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Abstract 

When a particular 3 0  point is  fixated b y  a robotic 
stereo system different portions of the world are 
brought into interocular alignment. This region is 
known as the horoptor. Purposeful modifications to 
the binocular geometry can be used to bring different 
regions of three-space closer to  the horoptor: Camera 
pan and tilt define the rough structure of the horop- 
tor, while camera torsion can be used to change its 
local shape. Theoretical and empirical results suggest 
that for binocular vision tasks (i) it is important to 
understand the region o f  three space that contains the 
horoptor curve and (ai) it is possible to control this 
shape in  an active way so as to  simplify certain binoc- 
ular tasks. 

1 Introduction 

The fundamental task in binocular vision is the lo- 
calization of structure in three dimensions. Given the 
projection of scene points into the two cameras that 
form a binocular head the computational task reduces 
to determining the correspondence between the pro- 
jection of a point in one camera with its projection in 
the other. Knowledge of the camera geometry can be 
used to  limit the search to a single dimension along 
the epipolar line. In a passive stereo system, different 
virtual fixation points are constructed and searches for 
matches are performed near these points. In an active 
stereo system, a fixed disparity range is considered 
for interocular matches and different regions of three 
dimensional space are mapped to this disparity range 
by modifying the head geometry. When only a limited 
range of disparities are to be processed (say near zero 
disparity), the relationship between the range of image 
disparities over which correspondence takes place and 
the three dimensional space to which they correspond 
needs to  be known. If this relationship is not known 
then either some regions of space will not be sensed 

which should be, or computational resources will be 
wasted fruitlessly searching for matches in regions for 
which matches are not required. What effect do dif- 
ferent head parameters h,ave on the 3D region of real. 
space that is localized near zero disparity? How can 
head parameters be contrlolled so as to enhance the fit 
between the region of space that is to  be sensed and 
the sensing requiremcnts of the task at hand? 

2 The horoptor 

When a scene is viewed binocularly, points in the 
world are mapped onto different image points in the 
left and right cameras. In general a point will have dif- 
ferent horizontal and vertical positions in each camera. 
The region of space that is projected onto identical im- 
age points (the horoptor) has been derived elsewhere 
(see [lo] for a derivation using retinal coordinates and 
[5] for a derivation using a pinhole camera model). 
In either case, the region of zero disparity can be de- 
scribed as the solution of i,he intersection of two curves 
of the second order. When two cameras fixate a sin- 
gle point in space and the cameras are aligned so that 
their x axes lie in the same plane and their y axes 
are parallel, the horoptor has the classical form shown 
in Figure 1. As has been described many times in 
the biological literature (see [9] or [2] for example), 
the horoptor curve consists of two parts, a circle lying 
in the plane containing the nodal points of the two 
cameras (known as the longitudinal horoptor), and a 
vertical line perpendicular to  the circle (known as the 
vertical horoptor). The llongitudinal horoptor is also 
known as the Vieth-Muller circle. This circle remains 
unchanged as the camerais fixate different points along 
the circle. It is also important to note that the vertical 
horoptor does not necessarily intersect the longitudi- 
nal horoptor at the fixation point. 

The horoptor curve shown in Figure 1 is based on 
a simple numerical model that is unlikely to hold in 
practice. The cameras cannot be perfectly aligned ver- 
tically, nor are they pinhole cameras. In order to  test 
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Figure 1: Horoptor curve without torsion. The two 
cameras fixate a single point and are not torqued 
about their optical axes. 

the validity of the classic model, a number of different 
stereo rigs have been examined under various head ge- 
ometries and their horoptors determined empirically. 
(See [B] for details on the horoptor measurement tech- 
nique.) Figure 2 shows the empirically determined 
horoptor for a fixed stereo rig at York University with 
no torsion. The empirical horoptor curve shown in 
Figure 2 follows the theoretical circular horoptor rea- 
sonably well consisting of two parts, a (roughly) circu- 
lar part which lies in the plane containing the fixation 
point and the two cameras, and a (roughly) vertical 
part near the fixation point. A second roughly vertical 
component near the back of the head is also admitted 
by the mathematical model. Note that unlike the the- 
oretical model, the vertical horoptor is not a straight 
line, but rather consists of two branches which diverge 
slightly. 

