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IMAGES MAKING UP A STEREOSCOPIC IMAGE

The present invention relates to a process for
estimating disparity between the monoscopic images
making up a stereoscopic image. It applies in
particular to the processing of moving stereoscopic

images digitized in sequences, this processing making

up
of

thi's processing maki ng

it possible to obtain a description of the relief .

through measurements of the distances from the movie
cameras. It applies for example to the processing of
the signal from stereoscopic televisions or to the
special effects processing of a stereoscopic image.

Stereoscopic image processing, for example
making an object stand out from any type of background,
other than blue ones in particular, requires a
knowledge of the relief of this object.

A stereoscopic image results from the combining
of two monoscopic views captured by two cameras placed
at different spots, the distance between the cameras
being for example equal to the distance between two
eyes and their direction simulating the human gaze for
example. Each stereoscopic image therefore consists of
a pair of monoscopic images. It is known that a
khowledge of the point-té-pbint disparity between the
images of one and the same pair makes it possible to
deduce the distance of the filmed objects from the
cameras and thus to deduce therefrom a relief datum for
these objects.

A physical description of the differences
between the two images of a stereoscopic pair is
obtained through point-to-point matching providing
vector data. The disparity £field consists of these
vector data which are in fact related to the change of
perspective between the two images and to the distance
from the cameras to the objects of the scene to be
filmed. '

A method of point-to-point matching of two

images, a left image and a right image,
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A hierarchical decomposition of the images is
carried out there by levels of resolution, and then an
estimate of the disparities between these images is

10 made, starting from the coarsest level of resolution
and going towards finer and finer resolutions. This
method, using a single pyramid of images of increasing
resolutions, does not always afford a sufficiently
accurate estimate, especially for slender objects or

15 for outlines, or again when the regions of disparities
are substantially uniform.

The point-to-point disparities between the two
images of one and the same pair can be described by
vectors, called disparity vectors, the purpose of the

20 invention 1is to obtain a sequence of fields of
disparity vectors corresponding to a sequence of
stereoscopic images satisfactorily estimating the
differences between the two views of a stereoscopic
image, especially with a high accuracy.

25 . To this end, the subject of the invention is a
process for estimating disparity between the monoscopic
images making up a stereoscopic image, characterized in
that it consists:

- in a first step, in carrying out one and the same

30 hierarchical decomposition of each monoscopic image, by
levels of resolution, thereby building at least three
pyramids of images of increasing resolutions, one low-
frequehcy image pyramid and two high-frequency image
pyramids in the horizontal and vertical directions of

35 the images;

- in a second step, in estimating a disparity at the
coarsest level of resolution and in refining the
estimate in each level as the resolution increases, the
disparity being represented at each point of the image
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The main advantages of the invention are that
5 it improves the accuracy of estimation, especially as
regards outlines or slender objects, that it can be
uged for numerous applications in stereoscopic image
processing, and that it makes it possible to associate
estimation of motions of objects of a stereoscopic
10 image with the estimatioﬁ of disparity and that it is -
simple to implement.

Other characteristics and advantages of the
invention will emerge with the aid of the description
which follows, given in connection with the appended

15 drawings which represent:
- Figure 1, a pair of images <constituting a
stereoscopic image, which are obtained with two cameras
filming the same scene at two different angles;
- Figure 2, the preceding images placed side by side;

20 - Figure 3, a sequence of stereoscopic images;
- Figure 4, two series of successive left and right

images of a sequence of change of a stereoscopic image;

- Figure 5, a pyramidal hierarchical image
decomposition;
25 - Figure 6, illustrations of possible predictions;

- Figure 7, illustrations of possible cost functions.

A stereoscopic pair of images can be modelled
by two perspective projections in different image
planes of the same three-dimensional scene. Figure 1

30 depicts a pair of natural, monoscopic images Il (t),
Ir(t), a left image Il(t) and a right image Ixr(t)
captured at an instant t, and obtained for example with
the aid of two cameras filming the same scene from two
different angles.

35 The problem of estimating disparity consists in
the point-to-point matching of the two images or views,
right and left. If a point P in space, with spatial
coordinates (X, Y, Z) 1is projected respectively onto
the left image Il(t) and onto the right image Ir(t) at
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components (Xr- Xl Yr-Yl). It is known that the
5 disparity datum makes it possible to calculate the
distance from the points of the filmed scene to the
camera, once the optical and geometrical parameters of
the acquiring of the images are known. These parameters
are, in particular, the focal 1lengths, the optical
10 centres and the distance between the two cameras.

