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Outline

Image Sequence coding - Problem statement.
Image Registration.

Various camera models and the derived
spatial transforms.

Kalman Filtering as a spatial transform
estimator.

Proposed estimator for the perspective -
planar transform.

Application of the proposed estimator to
Improve camera motion parameter estimation.



Image Sequence Coding

« The memory and bandwidth requirements of Image
Sequence representation led to various coding methods.

« The basic idea - exploiting the information redundancy
between adjacent frames - only the innovations among
frames are coded.

 The General Methods such as the standards H.261,H.263

and Mpeg’s use Block Matching methods to create the
difference frame.
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Image Sequence Coding (cont’d)

There are iImage sequences which can be
described by a single set of global motion
parameters.

For example, an image sequence taken by a
moving camera.

For such cases efficient coding is possible.

The sequence is represented by a reference Image
and the global motion parameters only.

This work proposes a robust method for
estimating the motion parameters of planar scenes.



Image Registration

Image Registration, in the general case,
means matching two images. The images
can be taken from two different points of

view, at different times with different
sensors under different tllumination
conditions.



Image Registration - Applications

« Medical Applications - identifying abnormal
differences between images taken at different times.

« Data Compression - Registration enables
transmission only the differences between
consecutive Images with a reduction of the

transmitted bit-rate.

 |mage understanding - Combining Different sensors
can be very helpful for image understanding.

« Shape and depth reconstruction such as stereo.



This Work’s Registration scope

« Glven two images I,(X,Y) and 1,(X,Y)
Find the best global spatial transform
(XY =T(X,Y) so that

(X, Y) = 1, (T(X,Y))




Spatial Transform Estimation

Approaches
|. Optical Flow.

« Estimation of Image Velocity field (for every pixel).
» These methods are usually based upon the assumptions:
1. Inter-frame motion is small.
2. Intensity function is smooth.
« These assumptions lead to the optical flow constraint equation
ot
« Extra smoothness constraints are usually needed
» Block matching is a variation of optical flow estimation.

V I(3,t) + V_I(Z,t)e— = 0



Spatial Transform Estimation
Approaches onra

|1. Feature Point Matching.

 Extraction and matching of distinct tokens in the two
Images.

» These tokens are usually points of large intensity variations

 Feature points are more robust to varying image intensities.

* Only sparse motion field can be derived.

» No smoothness constraints are used.

 This method usually perform better than optical flow
methods for global transformed images.



Feature Point Extraction
Example




Comparison between Estimation Approaches

« Performance comparison between block matching
and global motion estimation method using feature
points extraction.

» The graph presents the rmse between each frame and
the registered previous frame. Image sequence

Rmse between two consecutive images

T T T T T T T T
J —— Global motion estimation using 25 feature pointg
1k I —— Block matching
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Feature Points Extraction

Possible feature points extraction methods:

e Corners.
* Edges.
e Contours.

Method 1

_| Horizontal gradient filter

Vertical gradient filter

45° directional gradient filter

135” directional gradient filter

The edge detector's output and the chosen best points
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Feature Points Extraction contad
[Shi & Tomasi 94]

Method I1

| Calculate the directional image derivativesr 1,
I1. For every pixel calculate the eigen-values of the

matrix le Zl 7
Ao = il EA:I I AZ I
for a small neighborhood 4 around it
[11. Choose the pixel as a feature point if

A. min()\l,)\z)>t0l1
B. 1<max()\,\)/min(\,\) < tol,




Comparison of Feature Points Extraction
Methods

« Method | - corner detection.
* Method Il - eigen-value method

Rmse between current and warped reference image
T

0
The graph presents the 6l | Goemate metrod
rmse between each

frame and the ol

registered reference

frame.
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Camera and Motion Models

|. Orthographic Camera Model

 The depth changes In the scene are negligible

relative to the camera distance from the scene |dz <] = |

Optical Center-0

Image Plane

dz
<+

object

77

Focal length

N

» The General Motion of a 3D object in an Orthographic Model
results (on the image plane) in an affine transformation.

