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Abstract— This paper proposes a new digital im-
age stabilization (DIS) systems based on opti-
cal flow technique. Unlike previous DIS sys-
tems developed mainly for removing the transla-
tional motion disturbance, the proposed system
removes not only the translational but also the
rotational motion disturbances. A computational
scheme that facilitates the iocal motion vector
field to estimate the global disturbing transla-
tional and rotational motions is developed. First,
the optical flow technique is used to estimate
the local motion vector field of the image, yield-
ing the velocity of each pixel in the current im-
age frame. Then, the global translational and
rotational motion parameters are determined in
terms of the least squares estimation. Finally,
these motion vectors are used to generate the
counterbalance signals for removing the distur-
bance motion. Owing to the additional ability
of ‘the rotational motion removal, the new DIS
system suppresses the undesirable translational
and rotational disturbances effectively and thus
enhances the DIS performance significantly.

Keywords: Digital image stabilization, Motion
estimation, Optical flow.

I. INTRODUCTION

Motion in video images is caused by either the
object motion or the camera movement. A digi-
tal image stabilization (DIS) system aims to pro-
duce a compensated video sequence so that the im-
age motion due to the camera’s undesirable shake
or jiggles can be removed [1]-[10}. In practice, the
recent consumer electronic products, such as digi-
tal cameras, camcorders, CCD sensing arrays, and
next-generation mobile phone with visual display,
etc., would be very needy for an image stabilization
loop to remove this inevitable and undesirable fluc-
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tuation motion during the image capturing process.
As a consequence, it would be worthwhile to have
a digital image sequence stabilization scheme that
can further stabilize the image sequence for improv-
ing the subjective quality of the video sequence ob-
tained. Moreover, an image stabilization algorithm
is reported to be beneficial to the coding efficiency
of video signals [10].

An electronic image stabilization system for con-
sumer’s video cameras has been developed by Os-
hima et al. [1]. Oshima’s electronic image stabi-
lization system uses a gyro sensor to measure the
angular velocity of undesirable camera motion and
then compensates for the image fluctuation by ro-
tating the lens unit in the opposite pitching and
vawing directions of the angular velocity. Uomeri
et al. [2], [3] have developed a DIS system for con-
sumer’s video camera also. Uomori’s system con-
tains a correlation-based matching technique to de-
termine the motion vector using an adaptive motion
computation scheme. The motion vector detector in
the Uomori’s systems is implemented with a chip of
small circuit, unlike the mechanical motion detec-
tion/correction techniques using gyro sensors [1] or
fluid prism [4]. '

Recent image stabilizer systems in the literature
demonstrate the trend of detecting and compen-
sating residue fluctuation motion via image pro-
cessing and computer vision techniques {5}-[10]. In
this trend, the block matching algorithm, a fast
searching and matching algorithm commonly used
in MPEG coding {12, pp. 101-108], is widely ex-
ploited to realize the motion detection of a DIS sys-
tem [7]-[10]. For example, Paik et al. developed
an image stabilization system {7] by block match-
ing based scanning area selection. This approach is
further improved by exploiting bit-plane matching
[8]. The blocking matching approach, however, can
only estimate the translational movement. Hence,
this approach produced poor performance when the
image fluctuation contains both translational and
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rotational motions.

In this paper, we present a new approach for es-
timating both the translational and the rotational
motions. We apply the optical flow technique to ob-
tain the local velocity vector of each pixel in the cur-
rent image frame. These velocity vectors are then
used to determine the global translational and rota-
tional motions in terms of motion dynamics model
and least squares estimation. The resulting system
has been tested by computer simulations and proved
effective in compensating the translational as well
as the rotational motion disturbances.

The rest of the paper is structured as follows. In
Sec. II, we employ the zero-order optical flow [12],
[13] to obtain a moving flow field of an image se-
quence. By the use of the least squares estimation,
we derive a new scheme that can determine the an-
gular frequency of the rotational motion from the
moving flow field. With the estimated angular fre-
quency, a searching procedure is then developed to
find the rotational center of the rotational distur-
bance. The velocity vector at the rotational center
determines the image’s translational motion. Ac-
cording to the motion parameters estimated, com-
pensated signals are generated to counterbalance
the undesirable residual motion in the image se-
quence. Sec. III contains two simulations to ver-
ify the feasibility of the new DIS system. Finally,
geveral concluding remarks are given.