Figure 2 depicts, side by side, the two
monoscopic images Il(t), Ir(t) of the preceding figure.
A disparity vector at an instant t, is defined at each
point Zr of the right image Ir(t), the point Zr being

15 labelled by a pair of coordinates (x, y) in this image
Ir(t). The disparity vector at this point Zr is for
example denoted D (2r). The point of the left image
I1(t) corresponding to the point Zr of the right image
Ir(t) being denoted Z1, it is connected with the first

20 point Zr through the following relation:

Zl=Zr-D@Zr) Q)

A point Z'l of the right image Ir(t) represents
the point Z1 of the left image I1(t) in the latter. It
is also connected with the point Zr of the right image

25 Ir(t) through relation (1).

According to the invention, the process for
estimating stereoscopic disparity between the left
image I1(t) and the right image Ir(t) uses a technique
for estimating motion between two consecutive images of

30 a monoscopic sequence described in French Patent
No. 2,663,178: "Procédé d'estimation hiéarchique du
mouvement dans une séquence d'images", [Process of
hierarchical estimation of motion in an image
sequence] , the right image Ir(t) being akin to an image

35 consecutive to the left image Il(t) and the disparity
vector D being akin to the motion vector. Thus, in a
first step, one and the same hierarchical decomposition
of each monoscopic image Ir(t), Il(t) is carried out by
levels of resolution. To do this, at 1least three
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level of resolution, then this esEEmate is refined in
each level of resolution as the resolution increases.
The disparity is analysed with the aid of a

hierarchical decomposition of the monoscopic images

analysed Ir(t), Il(t) into sub-bands, while preserving -

at each level of resolution of the decomposition the
low-frequency band and the high-frequency Dbands
respectively representing the vertical and horizontal
outlines of the image.

Figure 3 depicts a sequence of stereoscopic
images which is made of left monoscopic images Il and
right monoscopic images Ir changing as a function of
time t.

With the stereoscopic image changing over time,
as Figure 3 illustrates, it may be necessary to make
temporal predictions of the disparities between the
left images Il and right images Ir of the stereoscopic
image.

Figure 4 depicts two series of successive left
and right images of a sequence of <change of a
stereoscopic image. The 1left monoscopic image I1(t)
captured at an instant t 1is preceded by a left
monoscopic image Il{t-1) captured at an instant t-1.
Similarly, the right monoscopic image Ir(t) captured at
an instant t is preceded by a right monoscopic image
Ir(t-1) captured at an instant t-1.

The temporal prediction of the disparity wvector
D(t) at a point of the right image Ir(t) is calculated
from the disparity vector',ﬁﬁ-J) corresponding to this
point in the preceding right image Ir(t-1), with the
aid of the motion vectors calculated between the
instant t and the preceding instant t-1 on the right
Ir(t-1), Ir(t) and left Il(t-1), Il(t) images. These
vectors are denoted Vr(t) and V1(t) respectively,
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D@)+VI() =Dt -1)+Vr(t) (2)

5 In practice, the temporal prediction of the
disparity vector D(f) at a current point 2rc of the
right image Ir(t) at an instant t can for example be
obtained as follows: the corresponding point Zrp in the
right image Ir(t-1) at the preceding instant t-1 is

10 known through the right motion vector Vr(f) at the -
instant t, hence these two points Zrc, 2Zrxrp are
connected by the following relation:

Zrp=Zre-Vr(t) (@3)

The point Zlp of the left image Il(t-1) at the

15 preceding instant t-1 corresponding to the point Zrp of
the right image Ir(t-1) captured at the same instant
t-1 which corresponds to the current point 2rc of the
right image Ir(t) captured at the instant t is known
through the disparity vector D(t-1) of the preceding

20 instant t-1 in accordance with the following relation:

Zip=Zrp-D@-1) (4)

The point Zlc .corresponding to this point Zlp
in the left image Il(t) at the instant t can be
obtained with the aid of the left motion vector

25 V1(t-1), captured at the preceding instant in
accordance with the following relation:

Zic=ZIp+ VIt -1)) [sic] (5)

A temporal prediction of the disparity vector
E(t) at the current point Zrc of the right image Ir(t)

30 at the instant t is given by the vector formed from the
pair of points (Zlc, Zrc) where Zlc, corresponding to
the current point Zrc of the right image If(t) in the
left image Il(t) at the same instant t is calculated
with the aid of the last three relations (3), (4), (5)

