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First of all
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The aim of this internship was to study stereoscopic video
 that is three dimen�
sional television
 �rst become familiar with this technology
 and then improve the
quality of the images� Two major defects were analysed during these �ve months�
The keystone distortion
 which is a geometric defect
 and the crosstalk distortion
coming from the technological limitations of display systems� This internship was all
the more interesting as many laboratories troughout the world are studying three�
dimensional advanced technologies
 which might become a new standard in term of
image viewing and broadcasting in the next century�

i





Contents

� Introduction �

� �DTV Technology �

��� The principle of stereoscopic images � � � � � � � � � � � � � � � � � � � �
��� Parallax � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��	 Pick�up devices and geometry � � � � � � � � � � � � � � � � � � � � � � �

��	�� Parallel cameras � � � � � � � � � � � � � � � � � � � � � � � � � � 	
��	�� Toed�in cameras � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� 	DTV displays � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
����� Displays using glasses � � � � � � � � � � � � � � � � � � � � � � � �
����� Autostereoscopic 	DTV displays � � � � � � � � � � � � � � � � � 

� Geometric distortions in stereoscopic systems �

	�� Main distortions � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
	���� Depth plane curvature � � � � � � � � � � � � � � � � � � � � � � �
	���� Depth non�linearity � � � � � � � � � � � � � � � � � � � � � � � � �
	���	 Shear distortion � � � � � � � � � � � � � � � � � � � � � � � � � � �
	���� Depth and size magni�cation � � � � � � � � � � � � � � � � � � �
	���� Lens distortion � � � � � � � � � � � � � � � � � � � � � � � � � � �
	��� Other interferring human factors � � � � � � � � � � � � � � � � �

	�� Keystone distortion � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
	���� Description � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
	���� Epipolar constraint � � � � � � � � � � � � � � � � � � � � � � � � ��
	���	 Recti�cation for a known convergence angle � � � � � � � � � � ��
	���� Keystone recti�cation implementation � � � � � � � � � � � � � ��
	���� Results and comments � � � � � � � � � � � � � � � � � � � � � � ��
	��� Determining an unknown angle for toed�in cameras � � � � � � ��

� Crosstalk e�ect ��

��� View separation � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� Crosstalk elimination � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� Measuring the crosstalk � � � � � � � � � � � � � � � � � � � � � ��
����� Psychovisual evaluation of � � � � � � � � � � � � � � � � � � � � ��
����	 Eliminating Crosstalk � � � � � � � � � � � � � � � � � � � � � � � ��
����� Results and comments � � � � � � � � � � � � � � � � � � � � � � �	

� conclusion ��

iii





List of Figures

� Positive
 zero
 and negative parallax in 	D scenes � � � � � � � � � � � �
� Parallel con�guration of cameras�in horizontal plane� � � � � � � � � � 	
	 Toed�in con�guration of cameras �in horizontal plane� � � � � � � � � � �
� Computing the sensor coordinate on the sensors � � � � � � � � � � � � �
� Two of the most used stereoscopic display devices � � � � � � � � � � � 
 Time�sequential display device with LCS glasses � � � � � � � � � � � � �
� Depth non�linearity for convergence and viewing distances at � meter �
� vertical parallax caused by keystone distorsion � � � � � � � � � � � � � ��
� The epipolar lines principle � � � � � � � � � � � � � � � � � � � � � � � ��
�� Determining the position of the recti�cation plane � � � � � � � � � � � ��
�� Original stereoscopic sequence � � � � � � � � � � � � � � � � � � � � � � �
�� Recti�ed images for a hypothetical convergence angle � � � � � � � � � �
�	 Crosstalk e�ect � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
�� The experimentation � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
�� Measured crosstalk for red component � � � � � � � � � � � � � � � � � ��
� Measured crosstalk for green component � � � � � � � � � � � � � � � � ��
�� Measured crosstalk for blue component � � � � � � � � � � � � � � � � � ��
�� Example of e�cient crosstalk elimination � � � � � � � � � � � � � � � � ��
�� An application of crosstalk elimination with good results � � � � � � � ��

v





Elimination of Keystone and Crosstalk e�ects� � � �

� Introduction

After the High De�nition Television �even if it is not yet available for the general
public�
 the 	�dimensional television seems to be the next major step in the world
of imaging
 since it represents a move towards bifocal and thus natural vision� The
availability ot the third dimension should enhance the telepresence of the viewer
using the full capabilities of human visual perception� The principle is nevertheless
not new
 since the �rst 	D pictures appeared at the beginning of the century� With
the evolution of technology in the �eld of image computing
 the aim is now to study
the best ways to create
 record and watch stereoscopic videos
 eliminate the possible
distorsions and broadcast the images using the actual transmission standards� But
one of the highest priorities remains to study the real impact of 	DTV on people
watching such new images
 since whereas the regular TV is well�known and adapted
to the human observer
 	DTV standards still need to be de�ned� Numerous studies
are driven throughout the world to break down and understand all the parameters
concerning stereoscopic video�

� �DTV Technology

��� The principle of stereoscopic images

Although a vivid perception of the surrounding environment can be obtained from a
single eye
 human vision is essentially a binocular process that transforms two images
seen from slightly di�erent viewpoints into a clear perception of solid 	D space� The
fact that the two eyes can be stimulated separately to recreat the three�dimensional
geometry is exploited by a number of two�dimensional stereoscopic display techniques�
Depth perception is achieved by presenting to the left and right eyes images that are
laterally displaced relative to one another �this lateral shift is named parallax�� These
images stimulate the disparate perception that is normally produced when horizon�
tally separated eyes look at objects in 	D space
 thus creating three�dimensional
vision� Techniques such as holography with a viewing angle of 	� degrees are obvi�
ously out of our concern since stereoscopic vision normally allows very small viewing
angles of the watched objects�

��� Parallax

When looking at an object in the real world
 the eyes both converge and focus on it�
Thus
 for the left and right images perceived by the eyes
 there is no lateral shift �no
parallax or zero parallax� for the object on which the eyes are converged� However

for the objects behind
 there is a positive shift �positive parallax� between the left
and right images � the further away the objects
 the larger the shift� For the objets
in front
 there is a negative shift �negative parallax� � the closer the objects to the
viewer
 the larger the negative shift� When a stereoscopic video sequence is displayed
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on a screen
 the objects without parallax �no shift� appear in the plane of the screen

the ones with a positive parallax seem to be inside the monitor
 and the ones with a
negative parallax seem to appear in the space between the screen and the viewer�

P

M

N

Left eye Right eye

zero parallax

positive parallax negative parallax

plane of convergence
=

2D projection plane for left and right image.

Figure �� Positive
 zero
 and negative parallax in 	D scenes

��� Pick�up devices and geometry

A stereoscopic system consists of a pair of video cameras mounted side by side to
obtain left and right images� Actually
 there are two types of camera setup with
respect to the convergence � parallel cameras and toed�in cameras�

Since some symbols will be cited quite frequently in the following
 we itemize them
before going on with greater details�
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t Camera separation
 the distance between the two optical centers�
f Focal length
w Sensor width
�� Horizontal angle of view of the camera�
M Frame magni�cation
 ratio of screen width to sensor width�
P Image parallax
Cl� Cr Optical centers of cameras�
OslOsr Origins of the sensor planes�
�� Angle of convergence produced by the optical axes�
V Viewing distance�
h Sensor axial o�set�

�	�	� Parallel cameras

t

Z

h
h

C C

f

O O

l r

X
X

O

o

X o

cl

cl cr

cr

Figure �� Parallel con�guration of cameras�in horizontal plane�

The convergence is ensured by the external shift h of each sensor with respect to the
optical axis of its lens �we are in the situation of parallel axes
 nevertheless we need
a convergence plane�� The transformation of a real 	D point �Xo� Yo� Zo� into a left
�Xcl� Ycl� �D�point and a right �Xcr� Ycr� �D�point is given by the following equations �

Xcl �
f�t� �Xo�

�Zo

� h� ���



� B� Lacotte

Xcr � �
f�t� �Xo�

�Zo

� h ���

Ycl � Ycr �
Yof

Zo

�	�

�	�	� Toed
in cameras

 φ

f

(Xo,Yo,Zo)

α
β

t

C C

O O

O

rl

X X

l
l

cl

cl
cr

cr

Figure 	� Toed�in con�guration of cameras �in horizontal plane�

The situation of a toed�in camera setup is illustrated in Figure 	� The coordinates
for the two sensors are given by Woods
 Docherty and Koch ���� To simplify the
expressions we note that

� � arctan
t� �Xo

�Zo

� � � arctan
t� �Xo

�Zo

�

To obtain the relationship between the object coordinates and the sensor coordi�
nates
 we refer to Figure ��
The computation for determining Xcl�Xcr is direct because � ICOl � � FClG �

�� �� Notice that
Ycl

Yo
�

IC

CG

and

CG �
Zo

cos�
�

Thus
 we can write�

Xcl � f tan �� � ��� ���
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Figure �� Computing the sensor coordinates on the left sensor CH � Xo�MG �
Yo� GH � Zo� � CEO � � CGH � �

Xcr � f tan �� � �� ���

Ycl �
fYo cos�

ZO cos ��� ��
��

Ycr �
fYo cos �

ZO cos �� � ��
���

��� �DTV displays

�	�	� Displays using glasses

At present
 in a stereoscopic system the most convincing picture quality can be ob�
tained by using two displays �e�g� two TV projectors� to view the left and the right
images followed by a view separation using polarizing �lters� This method requires a
�metallic� screen so as to preserve the polarizations of the projectors
 and could be
applied in medium�size theaters in the near future� An alternative display method is
the time�sequential display technique
 which only requires one display device� View
separation is obtained by active shutter glasses
 mostly of Liquid Crystal Shutter
�LCS� type
 such as the CrystalEyes used at the INRS�T�el�ecommunications� which
are synchronized to the alternating views on the cathode ray tube by infrared links�
Another solution is to mount an electronically switched polarizing �lter plate in front
of the display� In this case the user has to wear only passive polarizing glasses as for
the dual display method�

A time�sequential system such as this should have at least twice the standard
frame rate to avoid �icker� The main problem in both methods is the acceptance of
viewing glasses� 	DTV is jugded to be very attractive
 but many people accept the
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Infrared

L L L LR R R R

t

LCS glasses

time�sequential display
 LCS glasses

L R

L R

polarized projectors and glasses

Figure �� Two of the most used stereoscopic display devices

glasses only for a short time�

A special version of 	DTV displays is the helmet�mounted con�guration used in
robotics and recently in the new �eld of interactive TV to create �Virtual Reality��
In principle
 two very small monitors are applied directly to the eyes �e�g� LCD dis�
plays�� But up to now the resolution is too low
 especially for the wide�angle views
wanted in these applications�

�	�	� Autostereoscopic �DTV displays

A breakthrough in 	DTV
 especially in the consumer mass market
 will be the avail�
ability of display technologies which do not need viewing glasses� But also in some
professional applications
 e�g�
 in medecine for surgical operations or in aircraft cock�
pits
 glasses may not be acceptable� The most popular principle is the lenticular
lenses method� Small narrow�spaced cylindrical lenses are mounted in front of a pic�
ture which consists of stripes of alternating views for the left and right eye� The lenses
are such of shape and con�guration that each eye can only see its corresponding view�
Using a higher number of views
 horizontal look�around capability of a scene can be
obtained� TV applications of this method are working with a single cathode ray
tube �with high resolution to obtain su�cient resolution for each view�
 or with mu�
tiple TV projectors� Similar approch is a barrier system which masks the unwanted
view to each eye
 e�g�
 in a sandwich arrangement of an LCD image display and an
LCD barrier plate� Further methods are parallax illumination systems which consist
of a transparent liquid crystal image source and an illumination plate as backlight�
The illumination plate sends out
 in time�sequential mode
 its directional light via
the transparency into the eyes of the viewer� Finally
 the volume�scanning systems
should be mentionned� A recent development works with an ultrasonic de�ected laser
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Figure � Time�sequential display device with LCS glasses

beam projected onto a rotating screen� The 	D image appears in a cylindrical space�
Another volumetric display uses a variofocal mirror which
 varying with su�ciently
high frequency
 produces a TV monitor picture within a cube�

� Geometric distortions in stereoscopic systems

Stereoscopic distortions are ways in which a stereoscopic image of a scene di�ers from
actually viewing the scene directly� There are a number of di�erent types of image
distortions in stereoscopic video systems
 coming from the geometry of the pick up
and display devices
 but also from the optical equipment� Human factors also have to
be taken into account� We will discuss these distortions
 and especially the keystone
distortion �in the toed�in camera con�guration��

��� Main distortions

�	�	� Depth plane curvature

Contrary to the parallel camera con�guration
 the toed�in camera con�guration re�
sults in a curvature of the depth planes� This will result in objects at corners of the
image appearing further away from the viewer than objects at the center of the im�
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age� In contrast
 the parallel camera con�guration results in depth planes which are
parallel to the surface of the screen� Depth plane curvature is closely linked with the
keystone distortion
 which will be discussed later� The depth plane curvature could
lead to wrongly perceived relative object distances on the display and also disturbing
image motions during panning of the camera system�

�	�	� Depth non
linearity

Real depth Zo (m)

1

1

Image depth Zi (m)
object at infinity

Figure �� Depth non�linearity for convergence and viewing distances at � meter

It can be seen from Figure � that the depth is stretched between the viewer and
the monitor and compressed between the monitor and in�nity� This non�linearity
of depth on the display can lead to wrongly perceived depth on the screen and if
the camera system is in motion
 it can lead to false estimation of velocity� At �rst
the vehicle will appear to be approaching the structure rather slowly but once the
structure comes closer to the camera than the convergence distance
 the vehicle will
appear to accelerate� A linear relationship between image depth and object depth
can only be obtained by con�guring the stereoscopic video system such that in�nity
is displayed at image in�nity on the stereoscopic display� The viewing distance �while
facing the screen� also directly interfere with depth perception�

�	�	� Shear distortion

A disadvantage of binocular stereoscopic displays is that the stereoscopic image ap�
pears to follow the observer when he�she changes viewing position� A sideways move�
ment leads to a �shear distortion� resulting in a sideways shear of the stereoscopic
image about the surface of the monitor� Images out of the screen will appear to shear
in the direction of the observer whereas images behind the surface of the screen shear
in the opposite direction� Actually
 observer motion will also lead to false perception
of motion in the image�
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�	�	� Depth and size magni�cation

