the
plane, the unit vectors , § and % of a coordinate
system originating at the center of the head with the
vector Z pointing towards the fixation point are cal-

culated as follows. 2 = (ﬁ— C_") /If— C_"\, which

is the unit vector from the center of the head to
the fixation point. If, #’s z-component is scaled
to 1, the parameters a,b of the plane can be cal-
culated as [ a b 1 ]T = [ fufls byl ]T
Using the center of head as a point in the plane,
the remaining parameter p can be computed as

T -
p= —[ a b 1 ] -C.

Having established a representation of the plane
of the stereo-head, and a unit vector # orthogonal
to the plane, a unit-vector # in the plane is cal-
culated. The intersection of the plane with the
z-axis is given by [ 0 0 —p ]T Given that the
center of the head does not lie on the z-axis, a
unit vector & in the plane is calculated as # =
(é-}-[ 0 0 —p ]T)/‘C-"+[ 0 0 —p ]Tl
The third unit vector is then chosen to complete
the coordinate system in a right-hand sense.

This result enables a representation of the ori-
entation of the stereo-head and a positioning of
VIRTUE’s Cyclopean eye. Individual camera po-

185

sitions within VIRTUE are chosen to lie on a equi-
lateral triangle centered at the midpoint of the head.
An orientation of ® with a base-line b of the stereo-
head is understood to describe the following three
camera positions (in the coordinate system of the

head):

cos (P + nr)
—= | sin(® + nn)

v3 0

)nz_g)oag

The camera position in the (homogeneous) base-
coordinate system ° 4 can be obtained by coordinate
transformation 27 from the camera position in the
coordinate system of the head " 4.

¢
gT:[ 1]

3.2 Inverse Kinematics
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After the camera positions are determined, the task
of solving the inverse kinematics for each camera
position remains. A method due to Pieper as de-
scribed in [7, pp. 75-83] is employed to map affine
coordinates into the angle space of the manipula-
tor. The method aims to establish the position of
the end-effector first and, then solve for the ori-
entation. The position of the end-effector of the
CRS Plus A150 depends on the angle settings of 6,
through 5. In the notation used for the arm, the
4" and the 5" frames are centered at the end ef-
fector. The angle 6, is the only angle defining the
plane of the robot arm but has no influence on the
radius 7 at which the end-effector is positioned nor
on its height 2.

The camera and the end of the camera mount are
part of the robot arm structure and, therefore, lie
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Figure 5: Utilization of Wrist Rotations

in the plane of the robot arm. The correct rota-
tion of the plane of the robot arm is achieved if it
intersects with the plane orthogonal to the optical
axis of the individual camera at the camera position
(see fig. 5). This rotation is in the waist of the arm,
i.e. around the z-axis of the base coordinate system.
The rotational axis in the wrist of the arm has to
be used to direct the camera towards the fixation
point. In order to achieve the correct orientation of
wrist’s rotational axis, the camera mount must lie
on the line of intersection between the robot arm
plane and the plane orthogonal to the camera’s op-
tical axis. The length of the camera mount I, ,un:
determines two points on that line of intersection.
In the case both planes are congruent, the length
of the camera mount l,,,,u,; determines a complete
circle in the plane of the robot arm. Singular con-
figurations are therefore easily detected and can be
dealt with.

The algorithm used for solving the inverse kine-
matics of the manipulator for a single camera posi-
tion can be summarized:

e Use the camera position to determine the rotation
of the waist.

e Determine the plane orthogonal to the optical axis
of the camera containing the camera position.

o Derive a description for the plane of the robot arm.

e Determine the intersection of the plane of the robot
arm with the plane orthogonal to the optical axis
of the camera.

o Calculate the positions of the end of the lower arm
(two points on the line of intersection, or, in the
singular case the complete circle).

e Use each position of the end of the lower arm to
solve for the shoulder and elbow rotation.

e Solve for the corresponding wrist bend and roll to
reach the correct camera position and direction.