35 established earlier. In this last case, an estimate of
motion and of disparity is thus proposed, in which the
disparity 1is predicted temporally by itself, while
correcting this prediction by any possible motion of
the objects in the stereoscopic scene.
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drawi ngs whi Y QIIASKM ‘over one sequence, right or left, is
predicted temporally only by the motion vectors
calculated previously over the same sequence. The
motion estimation technique can be that described by
French Patent No. 2,663,178. The disparity is, for its
10 part, predicted temporally by the disparity calculated
at the preceding instants, compensated by the motions
calculated, independently, over the right Ir and left
Il images. Relations (3), (4), (5) show that the
prediction vector D(f) at an instant t requires a
15 knowledge of the prediction vector .5031) at the
preceding instant as well as of the right motion vector
Vr(t) at the instant t and of the left motion wvector
Vli(t-1l) at the instant t-1. _
Figures 5 to 7 accompany the description of
20 improvements to the estimation process described in
French Patent No. 2,663,178, which are applicable to
the motion estimation or disparity estimation of the
present invention. The description of the aforesaid
improvements is 1illustrated by its application to
25 disparity estimation.
As illustrated in Figure 5, the source images
51, 52, 53, 54 of luminances are decomposed into a
multiresolution pyramid. The source image, possessing a
number L of lines and a number C of columns, is by
30 definition the image 51 of level 0, with resolution
1/2° = 1/1 in such a pyramid. In this pyramid an image
of level i, with resolution 1/21, is made up of L/2i
lines and C/21 columns. It is obtained through i low-
pass filterings and i successive linewise and
35 columnwise sub-samplings by 2. This low-frequency image
pyramid is deduced from a hierarchical decomposition
into sub-bands such as described by French Patent No.
2,663,178.

Image analysis takes place hierarchically over
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ectors estimated at the immediately coarser level of
resolution 1/2i+1 have their moduli multiplied by two

in order to take into account the sub-sampling factor

and are used for prediction. The aforesaid patent

10 describes how this prediction can be 'improved by -
proposing four predictions, rather than just a single

one arising from an immediately preceding coarser
level, for the calculation of a disparity wvector at the
current level. This amounts to- including the

15 contribution from a vector of the coarse level for the
prediction of four to sixteen points of the following
finer level. However, it is possible for example to
reduce the number of predictions arising from the
coarse level to three for the calculation of a vector

20 of the fine 1level. This amounts to including the
contribution from a vector of the coarse level for the
prediction of twelve points only of the fine level as
Figure 6 illustrates. In this figure, a prediction is
illustrated by an arrow 61 connecting a coarse level 62

25 to a finer level 63. |

The aforesaid predictions 61 can each be

improved by a further temporal prediction.' Thus, a
disparity vector estimated at a given point at a
preceding instant t-1 between right Ir(t-1) and left

30 Il(t-1) images at the same level of resolution is for
example projected temporally in the direction of the
motion vector associated with the given point towards

the images Ir(t), Il(t) captured at the instant t. A
method of temporal prediction which can be applied is

35 described in French Patent No. 2,675,002: "Procédé de
classification des pixels d'une image appartenant 3 une
séquence d'images animées et procédé d'interpolation
temporelle d'images utilisant ladite classification"
[Process for the classification of the pixels of an
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Thus, the calculation of the disparity vector

5 1is performed at every point of the image, level after

level in the multiresolution pyramid, from the coarsest

to the finest constituted by the original image which

is not sub-sampled. Four prediction vectors can be

proposed when calculating each disparity vector: one

10 vector arising from the vector calculated at the

preceding instant, projected in the direction of

motion, and three calculated at the immediately coarser

level. It follows that only a small correction is

necessary around such a prediction im order to obtain

15 the correct disparity vector.

A disparity vector to be estimated Dis the sum

-

of a prediction vector P and a correction &,

D=P+§ (6)
Depending on the maximum

i.e.:

amplitude,

20 horizontally and vertically, of the disparity vector to

be estimated, the search around the predication [sicl

of the latter, represented by a vector, can for example

be performed solely horizontally or in both directions,

horizontal and wvertical. French Patent No.

