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An Enhanced Optical Flow Calculation Using Scalar Edges
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Abstract

Optical flow is important not only for determining velocity and trajectory of the object but also
for image segmentation and 3D information. The gradient-based method is mostly used to com-
pute optical flow from image sequences, but it accompanies smoothing effect of velocity vectors.
In this paper, an enhanced algorithm for computing optical flow using scalar edge to restrict
smoothing effect. Weighted average depending on the scalar edges and local variance of velocities

is also applied to reduce errors both around motion boundary and in the occlusion region.

1. Introduction

Optical flow is the field of two-dimensional
velocities projected on the image plane by the
three-dimensional velocities of the corresponding
points of an object[1].

Optical flow is mostly used not only for deter-
mining velocity and trajectory of the object but
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also for image segmentation. Also, it provides
information about three-dimensional structure
and depth of the object. The methods to compute
optical flow are classified into two major ap-
proaches, which are feature-based and gradient-
based method[1]-[3].

The feature-based method is to find and track
prominent features by matching process from
frame to frame and hence can estimate velocities
of prominent points accurately. However, only a
sparsely set of points as features can be obtained,
so that the velocity vectors of the points are not
dense. Therefore it is not easy to use the velocity
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vectors for image segmentation. For extracting
depth information, we should take interpolation
on the velocity vectors.

The gradient-based method uses both spatial
and temporal gradients under the assumption that
the image function is differentiable. This method
as a non-matching process can compute velocity
vectors of all points in the image plane and need
not interpolation. This approach is more useful
for image segmentation and three-dimensional
depth extraction than the feature-based meth-
ods [4].

There are some problems in the gradient-based
method; (1) Since the global smoothness con-
straint is used, the discontinuity of the velocity
vector field around motion boundary becomes
dull. (2) At the neighbor point around motion
boundary, the image value of the object with
different motion is included in the 3x3 window
for calculating spatial or temporal gradients of
the point. Thus the velocity vector of the point
is errorneous because both gradients are affected
by the other motion region. (3) There are some
occlusion regions around motion boundary of
moving object. In these regions there are not any
corresponding points between the first frame and
the second frame[3].

To overcome those problems, we propose an
enhanced gradient-based method using scalar edge
and weighted average to estimate relatively
accurate optical flow. The proposed method
limits smoothness constraint within the region
segmented by the scalar edges and uses both
weighted average depending on the scalar edges
and the inverse of the local variance of velocities
to reduce error by occlusion region. The method
described in this paper allows that objects may
translate and rotate in the 3-D world and may
occlude one another. We assume that objects are
rigid and their motion is smooth.

K. Local Average Computation Using
Scalar Edge

The gradient-based method relies on the optical
flow constraint equation which relates optical
velocities to spatial and temporal changes in the
image:

Gxu+G, v+Gy= 0 (1)
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where u and v are X and y components of velocity
vector at a point in the image space. Gx and G
are the spatial gradients of image intensity to eacK
direction, Gt is the temporal gradient between
the first and the second frame, The main assump-
tion for the validity of Eq. (1) is that the bright-
ness of a point on the surface of an object in space
does not change with time and temproral and
spatial gradients moves within the range of
linearity
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Fig.1. Constraint line.

Eq. (1) provides only a constraint on the value
of the velocity vector at each point in the image
space and it cannot have unique solution. Thus
an additional assumption is needed to get unique
velocity vector. In motion problem, velocity
vectors vary across the image, but they are almost
constant in the local image. Thus we can assume
that velocity vectors at neighbor points vary
smoothly. This is the smoothness constraint of
the optical flow field. The measure of the depar-
ture from smoothness of the velocity vector field
is given by

Ei=| Vul?4+ | Vv i? (2)
where V is gradient operator. Due to the noises

and quatization errors in the image, some errors
arise in Eq. (1). These errors can be described by

Ei={Gxu+G,yv+Git’® (3)
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and then total error E can be represented by

