


and is perpendicular to the optical axis. The coor-
dinate system of the textured plane (X,.Y),.Z,) is
parallel to that of the image plane (XX,,};, Z;) and
the origins of those two coordinate systems are set
on the optical axis. In the case of an observed image,
the textured plane not only slants but also locates at
L times longer or shorter distance from the camera.
The slant angle 7 is defined as the angle between
Z, and Z;, which takes nonnegative values between
0° and 90°. Furthermore, the angle between X, and
the projection of Z, onto the image plane is defined
as the tilt angle 4, which takes values between 0°
and 180°.

It is assumed that the size of the visual field on
a textured plane is much smaller than the distance
from a camera L. The gray level relationship be-
tween a standard image F(X;,};) and an observed
image Fr(X,,Y}) is given by

O -

where
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On the other hand, the relationship between the
power spectrum of a standard image S(w,r) and
that of an observed image St(w,v) is given by

St = 2L s @)
(*) - L Ri5 'I(J}th—ﬂ(:f:) (5)

where w and v are the frequency components along
X, and Y, axes, respectively.

As shown in (4) and (5), the distribution of a
power spectrum makes change in accordance with
the location parameters, 4, 4 and L.

2.2 Spectral Moment

The (p + ¢)th order spectral moment is defined

by
/f WPVIS(w, v)dody
{w,v)ED

p.gq=0,1,2:-:

(6)
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where D denotes the integral domain. The integral
domain of an observed image must include the same
part as that of a standard one. If a textured plane
shifts along the optical axis and dose not slant, those
two integral domains may be within the concentric
circles that include a certain rate of the whole image
power[1]. But when the textured plane slants, the
power spectrum expands to the slant direction and
the integral domain must be within an ellipse. So we
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decide the ellipse with the variance and covariance
matrix of a power spectrum shown as

o (1 i) (2) <x

where K is set as the total power within the ellipse
is a certain rate of the whole power. In this exper-
iment, we set 85% at the first time. If we can not
get the solution, namely, location papameters, we
reduce the rate by every 5 points in percent by the
time we get the solution. The problem is that we
can not decide the ellipse at one time, because the
moments {,,} in (7) are obtained by (6) and the
integral domain must be decided by (7), where the
moments {y, ,} are also used. Therefore, we itera-
tively determine the moments; first we set a circle
domain to (6) and then modify it to the elliptic do-
main given by (7) and repeat this procedure until
the moments converge.

Hia
Ho,2
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(7)

2.3 Rotational Moment

Rotational moment is convenient for estimating
parameters and defined by [3] [4]

pu= [ [

where S(rcos#,rsinf) is a power spectrum on the
polar coordinate system. We use D,y and Dy ex-
pressed by the spectral moments of a standard image

et S (1 cos 8, r sin 8)rdrdé
BIED

(8)

{#tp.q} and those of an observed image {y}, .} shown
as
] rl-' 1 ')
D, = L7 ( fiz0 = floz +1 i, 1)
cos? /3 cos/t
= g = Hoz +124] (9)
- B R
Dsp = IL? (—T,,—i‘w + Hu,z)
cos? 1
= ta0 + Mo (10)
where
flog = ftap cos® y+pg28in® y + gy 1 sin 2y (11)
floa = pagsin® ﬁ+pu 2 COS° 4 — iy 1 8in 27 (12)

n 2~
i = (Hoz—p20)> = 2 +pyacos2y  (13)

Dy, and Dayg vary corresponding to the changes
in distance L, slant angle 3 and tilt angle 5 of the

observed plane.
2.4 Solution of Location Parameters

The ratio Dy, /D,y is a complex value and invari-
ant to the distance L. The real part and imaginary
part of Dy, /Dy are shown below.



The real part of Dy, /Dy
M?Z iy 9 cos 2y — 2M 1y 1 sin 2y — fig 4 cos 24
M=jiy 0+ j10.2

’ !
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The imaginary part of D,/ Dy
M? iy 98in 2% + 2M i, 1 cos 2y — jig.ssin 27
M=jy0 + fu0.2
!
_ 23 (15)
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where M = 1/ cos J.