The inverse kinematics for the trinocular stereo-
head adds a preprocessing step to the above de-
scribed solution for a single camera position.
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4 Calibration

Most stereo algorithms require that the calibration
matrix of the camera is known. The calibration
matrix (M) establishes a mapping from the three-
dimensional scene (Z) to two-dimensional image co-
ordinates (%). Metric measurements are possible
only if the calibration matrix is known. The extrin-
sic (§7') and intrinsic camera parameters (P) may
be extracted from the calibration matrix (see e. g.
[10, pp. 33-68]).

i=MZ=P:TF (1)

A CCD camera can be successfully modeled by
a pinhole camera. The pinhole camera model has
six extrinsic parameters for position and orientation
of the camera in space (see e. g. [10, pp. 33-68]
and [20]). The extrinsic camera parameters can be
expressed as the four by four transformation matrix
6T containing six independent parameters; three for
translation and another three for rotation (see [7,
pp. 43-56)).

A simple model for the intrinsic parameters con-
sists of five quantities: The origin of the image co-
ordinates relative to the optical center (ug,vg), the
angle between the image coordinates (f) and the
effective focal length in pixels vertically and hori-
zontally (ay, ay).

ay —agycot(d) ug 0

P== 0 ﬁz‘e—) vg 0
0 0 1 0

Most camera calibration procedures require a pre-
cisely located object of known dimensions. Tsai
([20]) specifies the necessary precision as at least
an order of magnitude higher than the desired ac-
curacy of the calibration matrix. The calibration
project has to consist of more than six precisely
known points in general position (see [10, pp. 58-
61]). An object with two orthogonal or near orthog-
onal planes with a number of known points well
above six satisfies. In VIRTUE two planes of the
robot’s base are used.

Camera calibration in the case of VIRTUE has to
include not only the camera but also the robot arm
(including the camera mount). The configuration of
the robot arm determines the extrinsic parameters
of the camera. The goal of the camera calibration
has to be two-fold: establish a relationship between
the angular settings of the joints of the manipula-
tor and the extrinsic camera parameters; and, ex-
tract the intrinsic camera parameters themselves.



A successful calibration would allow the robot arm
to be commanded to certain angular settings and,
then, reliably predict the camera position and ori-
entation. The separated intrinsic parameters could
then be combined with this camera position and ori-
entation resulting in a known camera model for all
configurations. This can be expected work within
the accuracy of the robot arm with its repeatabil-
ity of £0.13 mm given that the intrinsic camera
parameters are stable.

The CRS-PLUS 150A robot arm has a built-in
self-calibration procedure and the dimensions of its
links are well known. This is used to reduce the cal-
ibration problem. It is enough to establish a trans-
formation from the camera to the end of the lower
arm of the robot, as well as find the intrinsic camera
parameters.

4.1 Calibration Procedure

In order to recover the calibration matrix, corre-
spondence of precisely known points in the scene
and in the image is established. An approach de-
scribed in [12, pp. 312-315] and in [10, pp. 55-58])
expresses the elements of the calibration matrix as a
function of a number of scene, and their correspond-
ing image, points. Employing equation 1, a linear
system of equations is obtained for the 11 unique
parameters of M. Given more than 5.5 matches a
least squares solution can be used to solve for M.

A more stable result than that obtained with the
linear least squares technique is reported using non-
linear constrained optimization techniques [10, pp.
63-66]). Two non-linear constraints are suggested:
one ensures unit length of the third row of the ex-
trinsic rotation parameter and the other imposes
orthogonality between the image coordinates. The
orthogonality constraint eliminates the intrinsic pa-
rameter 0 representing the angle between the im-
age coordinate axes. VIRTUE uses this second ap-
proach. A non-linear least squares technique due to
Levenberg-Marquardt performs the following mini-
mization (where A = 1).

- 2
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The coordinates of the calibration object are
specified in the robot base frame. Therefore, the
resulting calibration matrix is a mapping from the
general robot base coordinate system to image co-
ordinates. The calibration of the “hand-eye” con-
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figuration is thus a by-product of the camera-
calibration. The coordinate transformation from
the robot base frame to the end-effector is known
from the mapping of joint angles into base coor-
dinates. The external camera parameters form a
transformation from the base coordinate system to
a system centered at the nodal point of the cam-
era where the z-axis is aligned with the optical
axis of the camera. Simple matrix multiplication
is used to retrieve the “eye-hand” transformation
fL = TET,

Figure 7 shows the reconstructed 3-D points used
for calibration. The viewpoints used with VIRTUE
are the same as specified in section 5.5. For a view
of the calibration object see figure 6.