An analysis of image magni�cation reveals that there can be a mismatch between
depth magni�cation and size �width and height� magni�cation� This is particularly
so when there is a non�linear relationship between image on object depth� This leads
to an image appearing �at or conversely stretched�

�	�	� Lens distortion

Lens radial distortion
 often called pin�cushion or barrel distortion
 is another source
of image distortion and induced vertical parallax� It is caused by the use of spherical
lens element
 resulting in the lens having di�erent focal lengths at various distances
from the center of the lens� Among common lenses
 radial distortion is worst for
short focal length lenses� Aspherical lenses should be used especially when short
focal length lenses are required for wide angle shots�

�	�	� Other interferring human factors

The complexity of highly advanced communication systems like 	DTV
 with regard
to realization and economy
 is only to be solved by the knowledge of its psychovisual
factors� Considerable work has been done already in connection with human factors�
evolution for HDTV
 but many questions are still open or need further investigation�
For example
 small 	D pictures create a puppet theater e�ect whereas very large

panoramic pictures seem to allow to dispense true 	D
 �lling completely the viewers
�eld of vision� In HDTV research it was found that the overall psychological impact
of stereoscopic image equals that of �at �D images twice their size� But also
 how
important is the �look around capability� � Must the reproduction of perspective
relations be true � Experience in robotics showed that an exaggerated perspective
is often more propitious and in entertainment the spectators often prefer �pleasant
pictures� to correct ones� There are also strictly technological problems
 one of these
named crosstalk� When using a single monitor
 left and right images are to be dis�
played alternatively on the screen at a high speed �more than ���Hz to avoid �icker��
But the phosphors used on the screen have a too long relaxation time �depending
on the color too�� Also due to the imperfect active LCS glasses �opaque LCS still
passes about �� of light through�
 left and right eyes can partially see the wrong
image� This results in �ghosts� due to the horizontal parallax
 creating a bad visual
e�ect
and disturbing the stereoscopic perception� Many questions in human factors
research also arise in connection with data reduction for signal transmission� The
phenomenon of subjective image quality enhancement in stereoscopic viewing has
to be investigated carefully in connection with possible irrelevance coding schemes�
Can one of the two views be displayed with a lower quality � And how is it related
to the e�ect of �suppression� and the �leading eye� � Are there further phenom�
ena that could a�ect 	D imaging � Furthermore
 the �	D production grammar� for
comfortable 	D viewing without eye�strain needs to be completed�
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As for the eye�strain
 two main factors are to be taken into account � accommo�
dation and vergence
 and vertical parallax� A widely discussed limitation of �eld�
sequential stereoscopic displays is the association between accommodation and ver�
gence� In real world viewing vergence and accomodation are normally closely linked
visual actions
 whereas stereoscopic displays require a di�erent visual action� The
eyes must remain focused at the surface of the screen at all time regardless of where
the eyes are verged in the stereo monitor� Excessive screen parallax can lead to
stereoscopic images appearing out of focus and�or the viewer being unable to fuse
the images� This can be due to the association between vergence and accomodation�
But the responses are very di�erent
 depending on the viewers� As for vertical par�
allax
 which is nothing but simple distorsion coming from the lens or the keystone
e�ect
 it was mesured that homologous points should have less than �mm of vertical
parallax for image fusion to be possible� Eye strain was apparent at higher values of
the vertical parallax� Needless to say
 vertical parallax should be reduced as much
as possible to produce an easily viewed image� This is one of the purposes of the
keystone distorsion recti�cation to be discussed now�

��� Keystone distortion

�	�	� Description

A well known e�ect of the toed�in camera con�guration is the keystone distortion�
Keystone distortion causes vertical parallax in the stereoscopic image due to the
imaging sonsors of the two cameras being located in di�erent planes� The e�ect of
keystone distortion upon the display of a grid located at the camera convergence
distance is shown �gure ��

Right image

Left image

 vertical parallax

Figure �� vertical parallax caused by keystone distorsion

In one of the cameras the grid appears larger at one side than at the other� In
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the other camera the e�ect is reversed� This results in a vertical di�erence between
homologous points which is called vertical parallax� The amount of vertical parallax
is greatest in the corners of the image and increases with increased camera separation

decreased convergence distance and decreased focal length �for example � a lens with
a focal length of 	��mm
 a convergence distance of �m
 and a camera separation of
��mm
 would exhibit vertical parallax of ���mm in the corner of a ��cm screen�� It
can be seen from the �gure that horizontal parallax is also induced� This is the source
of the depth plane curvature mentioned earlier� The parallel camera con�guration
does not exhibit keystone distorsion�

�	�	� Epipolar constraint

L

Epipolar lines 2

N

M

C Ce eR

Epipolar lines 1

RL

Nl

Mr
Left sensor Right sensorMl

Nr

- M & N : points in 3D space

- C left & right : optical centers

- e left & right : common points of epipolar lines

Figure �� The epipolar lines principle

The epipolar constraint consists of the following geometric relationship � if el and er
are the intersection points of the base line �determined by the left and right optical
centers� with the left and right sensors
 any horizontal line in the 	D space parallel
with the base line should have its images going through el and er� This explains
the deformation of a grid placed in the convergence plane� Thus any point in the
plane determined by M�ClandCr will have its images located on the on the epipolar
lines linked with M � Another important result is due to this epipolar constraint �
if we take any point on a sensor image of a point M in the 	D space
 we know on
which epipolar line it is �el ! er can easily be computed�
 so we also know that its
corresponding point �for the same 	D point M� on the other sensor is located on
the symetric epipolar line� This will be useful in the computation of the unknown
convergence angle in stereoscopic sequences to eliminate the keystone e�ect�
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�	�	� Recti�cation for a known convergence angle

The recti�cation technique we are going to use consists of projecting the sensor images
on a plane parallel to the base line of the cameras� This algebraic transformation is
made of a rotation and a translation� The rotation allows the new planes to be in the
same plane parallel to the base line of the cameras� the translation adjusts the width
in moving the two planes to the new determined positions�

C

ϖ

O φ

O’
F

B

H

A
E

G

�a�

C

S

S’

O

O’

P

p’
Q’

Q

X

�b�

Figure ��� Determining the position of the recti�cation plane

Let w be the width of the sensor Figure��
 and �� the angle of view of the camera�
They obey the relationship � � � arctan w

�f
� The �nal plane of recti�cation and the

optical axis CO intersect at O�� The position of the plane is characterized by length
of f � � O�C�

OG �
w cos�

� cos �����
� OH �

w cos�

� cos �����
GH �

w

�
cos��

�

cos �� � ��
�

�

cos �� � ��
�

The width of the image projected in the plane of recti�cation �EF � is equal to w�
Therefore


f � �
�f

cos�� �
cos ����� �

�
cos ������

� ���

Assume that the old sensor plane is S� The plane of recti�cation is S�� The angle
between the two planes is � �in the anti�clockwise direction� as showed in Figure ���
We always have�

yr

y
�
xr cos�

x
�
f � � xr sin �

f
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This induces

xr �
f �

f cos �� x sin�
x ���

yr �
f � cos �

f cos �� x sin�
y ����

� Alternatively
 if the rotation is in the clockwise direction
 the relationship is similar�

xr �
f �

f cos�� x sin�
x ����

yr �
f � cos �

f cos�� x sin�
y ����

This system is equivalent to a parallel system with the same optical center and
a �ctitious focal length f r � f � cos �� Therefore
 there will be no longer vertical
parallax� We can compute the new coordinates Y R

cl � Y
R
cr directly from the formula

given for parallel cameras
 or by substituting Y R
cl � Y

R
cr by the relationships given above�

Y R
cl �

Yof
� cos �

Zo

Obviously the image center O�
sl will not be the center of the new image� The new

coordinates of the image border X�
sl � �w

�
and X�

sl �
w

�
can be computed�

X�
cl � �

f �w

��f cos �� w

�
sin��

X�
cl �

f �w

��f cos�� w

�
sin��

X�
cl �X�

cl � �
f �w� tan �

�f� cos ��� � tan� tan ����� tan� tan ��

The �ctitious system will have an equivalent lateral shift hr
 it de�ned by the
position of the plane
 focal length
 the width of the sensor and the angle between the
sensor plane and the plane of recti�cation�

hr � f � cos ��
f �w� tan�

�f� cos ��� � tan� tan ����� tan� tan ��
��	�

From the equation ���
 we can conclude that a necessary condition for recti�cation
is

��� ��
�

�
�
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�	�	� Keystone recti�cation implementation

The biggest problem involved in the recti�cation is how to move the pixels from the
original plane into the recti�ed one
 since after the mathematical transformation

new pixel locations will not fall onto the sampling grid� Actually
 we are going to do
exactly the reverse� After calibrating the recti�ed plane
 each pixel from this plan will
be transposed in the �real� plan
 and then its luminance and colour will be calculated
using interpolation �e�g�
 separable cubic interpolation��
The program for keystone recti�cation will execute the following instructions�

� initialize the variables


� open a stereoscopic sequence


� collect the informations �angle
 width of sensor
����


� repeat twice �for the left and then the right image sequences with the appropri�
ate changes� �

� compute the coordinates of the high�left and low�right corners of the rec�
ti�ed images