1I. A DIGITAL IMAGE STABILIZER US-
ING OPTICAL FLOW

The new image stabilization system will first esti-
mate the global motion between consecutive frames
in a video sequence and then compensate for the
giggle motion detected. To this end, the system
consists of a motion vector detection module which
detects input image movement and extracts the im-
age fluctuation component caused from image cap-
turing fluctuation. We then generate a compen-
sated video signal so that the image's undesirable
shake or jiggle can be counterbalanced. The config-
uration of the DIS system is shown in Fig. 1 and
its details are illustrated in the following .

A. The Optical Flow Algorithm

This sub-section briefly highlights the optical low
algorithm used in this paper. Denote the image
brightness at the point (z,y) in the image plane at
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time ¢ by E{z,y, t) In notation, let u = dt Jv=%

dt *
E, = E’ E, = ay ,and E; = af. The zero-order
optical low computation minimizes a weighted sum
of errors of the pixel-to-pixel variation in the veloc-

ity field. Hence the total error to be minimized is

€ *—[fae + e2Ydzdy, (1)

where
Ep = ET,'U. + Ey'U + E\‘. (2)

denotes the sum of the errars for the rate of change
of image brightness;

@) (&) () &) o
~\oz oy Oz dy

represents the measure of the departure from
smoothness in the velocity flow, and o? is a weight-

ing factor. Using the calculus of variation and an
approximation to the Laplacian operator, we obtain

[+ )

(o + B2+ E: Ju
=(o® + B})u — E.Ey;o — EE;,  (4)
and
(e + E2 + Ez)v
= (o?+ E2)o — E,E,a— E,E,.  (5)
where % and © are the local average of the velocities.
In order to reduce the computational complexity,
the Gauss-Seidel method is commonly applied to
solve the above equations and yields the following
iterative algorithm

ut = g
— B, [Ea™ + Eyo" + By [(o® + E3 + E2), (6)
and
,Un-i-l = "

— Ey[E,a"™ + E;o" + By [(® + B2+ E2). ()

The output of optical flow estimation method [12]-
[14} is the velocity field V'(z,y) = (u(z,y), v(z,y))
of each pixel at (z,y). Note that these estimated ve-
locities may vary pixel to pixel because optical flow
technique is rather noise sensitive. A new motion
extraction algorithm which can extract the correct
motion vectors from the local varying motion vec-
tors is derived below.
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Fig. 1. Basic structure of the DIS system.
B. The Rotational Angular Frequency Extraction ‘
X
After obtaining the local motion field of the im- ©.9 >
age, we are now in a position to estimate this im-
age fluctuation motion parameters. Since the sam- x, 7)
pling interval between the image frame sequence is 0 Yo N
normally short, we can assume that the fluctuation 0
motion in each image frame can be approximated
by a rotational motion about a rotational center,
combined with a translational motion of the whole
image plane. This assumption enables us to derive o .
a new scheme that can detect the rotational angu-
lar frequency, rotational center, and translational
velocities of each image frame. First we consider u,
the case that the image frame sequence is purely Alx, )
rotated about a particular rotational center (zg, yo) Vile v
by an angular velocity w. For an arbitrary point ’ r
A, located at (z,y), its rotational velocity vector -
V. = {ur(z,y),vr(z,y)) at {z,y) of the rotational
motion about {(zp, y), as shown in Fig. 2., can be y
decomposed into v
ur(2,y) —[Vr|sin® Fig. 2. The analysis of rotational motion at arbitrary
= —WT(SiH 6) position {z,y) in the image plane.
= —w(y — o), (8)
‘ (tr,0p) = (—w(y — yo),w(z —z0)). (10}
and
Now, let us address the general case of contain-
ve{z,y) = |Vrjcost ing both translational and rotational motion. Let
= wr(cos®) the coordinate frame at the rotational center have
= w(z — z0)- (9)  a translational motion, u' and ¢/, in the horizontal
and vertical direction, respectively. Then the ve-
Then, locity (u(z,y),v(z,y)) at any point (=, y), including
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translational and rotational angular frequency w as
well, will be given by

(11)

u(z,y) =o' — wly — o),

and
v(z,y) = v + wlz — zo). (12)
These two equations are best described by Figs.
3(a) and 3(b), which include the plots in the z — v
plane and y — u plane, respectively. As evident
from these two equations, each eguation specifies
one line in the figure, respectively. These two lines
respectively have w and —w as their slopes and v/
and v as their intercepts. Since the motion vec-
tor estimation computation is inevitably corrupted
by noise, the obtained velocity vectors of pixels
should distribute in scatter over these two lines, as
shown in Figs. 3(a) and 3(b). For any two points
(zk1, k1) and (zpo,yk2) in the image frame, they
should satisfy Egs. (11) and-(12) and their veloc-
ity differences Au = u(zg1,yx1) — u(Tr2, Yre) and