Figure 6: Image of Calibration Object

The main source of error in the calibration pro-
cess 1s due to imprecise knowledge of the coordinates
of the calibration object in the robot’s base frame.
A second source of error is due to uncertainty in the
rigid transformation between the coordinate system
of the calibration object and the robot base frame.
The calibration object itself has a rather large error
which is assumed to be around 2.5 mm.

Another major source of errors in the calibration
matrix is due to the barrel distortion of the lens.
This distortion is not negligible for a lens with a
short focal length (f = 8.5 mm). Modeling the
distortion is undesirable because of the nonlinear-
ity of such a model. A non-linear model would
greatly complicate the correspondence problem for
line segments. Another approach is simply to use
only the center region of the image. An improve-
ment of 100% of the calibration matrix when only
the inner 90% of the image are used is reported in

[20].

5 Matching Three Views

Stereo-vision is a common approach for recover-
ing the third spatial dimension of a scene. Given
the projection of a feature into two or more cam-
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Figure 7: Calibration Points: Sideview - Topview

eras, and knowledge of the camera imaging pro-
cess, the three-dimensional location of the feature
can be recovered by triangulation. Actual stereo-
algorithms have to address one major problem: es-
tablishing correspondences between image features.
Several algorithms for establishing correspondence
have been proposed in the literature but no opti-
mal algorithm exists for all image scenes (for an
overview, see [13]). In order to reduce the complex-
ity of the matching process, different constraints can
be applied. Perhaps the most powerful constraint
in stereo matching is the epipolar constraint. The
epipolar constraint refers to the fact that the line
that passes through an image point and the optical
center of one camera maps to a line in the image
plane of another camera and that searches for the
image point are thus constrained to a line in the
other image. Other commonly used constraints are
the uniqueness and the ordering constraints. The
uniqueness constraint states that every token in one
image has at most one corresponding token in the
other image. The ordering constraint assumes that
the order of tokens on the same epipolar line is the
same in different images. While the epipolar con-
straint is true in all cases (given that the pinhole
camera model holds), the uniqueness and order con-
straint may be violated in real image scenes (for a
more detailed discussion, see [15, pp. 226—240]).

One matching approach which obtains good re-
sults in man-made environments like offices is due
- to Ayache [2]. The approach is based on match-
ing intensity edges approximated by straight line
segments. Ayache has formulated algorithms for
binocular and trinocular stereo vision. The trinoc-
ular stereo algorithm uses only the epipolar con-
straint and some heuristics to match line segments.

In particular, it does not depend on the commonly
applied but not universally true uniqueness and or-
dering constraints.

VIRTUE uses Ayache’s approach to recover ob-
ject structure. Ayache’s algorithm can be broken
down into the following steps; obtaining the images,
applying an edge detector, approximating the inten-
sity edges by straight lines, rectifying the images,
finding matching segments and, finally, reconstruct-
ing the 3-D lines.

5.1 Edge Detection and Line Ap-
proximation

The Canny edge detector [5] is used to detect lo-
cal line segments. The current implementation uses
between two and six filter directions and provides
independent control of the 2-D Canny filter.

Peaks of the filter response are declared edges.
The peaks are found using spline fitting in the di-
rection of the edge detector (see [11, pp. 504-507]).
The detected peaks are mapped back to pixel coor-
dinates and the responses for all directions of edge
detection are combined. The results are edge con-
tours with a width of one or two pixels (disregarding
the distortion at contour corners).

The edge contours are thinned (see [17, pp. 199-
201] for a description of the algorithm) and approx-
imated as straight lines. The contours are repre-
sented as chains. Each chain is initially approx-
imated as a straight line from its endpoints. A
collinearity test due to Pavlidis ([17, pp. 281-288])
is performed breaking the chains, such that a max-
imum error in pixel displacement is not violated.
These line segments are then improved using a ro-
bust line estimator (see [18, pp. 703-705]). The re-
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sulting segments are joined if their ends are close
and the collinearity test succeeds (which is em-
ployed again).

