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[PAPER

An Accurate Determination of Motion Field and Illumination

Conditions

SUMMARY  We propose a method to determine accurate motion fields
and illumination conditions such as non-uniform or non-stationary illumi-
nations. The method extends a stabilization method using reliability indices
of optical flow to combine with a gradient-based approach that determines
a motion field and illumination conditions simultaneously. We applied the
proposed method to two synthetic image sequences and a standard image
sequence. The method is effective for image sequences including poorly
textured areas, edges of brightness variation, and almost dark objects.

key words: motion field, optical flow, non-uniform illumination, non-
stationary illumination, stabilization

1. Introduction

Sequential image processing is useful in the fields of both
computer vision and physical measurement. Determining

optical flow with high accuracy is a key to technical innova- -

tion in both fields. Early studies focused on only the calcu-
lation cost to achieve real-time processing of instantaneous
optical flow for robotic vision. Along with the development
of computer technology, many authors have discussed the
accuracy and performance of determined optical flow [1]-
[6].

For accurate determination of optical flow, non-ideal
conditions of image sequence are serious problems. Many
approaches have been tested to determine optical flow under
non-ideal conditions such as non-uniform illumination [5],
[7]1-[10], occlusions [11], multiple optical flows [12], non-
rigid motion of objects[13], and the existence of diffu-
sion[10], [14]. The non-ideal conditions are obstacles for
determination of optical flow. However, some non-ideal
conditions are important physical parameters to be fixed.
Zhang et al.[5] proposed a superior approach called ‘ex-
tended constraint equation with spatio-temporal local opti-
mization (ESTO)’. ESTO determines not only accurate mo-
tion field but also illumination conditions of an image se-
quence. If the illumination conditions are limited to tem-
poral non-uniform illumination, that is non-stationary illu-
mination, ‘spatio-temporal optimization method assuming
discrete constance (STO-DC)’ proposed by Nomura [9] can
determine more accurate motion field and illumination con-
ditions. Here, we distinguish tentatively between optical
flow and the motion field. Since ESTO and STO-DC deter-
mine actual motion vectors of objects in an image sequence
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of 2-dimensional plane by evaluating non-uniform or non-
stationary illumination, the determined motion vectors are
not optical flow itself. Optical flow is an apparent motion
vector field observed in the image sequence. Here, we re-
fer to the actual motion vectors as “Motion field.” And, we
call the determined illumination conditions as “Illumination
parameter distribution.”

On the other hand, for accurate determination of op-
tical flow, Ohta[15] proposed a post-processing that stabi-
lizes the determined optical flow using some reliability in-
dices. He suggested that the stabilization method was useful
when optical flow was detected without high-level knowl-
edge about the image object. The accuracy of the deter-
mined optical flow was improved at poorly textured areas,
and at areas having the aperture problem in the image.

In this paper, we propose a post-processing method that
is an extension of the Ohta’s stabilization method to deter-
mine motion field and illumination parameter distribution
with ESTO. First, a motion field and an illumination pa-
rameter distribution are estimated from an image sequence
using ESTO. Second, our proposed method evaluates their
reliability indices according to the brightness distribution of
the image sequence, and modifies the motion field and the
illumination parameter distribution using the reliability in-
dices with a relaxation method. We applied the proposed
method to two synthetic image sequences to evaluate the
improvement in accuracy. Then a standard image sequence
was used to compare performances of several methods to
determine motion fields. We confirmed accuracy of the pro-
posed method and effectiveness of the stabilization.

2. Background

2.1 Determination of Motion Field and Illumination
Parameter Distribution

The gradient-based approach[16] is one of the representa-
tive approaches to determine optical flow. It is based on a
simple continuity equation of the image function f(x,y,1)
representing local gray values.

Jo==feuo = fyvo, 8y

where ug and vy are the x and y components of an opti-
cal flow, and f;, f., f; are partial derivatives of the image
function by ¢, x, and y, respectively. Although the relation-
ship is obtained at each point on an image, one relationship
is insufficient to determine two optical flow components ug
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and vg. Therefore, in the local optimization method, a spa-
tial [17], temporal [18] or spatio-temporal domain {19], [20]
is selected on an image sequence, and it is assumed that ev-
ery point in the domain has the same optical flow.

Zhang et al. [5] added a term representing non-uniform
and non-stationary illuminations to the basic constraint
equation, Eq. (1). Thus the extended basic constraint equa-
tion was given by

fi = —fau—fiv+ fw, 2)

where 1 and v are x and y components of a motion field tak-
ing the influences of illumination conditions into account,
and w means an unknown illumination parameter [5].

