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Abstract

An eye movement mechanism with the task
of tracking texture boundaries has been sim-
ulated. Gabor phase information has been dy-
namically used in order to track region bound-
aries. The tracking has been initiated manu-
ally from a point nearby a texture boundary
with an initial boundary direction estimate. A
filter selection strategy depending on the az-
imuth angles of the receptive fields, and a con-
trol mechanism relying on phase discontinuites
which are computed through means of magni-
tudes and magnitude of means of the complex
filter responses have been devised. The exper-
iments suggest that letting the Gabor phase
play a dynamic role in boundary tracking re-
sults in accurate tracking at pixel resolution
even when the textures differ only in phase.
As a by product tracking segregates textured
regions.

1 Introduction

Description of image contents via local spec-
trum, e.g. Gabor spectrum, has been getting
increased importance, [3, 2, 8, 4, 11, 7], in im-
age analysis. However, most attention has been
given to the magnitude of the spectrum (power
spectrum) which has been extensively used in
order to model repetitively occuring patterns,
i.e. texture. Image regions which differ in their
statistics of the local power spectra can be de-
tected by using local power spectrum as it is or
its various derivatives, [3].

We propose Gabor phase discontinuities in

appropriately chosen frequency bands to de-
fine region boundaries. We will argue that
with relevant orientation selection mechanisms
the phase is able to define region boundaries
more precisely than the power spectrum alone.
This is particularly true when the neighbor-
ing regions have similar power spectra. We
will present a control rule for an "eye”, be-
low called hypereye, following phase discon-
tinuities, automatically. We will present ex-
perimeats supporting the idea that the Gabor
phase is sufficiently powerfull to track bound-
aries even when two neighborhood regions have
identical power spectra, e.g. the upper two
patches in Figure 3. This gives also new sense
to texture since such regions are considered as
identical by the human observer when they are
seen independently. In contrast to this, when
these regions are spatially adjacent, the texture
boundary is eminent. Unless the local orienta-
tions of the boundary points, or equivalently
which filters are the most significant at each
boundary point, are known, the Gabor power
spectrum can not be utilized in order to track
the texture boundaries. But when the regions
themselves consist of oriented textures, it is not
evident how this orientation can be screened
off from the local orientation of the bound-
ary. In contrast to this, given suitable selec-
tion and tracking mechanisms, the Gabor phase
discontinuites seem to cope with boundaries
which pose serious difficulties to modelling with
power spectrum alone. We will however not ar-
gue that the proposed hyper eye, the selection
mechanism, and the control rule are ultimate
solutions to the texture discrimination prob-



lem. They should merely be seen as demon-
strators for the thesis that the Gabor phase in-
formation can play an active role in boundary
detection and refinement in biological as well
as machine vision.

2 The vision system and the
filter selection

We assume that the feature extracting proces-
sors are directly attached to sub-regions i.e. re-
ceptive fields, of a camera which can be moved
by means of a motor system. The camera-
processor system will be called hyper eye. The
spatial orientation angle of a receptive field will
be called the azimuth of that field. The mo-
tion of the hyper eye causes different parts of a
scene to be exposed at the receptive fields of the
eye. The center of the eye will be referred to
as the focus of attention. A feature extracting
processor will sub serve only a given receptive
field and will simulate the operational equiva-
lent of a hyper column, [1, 6, 9]. Each proces-
sor computes the filter responses of a full range
of orientations. Figure 2 illustrates a layer of
the receptive fieslds corresponding to the same
frequency. Different frequency layers exist and
overlap each other. In Figure 1, for the sake
of illustration, these layers are taken apart ver-
tically. In the biological systems, to each re-
ceptive field, a full range of orientation tuned
cells corresponds. These cells are sensitive to
a a range of frequencies, [5, 10, 9]. However,
there is very little known about the feedback
mechanisms of the wirings of the neurons in
the biological visual systems. In this study we
propose a wiring in order to cope with a very
specific vision task: texture boundary tracking.
Here the azimuth of a receptive field will deter-
mine the selected filter orientation, as will be
motivated below.

Suppose that the input texture is approxi-
mated to a reasonable degree of accuracy by P
sinusoids

P
f= ZAj cos(r‘wj + ¢;) (1)

=1

with w; corresponding to the wave vector deter-
mined by the frequency and orientation tuning
of the Gabor filter h;. This filter can be as-
sumed to have the impulse response

(2)

with g; being a Gaussian like function attaining
its maximum at w;. Thus the response of A,
to f is

Tm = b % f = 3 ajgm(w;) exp(ir'w;) (3)
J

hj = gj(r) exp(iw;r)

where a; = Ajexp(ic;), is complex valued.
When |z,| >> 0, the arg(z,,) is well defined
and a support for an orientation and frequency
corresponding to wy, in the receptive field ex-
ists. Since we are dealing with finite amplitude
inputs and the filter responses to frequencies
other than w,, are small the inequality

|:vm—amgm(wm)exp(irtwm)| < Z Ajgm(wj) = Me

#m
(4)
with € being small, holds. The direction of the
maximum change of arg(z,,) can thus be writ-
ten as
(5)

or equivalently, whenever z,, >> 0, the deriva-
tive of argz,, along the direction orthogonal
to Wy, is small. The phase variation along the
mentioned direction is zero when there is one
orientation in the receptive field.