5.2 Image Rectification

The coordinates of the line approximations are
transfomed in a rectification operation (for a def-
inition see [2, pp. 30-36]) in order to speed up
the matching process. Rectification ensures that
the image points of identical scene points (u;,v;)
have the properties that; v; = vy, uzs = u; and
—us = v3. In addition, the nodal points of the cam-
era before and after rectification are the same and
the focal plane of all three cameras are identical.
This is equivalent to placing the cameras so that
the epipolar lines are horizontal between views one
and two, and vertical between one and three. The
image rectification applied here is due to Ayache [2,
pp. 30-36].

5.3 Matching

Stereo-matching establishes the correspondence be-
tween 2-D line segments. The approach of Ayache
[2, pp. 129-143] is to reduce the matching prob-
lem by the epipolar constraint for the ends of line
segments. In the trinocular case, for each line seg-
ment in one image a corresponding line segment in
one of the other images is searched for. A match is
only accepted if a match between line segments in
two images can be verified by the third image. In
VIRTUE the matching algorithm is applied three
times, each time with a different image of a trinoc-
ular view as the third verification image.

The matcher is conservative and produces only a
small number of false matches. However, it relies
heavily on the assumption that a three-dimensional
line segment maps to one line segment in all three
images. This assumption is rather optimistic, espe-
cially if the line approximation produces a fragile
segmentation or if there exists considerable occlu-
sion in the images. Line approximation will always
be fragile for continuously curved edges, e.g. from
spheres.

5.4 3-D Line Reconstruction

The last step in the stereo-algorithm is to recon-
struct a 3-D line from matching 2-D image lines.
Reconstruction based on the endpoints of the 2-D
image line segments could be used if these endpoints
in the image would be the exact mappings of the
endpoints of the corresponding 3-D line segment.

However, segmentation errors make this approach
inappropriate. A better approach is to calculate
the intersection of the planes defined by the line
segments in the image; see Ayache [2, pp. 238-240]
for more details.

5.5 Preliminary Results

The result of the stereo-algorithm, i.e. the 3-
D lines, is shown in figure 9. The result is
obtained as follows: Three camera positions are
selected by VIRTUE given a fixation point of
[ 95 80 —155]. The azimuth angle was set
to %, the elevation angle to 0 and the viewing dis-
tance to 19.0 ecm. The base length for VIRTUE
was set to 14.0 cm. The camera positions de-
termined by VIRTUE are [ 18.0 26.3 —19.6 |,
[279 165 -19.5]and | 229 215 -7.42].
Two images are recorded from each viewpoint, the
first one of the calibration object, the second of the
object to be modeled. Both views from the third
viewpoint are shown in figures 6 and 8. Figure 9
shows the result of the 3-D line reconstruction us-
ing the automated edge detection and line approxi-
mation of section 5.1. The underlying grid shows a
ground “truth” but with high error since the object
is only a pattern printed on paper.

6 Conclusion

This paper describes the development of VIRTUE:
A single eye wvirtual trinocular stereo-head.
VIRTUE is a trinocular head with individual cam-
eras positioned on an equilateral triangle centered at
the midpoint of the head. VIRTUE’s three virtual
cameras symmetrically fixate points which lie on the
normal to the equilateral triangle which projects to
the triangle’s center.

An implementation using a CRS-Plus robotic ma-
nipulator is described. The CRS-Plus manipulator
was shown to be sufficient to allow for arbitrary po-

Figure 8: Image of Modeling Object
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Figure 9: Reconstructed 3-D Lines: Sideview - Topview (Automatic Line Segmentation)

sitioning of the head within its workspace but not,
however, for arbitrary control of the orientation of
the image plane with respect to the optical axis of
each virtual camera.

A trinocular stereo-algorithm has been imple-
mented using VIRTUE. The trinocular stereo-
algorithm is based on algorithm by Ayache [2]. It
has been shown to produce reasonable results in the
case of a simple object. An active object modelling
system based on VIRTUE is currently being devel-
oped.

VIRTUE’s calibration method is currently being
refined in order to obtain a more accurate estimate
of the eye-hand relation. Also, as mentioned in sec-
tion 4.1, introducing a separate reference frame for
the calibration object and the manipulator is desir-
able. Without this information it is not possible to
compose a calibration matrix for an arbitrary view-
point with accuracy. Improvements may also be
achieved by using a multiple view calibration pro-
cedure and a more precisely machined calibration
object.
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