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ABSTRACT

In this paper we propose a novel motion filtering ap-
proach that takes into consideration the existence of certain
system constraints with respect to the amount of the correc-
tive rotational and translational motions that can be applied
on each video frame for stabilization. The interdependence
between rotational and translational constraints is consid-
ered, and a modified Kalman filtering algorithm is used in
order to obtain a smooth stabilized motion under the given
constraints. The experimental results reveal that the proposed
filtering approach improves the stabilization performance in
the presence of the system constraints.

1. INTRODUCTION

The ongoing development and miniaturization of consumer
devices that have video acquisition capabilities increases the
need for robust and efficient video stabilization solutions.
Video stabilization objective is to remove the effect of un-
wanted motion fluctuations from video data. This can be
achieved by applying a certain amount of corrective motion
displacement onto each video frame, such that to cancel the
effect of high frequency fluctuations (jitter) caused by un-
wanted camera motions.

A video stabilization system comprises three compo-
nents: global motion estimation, motion filtering, and mo-
tion compensation. The global motion comprises two com-
ponents: the user intended motion, and the unwanted motion.
The objective of motion filtering operation is to distinguish
between these two motion components such that to allow
subsequent compensation only for the undesired motion. For
this, it is typically assumed that the intended motion com-
ponent is smooth, such that it can be calculated by low-pass
filtering the estimated global motion.

In [1] the authors proposed to low-pass filter the camera
motion trajectory in Fourier domain. The solution provides
a smooth stabilized motion and it can be applied for off-line
stabilization of a recorded video sequence. Unfortunately,
the solution is unsuitable for a real-time implementation on
a typical consumer device due to its large memory require-
ments needed to store several frames of the input video se-
quence. For real-time implementation a causal low-pass filter
is preferred in order to reduce the memory requirements to a
minimum.

First order IIR (infinite impulse response) low pass fil-
tering system, known as Motion Vector Integration (MVI),
is used in [2], and analyzed also in [3]. The main drawback
of MVI consists of its tradeoff between smoothness of the
resulted stabilized motion and the delay in reaction with re-
spect to changes in the intended motion. The damping co-
efficient of the filter must be selected such that to cope with

this tradeoff. Second order IIR filter, inertial filter, has been
proposed in [4], as an attempt to reduce the phase delay, and
hence to enhance the ability to follow any intended changes
in the camera motion. Kalman filtering have been used for
video stabilization in [5, 6, 7], and it has been proven to be
a simple and robust solution for on-line video stabilization
implementations.

The motion compensation process of the video stabi-
lization system consists of geometrically transforming each
video frame such that to cancel the effect of unwanted mo-
tion. As a result of such geometrical transformation, some
parts of the stabilized video frame could become undefined,
being placed outside the captured image area. In order to
prevent this phenomenon one could use a smaller frame size
at the output of the stabilization system than at the input. In
this way, the stabilized frame is obtained by cropping a cer-
tain region from the larger input frame delivered by the image
sensor. The difference in size between the input and the out-
put image frames of the stabilization system determines cer-
tain constraints with resect to the rotational and translational
corrective motions that could be applied by the stabilization
system. Any larger corrective motions would result into an
incomplete output frame, as long as part of it falls outside the
boundaries of the sensed image frame.

In this paper we address the problem of motion filtering
taking also into consideration the limitation imposed by the
stabilization systems with respect to the amount of correc-
tive displacement that can be applied on each video frame.
Thus, we propose to incorporate the system constraint into
the Kalman filtering procedure, as an additional state update
equation. In this way, the stabilized motion trajectory is de-
termined as the solution of a constraint optimization prob-
lem.

The remaining part of the paper is organized as follows.
A constraint Kalman filtering algorithm is introduced in Sec-
tion 2. The proposed motion filtering algorithm, under the
system constraints on corrective motions, is introduced in
Section 3, and it is validated by a series of experiments pre-
sented in Section 4. Finally, some conclusions are presented
in Section 5 of the paper.

2. CONSTRAINT KALMAN FILTERING
ALGORITHM

Let z,, denotes one of the motion parameters (i.e. translation
or rotation) estimated based on the n-th frame of the video
sequence. We can write that

Zn = Sp+ Up, (1)

where s, and u, stand respectively for the intended and un-
wanted components of the motion parameter. At every mo-



ment n, a correction of —u, is needed in order to stabilize
the current frame. In practice, the value of this corrective
displacement is constraint by the system to a given interval
[dmin,dmayx]- Our objective can be thereby formulated as de-
termining a smooth trajectory for the intended motion com-
ponent (s,), under the constraint that at any moment n,

Apin < =ty < diax. 2
A state space representation model for the motion param-
eter can be assumed as follows

Xn = AXn,1 + bena

in = CTXn""”m 3

where e, and u,, are the process and measurement noise terms
that are assumed zero mean Gaussian distributed with vari-
ances 67 and ¢ respectively. The process matrix A has size
K x K, and the vectors ¢ and b are of size K x 1. The state
X, is a K x 1 vector from which the intended motion s,, can
be extracted by s, = c’x,,.

