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Egomotion Determination Through an Intelligent
Gaze Control Strategy
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Abstract—We present a computationally inexpensive method that
rapidly and robustly determines both the translational direction and
rotational component of motion through the use of an active vision sen-
sor. Our method employs an intelligent gaze control strategy, where
an active camera first fixates on an item in the environment while si-
multaneously measuring motion parallax. The camera then rapidly
saccades to a different fixation point, based on this measure. The al-
gorithm iteratively seeks out fixation points that are closer to the trans-
lational direction of motion, rapidly converging so that the camera al-
ways points in the instantaneous direction of motion. At that peint, the
tracking motion of the camera is equal but opposite in sign to the mo-
bile entity’s rotational component of motion.
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I. INTRODUCTION

Egomotion determination is important to any mobile entity (e.g.,
humans, robots) when moving within and interacting with its en-
vironment. When the egomotion parameters of direction and rota-
tion are known, short-term navigational control can be accom-
plished and tasks such as determining environmental depth and
structure are possible. A rich source of egomotion information is
provided through visual stimulus when an observer moves in space.
By observing the environment, one can follow desired paths and
avoid collisions with obstacles.

Much work in visual motion analysis has concentrated on re-
covering general 3-D motion and Scene structure from passively
acquired 2-D image sequences (review given in [1]). For several
reasons, this is a difficult problem to solve, particularly when the
motion and scene are arbitrarily complex. While techniques have
been proposed that yield the right answer for noiseless data, it has
been shown that perturbing the noiseless data will result in a so-
lution quite different from the one that is correct (e.g., [2]). These
techniques are also computationally complex, making them inad-
equate for real-time processing.

Since determining general 3-D motion via vision is problematic,
much research has been done concerning only transitional motion
[31, [4]. When a visual sensor translates without rotation, all of the
flow vectors in the time-varying images emanate from a single point
known as the focus of expansion (FOE). This point can be deter-
mined from the intersection of the measured flow vectors, and can
then be used to determine the translational motion vector of the
visual sensor. Many algorithms have been developed that use the
FOE, such as determining depth to scene points via the time-to-
adjacency relationship [4], [5]. In short, the FOE can provide re-
liable motion information as long as the motion is purely transla-
tional. However, if even a small amount of rotation occurs during
translational motion, the accuracy of the FOE (if one can be found)
deteriorates. Effects of rotation on the FOE have been given else-
where, the general conclusion being that translational motion de-
termined from an FOE is highly inaccurate when rotation oceurs
[4].

In order to robustly determine both the translational direction
and rotational component of motion in a rapid fashion, we present
a computationally inexpensive method that exploits the constraints
imposed by actively controlling the visual sensor’s motion inde-
pendently of the observer’s general motion. Due to the advent of
sophisticated controllable visual hardware, much emphasis has been
placed on the *‘active’ or animate vision paradigm in computer
vision research (principally described in [6]-[10]). As part of the
active vision paradigm, it is possible to control the gaze direction
in order to fixate on items in the environment while the observer
moves. Fixating on a particular point in the environment while
moving induces a sensation of visual depth referred to as motion
parallax. During motion while fixating, our method first measures
motion parallax near the line of sight. Based on this measure, the
method then performs “‘saccadic’’ movement, i.e., rapid move-
ment of the camera in order to select a new fixation point. The
algorithm operates in an iterative fashion, repeatedly selecting and
tracking fixation points, followed by saccading in the direction of
the observer’s motion. The algorithm quickly converges so that the
gaze direction coincides with the instantaneous translational direc-
tion. At that point, the tracking motion of the camera is equivalent
to the negative of the rotational components of motion. This al-
gorithm operates continuously, always keeping the gaze aligned
with the forward motion, providing accurate egomotion parame-
ters. A beneficial side effect of this method is that obstacle detec-
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tion will have a higher degree of success, since the gaze is always
aligned with the instantaneous forward direction of motion.