� repeat for each image from the sequence �

� load the original image


� repeat for each pixel from the recti�ed plan �line by line� �

� � search the corresponding pixel in the non�recti�ed plan


� � interpolate its components �R
G
B or Y
Cr
Cb�


� � store the new values in the recti�ed image


� save the new image and close the old one


� close the sequence


� clean memory�

�	�	� Results and comments

Before going further into the results
 we �rst describe the interpolation function used
in the program� The cubic convolution interpolation used in the program is more ac�
curate than the nearest�neighbor algorithm or linear interpolation method� Although
not as accurate as a cubic spline approximation
 cubic convolution interpolation can
be performed much more e�ciently�
If �x� y� are the coordinates of a pixel after the geometric transformation located
within the rectangle �xj� xj���� �yk� yk��� delimited by four pixels
 for any component
R
 G
 B or Y
 C�
 C� the value of the component at the position �x� y� is given by
the following function g �
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g�x� y� �
�X

l���

�X
m���

cj�l�k�mu

�
x� xj�l

hx

�
u

�
y � yk�m

hy

�
����

where u is the interpolation kernel �

u�s� �

��������
������	

�
�
jsj� � �

�
jsj� � � � 	 jsj 	 �

��
�
jsj� � �

�
jsj� � �jsj� � � 	 jsj 	 �

� � 	 jsj

����

and cj�k is the component value for the pixel �xj� yk�� This interpolation allowed a
very precise and accurate geometric transformation of the images
 with practically
no loss in quality
 contrary to the nearest�neighbor algorithm which gave really bad
results
 creating clearly visible step e�ects�

This recti�cation of keystone e�ect was applied on the sequences available at
the INRS�t�el�ecommunications
 but unfortunately those sequences were acquired with
a very little convergence angle �convergence distance was more than 	 meters�
 so
that the keystone e�ect had no real impact on the images� At most the recti�cation
consisted of a ��pixel vertical shift in the corners of the ��cm screen� The viewer could
not say there was a real improvement between the original and the recti�ed image�
But it is clear that for little convergence distance �less than � meter� the impact of
such a recti�cation would be a real plus in 	D perception and would supress part of
the discomfort coming from this unwanted vertical parallax�

�	�	� Determining an unknown angle for toed
in cameras

The stereoscopic sequences we were using were precisely described so that we knew the
convergence angle
 but for most of the stereoscopic images
 we have no information
about the way they were acquired�
Because of the fact that the recti�cation seemed to be irrelevant for the used

sequences
 this part was not furthermore studied� Nevertheless we give the principle
for �nding the convergence angle�
For each point ml in the left image
 we know that the correponding point mr in

the right image is on the epipolar line determined by ml and the angle of convergence
�� Given a value for �
 the idea is to search on this epipolar line for the point which is
the most likely homologue of ml by using a measure of similarity F �ml�mr� between
the two points
 for instance luminance
 and�or chrominance similarity� mr is the
point that minimizes F �ml�mr�� The sum of the values of F for all points in the left
image will get smaller as � is closer to the true convergence angle� Thus the optimal
searched convergence angle will satisfy �

�� � argmin
�

X
ml

F �ml�mr���� ���
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left image right image

Figure ��� Original stereoscopic sequence

left image right image

Figure ��� Recti�ed images for a hypothetical convergence angle

Note that for each ml
 mr is found by a one dimensional search �epipolar constraint�
This method could allow to rectify any stereoscopic sequence
 or at least the ones
with a wide convergence angle creating a real discomfort when watching them�

� Crosstalk e�ect

��� View separation

As mentioned before
 the aim of stereoscopic displays is to show to each eye a di�erent
picture such as in real 	D vision� This is in contrast with the two�dimensional viewing
where both eyes see the same image and thus no 	D e�ect is observed� In the �eld of
�home stereoscopic video devices�
 the separation of left and right images is not that
easy� Although few electronic �rms are working on autostereoscopic displays
 most
devices consist of a screen on which left and right images are alternatively displayed
at twice the standard frame rate to avoid �icker �see Figure �� The viewer has to
wear LCS glasses triggered by the vertical synchronization signal to allow each eye to
see its own image and not the one of the other eye�
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Unfortunately
 due to the limitations of the current technology in display devices

the separation of left and right image is not perfect� There are two major problems�
Firstly
 the monitor is used at a high frequency ���� to ��� Hz�
 so that the phosphors
on the screen do not have enough time to come back to their lowest state of energy
between the left and right image display� Secondly
 the LC shutters of the glasses
cannot close down to � � Part of the light can go throw the opaque LC shutters

allowing an eye to partially see the other image� Both e�ects result in each eye seeing
its own image
 plus a superposition of the image aimed at the other eye� Since the
main di�erence between the left and right image is the horizontal shift �parallax�

the left eye sees the left image
 plus a �ghost� of itself
 which is the shadowed right
image �same for the right eye�� This defect is called crosstalk e�ect� When watching
a stereoscopic video sequence with crosstalk e�ect
 the viewer sees the 	D image
 but
also echos and shadows on each side of objects
 especially when they are bright and
in front of a dark background� This can be enough to prevent the eyes from seeing
clear 	D images
 or at least represents a real discomfort when watching them�

��� Crosstalk elimination

�	�	� Measuring the crosstalk

After a few psychovisual experiments
 we came to the conclusion that the crosstalk
had to be studied component by component �e�g� red
 green and blue�
 to match the
way the images are displayed on the screen� The �rst results showed us that there
was no simple link between the image creating crosstalk and the generated �echo� in
the other image�

Each pixel in the picture is decomposed into three integer components red �R�

green �G� and blue �B�
 each one with an intensity between � and ���� We decided to
measure the impact of the right picture on the left one for each R
G
 and B component�
If � is the crosstalk function
 we have assumed the following model for the crosstalk
�until the end
 we will only consider the green component� �

Gleft � ��Gleft� Gright� � G�
left ����

Gright � ��Gright� Gleft� � G�
right ����

�
Above
 G is the original green component value and G� is the target component

value to be perceived by the viewer after the superposition of Gright on Gleft� First

we need to evaluate ��

�	�	� Psychovisual evaluation of �

In order to measure the crosstalk
 we used the following experiment� The screen was
divided into two parts� The viewer was watching the image only with his left eye
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Matched when same intensity

viewed on both sides

LEFT DISPLAYED IMAGE RIGHT DISPLAYED IMAGE

right side fixed intensity (I_left)

left side intensity chosen by viewer (I_viewer)

right side fixed intensity (I_right)

black (no signal)

Black on I_viewer I_right on I_left

Crosstalk superimposition

LEFT EYE SIGHT THROUGH LCS GLASSES

Figure ��� The experiment
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and through the LCS glasses �we considered that the e�ect on the right eye was the
same as for the left one�� On the right part of the screen
 two intensities for each
component were chosen for each step of the experiment� First
 the intensity of the left
�wanted� image
 and second the intensity of the right �unwanted� image inducing
crosstalk� The viewer could only control the left part of the screen� He could change
the intensity of the colour of the image for the left eye
 superposed with a black right
image �no crosstalk�� The goal was to obtain the same visual impression for both
parts�
On the left part of the screen
 we have �

Gleft�viewer � ��Gleft� �right� � Gleft�viewer � � � Gleft�viewer ����

since no intensity creates no crosstalk
 that is �

��Cdirect� �crosstalk� � ��

On the right part of the screen
 we have �

Gleft � ��Gleft� Gright� � G�
left� ����

So
 when the viewer has chosen the intensity of the left part to perceive the same
intensity on each side of the screen
 we have �

Gleft � ��Gleft� Gright� � G�
left � Gleft�viewer� ����

��Gleft� Gright� � Gleft�viewer �Gleft ����

Thus
 we were able to determine the crosstalk function ��

� 	� � �� �	� ��� �	�
� � �� 	 �� 	 �� ��
�� � � �	 �� �� �� �
�� � � 	 �� �� �� 	�
�� � � � � �� �� ��
��� � � � 	 � �� ��
��� � � � � � � ��
�	� � � � � � 	 

Table �� Crosstalk measurement for the green component �for one experiment�

Three persons did the experiment� The results were quite the same for each of
us
 showing that the crosstalk e�ect depended only on the display system
 and not
on the viewer� �� points per component and per person were determined� The test
grid was �rst regular�  levels for the direct intensity and  ones for the indirect and
thus crosstalk intensity� But with regard to the results
 the test grid was modi�ed
to �t with the variation of the crosstalk function� The Table � is an example of a
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characterisation� In the �rst column we have the direct left image intensities
 and in
the �rst line we have the right indirect �crosstalk� intensities� We can clearly see that
the impact of a dark right image on a bright left one is very low� On the contrary

a dark right image will create an important crosstalk on a dark left image� Inthat
latter case
 crosstalk elimination will be practically impossible�
The acquired surfaces were approximated by a fourth order � dimensional poly�

nome using least squares �with Matlab�� The di�erences between the experimental
points and the approximated surface were less than � � For any component
 we have
the surface equation �

��x� y� � ax	�bx�y�cx�y��dxy��ey	�fx��gx�y�hxy��iy��jx��kxy�ly��mx�ny�o

with x for the direct intensity and y for the intensity inducing crosstalk� The
coe�cients for the red
 green and blue components are given in Table ��

Red Green Blue
a ���	�e��� ���	�e��� �����	e���
b ����	�	e��� ����	�e��� ���	��e���
c �����e��� ������e��� �����	e���
d ��	���e��� �	��		�e��� �������e���
e ���	�	e��� ����e��� ������e���
f �������e�� �������e�� �����	�e��
g ���	e��� �����e��� ���		e���
h �����	e��� 	����e��� �����e���
i �����e��� �	�����e��� �	���	�e���
j ��	��e��� �����e��� �����e���
k ������� ������� �������
l ������ ������ �����
m ������ ����� ��	���
n ������� ����	�� ���	�	
o ������ ������ 	���	