25 describes a search in both directions

2,663,178
. Such a

correction of resolution of + 1 pixel, initialized to 0

at a level N-1 of the pyramid for example,

maximum value equal to:

| Dmax|= Nz-l2k )
k=0

leads to a

30 Thus, the number of levels Nmax+l required to

estimate a disparity with maximum amplitude equal to

the aforesaid maximum value |Dmax| is given by the

integer part of the logarithm to the base
maximum value |Dmax|, i.e.:

35 Nmax = integer part of log2 (|Dmax|)

2 of this

(8)

In order, in particular, to economize on the

number of levels of resolution, it is possible to

separate the calculation of the disparity vector
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with coordinates (Xr, Yr), the disparity vector [err]
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calculated from the two preceding relations (7) and

(8). |Dx max| being for example assumed to be greater
than |Dy max|, a solely horizontal search is conducted

10 in the pyramid between the 1levels Nx max and
Ny max + 1, followed by a two-dimensional search,
horizontally and vertically, between the level Ny max
and 0. _ '

Thus, the starting level for the estimation of

15 disparity in the pyramid is calculated as a function of
the maximum disparity to be attained, fixed a priori.
This calculation is for example carried out separately
for the horizontal disparity and vertical disparity, a
simple horizontal search being conducted for as long as

20 the maximum amplitude, vertically, does not Jjustify a
two-dimensional search.

The disparity vector chosen is the one which
minimizes a certain cost function such as described for
example in French Patent No. 2,663,178. A cost function

25 can for example be the sum of the squares of the
differences in luminance between the right and left
images, the sum being taken for example over a window
of 3x3 pixels, centred at the point of calculation of
the disparity vectors.

30 It is possible to deduce a measure of
confidence for the chosen disparity vector. In a
homogeneous region of the image in particular, the
values of the cost function being substantially equal
whatever vector is tested, the confidence in the vector

35 chosen will be low. On the other hand, in a zone of the
image with a steep gradient, the correct vector
corresponds to a very sharp minimum in the cost
function and is therefore very reliable. -

The confidence is for example <calculated
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Ir(t) being denoted ZlI, it is connected with the first point Zr through the
follow ng rel ation: _ 2l = Zr - [err](Zr) (D) A
point Z'l of the right image Ir(t) represents the point ZlI of the |eft
image Il (t) inthe latter. It is also coddected with the point Zr of the
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disparity then being proposed. The vector which minimizes the
cost function having been chosen, it has horizontal
cémponent Pxc where Pxc belongs to the interval [Px-n,
10 Px+n]. In order to bracket the minimum value of the .
cost function, the confidence is calculated over the
interval [Px-n-1, Px+n+l], even if the choice of
minimum is made in the interval {Px-n, Px+n].
With F representing the cost’ function, three
15 values of this function are available F(Pxc), F(xc-1)
and F(Pxc+l). The confidence <conf (Pxc) in the
horizontal component Pxc of the chosen vector is given

for example by the following two relations:

F(Pxc—1)+ F(Pxc+1)~-2F(Pxc)

20 Curv(Pxc) = >

®

_—

curv( Pxc) This Sheet Has Bee

M | [T

K being a positive constant.

25 A confidence thus defined varies from 0 to + o
and it can be advantageous to restrict its entire
variations to the interval [0, 1]. To do this, it is
possible to define a normalized confidence cf (Pxc) for
the horizontal component Pxc of the prediction vector,

30 this normalized confidence being defined by the
following relation: ' )

conf (Pxc)

of (Pro)= 1+ conf (Pxc)

(11

35 Dby combining relations (10) and (11), it follows that:
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of the imges Ir(t), Ik{tPxc) *'k+curv(ch)+F(ch)
The normalized confidence thus defined tends

5 asymptotically to 1 as the curvature of the curve of
the cost function F increases. The constant K makes it
possible to control the variation in confidence.

Figure 7 depicts by way of example two curves
of possible cost function F. The abscissa axis

10 represents the values of the horizontal component Px of
the prediction vector and the ordinate axis represents
the cost function F. One curve 71 possesées a high
radius of curvature for the component Pxc signifying
that the chosen prediction vector possesses high

15 confidence. One curve 72 possesses a low radius of
curvature for this component, signifying that the
chosen vector possesses low confidence.

Relations analogous to the preceding relations
(9), (10), (11), (12) can be obtained for the vertical

20 component Py of the chosen pfediction vector, its
processing being identical.

A confidence measure, lying between 0 and 1, is
therefore associated with the horizontal component and
with the vertical component of each estimated disparity

25 vector. A corrected vector is associated with each of
the proposed vectors, four in number for example, and a
confidence and a cost value are associated with each
corrected vector. The corrected vector chosen is for
example the one which minimizes the cost function,

30 which therefore has the minimum cost value.