How serious an effect does torsional camera move- 
ments have on the shape of the horoptor in practice? 
The York head shown in Figure 2 shows some residual 
torsion in that the vertical horoptor tilts slightly away 
from the stereo head. The York head has an adjustable 
torsion so the induced torsion might be an artifact of a 
poor torsional setting in the head. Figure 3 shows the 
empirically determined horoptor for the MCRCIM Ac- 
tive Stereo Head. The MCRCIM head consists of two 
fixed focal length cameras mounted on two Directed 
Perception pan and tilt units. The head is designed 
to have a fixed zero torsion in each camera. 

The vertical horoptor in Figure 3 tilts away from 
the stereo head indicating some torsional misalign- 
ment (cyclotorsion) is present. For the MCRCIM 
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Figure 2: The empirically measured horoptor for a 
fixed stereo head at York University. Points deter- 
mined to lie on the horoptor are marked by small dia- 
monds. A reference object consisting of two planes is 
shown. This object is used to empirically measure the 
horoptor. The camera centres and their approximate 
directions of gaze are joined. 
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Figure 3 :  The empirically measured horoptor curve 
for the McGill University stereo head. Note that the 
vertical horoptor curve tilts away from the head indi- 
cating that some torque is present. 
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stereo head, “frontoparallel” surfaces are slanted away 
from the head. A large range of vertical and horizontal 
disparities must be searched in order for an unslanted 
surface to  be fused by the MCRCIM head. As active 
stereo heads are developed which can control various 
aspects of the head geometry, it may prove beneficial 
to introduce low level control loops to correct for ar- 
tifacts such as torsional or vertical misalignment in 
much the same way that binocular head control for 
vergence and version is controlled in existing systems. 

3 Active control of cyclotorsion 

In a binocular head such as TRISH[7] capable of ac- 
tively controlling camera torsion it is possible to dy- 
namically adjust the camera torsion so as to match 
the local surface tilt of the object being fixated. The 
reduced apparent surface tilt obtained with torsional 
camera movements brings more of the surface within a 
particular range of disparities. Thus the surface can be 
made to appear more “fronto-parallel” and thus more 
easily processed with a static arrangement of disparity 
detectors. 

The cyclodisparity (or rotational misalignment) be- 
tween the two images can be computed in a number 
of different ways[3]. The approach considered here is 
to combine local independent disparity estimates to 
solve in a least squares manner for the global image 
rotation. Assume that the cameras are currently fix- 
ating some locally planar surface. Then near the cen- 
tre (0,O) of the image the distribution of disparities 
(62, Sy) can be related to a local torsional rotation 64 
by 52 = -y&$ and Sy = 264. If the cameras fixate 
some scene point then choosing a cyclodisparity that 
minimizes in a least squares sense the mis-fit near the 
image centre to image rotation solves for 

Note that this computation requires only the values of 
SX and Sy which are the local image disparities which 
are typically computed by the disparity measurement 
process. 

In order to  implement the cyclodisparity measure- 
ment process, some mechanism is required to measure 
local disparities. A phase based interocular matching 
process based on [4] is used here but other disparity 
measurement processes could be used. 

For simple rotated patterns the image rotation ob- 
tained using (1) recovers the correct cyclodisparity un- 
til the disparity grows so large that the (Sx, Sy) values 

begin to fall outside the disparity range to which the 
disparity detectors are tuned. 