Our strategy is very similar to the optokinetic nystagmus behav-
ior in humans. This reflex in human vision consists of two parts.
First, as we move in our environment, our eyes tend to select a
point in the scene and track that point as we move forward. Through
the use of our ﬁeld~holding reflex, we are able to fixate rather ac-
curately. As the fixation point reaches a point where mechanically
We cannot continue tracking, we perform a saccadic movement that
moves the head/eyes rapidly in the direction opposite of the orig-
inal tracking motion. A new fixation point is then selected and
tracked as before. Humans perform this behavior regardless of
whether the path is linear or curvilinear. It was suggested by Cut-
ting [11] that motion parallax is used by humans during fixation
for wayfinding. We expound on this idea, and apply it to egomotion
determination using an intelligent gaze control strategy. Experi-
ments are carried out both in simulation and in the real world, giv-
ing results that are close to the actual motion parameters.

II. PRELIMINARY MATHEMATICS

Consider a motion reference frame attached to a moving body as
it moves through a stationary environment. In this reference frame
we consider a coordinate system whose z-axis is always aligned
with the instantaneous direction of translation, as shown in Fig. 1.
We then consider a point P whose coordinates in space (with re-
spect to the motion reference frame) are r = (X, Y, Z). If the mo-
tion of the body has instantaneous translation given by t = (0, 0,
W) and instantaneous rotation given by w = (4, B, C), then the
velocity vector of point P is given as (e.g., from [12]):

V=—-t-wxr or X:—BZ+CY,
Y=-CX+42Z, Z=-w— ay + Bx (1

These velocity equations are more easily generalized in spherical
coordinates, so we note in Fig. 1 that

7 .

L=VvX"+ry'+22

@

Y
0 =ta =tan"! =,
n ) an %

where L, is the length of vector r.

We are primarily interested in the angular velocity component of
P away from the instantaneous direction of motion, i.e., §. By dif-
ferentiating above, we obtain

e E R o AN S PN
L'Vx? + 7?2 LIVXxT 3+ 72 2yxtTiy ™

Also from Fig. 1. we see that
X =L, sin § cos ¢, Y =L, sin 6 cos ¢, Z=1L,cosf (4)

and substituting into (3) we get

. cos 8 cos ¢ . cos 6 sin ¢ . sin @ .
=T X+ —y -2 5
b L, L, L, ®

Further, if we substitute (1) and (4) into (5) we get

W sin 6
L,

f = + Asin ¢ — B cos ¢. 6)

'Note that the first two terms are zero since the z-axis is always aligned
with the translational direction.



1426 IEEE TRANSACTIONS ON SYSTEMS, MAN. AND CYBERNETICS, VOL. 23, NO. 5. SEPTEMBER/OCTOBER 1993

origin on
moving body

t
direction of
instantaneous translation

P(X,Y,Z)
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environment

Fig. 1. Motion reference frame with z-axis aligned with the direction of
instantaneous translation.

We now want to consider all the points that have equal angular
velocity away from the instantaneous translational direction. We
set § constant in (6), and solve for L, as a function of 8, ¢, and the
motion parameters to get

W sin 6

L= -
k — Asin¢g + Bcos ¢

)

where k is a constant. When there is no rotation component of mo-
tion (i.e., A = B = 0), the solution to this equation is shown in
Fig. 2. We see that this surface corresponding to constant angular
velocity away from the translational direction is a torrus with an
inside radius of zero.

Consider now a camera placed at the center of the motion ref-
erence frame so that its focal origin coincides with the coordinate
system’s origin. If the camera can pivot around its focal origin
while maintaining a relatively small field of view, we can consider
the imaging domain to be spherical.” Then, the optical flow on the
imaging surface (when measured as angular displacements) will
directly correspond to the angular velocities of the points in space.
Therefore, the surface described by (7) also represents the angular
optical flow (with respect to the translational axis) of the imaged
points on a spherical image domain. Because the surface corre-
sponds to points of equivalent angular velocity away from the in-
stantaneous axis of translation, we can also state that the optical
flow of these points are equivalent, and therefore we refer to this
surface as an iso-flow surface.