They applied the spatio-temporal local optimization
method and assumed u, v, and w were constant within a
spatio-temporal domain consisting of L x M (pixels) and N
(frames). That is, they proposed a method of determining u,
v, and w by minimizing the following error function in the
spatio-temporal domain:

L-1 M=1N~1

EEsm:ZZZ(foJrnyﬂ“f:—fW)z, ©)

1=0 m=0 n=0

where the partial derivatives are calculated at (x+/,y+m, t+
n), and f refers to f(x + I,y + m,t + n). They called this
method ‘extended constraint equation with spatio-temporal
local optimization (ESTO)’.

3. Stabilization Process Using Reliability Indices

3.1 Reliability Indices of Determined Motion Field and
Ilumination Parameter Distribution

In this section, we define reliability indices for roughly esti-
mated motion field (i, v) and illumination parameter distri-
bution (w). Ohta [15] proposed reliability indices for optical
flow related to image texture. An optical flow (ug, vg) having
direction ¢ and amplitude A can be represented as follows.

uy = Acosé, 4)
vy = Asiné. &)

Equation (1) is given with these representations.
fi=~fiAcos8— fAsind. (6)

Ohta [15] assumed that every point in a spatial domain con-
sisting of L X M (pixels) had the same motion vector, so an
integration of f; in the spatial domain was represented by F;,

L~1 M-1

F,:—AZZ(fxcosG+fysin9). )

=0 m=0

Since an optical flow of an image was determined as the
norm of Fy, ||F,]l, Ohta[15] clarified that the greater ||F;||
was, the more easily detectable the optical flow was, under
the assumption that A was fixed. Thus, the reliability of the
determined optical flow could be evaluated by the ratio of
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Fig.1 Relationship between a vector visro and u, v, w.

[IF|] to amplitude A. The ratio R was defined by

_IF
L

We extend the above argument to the extended
gradient-based approach of ESTO and propose reliability
indices of motion field and illumination parameter distribu-
tion. Three unknown parameters (i, v, w) on ESTO can
be represented by components of a 3-dimensional vector,
Vesro, in a rectangular coordinate system (see Fig. 1). When
B is the amplitude of vgsro, u, v, and w are represented by

R ®)

u = Bsinfcos ¢, 9
v = Bsinfsin ¢, (10)
w = Bcosé. an

We assume that every point in the spatio-temporal do-
main consisting of L x M (pixels) and N (frames) has the
same motion vector v(u, v) and the same parameter w. This
assumption is equivalent to that of ESTO. Thus we get

L~-1 M-1N~-1

BY, 2, (514 5Ca - fCy)

1=0 m=0 n=0

Fidl = l , (12)

where C| = sinfcos¢, C; = sinfsing, and C3 = cosé.
Then the ratios R and R? are represented by

R = ||Fl/B, (13)
L-1 M—1N-1 2
R = {Z Z Z (f:C1+ £Ca —fC3)} (14)
[=0 m=0 n=0
a d e C}
:[c1 Cs 63] d b h cz}. (15)
e h ¢ Cs

L-1 M—-1 N-1 L-1 M~1N-1
2 2
fo b=, 0, 08
=0 m=0 n=0 =0 m=0 n=0
L-1 M=~1N-1 L-1 M=1 N-1
2
SPIDIPWLREEDIDIPI D)
=0 m=0 n=0 [=0 m=0 n=0
L-1 M-1N~1 —1 M~1N-1
e=- fofs h=- ff
1=0 m=0 n=0 1=0 m=0 n=0
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Equation (15) is transformed into the following equation by
the principal axis transformation.

atvle Tra o oq[el o

Cy e 0 L 0 ||e || C |,

Cs e3T 0 0 A3 eg Cs
(17)

where A;, Az, and A3 (A; = Ay = A3) are the eigenvalues
for the coeflicient matrix, and e;, e;, and e;3 are unit length
eigenvectors corresponding to 1y, A2, and A3, respectively.
Because R and R?> mean robustness against noise, we pro-
pose the following parameters ry, rz, and r3 as reliability
indices.

NG DER T (18)
ra(ra1, 22, 123) = yAzes, (19)
r3(r3y, r, r33) = \//1‘383, (20)

where r; points to the most reliable direction in the rectan-
gular coordinate system, and r3 points to the most unreliable
direction.

3.2 Stabilization Process

In this section, we propose a process for stabilizing the de-
termined motion field and illamination parameter distribu-
tion using the reliability indices, ry, r;, and r3. Our process
follows the conventional stabilization method [15]. The re-
laxation process described here uses the reliability indices
and modifies vgsro estimated by ESTO. The error function
E, which should be minimized in an image plane V, is de-
fined as follows.