The slant angle 3 and the tilt angle 4 can be
derived from (14) and (15). The distance L also can
be obtained by substituting 4 and 5 to (9) or (10).

2.5 Iteration

In principle, we can estimate the location param-
eters as metioned above. But some errors occur in
estimation. because the visual field of an observed
image is not coincident with that of a standard im-
age. It is desired that the moments of both im-
ages should be caleulated from the same image part-
s. Therefore. we propose the iterative method for
improving parameter estimation by simulating the
image with the estimated parameters from the stan-
dard image. Here, it is assumed that the center of
a standard image is coincident with that of an ob-
served one. First, we calculate the spectral moments
of a standard image {1, , } and those of an observed
image {y}, .}, and estimate the location parameter-
s, i.e., 3(1), ~(1) and L{1). Then we simulate the
image with the estimated parameters from a stan-
dard image by interpolation. Second, we calculate
the spectral moments of the simulated image {4}
and transform them to those of the standard image

‘{"'_il.r,-} I“
(!f.f.u m.l) = R-! (.Hz.u
Hia Hoz i

where T is a transposed matrix.
R =L -Ri(7)R;(3)Ry(—)

we also estimate the location parameters 3(2). v(2),
L(2) by using {4, .} and newly obtained {sp,}.
When we iterate a series of estimation as metioned
above, the visual field of the standard image ap-
proaches to that of the observed image, and the es-
timation error become smaller. As the criterion of
estimation error, we use the square of power spec-
tral difference between the observed image and the
simulated image. In this experiment. we iterate this
procecdure at least four times and we decide the lo-
cation parameters when we get the first minimum of
the spectral difference. An exceptional case is that
when the minimum occurs at the first or second iter-
ation, we trace the second minimum and adopt the

11\ ;pTy=1 :

(17)

smaller one.
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3 Experiments

We demonstrated the proposed method in simu-
lations using the cork and brick images in Brodatz
album [2].

]

All images are simulated by using Keys

interpolation [31 Power spectrum is obtained with
Hanning window and FFT. The examples of stan-

dard and observed images are shown in Fig.2 and

Fig.3.

Observed image
(3=30°, v=160°, L=0.8)

Cork images

Standard image
(8=0° L=1.0)

Fig.2

Observed image

(3=30°, 4=45°, L=0.95)

Standard image
(3=0°, L=1.0)
Fig.3 Brick images

In this case. the estimation results of cork were
8 = 31.29°, v+ = 166.60° and L = 0.788. Those of
brick were 3 = 29.90°, 4 = 39.70° and L = 0.963.

We also demonstrated other cases and the esti-
mation results are shown in Fig.4 (Cork) and Fig.5
(Brick). In these figers, a dot and an arrow indicate
the average and standard deviation of the errors, re-
spectively, where 4 is set to 0, 5. 10, 15, —. 175. So
an average and a standard deviation are calculated
from 36 samples. The error of 3 and + is absolute
one and the error of L is relative one.

As shown in Fig.d(a) and Fig.5(a). the smaller
the slant angle 7 is. the bigger the estimation error
of # and 5 are. Especially, we could not estimate
the tilt angle 4 in case of 7 = 10.

As mentioned above, when a textured plane s
lants, the image shrinks and the spectral moment
expands along the slant direction by cos 4 times. If
the slant angle 7 is small. the change of cos 7 is small
in the order of 3°. For that reason, it is difficult to
esitmate 4 and 4 at small 7.

As shown in Fig.4(b) and Fig.5(b), the estimation
for L = 1.0 is the best and as L goes apart from 1.0,



the results get worse.

Generally, the estimaion errors of cork are smaller
than brick. and we could get good result for distance
L in all cases.

4 Conclusion

We have proposed the method for estimation of
surface location of a textured plane. We showed our
method is effective for textured planes, especially
statistical texture such as cork.

We are also trying the case that an observed im-
age not only shifts and slants but also rotated.
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