When there is a rotational component of motion, the iso-flow
surface becomes a ‘‘deformed’” torrus,® depending on the values
of A and B. An example of such an iso-flow surface is shown in
Fig. 3. The inside diameter of this deformed torrus is still zero and
any cross section cut by a perpendicular plane that contains the
origin (i.e., a plane given when ¢ is constant) will show circular
surface boundaries.

When we vary k in (7), we obtain a set of nested toroids that all
intersect at the origin. It is difficult to illustrate these toroids in
three dimensions, so we shall now consider a perpendicular cross
section of these iso-flow surfaces, i.e., an intersection of the iso-
flow surfaces with a plane given when ¢ is constant. If we choose
¢ = 0, the intersecting plane will be the x-z plane. In this plane,
we see that the 3-D surfaces project as nested circles that are tan-
gent to the instantaneous direction of motion, as shown in Fig. 4.
The optical flow of the points in this plane depend on the values of

2An ‘‘active”’ vision system, based on a camera that can pan and tilt,
closely approximates a visual sensor with a spherical imaging domain [15].

3Note that rotation around the translational axis, i.e.. C, has no effect on
the shape of the surface.

Fig. 2. Three-dimensional surface given by (7) when 4 = B = 0 (torrus
with an inside radius of zero).

Fig. 3. Three-dimensional surface given by (7) when 4 = 1, B = 2, and
k = 5 (deformed torrus with an inside radius of zero).

k and the rotational component of motion,* given by B. Regardless
of the amount of rotation, the circular shape of these iso-flow con-
tours remains the same (note that these two-dimensional nested
circles have been mathematically derived in other work concerning
optical flow, e.g., [11]).

Motion without Fixation

In Fig. 4(a), we consider the case when the observer’s motion is
purely translational. We will distinguish now between positive and

“If we consider the y-z cross-sectional plane (¢ = 7 /2), the optical flow
values will depend on the rotation 4; when considering any other cross-
sectional plane, the values of optical flow depend on some combination of
A and B.
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instantaneous
direction of motion
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Fig. 4. (a) Iso-flow contours while gazing straight ahead for translation
only in the x-z plane; r = (U, 0, W) (note K is some constant). (b) Iso-
flow contours while gazing straight ahead for translation and rotation in the
x-z plane; t = (U, 0, W), w = (0, B, 0).

negative optical flow with respect to the direction of motion
(z-axis). When gazing straight ahead (along the z-axis), optical flow
on one side will flow to the left, and the optical flow on the other
side will flow to the right. If we consider optical flow positive in
the direction of the x-axis, then the optical flow on the left side of
the z-axis will be negative, and on the right, positive.

We see that when k = 0, i.e., when the optical flow is zero, all
of the environmental points with zero optical flow lic on a straight
line pointed in the direction of translational motion. This makes
sense from an FOE standpoint, since this line will intersect the

imaging surface at a single point, i.e., the FOE (or focus of con-

traction (FOC) if viewing away from the forward direction).

In Fig. 4(b), the observer undergoes both translational and ro-
tational motion. We now see that all of the points with zero optical
flow lie on a circle, which has been referred to in other work as the
zero flow circle (ZFC) [13]. From this we can see that since the
points on the ZFC will project on to the imaging surface at many
different points, a single FOE point will not exist. It is also im-
portant to note that all of the points inside the ZFC will have optical
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flow values opposite in sign from the optical flow values outside
the ZFC. Also, points that fall on the line of instantaneous trans-
lation will have optical flow equal but opposite in sign from the
rotational component of motion (in this case, —B).