Kalman filtering procedure provides the optimal estimate
X, (and ultimately the optimal estimate of s,,), based on the
assumed model (3). However, in this form, the model is in-
complete since it does not take into consideration the con-
straint (2), which, in terms of the state space representation
(3) is given by

llza — ¢"x, — D|* < d?, )

where D = (din + dmax) /2, and d = (dpmgx — dmin) /2. When-
ever this constraint applies the solution provided by Kalman
procedure cannot be used directly. Our objective here is to
derive a modified Kalman filtering procedure that incorpo-
rates the constraint in an optimal manner.
Let %,, denotes the Kalman filter estimate of the true state
Xp, in the absence of any constraint. In accordance to the
Kalman filter theory (see also [8]), the posterior PDF (proba-
bility density function) of the true state given all observations
is given by
p(xnlznzl) ~ JV()A(mPn)a )

where .4 (u,X) stands for multivariate Gaussian PDF of
mean U and covariance matrix X, and P, stands for the esti-
mate of the true state covariance matrix at step n

P, =E [(x:— %) (%0 — %) ]. (6)

The estimate %X, maximizes thereby the posterior PDF
(5), or, similarly, it minimizes the following objective func-
tion

T (%) = (%0 — %) P, (%0 — %) 7

The estimate is optimal as long as it satisfies (4). Oth-
erwise, the optimal solution %X,, can be found by employ-
ing Lagrange multipliers and treating the constraint (4) as an
equality constraint. Renouncing to the subscript 7, in order
to simplify the notations, we can write an objective function
to be minimized by the constraint estimate X, as follows

Jx) = (x-%)TPl(x-%)
+ l[(ch—q)T(cTX—q)—dz], 8)

where A is a positive Lagrange multiplier, and ¢ = z — D.
Differentiating (8) with respect to x and equating the result
with zero we have

=P '+ 2Acch) N (Aeg+P71%), 9)

which, replaced into the constraint equation yields the fol-
lowing value for the Lagrange multiplier

iJex—q|—d

A = (c"Pc) )

(10)
Finally, including (10) in (9), and performing some calculus
we obtain the expression of the update equation for the state
estimate

% =% +sign(q—c'%)(J]g—c'%| —d)Pc(c"Pc)~!. (11)

The algorithm presented in Fig. 1, extends the Kalman
filtering procedure by incorporating the state update equation
(11). In addition, the first line of the algorithm is updating
also the measurement noise variance (6.2) such that to reduce
the probability of exceeding the system constraint.

CKF(ZmdnaDn)
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if |wn|>d, then
X, =X, +sign(wy)(|wp| —d,)Pc(c"Pc)~!
Up =2n —C Xy

return —u,

Figure 1: The proposed constraint Kalman filtering proce-
dure.

In contrast with this solution, a trivial approach would
consists of running unconstraint Kalman filtering procedure,
following to disregard the resulted correction whenever it ex-
ceeds the system constraint. In such cases, the correction rec-
ommended by the filtering procedure is simply truncated to
the maximum corrective value allowed by the system.

3. THE ROTATION AND TRANSLATION MOTION
FILTERING

In our work we consider a motion model composed of trans-
lation and rotation. The three motion parameters estimated
from the input video data are as follows: x;, translation along
the horizontal axis, y;, translation along the vertical axis, and
t; rotation around the optical axis of a camera. The corre-
sponding corrective displacements for each parameter are de-
noted respectively by xj, y5, and f5.

The system constraints on the three motion parameters
are illustrated in Fig.2. The figure shows the input and out-
put frames of the stabilization algorithm. The rotational con-
straint (i.e. ¢ € [=T,T)) is the first one applied, and hence



its value is independent of translational corrections. On the
other hand, the translational constraints are dependent of the
rotational correction decided in the first step of the algorithm,
as illustrated in Fig. 2 (b). These constraints are calculated
such that to maintain the output image frame inside the ro-
tated input frame. According to the example shown in the
figure, the horizontal and vertical constraints are respectively
X(t) =min{X,(t),X2(¢)}, and Y (¢) = min{Y;(¢), Y2 () }.