EX(M,V,W)=S,<+ﬁSS] +ySS2= (21>

where

S, = f {rr - AV + (12 - AV)? + (3 - AV)?Jdxdy, (22)
14

s ST (G (3] (5] oo

(23)

aw\ [ow
(o
Av=(u—u,v—v,w—w). (25)

S, is a penalty function; Sy and Sy are stabilizing func-
tions; 8 and y are constants balancing three constraints; u’/,
V', w’ are determined in advance by ESTO using Eq. (3).
Using the calculus of variation, we can determine the
unknown parameters (4, v, w). The Euler-Lagrange equa-
tions for the error function E; yeild the following equations.

(- AV) 7y + (02 - AV) 1o + (3 - AV) 13

u B u
-F (ﬁx2 Oy? ) =0, (26)

2223
(r1 - AV riz + (02 - AV) rop + (13- AV) 32
v 82
—ﬁ( *3 2) 0, 27)
(r1-AV) ri3 + (12 - AV) 3 + (13 - Av) ry3
— c')z_w + 82_W =0 2
Y\ 522 o) 28)
Using the approximation to the Laplacian [16],
ax2 = ayr “ 29
(97 62 _
Gy— -, 30
OHW P 31
a 6)’2 - ’ ( )
Equations (26)—(28) can be written as
a( —uw)+d(V =v)+e(W —w)+BU-u) =0
(32)
d —wy+b(V =v)+h(W - w)+BF-v) =0
(33)
e —w)+h(y =v)+ecW —w)+y(w-w) =
(34)

For numerical calculation, the SOR scheme results in the
following equations.

Lu + au’ +d(v ~v)+e(v —wk)

uk+1 “‘6 a+ﬂ
~ (¢~ Duf, 35)
e §E‘+d(u —u)+bv —I—h(w —wk)
b+p
- -, (36)
el 'yw-l—e(4 -u)+h(v —v)+cw
ct+y
—(&-Dwh. (37

Superscript k represents the iteration step, and & represents
the acceleration parameter. Practical values for £ were 1.8
in our experiments.

This process modifies vegrp to directions of more re-
liable neighbor vgsros under a balance between the penalty
function, S, and two stabilizing functions, S and S .

4. Experimental Results

4.1 Analysis of Synthetic Image Sequences under Non-
uniform or Non-stationary Illumination

We generated two synthetic image sequences by simulating
non-uniform and non-stationary illuminations with a trans-
lation of a static scene (Figs.2, 3). The generated image
sequences consisted of 128 x 128 (pixels) and 10 (frames).



(a) Ist frame (b) 4th frame

(d) 10th frame

(c) 7th frame

Fig.2 A synthetic image sequence, f], under non-uniform illumination,
pi.

(a)lst ame ) ) 4th frame

(d) 10th frame

] (c) 7th frame

Fig.3 A synthetic image sequence, f;, under non-stationary illumina-
tion, py.

The brightness was quantified into 256 (levels). The im-
age sequences had a uniform motion vector v = (-0.8,0.3)
(pixels/frame). An image function f(x,y, ) of the original
translation image sequence was modified by non-uniform il-
lumination p;(x, y) and non-stationary illumination p(f).

_ X+Yy
pilx,y) = 27+ 127° (38)

p2(f) = 0.1 exp(0.21). (39)

The image sequence under non-uniform illumination f;(x,
¥, 1) and the image sequence under non-stationary illumina-
tion f5(x, y, r) were represented by the following equations.

fl(-xay’ t) = .ﬁ)(x7y’ f)Pl(x>)’), (40)
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fZ(x’y9 t) = fb(x’y’ I)PZ(Z) (41)

Since the theoretical illumination parameter distribution w
is expressed as

Vb Opa/on
P p2

the correct illumination parameter distributions of f; and f,
are described as w = (-0.8 + 0.3)/(x + y) and w = 0.2,
respectively [5].

We applied three methods to the synthetic image
sequences: ESTO, ESTO with the Ohta’s stabilization
method, and ESTO with the proposed method. The Ohta’s
stabilization method wasn’t designed for ESTO. However,
if we assume that the illumination parameter distribution de-
termined by ESTO is correct, we can use the following equa-
tion instead of Eq. (8),

IF: + S St (i)l
< .

The Ohta’s stabilization method can be applied to any result
of ESTO using the Eq. (43). Of course, the Ohta’s stabi-
lization method cannot stabilize the illumination parameter
distribution determined by ESTO.