E=ff 2’ EI+Ed dx dy

where a2 is the Lagrange multiplier The minimi-
zation is to be accomplished to find proper values
of optical flow velocity, (u,v). From Eq.(4) using
the calculus of variations, we obtain

(4)

a’ 7 2u—Giu—G,Gyv—GxGi = 0

a? Viv—GGu—Giv—G,G, =0 (5)
where V2 is Laplacian operator. These equations
include the first-and the second-order partial
derivatives in the image data and the velocity
vector field. These derivatives of scalar or vector
field are determined by their values in the
immediate neighborhood of the point. Thus the
discrete solution from Eq.(5) can be obtained by
local computation. The approximation of
Laplacian of u and v takes the following form.

V2 u=k{(d —u)

(6)
viv=k(Vv—v)

where U and v are the local averages of velocities
except itself at a point in the image space, and k
is a proportionality factor. Let k=1 in Eq.(6),
then the optimized solution of Eq.(4) is given as
follow.

—g_ Gx(Gx i1 G, v+Gy)
a’+Gi+G} (7)
o Gs(Gx a+Gy V+G)
a’+Gi+G}

The gradient-based method uses the global
smoothness constraint to compute optical flow.
Hence this constraint leads to the smoothing
effect of optical flow, which provides error around
motion boundary and makes it difficult to detect
motion boundary from velocity vector field. The
smoothing effect occurs in the process for calcu-
lating local average, (U, V). Now we may use scalar
edges to exclude the influence from velocity
vectors of the other object if we assume that
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Fig.2. Algorithm using the scalar edges.

scalar edges are generated by jump boundary of an
object.

If the reference frame in computing optical
flow is the first, the scalar edges of the first frame
of the image sequence are used to estimate
velocity vector field. The scalar edge function is
defined by

0 . edge

1 (8)

EGy={° %

. otherwise
and the scalar edge is extracted by non-maxima
suppression method after gradient operation.
The proposed algorithm is shown in Fig.2. it is
possible to maintain distinct motion boundary if
we use scalar edge to restrict smoothness con-
straint in a region. Fig. 3 and Fig. 4 show the
average window function that the local average

Fig3. Window for computing local average in

the region with no scalar edge.
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Fig4. A deformed window on and over the
scalar edge.

isn’t affected by velocities of the different motion
region on and over the scalar edges. Fig. 3 repre-
sents local averaging by window when no scalar
edge in the region and Fig. 4 shows the window
deformed by eliminating its part of reaching at the
other region on and over the scalar edge. This
window is considered to reduce the averaging
effect from different motion region in the iter-
ation steps.

The enhanced local average using scalar edge is
formulated by Eq.(9) through Eq. (11)

i
E x—i,y)= NE&—k y)

E' (x+i,y) = N E (x+k, y)

k=1
i

E (xy—i)=NEXy—k
k=1

E &, y+i)= kh E(x, y+k)
=1

where E’(x+,y), E’(x,y-) , E’(x-i,y) and E’(x,y+)
are edge functions of the i-th point to each direc-
tion of 0°, 90°, 180° and 270° from a reference
point. If the i-th point from the reference point
lies on scalar edge, E’ on and over the edge will
become zero. The local sum of the products of
velocity vector by E’ is described by

Nulx, y) = i;nl {E’ (x—i,y) ulx—i,y)

+E’ (x+i,y) ulx+i,y)
+E’ (x,y—i) ulx, y—i)

+E’ (x,y+i) ulx, y+i} (10)
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n

Nv(x,y) =2 {E" (x—i,y) v(x—i,y)

i=1

+E (x+i,y) vix+i,y)
+E (x,y—1) vix,y—1)
+E (g y+i) vx y+i)t

where n is the size of the window for local average
as shown in Fig.3 and Fig.4. If nislarge, smooth-
ing effect will increase but optical flow will be
less affected by local feature of image. For small
window, smoothing effect and execution time will
be reduced. Nu (x,y) and Nv (x,y) aren’t affected
by the velocity vectors in the other motion region
where E’ is zero. The sum of weights is repre-
sented by

n

Dx,y)= 2 {E (x—i,y) +E (x+i,y)

+E (x,y—1)+E (x, y+i)} (11)

Finally we can obtain the local average of
velocityes given in Eq. (12).

o Nl y)
(x,y)D

2

= Nv(xy) 12
D(x,y)

Thus through these steps, the local averages of
velocitis the region segmented by scalar edge
aren’t affected by the velocity vectors in the other
motion region because the scalar edge behaves
blocking the smoothing effect.