Input frame

Output frame -

Input frame

Output frame

Figure 2: The constraints on rotational correction (a), and
translational correction (b).

The motion filtering algorithm used in our work is pre-
sented in Fig. 3. The algorithm runs three different Kalman
filters in order to smooth the rotational and translational mo-
tion parameters.

4. EXPERIMENTAL RESULTS

In this section we present a series of experiments meant to
demonstrate the effectiveness of the proposed modification
to normal Kalman filtering procedure. For this purpose we
implemented the motion filtering procedure proposed in [5].
This procedure assumes a model of camera motion charac-
terized by a constant velocity between moments of inten-
tional motion changes. Each state space model is using a

t$ = CKF1(t5,T,0)
Calculate constraints X(t5) and Y(z5)
xp, = CKF2(xp, X (15),0)

Yo = CKE3(y;,, Y (13,),0)

Figure 3: The proposed constraint filtering procedure for ro-
tational and translational jitter.

2 x 1 state vector whose components represent respectively
the smoothed motion parameter value s,, and the velocity
along the corresponding direction. The remaining parame-
ters of the state space model are:

A:[(l) ”,c=[10]T,andb=[1 1)7. (12)

The following experiments have been carried out on a
video sequence captured from a moving car. As shown in
Fig.4, the sequence exhibits a significant intended motion
along horizontal, combined with a less significant intended
displacement along the vertical position. Unwanted motion
is present along both horizontal and vertical directions, hav-
ing a more noticeable effect along the vertical direction.
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Figure 4: The frame positions and orientations for the exper-
imental video sequence.

The degree of freedom needed to compensate for un-
wanted motion is ensured by using a smaller frame size at
the output of the stabilization procedure than at the input. In
all our experiments we selected the output frame size with 2d



pixels smaller than the input frame size along the horizontal
and vertical directions.
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Figure 5: The filtered frame positions for constraint d = 16
pels. The figure shows the original motion trajectory (dotted
line), the trivial solution (thin line), and the solution deliver
by the proposed algorithm (thick line).

Fig. 5 shows an example of motion filtered trajectories
obtained under a constraint of d = 16 pixels. The figure re-
veals that the resulted motion trajectory is much smoother
when using the proposed approach than in the case a triv-
ial solution for the incorporation of the system constraint is
adopted.

The jitter attenuation (in decibels) has been used to eval-
uate the stabilization performance. This parameter is cal-
culated as the ratio between the unwanted motion energies
present in a motion trajectory before and after filtering. The
energy of the unwanted motion fluctuations (jitter) present
in one such trajectory is estimated by the variance of the
high-pass filtered version of the corresponding frame posi-
tion signal, where the high pass filtering is carried out in the
frequency (DFT) domain.

Table 1 shows the jitter attenuation achieved for differ-
ent values of the constraint d, when using either the pro-
posed solution (a), or a trivial saturation of the motion cor-
rection to the maximum value allowed in the system (b). The
test sequence exhibits a small rotational jitter which is rarely
challenging the rotational constraint imposed by the system.
Consequently in all these simulations the rotational jitter at-
tenuation is the same for both cases. However, the rotational
correction imposes different constraints for the horizontal
and vertical corrections. All simulations have been per-
formed using the same parameters for the state space model,
such that the differences in performance are caused only by
the strategy used to incorporate the system constraint into the
filtering procedure. The results shown in this table reveal that
employing the proposed solution in the presence of a system
constraint improves the stabilization performance.

5. CONCLUSIONS

In this paper we introduced a new method of motion filtering
for video stabilization. Both translational and rotational jit-
ter corrections are considered, and they are corrected under

[d] 8 16 24 3

Horizontal
(a) | 4.2 52 52 6.0 8.2
Md) | 1.5 0.5 1.1 2.6 2.9
Vertical
(a) | 4.6 8.1 11.0 15.1
b) | 24 4.8 8.8 15.0
Rotational
(a) | 120 152 164 17.1 25.0
() | 120 152 164 17.1 250

Table 1: Jitter attenuation (in dB) under different system con-
straints (d) imposed on maximum corrective displacement:
(a) using the proposed filtering procedure, and (b) applying
a trivial approach which saturates the amount of corrective
displacement to the nearest value accepted by the system.

certain system constraints. The proposed approach is based
on a modified Kalman filtering algorithm that includes an
additional state update equation which ensures that the up-
dated state maximizes the posterior PDF, under the imposed
constraint. The ability of the proposed filtering procedure to
cope with the constraint on motion correction magnitude, is
demonstrated through a series of video stabilization experi-
ments.