To detect phase variations i.e. discontinuities
we propose to use the triangle inequality

IZZ‘I < leil

where {z;} are a finite set of complex numbers.
Equality holds if and only if all z; have the same
argument (co-linear). The larger the difference
between the left hand and the right hand, the
larger the angular variance is within the set
{z:}. The angular variance is zero when the
statement above holds with equality. Dividing
both sides with the number of elements in the
set yields:

(7)

V(argzm,) = iwp,

(6)

|1z < Tai]



{ Figure 1: The receptive fields corresponding to

~ different resolutions. The pyramidal decrease
in size illustrates the size and position changes
of *he receptive fields.

where the bar represents the mean. Thus the
magnitude of the means and the means of the
magnitudes can be utilized to detect phase dis-
continuities in the set {2;}.

From the previous argumentation it is clear
that every component of the Gabor spectrum
has a spatial direction and a spatial distance in
which the phase variations can be expected to
be small. We will use this observation in order
to choose subsets of the Gabor spectrum for the
purpose of phase discontinuity detection. This
will avoid the computations of averaging in all
directions and frequencies.

We assume that in our hypereye we have re-

iptive fields with corresponding hypercolumns
specialized to different frequencies and orienta-
tions (Gabor spectrum). We will only use one
orientation out of all possible in a particular
azimuth. The vectors in Figure 2 illustrate the
wave vectors of the selected filters for each az-
imuth. The Receptive field configuration for
all frequencies, i.e. resolutions, is illustrated
by the pyramid in Figure 1. At each receptive
field in this pyramid we select a filter response,
i.e. the response of the filter with orientation
tuning which conforms with the azimuth angle
of the receptive field and with frequency tun-
ing corresponding to the resolution level of the
field. For a given resolution, k, and orientation,
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Figure 2: The configuration of the receptive
fields corresponding to a particular frequency.
The shaded fields represent a radius to which
averaging is applied. The arrows indicate the
frequency domain orientation of the selected
Gabor filters for a given spatial orientation.

I, we compute the magnitude of the mean

(8)

along a diameter , e.g. the fields with the same
shading in Figure 2. We note that [ represents
a diameter as well as a filter orientation due to
the selection mechanism. We repeat this for all
resolutions and directions yielding a matrix w.

Similarly, the mean of magnitudes along a
diameter yields a matrix ¢

Wkl = IZ,'I )

ek = |zl

(9)

The matrices w, and ¢ are attributed to the
the focus of attention. They have the same size
as the set of the original gabor filter responses.
However, these matrices are real, non-negative,

“and represent the local phase variations of the

Gabor filter responses along the diameters. We
define the norm of a matrix as

llell = O wi)'? (10)
kl

Let r represent the focus of attention which is

assumed to be a boundary point. Let w(r) and

¢(r) be computed as before. Then

ap(r) = lle(r) — w(r)| (11)




represents the between phase-variation at the
boundary point. The larger op is, the higher
the certainty of r being a phase discontinuity
point.

3 The control rule and exper-
imental results

Apart from a phase discontinuity measure,
tracking a boundary with a hypereye requires a
control rule in order to predict the next point of
the boundary. However, before we mention our
control strategy, in order to confirm the usefull-
ness of the different matrices proposed, we will
list some of them for a point in the middle of
the upper left texture patch, and a point at the
boundary of the two upper patches of Figure 3.
The input image had the size of 128 x 128. In
the Gabor decomposition, we had 5 octave fre-
quencies and 6 orientations. The columns of
the matrices below, represent 5 E+%5.22+43,
T, 45 + %, and 55 + § azimuth angles. The
rows represent resolutions, i.e. the first row
represents the lowest resolution while the last
row represents the highest resolution. FEach
radius of the hyper eye contained 5 equidis-
tantreceptive fields. The distance between the
receptive fields at the lowest resolution (first
rows of the matrices) was approximately 7 pix-
els which succesively decreased to 1 pixel at the
highest resolution (last rows of the matrices) in
an approximately octave fashion. The current
direction was vertical.