HI. Weighted Average

In the conventional method there are basically
two fundamental problems. One is that the spatial
and the temporal gradients at the neighbor points
of motion boundary are affected by the image
value in the different motion region because of
using 3x3 or 5x5 window as a partial derivative
operator as shown in Fig. 5, the points, p; and p;,
are neighborhood of motion boundary and the
shaded region in the window is different motion
part from the points. Thus the velocity vectors
at the neighbor point of motion boundary are
erroneous. The other is that some occluded
region causes unreliable optical flow because no
matching point exists between two frames. In Fig.
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Motion boundary

Py

Fig.5. Affection of 3x3 window for calculation
of spatial and temporal gradient around
motion boundary.

Background

Fig.6. Over lapped region.

6, shaded region represents the one overlapped by
the one in the second frame when it moves to the
arrow direction.

To overcome these conventional problems we
may adopt the concept of weighted local average
of velocity vectors to correct errors in the
occluded region and around motion boundary
after iterative solution is obtained. The local
variance of velocity vectors in the unreliable region
is relatively larger than that of the other region.
Therefore the proper weight is the inverse of the
local variance of velocities. The weights are
determined by Eq. (13)

TH BEFISEHRNE H26% F 7K

W, (x—i, y) =E’ (x—i,y) /ot (x—i, y)
Woxt+i, y) = E’ (x+1i,y)/ ok (xHi, y)
Wolx, y—i) =E (x,y—i)/ok (x, y—i)
Wa (% y+i) =E (x, y+i) / ol (x, y+1) (13)

Wy (x—1i,y) =E’ (x—i,y) / o} (x—1i,y)
Wy (i, y) =E’ (x+i,y) /0% (x+i,y)
Wy (%, y—i)=E’ (x,y—1) /6% &x, y—1)
Wi (% y+i) =E’ (x, y+i)/ o} (x, y+1)

where 0121 and af, are the local variances of dis-
parity vectors with respect to u and v. In practice,
they are computed in the 3x3 neighborhood. The
weighted average can be defined by

_ Nwu (X, Y)
w Dwu (X, y)
_ Nwy (X, }’)
Ve Dy (x, }’) (1)

where the numerators and denominators are given
by Eq. (15) and (16) respectively.

N G, y) = 2, (Wa (=3, 3) 0 (i y)

+Wu ki, y) ulx+i,y)

+Walx, y—1) ulx, y—i)

+Wa(x, y+i) ulx, y+i)}
Naw (6,3 = 25 {We (x—ivy) v(x—ivy)

4+ Wyt y) v+, y)

+Wy (x, y—i) vix,y—1)

+Wy (x, y+i) vix,y+i} (15)
Dywu(x, ) = g Wy (x—i, y) + W (x+i, y)

+ W, (x, y—1) +Wulx, y+i)}

Dwv (%, y) = g Wy (x—1, y) + Wy (x+1i, )
+ Wy (x, y—1) + Wy (x, y+i) b (16)

IV. Initial Value of Optical flow and Partial
Derivative Operator

Whether to determine proper initial value of
velocity relates to the execution time. In this
paper, we regard the nearest point on the con-
straint line from the origin as the initial value,
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(uo, vo), of each velocity vector. This is used as
the initial estimate for computing new vector,
(u,v). The initial value is given by

—Gyx G
uo= Gx+G}
—Gy G
Vo= —z-{-ic_’_ (17)

Eq. (5) for obtaining velocity vectors is used in
the case of continuous image funtion, but the real
image are discrete. Therefore the first-order
difference operator to compute spatial and tem-
poral gradients is necessary
difference operators to each direction are then
given by