REFERENCES

[1] S. Erturk and T.J. Dennis, “Image sequence stabilization
based on DFT filtering,” IEE Proc. On Vision Image and
Signal Processing, vol. 147, no. 2, pp. 95-102, 2000.

[2] S.J. Ko, S. H. Lee, and K. H. Lee, “Digital image sta-
bilizing algorithms based on bit-plane matching,” IEEE
Transaction on Consumer Electronics, vol. 44, no. 3, pp.
617-622, 1998.

[3] Sarp Erturk, “Image sequence stabilization: Motion vec-
tor integration (MVI) versus frame position smoothing
(FPS),” in Proc. of the 2nd International Symposium
on Image and Signal Processing and Analysis, 2001, pp.
266-271.

[4] Jesse S. Jin, Zhigang Zhu, and Guangyou Xu, “A Stable
Vision System for Moving Vehicles,” IEEE Transaction
on Intelligent Transportation Systems, vol. 1, no. 1, pp.
32-39, 2000.

[5] S. Erturk, “Image sequence stabilization based on
Kalman filtering of frame positions,” Electronics Let-
ters, vol. 37, no. 20, pp. 1217-1219, 2001.

[6] Andrew Litvin, Janusz Konrad, and William C. Karl,
“Probabilistic video stabilization using Kalman filtering
and mosaicking,” in Proc. of SPIE Electronic Imaging,
2003, vol. 5022, pp. 663-674.

[7] S. Erturk, “Digital image stabilization with sub-image
phase correlation based global motion estimation,” IEEE

Transaction on Consumer Electronics, vol. 49, no. 4, pp.
1320-1325, 2003.

[8] Dan Simon and Tien Li Chia, “Kalman filtering
with state equality constraints,” IEEE Transactions on

Aerospace and Electronic Systems, vol. 38, no. 1, pp.
128-136, 2002.



	Index
	EUSIPCO 2005

	Conference Info
	Welcome Messages
	Sponsors
	Committees
	Venue Information
	Special Info

	Sessions
	Sunday 4, September 2005
	SunPmPO1-SIMILAR Interfaces for Handicapped

	Monday 5, September 2005
	MonAmOR1-Adaptive Filters (Oral I)
	MonAmOR2-Brain Computer Interface
	MonAmOR3-Speech Analysis, Production and Perception
	MonAmOR4-Hardware Implementations of DSP Algorithms
	MonAmOR5-Independent Component Analysis and Source Sepe ...
	MonAmOR6-MIMO Propagation and Channel Modeling (SPECIAL ...
	MonAmOR7-Adaptive Filters (Oral II)
	MonAmOR8-Speech Synthesis
	MonAmOR9-Signal and System Modeling and System Identifi ...
	MonAmOR10-Multiview Image Processing
	MonAmOR11-Cardiovascular System Analysis
	MonAmOR12-Channel Modeling, Estimation and Equalization
	MonPmPS1-PLENARY LECTURE (I)
	MonPmOR1-Signal Reconstruction
	MonPmOR2-Image Segmentation and Performance Evaluation
	MonPmOR3-Model-Based Sound Synthesis ( I ) (SPECIAL SES ...
	MonPmOR4-Security of Data Hiding and Watermarking ( I ) ...
	MonPmOR5-Geophysical Signal Processing ( I ) (SPECIAL S ...
	MonPmOR6-Speech Recognition
	MonPmPO1-Channel Modeling, Estimation and Equalization
	MonPmPO2-Nonlinear Methods in Signal Processing
	MonPmOR7-Sampling, Interpolation and Extrapolation
	MonPmOR8-Modulation, Encoding and Multiplexing
	MonPmOR9-Multichannel Signal Processing
	MonPmOR10-Ultrasound, Radar and Sonar
	MonPmOR11-Model-Based Sound Synthesis ( II ) (SPECIAL S ...
	MonPmOR12-Geophysical Signal Processing ( II ) (SPECIAL ...
	MonPmPO3-Image Segmentation and Performance Evaluation
	MonPmPO4-DSP Implementation

	Tuesday 6, September 2005
	TueAmOR1-Segmentation and Object Tracking
	TueAmOR2-Image Filtering
	TueAmOR3-OFDM and MC-CDMA Systems (SPECIAL SESSION)
	TueAmOR4-NEWCOM Session on the Advanced Signal Processi ...
	TueAmOR5-Bayesian Source Separation (SPECIAL SESSION)
	TueAmOR6-SIMILAR Session on Multimodal Signal Processin ...
	TueAmPO1-Image Watermarking
	TueAmPO2-Statistical Signal Processing (Poster I)
	TueAmOR7-Multicarrier Systems and OFDM
	TueAmOR8-Image Registration and Motion Estimation
	TueAmOR9-Image and Video Filtering
	TueAmOR10-NEWCOM Session on the Advanced Signal Process ...
	TueAmOR11-Novel Directions in Information Theoretic App ...
	TueAmOR12-Partial Update Adaptive Filters and Sparse Sy ...
	TueAmPO3-Biomedical Signal Processing
	TueAmPO4-Statistical Signal Processing (Poster II)
	TuePmPS1-PLENARY LECTURE (II)