The w and ¢ matrices for a point at the center
of the upper left patch, are

W=
i i 3 3 3 4
2 2 3 79 13 3
0 0 3 19 2 i
0 0 0 0 0 0
0 0 0 0 0 0
c =

OO oW

O O w

0

8
3
0

0

79
19
0
0

15
2
0
0

5
2
0

0

We can see that for the largest elements, e.g.
the direction 7, cxj — wy are very small suggest-
ing that the current point is not a boundary
point. The corresponding matrices computed
at a boundary point in the middle of the upper
part of the image are:

W=
2 1 4 2 2 6
3 4 5 7 20 5
1 i 31 10 4 14
i6 18 5 2 2 3
7 25 4 5 6 4

c =
3 2 4 2 2 6
4 4 17 60 23 11
8 9 32 16 3 15

16 25 8 3 2 4
8 29 7 5 7 5

We observe that for the largest elements of c,
€kl — wy is very large while along a direction
close to the boundary tangent and at higher
frequencies the corresponding differences, ¢ —
Ukl, are very small, e.g. rows 3,4,5.

The control strategy consists of computing a
direction d(®) which is used in order to move
the eye to the next boundary point. The mag-
nitude of the displacement, ||d(?)||=D, is chosen
a priori and is constant. If the previous dis-
placement is d(!) the next displacement as well
as the next boundary positions are chosen as

d® (12)

(13)

= maxop(r+d;)
j

P® = 0 g0

where {d;} is a set of displacements correspond-
ing to the vectors represented by the complex
numbers

d; = Dexp(i(j—zj’[,—h +arg(dV)))  (14)
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with j being integer and j € [-—M‘{—l,&;—l]
These displacements correspond to Nj equidis-
tant angles ahead of the current direction so
that dg = d(!). In the experiments we used
N} = 3 since it gave more robust tracking than
larger values. This behaviour may be explained
by the nonlinearity in the control rule. Another
experimental finding was about the frequencies
which constitute the rows of the matrices ¢ and
w. When we let all frequencies enter the com-
putations the tracking was less stable compared
to only including the highest two frequencies.
This can be explained by the high frequency na-
ture of the considered boundaries. The experi-
ments indicate that it is possible to determine
the limiting frequency automatically, i.e. the
highest frequency at which there is a significant
phase discontinuity and a significant share of
the total energy. Consequently, only the high-
est two resolutions, e.g. the last two rows of
the matrices displayed above, have taken part
in op computations.

We have chosen the first boundary point as
well as its tangent direction manually and let
D = 2 pixels. The result of such trackings are
illustrated by Figure 4. The starting points are
labeled with 1, 2, and 3. The corresponding
starting directions were ¥, £, and 7. The white
points represent the traces of the focus of atten-
tion. The trace 1, had wrong initial direction
but correct starting point while trace 3 had the
oposite situation. In both cases the rapid con-
vergence to the texture boundaries show the
stability with respect to bad initial condition
estimations. Also note the boundary accuracy
at the regions with labels A and B where lo-
cal intensity variations vanish. At the instant
when all 3 trackings were near the central junc-
tion point of the four patches, the hypereye
continued upwards. It can be noted that, ex-
cept at the junction region the traces are very
accurate and confirmative, i.e. the traces at the
upper part coincide despite their different ori-
gins. In the experiments we have changed the
initial conditions. This has resulted in that the
eye continued from left to right or from down
to right, ...etc., but has always followed the cor-
rect boundaries. The minor non-coincidence at

the junction can be explained by the fact that
there are more than one direction along which
there are strong phase discontinuities. Since
our simple control rule does not use the texture
parameters, i.e. the Gabor power spectrum, on
one side of the boundary, the tracking can not
guarantee closed boundaries in a single track-
ing. With texture characteristics on one side of
the boundary at hand, it is evident that closed
boundaries can be guaranteed even in a single
tracking.

The trackings of the hypereye are interrupted
close to the image boundaries because other-
wise some receptive fields of it would be outside
of the image which here simulates the scene. Of
course, in such a situation, in the biological sys-
tems the head would move in order to bring the
scene into the desired part of the visual field.

4 Conclusions

The results we have obtained on a textured
scene indicate that the the Gabor phase can
account for boundary detections and accurate
boundary estimations. This approach allows
for a texture boundary notion even within the
same texture. Considering, that the Gabor
phase has not been given a clear role in tex-
ture discrimination tasks in neither biological
nor machine vision systems, the hypereye ap-
proach in this study can be seen as a demon-
strator as well as an indicator showing possi-
ble gains when the Gabor phase is actively ex-
ploited. Thanks to the fact that only a lim-
ited number of receptive fields around the focus
of attention are utilized, and all computations
are parallel and distributable to fixed regions
of the visual scene, the proposed mechanism or
its alikes can be made responsible for the move-
ment of a head-eye system following texture or
object boundaries.
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Figure 3: The original image which represents
the scene on which the hyper eye is guided.

Figure 4: The traces of 3 boundary trackings
using Gabor phase discontinuities.
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