Motion with Fixation

Consider now an observer moving while fixating on a particular
point in the environment. The observer maintains the image of the
fixation point in the center of view, and thus the optical flow of the
corresponding image point will be zero. Keep in mind, however,
that the fixation point will be one of the many points that has zero
optical flow. As described above, the points that have zero optical
flow lie on a circle, the ZFC. Therefore, the shape of this iso-flow
contours will remain the same during fixation, however, the values
of optical flow along the contours change according to the location
of the fixation point. The contour that contains the fixation point
will have zero optical flow and the contours inside the ZFC will
have optical flow opposite in sign from that of the contours outside
the ZFC.

In order to maintain fixation, the observer must add a component
of rotation to the visual sensor. Humans do this by rotating their
eyes and/or head while under going general motion. In a sense, the
observer *“forces’” the iso-flow contour containing the fixation point
to have zero optical flow. If the observer’s general motion is only
translational and the observer is fixating on an object in the envi-
ronment, then the final motion of the visual sensor has both trans-
lational and rotational components. If the observer is moving both
translationally and rotationally while simultaneously fixating, then
the final motion of the visual sensor contains a rotational compo-
nent composed of both the original rotation and the rotation re-
quired in order to keep the fixation point at the view center.

III. MOTION PARALLAX

Motion parallax (also called kinetic depth) is the sensation of
visual depth obtained by a moving observer while fixating on a
point in the visual scene. Objects in front of the fixation point move
in the direction opposite of the observer movement, while objects
behind the fixation point move in the same direction.’ Motion par-
allax has been researched extensively by psychologists studying
animate vision since motion parallax is used as one of the cues for
depth perception (e.g., [14], [15], [16]). Although motion parallax
is useful in determining relative depth, it cannot be used to deter-
mine absolute depth.

A general case of motion parallax is illustrated in Fig. 5. We
consider an observer at two positions along a line of translation,
position p; and p,. The observer maintains his gaze on the fixation
point during motion, therefore the optical axis of the visual sensor
always intersects point Z. We also consider a point 4 and a point
B that lie in front and behind the fixation point Z, respectively. The
image motion of point A4 is given by angle «, and of point B by
angle 3. What we wish to show is how « and 8 change as the angle
6 formed by the line of sight through the fixation point and the line
of translation changes. If we define Z, and Z, as the distances from
the fixation point to the observer at positions p, and p,, respec-
tively, then we can write Z, in terms of Z; using the Law of Co-
sines:

Z, = Nd* + Z} - 24z, cos 6. ®)

SThis is clearly understood from the previous section since the optical
flow inside the ZFC has opposite sign from the optical flow outside the
ZFC.
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Fig. 5. Motion parallax given by angles « and 3.

From the Law of Sines, we know that

sin z
7

sinf
Z

®

Combining these two equations, we can express angle z in terms
ofd, 8, and Z;:

¢ = sin! [ d sin §
Vd? + Z2 — 2dZ, cos §

. (10)

In a similar fashion, we can determine equations for the angles a
and b:

a=sin"' L d sin 6 } (an
Vd? + A* — 2dA, cos 0
b = sin"' { dsin 9 } (12)
Jd7 + BY — 2dB, cos 6 |
Finally, to determine « and 8, we see that
a=a—-12 B=z-0b (13)

We set the values of 4;, Z,, B;, and d constant, and plot «, 3, and
their difference « — 8 for 6 ranging from 180° to 0°, shown in
Fig. 6. From this we can verify that the motion parallax of points
A and B given by « and 8 is zero when § = 0° or 180°, i.e., when
the line of sight is directed along the line of translation. Further,
both « and 8 go through a maximum near 90°. The functions a(f)
and B(0) act very much like the sine function, and indeed, when d
is relatively small compared to 4, Z, and By, a(#) and B(#) can
be approximated by

7 —
a(f) = sin™' {—AZ_A] dsinf; d<< A, Z, B (14)