1

o _1. 1 T
P 2[ 101]*4[12])
) -1 0 1
=§ -2 0 2
-1 0 1
') 1 1
Ezz[IZ 1) * E[-lo nr (18)
1"1—2“‘1
-3 0 0 o
1 2 1

These operators are chosen to combine a first
central difference in the direction of the partial
derivative and smoothing in the perpendicular
direction. These operators can be regarded as
Sobel edge detection operator except scale factor
of 1*6 and have a good characteristic to immunize
noise. They, however, generate erroneous velocity
vectors around motion boundary in the optical
flow. But this problem can be overcome by
adopting weighted average as suggested in the
previous section.

V. Simulation and Discussion

Two synthetic sequential images as shown in
Fig. 7 and Fig. 8 are used and the size of each
image is 100x100. Fig.7 shows the noise-free
image sequence, and Fig.8 shows the noisy image
sequence with the white Gaussian noise of stan-
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(a) The first frame (b) The second frame

Fig.7. Noise-free image sequence.

(a) The first frame

(b) The second frame

Fig.8. Noisy image sequence,

dard deviation of 10. The object (car) in the
images is considered to move one pixel to the left

In Fig.9, the results by the conventional
method show smoothing effect around moton
boundary between the object and the back-
ground, as mentioned in section III.

In the proposed algorithm, the scalar edges
were extracted from the first frame by non-
maxima suppression and the edge images are as
shown in Fig.10, and then the results of optical
flow obtained by the proposed algorithm are
shown in Fig. 11. It is shown that smoothing
effect around motion boundary is significantly
reduced and velocity vectors around the motion
boundary are clearly divided into an object and
background. In Table 1, the statistics of the
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(a) Optical flow of noise-free images

(b) Optical flow of noisy images

Fig.9. Results of the conventional method.

(a) Edge of noise-free image (b)Edge of noisy image

Fig.10. Edge of the first frame of each image
sequence.

disparity vectors of the object by the proposed
algorithm are compared to those of the conven-
tional method. Table 1 shows that the disparity
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(a) Optical flow noise-free images

(b) Optical flow of noisy images

Fig.11. Results of the proposed method.

Table 1. Velocity statistics of the object region
from the noise-free image sequence
and the noisy image sequence.

Velocity Conventional Proposed
components method method
Characteristics U \' 0f V'
Average —0.7731 0 0.012 | —0.999 0. 000
Standard deviation | 0.201] 0 0.091 0. 004 0. 001
Maximum 0.449100.587] 0.000 0.033
Minimum —1.089| —0.449| —1.009 | —0.020

(a) noise-free image sequence

Velocity Conventional Proposed
Components method method
Characteristics U V' U V'
Average —0.646] 0.012] —0.760 0.010
Standard deviation | 0.2881 0.184( 0.192 0.045
Maximum 0.305| 0.839| 0.000 0.256
Minimum —1.785|—0.891| —1.075 ] —0.174

(1090)

(b) noisy image sequeuce
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vector fields by the proposed method are better
than those of the conventional method.

IV. Conclusion

Applying the conventional gradient-based
method to real image sequences generates
erroneous optical flows around motion boundary
and in the occlusion region. To overcome this
problem, an enhanced gradient-based method
using scalar edges has been developed for com-
puting optical flow. It consists of two parts; (1)
compute the optical flow using both scalar edges
and the proposed local average operator, (2)
correct the velocity of each point using the
weighted average.

The results of the proposed algorithm show
that smoothing effect around motion boundary
is significantly reduced and optical flow at motion
boundary is clearly divided into the object and
background. And the noise immunity is better
than that of the conventional method.

But it is not easy to perfectly detect scalar
edge on jump boundary of an object in the real
image. Therefore scalar edge detection method
for jump boundary should go on being discussed.

The velocity vectors computed in this paper is
not the actual velocity of 3-D scene but the
apparent velocity in the image plane. By use of
“structure from motion” theorem, it might be
possibie to recover 3-D shape and motion.
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