We used spatial and temporal domains of LXxM = 3x3
(pixels) and N = 8 (frames) for each method. In the Ohta’s
stabilization method, we used ¢ = 1000, and 50 iterations.
In the proposed stabilization method, we used 8 = 1000,
vy = 50000, and 50 iterations.

The determined motion fields and illumination param-
eter distributions of image sequences f; (non-uniform illu-
mination), and f (non-stationary illumination) are shown in
Figs.4, 5, 6, 7. The results of original ESTO showed miss-
detections of the motion fields at poorly textured areas, and
at the edges of some objects (see Figs.4 (a), 6(a)). These
also showed large errors of the illumination parameter dis-
tribution at almost dark objects, and at edges of some ob-
jects (see Figs. 5 (a), 7 (a)). These errors of the motion fields
and the illumination parameter distributions were observed
at similar areas in two image sequences, f; and f, regard-
less of difference of the illumination conditions. The results
indicated that the image pattern and brightness of these im-
age sequences were the cause of these errors. The results of
the Ohta’s stabilization method showed better motion fields
(see Figs.4 (b), 6 (b)). However, the determined illumina-
tion parameter distributions were the same as the results of
ESTO (see Figs.5(a) (b), 7(a) (b)). On the other hand,
the proposed method led to better motion fields and illu-
mination parameter distributions (see Figs. 4 (c), 5(c), 6 (c),
7(c)). Since we used the reliability indices estimated from
the image pattern and brightness of these image sequences,
the miss-detections at non-reliable areas were easier modi-
fied than motion fields at reliable areas.

Now we try to verify the accuracy of these methods
quantitatively. For an index of error measurement, we used
angular measure of error proposed by Barron et al. [1]. They
evaluated the error between the correct velocity v, = (u., v)

w=Vv

(42)

R = (43)
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Fig.4  Motion fields determined by: (a) ESTO, (b) ESTO with the Ohta’s
stabilization method, and (c) ESTO with the proposed stabilization method
from the image sequence under non-uniform illumination (Fig. 2). (d) The-
oretical motion field.

A A i b o

@

Fig.5 [Hlumination parameter distributions determined by: (a) ESTO,
(b) ESTO with the Ohta’s stabilization method, and (¢) ESTO with the
proposed stabilization method from the image sequence under non-uniform
illamination (Fig.2). (d) Theoretical illumination parameter distribution,
w= (=08 +0.3)/(x + y).

and the determined v, = (u, v) as the angle between the unit
vectors (v3, and v3,) in 3-dimensional space. The definitions
of the vectors are as follows.

R T
e s

e e e B o i
e A e

e
i i e i e

A

Fig.6  Motion fields determined by: (a) ESTO, (b) ESTO with the Ohta’s
stabilization method, (¢) ESTO with the proposed stabilization method
from the image sequence under non-stationary illumination (Fig.3). (d)
Theoretical motion field.

0 0.2 0.4
w

Fig.7 Illumination parameter distributions determined by: (a) ESTO,

(b) ESTO with the Ohta’s stabilization method, (¢) ESTO with the pro-

posed stabilization method from the image sequence under non-stationary

illumination (Fig. 3). (d) Theoretical illumination parameter distribution,
w = 0.200.
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Table 1 Comparison of angular errors E, and illumination parame-
ter distribution errors E,, determined from two image sequences under
non-uniform illumination, f; (Fig.2), and non-stationary illumination, f,
(Fig. 3).

Image Error
sequence Method E, Ey
ESTO 3.06 1.56
ESTO +
fi Ohta’s stabilization 1.70 1.56
ESTO +
proposed stabilization 1.88 0.66
ESTO 6.24 0.106
ESTO +
h Ohta’s stabilization 2.28 0.106
ESTO +

proposed stabilization 248 0.077

They defined the angular error £, between the correct vector
v3. and the determined v3, by

1 Nx'-llv."'-]
E, = arccos {vac(x, y) - va.(x, »)}, (46)
PN, & ;0

where N, and N, (pixels) were the sizes of the image se-
quence, but all points that cannot be evaluated were removed
from this calculation.

The error of the determined illumination parameter dis-
tribution w,(x, y) was evaluated by the following equation:

Ny 1Ny~ '
By= 3 o)) Zwelny)l )
N"Nv x=0 y=0 ["Vc(xa )’)l

where w.(x,y) was a correct illumination parameter distri-
bution.