L {B Z} .
B(0) = sin —— | dsin 8; d << A, Z, B. (15)
BZ
It is important to note that the similarity between (14) and (15) with
(7), the equation that describes an iso-flow surface in three dimen-
sions. When the rotational components A4 and B are zero, (7) con-
sists of the sine of 8 multiplied by a constant; (14) and (15) have
the same form. If we plot motion parallax given by (14) or (15) in
three dimensions, we see that the surface is the same as depicted
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Fig. 6. a(f), B(8) and o — B versus 8 from (13) (4 = 5, Z=13,B =20,
d=1).

in Fig. 2. This makes sense, since motion parallax is independent
of rotational motion. We see that motion parallax is zero along the
axis of instantaneous translational motion and maximal when gaz-
ing perpendicular to the translational axis.

Another key point in Fig. 6 and (14) and (15) is that the ampli-
tude of « is greater than the amplitude of 8 for all values of 8. That
is, points nearer to the observer than the fixation point will flow in
the direction opposite to the observer motion, and because they are
closer, they will have greater magnitude than the flow of points
behind the fixation point. Cutting suggested that humans use this
information for wayfinding [11]. By grouping the flow vectors
moving in one direction from a group flowing in the opposite di-
rection and by calculating the average magnitude of flow of each
group, it is possible to determine the direction of observer motion.
If a group of flow vectors has greater magnitude than the other
group, then the observer movement is in the direction opposite to
the motion of the group of greater magnitude. However, there are
cases where this concept fails. If the closer group of points are
close to the fixation point, and the farther group of points are far
from the fixation point, then the magnitude of the closer group shall
be smaller than the distant group. This problem can be rectified
through an intelligent choice of fixation points. By choosing a fix-
ation point so that there are ample scene points between the ob-
server and fixation point, and more specifically, that there are points
closer to the observer than the halfway mark to the fixation point,
then the problem is eliminated.

IV. EGOMOTION DETERMINATION ALGORITHM
General Strategy

In order to determine the direction and rotational components of
general motion for a mobile entity such as a mobile robot, we pro-
pose a method where the visual sensor’s motion is actively con-
trolled. Our method makes use of two different kinds of motion for
the camera. We first choose a point in the environment and fixate
on it while we move a short distance. During fixation, we measure
the motion parallax that occurs from feature points that lie on or
near the line of sight. Based on the measure of motion parallax, we
then saccade the camera, selecting a new view direction. A new
fixation point is then selected, and the process repeats. The algo-
rithm converges so that the visual sensor is always pointed along
the direction of instantaneous translation, where no motion parallax
occurs.

The assumptions of this method are as follows.
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1) The mobile entity’s motion to be measured must change
slowly enough so that the saccadic algorithm is allowed to
converge.

2) The environment must be sufficiently rich in objects, so that
when choosing fixation points, other object points exist that
are closer than half the distance between the visual sensor
and the fixation point. This assures that the average motion
of objects behind the fixation point moves less than the av-
erage motion of objects in front of the fixation point. This
can be satisfied through an intelligent choice of fixation
points, as is described in the next section.

The steps of the algorithm are as follows.

1) Regardless of where the camera is pointed. we choose a fix-
ation point in the center of the field of view.

2) The fixation point is tracked as the mobile entity moves for
a fixed distance. During tracking, we measure the flow of
scene points that are imaged near the fixation point. We group
the flow vectors into a positive-moving group and a negative-
moving group, based on the directions of flow. We then cal-
culate the average magnitude of flow within each group. We
refer to the resulting value of the positive-moving group as
| F|+ and the value of the negative-moving group as | F|_.

3) A new view direction is calculated, given by

01‘+1:0:*K(‘F’+_|F|7) (16)

where 6, is the previous view direction and K is a control
constant that determines how quickly the algorithm con-
verges to choosing a fixation point along the instantaneous
direction of motion. The value of K depends on the length of
the tracking step, the focal length, and a limit determining
how close objects may come to the visual sensor (the choice
of K is discussed later when we consider convergence and
stability).