Av = v(Zr1,¥k1) — v{Zk2,yk2) take the following
forms

Au = —wAy (13)
and :
Av = wAxz, (14)

where Az = 1p) — zx2 and Ay = yp; — yx2- Rewrite
‘these two equations as

HEEE

Any pair of pixels should satisfy Eq. (15), which
is in a form of Aw = b. A least squares solution is
usually adopted to minimize the discrepancy from
Eq. (15) for the pixel pairs in the image. In this
way, the least square estimate of w can be obtained
“byw= (ATA)‘lATb

(15)

C. The Rotational Center and Translational Ve-
locity Extraction

The angular frequency w of rotational distur-
bance motion, as discussed above, is estimated in
terms of least squares method. It follows from Egs.
(11) and (12) that the translational velocity com-
poneuts in the z—direction, v', and y—direction, v’,
ga.n be obtained if the rotatlona.l center (zg,¥0) is
known, as given by

. U' = U(SEQ, y0)1 (16)

Digital Image Translational and Rotational Motion Stabilization Using Optical Flow Technique 111

and _
v’ = v(zo, yo)- (17)

In the following, we will develop an approach to
find the rotational center (zg,yo} of the disturbance
motion. For a given rotational center (zg,yq), the
velocity components, w(z;, 1) and vz, 1) at point
(z;,4;) can be estimated by

(18)

Wz, yi} = u(zo, yo) — @y — W),
and
9(Ti, i) = v(zo, yo) +w(x; — z0).  (19)
We then define the error function e as
e= Y > {ladiw)
zo—pLxi <xo+p yo—p<yilyo+p
—u(@i, y;)1® + [0z, 1) — v(zs, w)]°}, (20)

where 4(z;, y;) and 9(z;,1;) are calculated from Eqgs.
(18) and (19}, and u(z;,yi) and v(x;,y;) are ob-
tained from the results of optical flow computation.
In a searching basis, a point that can produce a
smallest e measure over pixels in a certain region
centered at this point would be the rotational cen-
ter of this image frame. For instance, in this contri-
bution a window of size (2p + 1) x (2p+ 1), p =T,
is exploited as the region for such computation pur-
pose. To locate the rotational center of the first im-
age frame, whole image pixels have to be searched.
QOwing to the continuity constraint imposed by ob-
ject inertia, the search region, after the first image
frame, can be reduced to a neighborhood region cen-
tered around the previous frame rotational center,
In this study, the searching block is chosen to be a
21 x 21 window centered at the previpus frame rota-
tional center estimated. With the rotational center
being located by Eq. (20), the translational veloc-
ities ©"- and v' can be obtained from Egs. (16) and
(17). Using the estimated rotational center (zo, o)
and the translational velocities u/, and ', together
with & estimated previously, we can-generate the
counterbalance signal to stabilize the fluctuation in
the current image frame. '

ITI. EXPERIMENTAL SIMULATIONS

In order to confirm the validity of the proposed
algorithm, computer simulations were conducted to
stabilize a disturbed “Airplane” image sequence as
described below. The image frame sequence is of
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Fig. 3. Motion vectors with disturbing noise in (a) z — v and (b) y — u plane.

size 200 x 200 pixels and contains 80 frames in
length. The video sequence proceeds 16 frames per
second, i.e., the sampling period T is 1/16 second.
The synthetic disturbing displacements in transla-
tional movements f; and £, and rotational angle ¢
are all to be sinusoidal, as given by

t, = 4sin(2x0.5kT),

t, = 4sin(270.5kT),
and

8 = 0.04sin(2r0.5kT),

and the rotational center is located at (60,60) in
the first image frame. In the equations above, the
units of f; and ¢, and @ are in pixel and radian,
respectively.