	Wednesday 7, September 2005
	WedAmOR1-Nonstationary Signal Processing
	WedAmOR2-MIMO and Space-Time Processing
	WedAmOR3-Image Coding
	WedAmOR4-Detection and Estimation
	WedAmOR5-Methods to Improve and Measures to Assess Visu ...
	WedAmOR6-Recent Advances in Restoration of Audio (SPECI ...
	WedAmPO1-Adaptive Filters
	WedAmPO2-Multirate filtering and filter banks
	WedAmOR7-Filter Design and Structures
	WedAmOR8-Space-Time Coding, MIMO Systems and Beamformin ...
	WedAmOR9-Security of Data Hiding and Watermarking ( II  ...
	WedAmOR10-Recent Applications in Time-Frequency Analysi ...
	WedAmOR11-Novel Representations of Visual Information f ...
	WedAmPO3-Image Coding
	WedAmPO4-Video Coding
	WedPmPS1-PLENARY LECTURE (III)
	WedPmOR1-Speech Coding
	WedPmOR2-Bioinformatics
	WedPmOR3-Array Signal Processing
	WedPmOR4-Sensor Signal Processing
	WedPmOR5-VESTEL Session on Video Coding (Oral I)
	WedPmOR6-Multimedia Communications and Networking
	WedPmPO1-Signal Processing for Communications
	WedPmPO2-Image Analysis, Classification and Pattern Rec ...
	WedPmOR7-Beamforming
	WedPmOR8-Synchronization
	WedPmOR9-Radar
	WedPmOR10-VESTEL Session on Video Coding (Oral II)
	WedPmOR11-Machine Learning
	WedPmPO3-Multiresolution and Time-Frequency Processing
	WedPmPO4-I) Machine Vision, II) Facial Feature Analysis

	Thursday 8, September 2005
	ThuAmOR1-3DTV ( I ) (SPECIAL SESSION)
	ThuAmOR2-Performance Analysis, Optimization and Limits  ...
	ThuAmOR3-Face and Head Recognition
	ThuAmOR4-MIMO Receivers (SPECIAL SESSION)
	ThuAmOR5-Particle Filtering (SPECIAL SESSION)
	ThuAmOR6-Geometric Compression (SPECIAL SESSION)
	ThuAmPO1-Speech, speaker and language recognition
	ThuAmPO2-Topics in Audio Processing
	ThuAmOR7-Statistical Signal Analysis
	ThuAmOR8-Image Watermarking
	ThuAmOR9-Source Localization
	ThuAmOR10-MIMO Hardware and Rapid Prototyping (SPECIAL  ...
	ThuAmOR11-BIOSECURE Session on Multimodal Biometrics (  ...
	ThuAmOR12-3DTV ( II ) (SPECIAL SESSION)
	ThuAmPO3-Biomedical Signal Processing (Human Neural Sys ...
	ThuAmPO4-Speech Enhancement and Noise Reduction
	ThuPmPS1-PLENARY LECTURE (IV)
	ThuPmOR1-Isolated Word Recognition
	ThuPmOR2-Biomedical Signal Analysis
	ThuPmOR3-Multiuser Communications ( I )
	ThuPmOR4-Architecture and VLSI Hardware ( I )
	ThuPmOR5-Signal Processing for Music
	ThuPmOR6-BIOSECURE Session on Multimodal Biometrics ( I ...
	ThuPmPO1-Multimedia Indexing and Retrieval
	ThuPmOR7-Architecture and VLSI Hardware ( II )
	ThuPmOR8-Multiuser Communications (II)
	ThuPmOR9-Communication Applications
	ThuPmOR10-Astronomy
	ThuPmOR11-Face and Head Motion and Models
	ThuPmOR12-Ultra wideband (SPECIAL SESSION)


	Authors
	All authors
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y
	Z
	Ö
	Ø

	Papers
	Papers by Session
	All papers

	Search
	Help
	Browsing the Conference Content
	The Search Functionality
	Acrobat Query Language
	Using Acrobat Reader
	Configurations and Limitations

	Copyright
	About
	Current paper
	Presentation session
	Abstract
	Authors
	Markku Vehviläinen
	Marius Tico