4) The visual sensor saccades to the new view direction. and
the process repeats from step 1).

As the choice of fixation points approaches the line of transla-
tion, the K(|F|, — |F|_) term in (16) goes to zero, and the se-
lected view direction will converge so that the visual sensor always
points along the line of translation. While tracking fixation points
that lie on the line of instantaneous translation, the tracking veloc-
ity will be equal but opposite in sign to the mobile entity’s rota-
tional velocity. This fact is confirmed in Fig. 4(b), where we see
that the optical flow value of the line of instantaneous translation
is —B in the case when we consider motion in the x-z plane. We
thus know both the direction and rotation of our mobile entity.

Convergence and Stability

Considering the | F|, and | F|_ values as single points in front
and behind the fixation point, we can model the (|F|, — |F|_)
term in (16) simply as « — 3, where « and 8 are given in (14) and
(15). Therefore, (16) takes the form

0,1 = 6, — K, sin 6, (7n
where K, is a cumulative constant made up of the constant X in
(16), along with the terms A, Z, B, and d from (14) and (15). It
can be shown that (17) converges to zero when K, < 90 for all
initial values of 6 in the range from —= to 7. As an example, the
convergence is shown when K| = 30 in Fig. 7. Note the conver-
gence is slower when 6 is close to 180°. Even though at 180° the
gaze direction is along the line of instantaneous translation, the
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Fig. 7. Convergence for (17) with K, = 30.

algorithm will tend to diverge away from that point due to any
small disturbing rotational value.

Since we do not know a priori the values A4, Z, and B for each
selected fixation point, we cannot immediately choose an optimum
constant K in (16) for convergence. However, we can assure con-
vergence and stability by choosing K with knowledge of the max-
imum possible length of any flow vector used in determining | F|
or | F|_. Knowing the geometry of the mobile entity and the at-
tached camera, it is possible to determine how close environmental
objects can get to the visual sensor. By knowing the focal length
and the closest possible distance of an object in terms of the trans-
lational motion during the tracking period (with corresponding
movement d), we can determine the maximum possible flow that
object will have when imaged. We consider the extreme case when
the fixation point is at infinity and we are viewing perpendicular to
the direction of motion. K then can be chosen so the saccadic al-
gorithm will always converge:

90°

—_— 18
maxflow (18

where maxflow is the maximum largest flow of any object. K should
be chosen close to this value for rapid convergence, but should
remain less than the value in order to assure stability.

V. EXPERIMENTS AND RESULTS

In order to show the effectiveness of our method, we have carried
out both simulated and real-world experiments. In our experi-
ments, we used a mobile robot with an attached active vision sys-
tem consisting of a video camera that can both pan and tilt. Because
our robot only traveled on a flat floor, our motion was limited to
motion in the x-z plane, with the rotational components A = C =
0. In order to assure the assumption of having objects in between
the fixation point and the camera, we directed the view slightly
downward. Since there are usually points seen on the ground that
are much closer than a chosen fixation point, the assumption was
satisfied.

Simulation

The movement of a robot with an active camera was simulated
on a Sun workstation in various environments such as a flat floor
with objects, an approaching wall, and objects randomly placed in
3-D space. Both linear and curvilinear paths with different degrees
of rotation were simulated. In the simulation, the focal length of
the camera was set to 300 pixels and the image plane consisted of
a 512 x 512 array. The robot moved in one-step units, and the
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Fig. 8. (a) Angle of camera versus tracking steps fort = (0,0, 1), w = (0, 3°, 0). (b) Calculated rotation versus tracking steps
fort = (0,0, 1), w = (0, 3°, 0). (c) Positive-moving flow | F|, and negative-moving flow | F|_ versus tracking steps for r =
(0, 0, 1), @ = (0, 3°, 0). (d) Flow simulation as the robot moves and tracks a fixation point. The camera is oriented 90° to the
direction of translation and the robot rotates 3° counterclockwise. The left frame shows the flow vestors and the motion parallax
of the center vertical line. The right frame shows the robot and camera position in the environment.