X'=aX +bY +c
Y'=dX +eY + f



Affine Transformation
Definition:

a by X\ (c cos@, —sind, (S, 0)cosd, —sind,\( X\ (c
+ =
delY f sing, cosd, 0 s, fsind, cosd, \Y iy

Particular cases:

original: - translation -

expansion

rotation
Shear -




Camera and Motion Models (cont’d)
I1. Perspective Pin-hole Camera Model

* The farther the object from the camera, the
smaller its size on the image plane.

Image Plane
/Q object
i |
Focal length
» General motion of a 3D object according to this model results,

on the image plane, in the perspective transformation:
aX +bY +c)z +dx
pX +qY +1r)z+dz
dX +eY + flz + dy
pX +qY +1r)z+dz

Optical Center

oL
(

o
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Camera and Motion Models (conra)
Perspective-Planar Transformation

» The general perspective transformation depends
upon the pixel’s distance from the camera plane.

 The perspective-planar transformation

P aX +bY +c
pX +qY +1
vi_ dX +eY + f
pX +qY +1

Describes two specific motions:

- Camera confined to rotation only.
- General moving camera taking images of a single plane
scene.



Spatial Transforms - Examples

* Two 1images related by an affine transformation

Original image Affine transformed 1mage

T I

w 1

* Two 1mages related by perspective-planar transformation

Original image Perspective-planar transformed image




Image Sequence Representation
by a Reference Image and Motion Parameters

» Extraction of Motion Parameters between each
frame and the reference frame:
Method I
calculate motion parameters between any
two adjacent frames and combine these differential
motion corrections.

Ref Im Im, Im3 Im,

L1514 | 1

T=ToT,oT,&T,



Image Sequence Representation
by a Reference Image and Motion Parameters (contd)

Method II Ref Im -~ Im_ TIm
1. Calculate motion transform A7 between I I I I
frame Im  and the predicted previous frame \j
Im, | (created by warping the reference image T

by T')
imNHmN

2. Combine this differential motion estimation AT =7
with T sothat T— T AT T ToAT

3. Increment N and go to the first step.



Performance Comparison of Global
Transformation Estimators

. Incremental method

11. Warped-ref method
The graph presents the . e | |
rmse between each frame 7 N
and the registered
reference frame - affine
transformation estimation ol _



Performance Comparison of
Estimation Methods

The comparison iIs performed by averaging the
motion compensated images (calculated by the two
methods)

Incremental method Warped -ref method

Averaged motion compensated image by incremental transform estimation Averaged mo compensated image by c ref transform estimation




|_east Squares Methods for

Parameters Estimation
Assumptions:

« The measurements are contaminated with noise.

« Number of measurements exceeds the number of
unknown parameters.

_east Squares:
The accurate equation Is

AZ =),
The measurements are
b =b +1

If A 1s known exactly than the LS solution is

8,5 = (A4 A)" AT



Parameters Estimation (cont’d)

Total Least Squares:
The accurate equation is
AZ =,
The measurements are
b=0b +7, A=A+,
The TLS solution is

[fl bl=U- diag(\,..., A, )- V', A >N >..> X (SVD decomposition)
%

A (1:N—1,N)

TLS V
(

N,N)



Estimation of Motion Model Parameters

Affine Transformation Model:
X'=aX+bY +¢
Y'=dX +eY + f

* Finding set of matched feature points in the two 1mages
(X,Y) > (XY i=1.,N

* The matched points (X.',Y") are contaminated with noise
so a LS solution method 1s used:

a

X' (X Y10 00
b
vl {ooox v |
€z A
b=Az | |=| |=2=(ATA)1ATH
x| |x, ¥, 10 00 |,
vl looox, v,




_inear Kalman Filter

Problem Statement
« Estimate the state vector X, based upon the measurements
Z, ={2,,2,,...,z,} using the following assumptions:

The state equation:
X1 =F X +W, +U,

The measurement equation:
2y =Cy - Xup + &
where,
W, ~ N(0,Q), & ~ N(O,R). Uy is a known input.
W, &, X, are all independent of each other.
Xc.1k+1 denoted the best linear estimator for X,.; based upon

Zk+1 :{ZO’Zl""’Zk’Zk+1}



Linear Kalman Filter conra

e The estimator Is:

Error covariance matrix of prediction
. - )
prediction Xy = F - X P = FePucFd +Q,

. . l Innovation gain
Innovation v = = #
Zk+1 _Ck ) Xk+]Jk Kk+1 — I:)k+JJkC:K+1 (CK+1Pk+]JkCK+1 + RK+1)

Xk+]Jk+1 — Xk+]1k + Kk+1(zk+1 _Ck+1 ) Xk+:uk) I:)k+]Jk+1 - (I o I<k+l ) Ck+1) Pk+]Jk

estimation

Error covariance matrix of estimation



Kalman Filter smoothing of Affine
Transform Parameters Estimation

e State vector: x =(a b c d e f)

o State equation: X, = lgeX +W, W ~ N(0,Q,)

* Measurement equation:

'X,'] [X, ;1 0 0 0 |
Y, 0 0 0 X, Y,1
| = I X
Zk | k+8k
Xy Xy Yy 1 000
Yv"Je [0 0 0 Xy Yy1f
gk~N(O,Rk)

X, 1s calculated by LS solution of matched points.



Performance of the Kalman Filter
Smoothing Method

This graph displays the average distance between the estimated
tracking points and their theoretical location for the synthetic rotated
salesman sequence.

Distance between Theoretical & calculated tracked points for the salesman rotated image

I I I I I I
o o original - avg distance is 0.86664
— kalman fiter-avg distance is 1.3417
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Kalman Filter Smoothing of Feature Points

The affine transform estimated 1n the previous frame
1s used to improve the matching of feature points.

*State vector: { ﬂ

*State equation: P

Y

X
Y

CT

i

a, bk
_|_

k

+w

d e i
k41 koo k

*Measurement equation:

D } :E OJD L”k

The matched tracking points are used to estimate the
affine transformation using Least Squares.



Performance of the Kalman Filter
Smoothing Method

This graph displays the average distance between the estimated
tracking points and their theoretical location for the synthetic rotated
‘Salesman’ sequence.

Distance between Theoretical & calculated tracked points for the salesman rotated image

T
----------- original - avg distance is 0.86664
| _— prgv trans s%ootﬁpng -avg cﬁstance is 0.80427 |

|

distance
N
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Estimation of the Perspective-Planar
Transformation Parameters

Y1 aX +bY +c
pX +qY +1
Vi dX +eY + f
pX +qY +1

 Finding matched feature points in the two 1mages
(X,Y)—= (XYY" i=1.,N

 Algebraic manipulations results in: a
x) (x vio0o00 —xx'-vx' |°

7 000X V1 —XY'-YY' Z

- €

X' X, Y, 10 00-XX"'-Y X' f

Y', 0 00X, Y 1-XY'-YY' D

q

» These equation set suffers from numerical instabilities



Second Order Motion Model

« An approximation for the perspective-planar
transformation i1s the second order motion model:

X'=aX +bY +c+hX* + gXY
Y'=dX +eY + f+hXY + gY~*

« Empirical results proved that the second order
approximated model estimation is more robust
than the exact perspective-planar model estimation

 The approximated model Is accurate for image
pairs which are related by sufficient small motion.