In order to track cyclodisparities in an active envi- 
ronment some sort of control loop is desirable to pre- 
dict the expected cyclodisparity and to smooth out 
small temporal variations. It is beyond the scope of 
this paper to address all of the issues involved in de- 
signing an ideal cyclotorsion control loop here. One 
simple approach is to model the true cyclodispar- 
ity as a constant which is corrupted with zero mean 
noise and to build a Kalman filter based control pro- 
cess to estimate the true cyclodisparity[l]. That is 
to assume that 4( t )  is simply a corrupted version of 
4(t - 1) and that the measurement process given in 
(1) returns a corrupted version y(t) of +(t ) ,  i.e. that 
4 ( t )  = 4(t - 1) + w(t - 11) and y(t) = #( t )  + v( t ) .  As- 
suming that the noise process is well behaved, i.e. that 

and E[w(k)w(j)] = E[v(k)v(j) ]  = 0 k # j ,  then 
the Kalman estimate $(t)  of +(t) is given by &t) = 
a(t)&t - 1) + b(t)y(t) where a( t )  = 1 - b ( t )  and 
b ( t )  = (a,”b(t - 1) + ai)/(a,”b(t - 1) + + c,”). This 
can be embedded within a simple control loop in or- 
der to recursively estimate the current cyclodisparity 
at time t given measurernents y(O)..y(t). 

The results of using this simple control loop to ac- 
tively determine the cyclodisparity and to  account for 
it are shown in Figure 4. The surface starts out at  
zero disparity and then tilts to induce a cyclodispar- 
ity of 0.6 radians in total. The surface maintains 
this tilt and then changes tilt until the surface in- 
duces a cyclodisparity of -0.6 radians in total. Re- 
sults for two different control loops are shown. In 
the first CT,” = .:/lo while in the second U,” = U:. 

In both cases the active cyclodisparity process ac- 
curately tracks the input, nullifying the induced cy- 
clodisparity. The effect of increasing .,” is to  generate 
a longer temporal averaging process so that the track- 
ing is smoother but slightly delayed. 

Camera misalignment in a binocular head can pro- 
duce complex changes in the shape of the horoptor 
curve. By measuring and correcting for torsional mis- 
alignment it is possible to correct not for a fixed cy- 
clotorsion, but rather for the cyclotorsion that best 
fits the local surface slant. This brings more of the 
local surface into rough alignment with the disparity 
detectors tuned to near zero disparity. 

E[w(t )]  = E[v(t)] = 0, E [ W 2 ( t ) ]  = U; ,  E[w2(t)] = a,”, 

4 Discussion 

Although the effect of torsional rotations on the 
horoptor geometry have been understood for over 100 
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Figure 4: Active control of cyclodisparity. The hori- 
zontal scale is time while the vertical scale is the in- 
duced cyclodisparity to each camera so the total cy- 
clodisparity is twice that shown. 

years it is only recently that computational models of 
stereopsis have considered convergent stereopsis and 
have had to examine in depth the effects of different 
head geometries on the nature of the computational 
processes. As binocular processing is typically only 
performed over a small range of disparities it is im- 
portant to understand the relationship between a par- 
ticular head geometry, a range of disparities, and three 
dimensional space. 

For active stereo heads it is not possible to pre- 
compute the appropriate torque for all visual tasks. 
Different torques are suitable for different tasks. Ac- 
tive control of torsional camera movements can be 
used to: (1) Make the best possible use of the range 
over which the disparity detectors operate by map- 
ping structure in the world to the detection region 
of the operators; (2) It can be used to make an arbi- 
trary surface slant appear “frontoparallel” in disparity 
space, and thus ideally suited to binocular processing 
by many stereopsis algorithms; And (3) It can play 
a role in explicitly tuning top-down search processes 
using explicit target knowledge[8]. Active binocular 
systems which do not take the shape of the horoptor 
into account must attempt to overcome the mismatch 
between zero-disparity surfaces in disparity space and 
planar surfaces in the real world by searching large 
disparity regions whose size is a function not only of 
the shape of the 3D surface but also of the current 
head geometry. 
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