camera’s focal center was 2 units above the floor. In the flat floor
simulation, the camera tilt angle ¢ was set to a constant 11° down
from the horizontal robot axis; therefore the fixation point gener-
ally was selected 10 units away. We allowed no imaged object point
to come closer than 2.5 units to the robot, therefore, the maximum
flow of an object point was no greater than 85 pixels. For this rea-
son, K was chosen to be equal to one in the simulation.

The algorithm was executed using many different rotational val-
ues, including the case of zero rotation resulting in pure transla-
tion. In all cases the algorithm converged to within 10 percent of
the final correct rotational value in 7 steps or less. We show the
flat floor case where the robot rotates 3° counterclockwise for each
unit of forward translation in Fig. 8. The initial camera angle starts
at 90° to the left of the direction of motion. Fig. 8(a) gives the
camera angle relative to the instantaneous direction of translation
after each saccadic step. We see that the algorithm rapidly con-
verges to a final camera angle slightly less than 2°. Therefore, dur-
ing the tracking step, the camera’s z-axis crosses the line of trans-
lation, resulting in equal angles at the start and end of tacking. Fig.
8(b) shows the tracking delta theta value, which should be equal to
the robot rotation component after convergence. We see that con-
vergence occurs after 5 steps, with a final value of 2.9°. Fig. 8(c)
shows the values of | F|, and | F|_ for each algorithm iteration.
We see that the | F|, dominates until convergence when they are
roughly equal. Fig. 8(d) shows the simulated view from the camera
with the associated motion parallax when the camera tracks at the
initial angle of 90°.

Real World

We have carried out the same algorithm in real-world experi-
ments. An active camera was attached to a robot, which moved
along the perimeter of a circle whose radius was 430 mm. The
camera only rotated around the Y-axis, and had a focal length of
1240 pixels. The camera was tilted down so that the fixation points
were chosen on the floor at around 1.5 m. Objects were not
allowed to come close enough to the camera so as to generate flow
larger than 90 pixels. Therefore, we set K = 1 in the saccadic
control equation so that the convergence of the algorithm was guar-
anteed.

The robot moved 5° for each tracking step (38 mm translation).
We had initially pointed the camera at —100° from the direction
of translation. The flow of objects points near the center vertical
line was measured and | F|, and | F|_ values were determined.
Fig. 9 shows the scene observed during the step when the camera
was oriented at —85° from the direction of translation. Also in the
figure are the flow vectors associated with object points. The fix-
ation point is near the center of the image, identified by a small
circle. We see that the near objects have large flow moving right
and far objects have small flow moving left.

The results of the convergence are shown in Fig. 10. We see that
the algorithm converged to a measure of robot rotation of 4.7°.
The measured rotation remained within +£0.3° of this value. In
Fig. 10(c), we see the relative values of |F|, and |F|_. At the
fourth step, we can see that there was a very close object so as to
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Fig. 9. View of the scene with flow vectors when the camera is oriented at ~85° with robot rotation at 5°. The fixation point
is seen in the middle of the image indicated by a small circle.
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Fig. 10. (a) Angle of camera versus tracking steps for ¢ =

(0. 0. 1), w = (0, 5°, 0). (b) Calculated rotation versus tracking

steps forz = (0, 0, 1), @ = (0. 5°, 0). (c) Positive-moving flow | F|, and negative-moving flow | F|_ versus tracking steps for

t=1(0,0,1), w = (0, 5° 0).

give a high | F|_ value. The resulting 6 percent error is due to an
accumulation of error in the measure of the tracking delta theta,
tracking error of the fixation point, and error in the measure of the
flow vectors in determining | F|, and |F|_.