Second Order Motion Model - Simulation Results

* 40 points were transformed by several planar perspective transforms
with constant denominator.
» Uniform noise was added to these points and several estimation
methods were tested.
Average distance between true and estimated points

p=0.0001g=-0.0002,r=1 p=0.0005 q=-0.0005,r=1
LS,TLS,2nd order model The denominator is q=0.0001,p=-0.0002,r=1.0 LS,TLS,2nd order model The denominator is q=0.0005,p=-0.0005,r=1.0
1.4 T T T T T T T T T 1.4 T T T T T T
— Is y o Itlss
2nd ord
1.2 t2lf1d order Sy ) 1.2 TR
oslh ~ ,’/ ) oak
0.6k - =~ ] 0.6
04f =4 1 04f
0.2F : 1 0.2
0O O.r2 O.r4 O.r6 O.r8 :;. l.r2 1.r4 1.r6 l.r8 2 O0 O.r2 O.r4 O.r6 O.r8 :;. l.r2 1.r4 1.r6 1.r8
sigma sigma

The red line 1s the second order model. The green line 1s the TLS method



Estimation of Planar Scene Motion
Parameters (conrd)

» Adjacent frames are related by sufficient small motion.
Proposed Method
Im

a. Estimation of second-order model between Tm o
. . Ref ml mN—l N
current frame & the previously predicted I I I I
frame (warping of the reference image by

T..)- ~_

persp

b. Transforming several point coordinates (X,Y)

by T, and than by Im, | [m,,
AT AT =7

2nd _order oInd order

(X,Y)=AT (T (X,Y))

2nd _order \* Persp

C. Estimation of new T, using LS based upon (X,Y) & (X’,Y’)

persp



Estimation of Planar Scene Motion
Parameters (conrd)

The Warped-ref Method

a. Estimation of perspective-planar transform between current frame
& the previously predicted frame (warping of the reference image
byT )

b. Combining 7" & the new transform by ordinary transform cascading
togetnew T =T+ AT

ersp Ref Im1 ImN_ ImN

1

b

Im Vi Im
AT,y =7
The proposed method performs better than the Warped-ref method as

shown 1n the following slides.



Results of Proposed Algorithm

‘Salesman’ image warped by a fixed perspective transform (15 frames)

Original frame Fifteenth frame

Averaging the fifteen motion compensated images
Proposed method Warped-ref method




Results of Proposed Algorithm (conra)

Performance comparison between global transform estimators:
I. Proposed method
II. Warped-ref method

rmse between warped ref & current

= current-warped reflrms by perspective transfc:rm Ls :
The graph pres ents the ol — current-warped ef rms by coTbined second ,qrEie\r a/nd perspecie_transform
rmse between each | |
frame and the T ‘
registered reference ol _
frame.
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Estimation of Camera Motion Parameters

The Camera motion model includes a 3-D rotation
matrix and a 3-D translation vector:

.
y'[=R
.

Existing algorithm [Huang & Tsai 1984]:

SVD decomposition of perspective-planar transform:

X

y
Z

+T

abc
{d e f}u -diag(4, 4,,4,)-V'
pqgl

(a0 ﬁl,Z_
R=U:{0 10 |V af,="f(4,,), s=det(U)-det(V)
=S 4,,0 80 |

T = k(—ﬂ1'2u1+(%—sa)u3) k is a scaling constant
2



Estimation of Camera Motion Parameters (cont’d)

The rotation matrix can be described by rotation with angle «
around center of rotation (n,n,,n,)

n/ +(@-n’)cosa nn,(l—cosa)—n,sina nn,(1-cosa)+n,sina
R=|nn,(1-cosa)+n,sina n;+(@1-n’)cosa  n,n,(1-cosa)—n,sina

nn,(l-cosa)-n,sina n,n,(1-cosa)+nsina  ni+(l—n)cosa

Example of estimation of the rotation angle of
a synthetic image sequence. The theoretical angle

IS 1.5 den ner frame

[deg]

Frame No



Conclusions

 Certain Image-Sequences can be described by
a reference image and global motion
parameters.

 For planar scenes the proposed method
nerforms better than conventional methods.

 Accurate estimation of the global motion
parameters Is useful for camera motion
estimation.




Future Work

« Implementation of a coding system using this
work results.

« Motion segmentation so that multiple plane
scenes can be efficiently encoded.

 Using side information to improve coding
capabilities.