These errors are summarized in Table 1, which shows
the quantitative superiority of the proposed method for de-
termination of motion fields and illumination parameter dis-
tributions. The accuracies of motion fields determined by
use of the Ohta’s method and the proposed one were almost
the same. The proposed method cannot always determine
better motion fields than that of the Ohta’s method. We
think this reason as follows. Since two image sequences
in this experiment had a uniform motion field, stabilizing
methods have to modify the motion field more smoothly
to get better results. Meanwhile, there were many errors
in these illumination parameter distributions determined by
ESTO. Modification of these distribtuions with the pro-
posed method increased the value of the penalty function S,
(see Eq. (22)). In the Ohta’s method, there is not the func-
tion for modification of the distributions. Therefore, the pro-
posed method could not modify the motion fields smoother
than the Ohta’s method, because the constants, @ and 3, bal-
ancing the penalty functions and the stabilizing functions
were used the same value in these methods.

4.2 Analysis of a Standard Image Sequence

In this section, we consider a famous Yosemite sequence
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(b) '/th rame

(a) Ist frame

me

Fig.8 The Yosemite sequence.

obtained from the ftp server, ftp.csd.uwo.ca, because the
Yosemite sequence is commonly used for testing the perfor-
mance of many methods [1], [5], [9]. We focus our attention
only on accuracies of determined motion fields.

Figure 8 shows snapshots of the Yosemite sequence.
The image sequence had a resolution of 316 x 252 (pixels)
and 15 (frames). The brightness was quantified into 256
(levels). In the scene, the cloud region had a uniform motion
vector with a speed of 2 (pixels/frame) and had a temporal il-
lumination change. The landscape moved against the depth
direction. The maximum value of the speed component of
the landscape motion was about 5 (pixels/frame) at the bot-
tom left of the image. It was difficult for the gradient-based
approach to determine a large motion vector (more than sev-
eral pixels per frame) without multi-resolution techniques,
and we have to pay attention to area under non-uniform il-
lumination. The cloud region of the Yosemite sequence was
trimmed 58 lines from the upper line of the image.

Three methods: ESTO, ESTO with the Ohta’s stabi-
lization method, and ESTO with the proposed method, were
used to evaluate motion fields of the Yosemite sequence,
and the cloud region of the Yosemite sequence. The size
of the spatial domain L x M was 7 x 7 (pixels) and that of
the temporal domain N was 13 (frames) in the local opti-
mization of ESTO. In the Ohta’s stabilization method, we
used @ = 1000, and 50 iterations. In the proposed stabi-
lization method, we used 8 = 1000, y = 50000, and 50
iterations. The determined motion fields and illumination
parameter distributions of the Yosemite sequence are shown
in Figs. 9, 10.

The error comparisons are summarized in Table 2, and
Table 3. Table 3 picked up an error comparison of motion
field determined only from the cloud region of the Yosemite
sequence. The proposed method and the Ohta’s stabilization
method were effective in decreasing errors of the determined
motion fields. The accuracies of the both methods were
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- 2 pixels/frame

— 2 pixels/frame

Fig.9  Motion fields determined by: (a) ESTO, (b) ESTO with the Ohta’s
stabilization method, (c) ESTO with the proposed stabilization method
from the Yosemite sequence (Fig. 8). (d) Theoretical motion field.

0.1

Fig.10  Illumination parameter distributions determined by: (a) ESTO
with the Ohta’s stabilization method, (b) ESTO with the proposed stabi-
lization method from the the Yosemite sequence (Fig. 8).
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Table2  Comparison of angular errors £, determined from the Yosemite
sequence (Fig. 8).

Method Error E,
ESTO 8.15
ESTO +
Ohta’s stabilization 6.90
ESTO + 6.90

proposed stabilization

Table 3 ~ Comparison of angular errors E,, determined from a cloud re-
gion of the Yosemite sequence.
Method Error E,,
ESTO 11.8
ESTO +
Ohta’s stabilization 7.38
ESTO + 709

proposed stabilization

almost the same for the Yosemite sequence and the cloud
region of the Yosemite sequence. The proposed method
showed the best accuracy for the Yosemite sequence [1], [5].
The proposed method stabilizes not only motion fields but
also illumination parameter distributions.

5. Conclusion

We proposed a post-processing method that can simultane-
ously stabilize a motion field and an illumination parameter
distribution. The first candidates of the motion field and the
distribution are ditermined by ESTO. The distribution indi-
cates illumination conditions in image sequences, e.g. non-
uniform illumination and non-stationary illumination. The
proposed method succeeded in simultaneous evaluation of
accurate motion fields and illumination parameter distribu-
tions, especially at poorly textured areas, at edges of objects,
and at almost black objects in images.
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