A. Simulation 1

We apply the optical flow-based stabilization al-
gorithm to the disturbed “Airplane” image se-
quence and set the maximal number of iteration in
optical flow computation to be 64. To get rid of the
boundary effect and reduce the computation com-
plexity, we choose the center 100 x 100 pixels of the
frame as the active block for optical flow operation.
In our study, the estimate of the rotational center
of the first image frame is involved with a full-plane
search, whereas locating the rotation after the sec-
ond image frame involves only a search region of
+10 pixels horizontally and vertically, i.e., a win-
dow of size 21 x 21, whose center is the rotational

center of the previous frame. Two consecutive im-
age frames after the optical flow computation are
shown in Fig. 4, in which the white line vectors
denote the velocity vectors at pixels of interests.
After the 80 video frames were processed by the
proposed image stabilizer, the results are shown in
Figs. 5 and 6. In Fig. 5, the dotted lines denote the
imposed velocity disturbance signals and the solid
lines denote the corresponding velocities computed,
which are to be compensated by the image stabi-
lizer. Figs. 6(a) and 6(b), respectively, show the
estimated z and y positions of the rotational center,
in which the solid lines denote the true rotational
center and the “X” symbols denote the rotational
center estimated by the stabilizer. Averaged over
these 80 frames, the mean absolute errors (MAEs)
of the imposed signals and compensated signals of
Figs. 5(a)-(c), i.e., in horizontal, vertical direction,
and the rotational angle, are 7.038 x 1074, 0.076,
and 0.188, respectively. The MAEs in estimating
the rotational center, on average over the total 80
image frames, are 1.26 pixels and 1.14 pixels in the
z— and y— directions, respectively.

We calculated the gray level differences of each
pixel in the original images and its corresponding
stabilized images over the 80 frames. In terms of
this gray level difference, the mean absolute error
(MAE) using the new optical flow-based image sta-
bilization is 0.221, and the mean square error (MSE)
is 0.075. By our experiment, the MAE and MSE of
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Fig. 4. Two consecutive frames estimated using optical
- flow method in the image sequence.

the image stabilization system based on the block
matching method [7] is 1.989 and 4.624, respec-
tively. The MAE measure of the proposed method
yields cne order of magnitude improvement; the
MSE measure improves significantly with two or-
ders of magnitude in error reduction, in comparison
to the state-of-the-art block matching technique.

B..Simulation 2
The disturbance signals imposed in this example

are given by

5sin(270.75kT),
35in(270.75kT),

-
L~
Il
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Fig. 5. The compensation signals estimated (a) rota-
tional angular frequency, (b) translational velocity u in
the z-direction, and {c)translational velocity v in the y-
direction; in comparison with the imposed jiggling ve-
locity signals.
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Fig. 6. The estimated rotational center {x} and the true
rotational center (-) of 80 image frames in (a) z-axis and
(b) y-axis. :

and

# = 0.03sin(270.8kT),

and the rotational center is located at the image
frame center (100, 100). The results of applying
the optical flow based image stabilizer to this ex-
ample are also successful. - The resulting figures
are omitted here for brevity, only the compara-
tive performance.with respect to blocking match-
ing approach is summarized. Applying the block
matching based image stabilization system to the
disturbed video sequence of this example produces
a MAE of 1.135 and MSE of 1.443. The MAE and
MSE using the new optical flow based image sta-
bilizing system are 0.349 and 0.155, respectively.

Likewise, we have greatly improved the stabiliza-
tion accuracy compared to the conventional block-
ing matching method.

According to the experimental results by chang-
ing the imposed sinusoidal amplitude and fre-
quency, our image stabilization system using op-
tical fiow technique can remove the translational
and rotational disturbance accurately when the
amplitude-frequency product is smaller than four.
For the first example, the amplitude-frequency
product is 2 (4 x 0.5) while this product becomes 4
(5 x 0.8) for the second. Although the product of
the second example is in the working boundary of
amplitude-frequency product, the imposed distuz-
bance can still be removed by the new stabilization
loop. The amplitude-frequency product working
bound meets the requirement in mobile video com-
munication applications [10], in which the maximal
jiggling frequency of 3 Hz and jiggling amplitude of
1.25 pixel are reported to be necessary.

IV. CONCLUSION

In this paper we have proposed an image stabi-
lization system using optical flow technique. A com-
putational scheme that facilitates the local motion
vector field to estimate the global disturbing trans-
lational and rotational motions is derived. In addi-
tion to suppressing the translational disturbance,
the developed DIS system is also capable of re-
moving the rotational disturbance. Hence we have
enhanced its performance significantly. Extensive
tests have demonstrated that the new image stabi-
lization system is effective in suppressing the un-
desirable jiggling motion using the rotational cen-
ter, rotational angular frequency, and translational
velocities we have estimated. The proposed DIS
system is applicable to the various video consumer
products of interests.
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