VI. DiscussioN AND CONCLUSIONS
We have developed a computationally inexpensive methodology
for determining the egomotion parameters of a mobile entity by
using an active camera that tracks fixation points and subsequently
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performs saccadic motion. Through the use of controlled saccadic
motion, the rotational and translational values of motion can be
determined after a few iterations of the algorithm. If the motion of
the mobile entity changes smoothly along its trajectory, the algo-
rithm will “‘track”’ the instantaneous direction of motion, and will
provide continuous egomotion values for any type of path. It is
important to note that our method simultaneously provides rotation
and translation information, as opposed to methods that first deter-
mine rotation and then derotate an image in order to find the FOE
and thus the direction of translation.

Although experiments were carried out using a mobile robot that
moved on a flat floor (essentially 2-D motion), the algorithm is
applicable to full 3-D motion. As was shown in Sections IT and I1I,
motion parallax occurs when the fixation point falls in any cross-
sectional plane perpendicular to the instantaneous direction of
translation (i.e., a plane when ¢ is constant). Therefore, the al-
gorithm will converge to the proper direction of translation and will
provide rotational information with respect to the visual sensor’s
coordinate basis. Also, note that this method does not assume that
the forward pointing axis of the moving entity coincides with the
instantaneous direction of motion. Such an assumption can be made
for vehicles with conventional forward wheel steering with no wheel
slippage. In this case, a similar but somewhat simpler algorithm
can be used when the camera’s rotational angle is known with re-
spect to the forward direction of the vehicle [17].

In our experimentation, the limiting factor for calculating the
egomotion parameters in real time is the optical flow determina-
tion. In order to determine the motion parallax around the line-of-
sight, we tracked a small number of feature points (<20) over sev-
eral frames. This was performed on a Sun 4 workstation with a
standard framegrabber and each flow determination step required
10 to 20 s. The evaluation of the saccadic control equation requires
only a single multiply and two additions, which can be considered
computationally inexpensive when compared to evaluating the
nonlinear equations of standard 3-D motion and structure deter-
mination techniques used on optical flow. Furthermore, we have
encountered a small percentage of error in our experiments. This
error could be reduced by improving the angular resolution of our
active camera.- Also, the algorithm depends greatly on accurate
tracking and accurate flow measurements, so errors in the tracking
and flow algorithms need to be minimized.
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An Invariant Pattern Recognition Machine Using a
Modified ART Architecture

Narayan Srinivasa and Musa Jouaneh

Abstract—A novel invariant pattern recognition machine is proposed
based on a modified ART architecture. Invariance is achieved by add-
ing a new layer called F, beyond the F; layer in the ART architecture.
The design of the weight connections between the nodes of the F, layer
and the cells of the F, layer are similar to the invariance net. Computer
simulations show that the model is not only invariant to translations
and rotations of 2-D binary images but also noise-tolerant to these
transformed images.

I. INTRODUCTION

The problem of invariant pattern recognition has interested re-
searchers for a long time. Casasent ef al. [1] developed a model
based on optical correlations to achieve invariance to position, ro-
tation, and scaling of images. Cavanagh [2] proposed a model for
size and position invariance in the visual cortex of the brain. Fu-
kushima [3] and Fukushima and Miyake [4] developed a model
based on several hierarchically organized processing stages to
gradually free image processing from its spatial coordinates. Higher
order threshold logic units were used for invariant image process-
ing by Maxwell et al. [5]. Szu [6] used holographic coordinate

Manuscript received July 18, 1992; revised February 11, 1993.

N. Srinivasa is with the Department of Mechanical Engineering, Uni-
versity of Florida, Gainesville, FL 32611.

M. Jouaneh is with the Department of Mechanical Engineering, Univer-
sity of Rhode Island, Kingston, RI 02881.

IEEE Log Number 9209683.

0018-9472/93$03.00 © 1993 IEEE