Table �� Coe�cients for crosstalk approximation functions

We can see that the results of the experiments were quite alike for the green
and blue components� As for the red one
 the crosstalk was not as important� The
explanation could be that the LCS glasses do not have the same response for each
component
 but we also have to consider the characteristics of the monitor
 and maybe
also some psychovisual parameters�

�	�	� Eliminating Crosstalk

Given the crosstalk functions for each component
 the aim was now to try and elim�
inate the defect� First
 we must remember that the right image has an impact on
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Figure ��� Measured crosstalk for red component
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Figure �� Measured crosstalk for green component
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Figure ��� Measured crosstalk for blue component
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the left one
 but the reverse situation is also true� So crosstalk e�ect has to be elimi�
nated considering both images at the same time� Without recti�cation
 we have the
equations ���� and ����� But what we now want to �nd is what intensity we must
display for each left and right superposed pixel so that the left eye seems to see its left
�monoscopic� image
 and the right eye its �right� one
 thus eliminating the ghosts
and echos� So we must �nd Gdisplayed

left and Gdisplayed
right according to the equations coming

from our model �

G
displayed
left � ��Gdisplayed

left � G
displayed
right � � Gleft ��	�

G
displayed
right � ��Gdisplayed

right � G
displayed
left � � Gright ����

Clearly
 to solve these equations
 a non�linear method must be used� The method
used is a recursive approach� We know that the displayed intensity are not that
di�erent from the expected ones on the screen� So
 we consider �

G
displayed
left �n� �� � Gleft � ��Gdisplayed

left �n�� Gdisplayed
right �n�� ����

Gdisplayed
right �n � �� � Gright � ��Gdisplayed

right �n�� Gdisplayed
left �n�� ���

with Gdisplayed
left ��� � Gleft and G

displayed
right ��� � Gright�

The convergence proved to be fast� For n � 	
 we almost reached the convergence
values �di�erence less than � units on ����� We were now able to apply our model on
the stereoscopic sequences�

�	�	� Results and comments

The principle of the elimination is in a way to subtract the unwanted crosstalk in
the images
 to avoid an over�intensity of the components in some areas� So if we
want to eliminate the crosstalk
 we must have the ability to diminish the intensity
in the wanted image� Here is the main limitation of the recti�cation� If for a given
pixel we have an important crosstalk and if the intensity of the pixel to be recti�ed
is very low
 we will not be able to eliminate the �echo� in the image at a hundred
percent� For instance
 if we have a very bright object on a dark background and if we
have an important parallax for this object
 it is obvious that the ghost will no totally
disappear� So
 if we have a component with an intensity at least �� on ���
 all ghosts
for this component will practically disappear� The elimination is quite good
 the
left and right images become more accurate
 and the three�dimensional view really
increases in quality� But in the case of a component with and intensity less than 	�
on ���
 the crosstalk will remain if we have a very bright superposed image�
When rectifying stereoscopic sequences
 two methods were used to prevent the

recursive calculation from giving �negative� intensities and try and eliminate the
crosstalk with the best results� The �rst one consisted in giving a minimum for
the intensity �e�g� �� on ����� Any pixel with a component intensity less than this
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Figure ��� Example of e�cient crosstalk elimination

minimumwas given the value of the minimum� The second one consisted in remapping
the ��� ���� interval in the new interval ���� ����� These modi�cations did not much
change the aspect of the images and allowed a better recti�cation of the crosstalk

since they allowed a higher subtraction of the undesired defect�
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left original image �extract� right original image �extract�

left recti�ed image right recti�ed image

Figure ��� An application of crosstalk elimination with good results
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� conclusion

If stereoscopic video is nowadays very attractive but not so much developped
 that is
because of its numerous unknown aspects required to use it� The grammar of 	D is
not complete� The defects described in this report show that there is a lot more to
do to improve the quality�
Concerning the keystone e�ect
 there are two important things to notice� Firstly


the recti�cation would be useful for short convergence distance
 to avoid vertical
parallax which causes a discomfort for the eyes of the viewer� But we came to the
conclusion that for the majority of the sequences
 this is not of our concern� Secondly

eliminating vertical parallax means that we can only consider horizontal parallax as
major di�erence between a left and right image� This can be very useful in the
�eld of stereoscopic images compression
 since the images could be studied only in
� dimension
 line by line� Thus we could have fast and high compression of the
sequences
 by taking mainly into account the horizontal disparity of the left and right
images�
As for the crosstalk distortion
 the results really depend on the characteristics of

the images
 but the model we studied seems to be a good step toward better viewing
conditions for time�sequential display systems� Maybe the 	D home TV set is not
that far away from us� � �
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