If this minimum is not sufficiently marked, the
choice is for example guided by the confidence.

An oriented smoothing, or filtering, of the
disparity vectors is for example carried out in the

35 multiresolution pyramid, at all levels 6f resolution,
between the estimation and prediction of the finer
level. This smoothing makes it possible in particular

to propagate the wvalues with high confidence towards
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second step, a disparity is estimated at the coarsest |evel of resolution,
then this estinmate is refined in each |evel of resolution as the resolution
i ncreases. The disparity is analysed with the aid of a hierarchical
deconposition of the nonoscopic inmages analysed Ir(t), II(t) into :

sub-bands, whihe Eéﬁé@rﬁknﬂhétlﬁﬁgg NS BHW'éﬁﬁii&éﬂ&bCﬁAtgﬁoothlﬁg
deconp05|t|on the | ow frequenc

and gh frequenc) nds
respectively F%ﬁ?%%%ﬂ?lﬁﬁ Fﬁ@cﬁ%QQQxﬁnaﬂﬂrﬁb?F%%ﬁt qﬁﬁi?ﬁ
i mage. PFi gﬂaﬁdandepActc&mpusauueme Gfrasﬁe@ro&ﬂsmm Can rrag@ermhhmh is

made of |eft ic |na ht nDno mc [ . changi ng
as a functlongg? t%ﬁg freasu emenﬁlﬂﬁ th éFQTeE? c |ﬂ%§gg§%%%b§%§fover
time, as B guJeuBnalIbﬁsCompe;¢r|VlamynbeZme26§saﬂ9 t 3988ke tenporal
predictions of the ghéparéﬁbgéhiggtmefg theor example conducted

independently on the horizontal component and vertical

component of a disparity vector.

-
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4 depicts t%o Serfies of successi i mages of a sequence of
change of a stereoscopic inmage nmonoscopi ¢ image | (t) captured at
an instant t We p4éredesl by a | eft nonoscopic i nage || PCTIFROAPOO0EA at an
instant t-1. Simlarly, the right nonoscbpic inmage Ir(t) captured at an
instant t is preceded by a ri ght nonoseoprMgs i mage I r(t-1) captured at an

i nstant t-1. e te predi,ctian of thed arjity vector, D(t) at
L bornt of ke right TRAGSSEr (197 | SRR aPERTLEY PELUPRTy WY of
D(t-1) correanomdsdagpio timesyepoi r(t[rl n Ihe mscatt ngp i ghtsteregesdopicl),

v e 216 otbe SRLLaueekghe:GaLpulel edoaLigen. e nstant U end ihe

i mages. Tigese- in a first step, in carrying out one and the same

M“""III l““l right i magesTjj“qil‘imlﬁirceﬁﬁe}iﬁicopl c i mage. Fi gure

hierarchical decomposition of each monoscopic image
(Ir, Il), by levels of resolution, thereby building at
least three  pyramids of images of increasing
resolutions, one low-frequency image pyramid and two

10 high-frequency image pyramids in the horizontal and
vertical directions of the images;

- in a second.step, in estimating a disparity at the
coarsest level of resolution and in refining the
estimate in each level as the resolution increases, the

15 disparity being represented at each point of the image
by a vector D whose origin is situated at the point
(Z1) of one of the monoscopic images and on the tip at
the corresponding point (2r) of the other monoscopic
image.

20 2. Process according to Claim 1, characterized in
that it consists in analysing the disparity with the
aid of a hierarchical decomposition of the monoscopic
images into sub-bands while preserving at each level of
the decomposition the low-frequency band and the high-

25 freqheﬁcy bands respectively representing the vertical
and horizontal outlines of the images.

3. Process according to any one of the preceding
claims, characterized in that three prediction vectors
(61) arising from the disparity vector calculated at

30 the coarsest level are proposed as initialization of
the disparity vector at the next level.

4. " Process according to Claim 3, characterized in
that at every level of resolution, the disparity vector
(D) estimated at a preceding instant (t-1) is projected

35 temporally in the direction of the motion so as to
provide a fourth prediction vector for calculation of
the disparity vector.

5. Process according to any one of the preceding
claims, characterized in that the starting level for

Lmrs SHEET HAS BEEN
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vect O1ﬂll“1muulwiumh'ﬂ‘l Vr(t) and M (t) respectively,
6 cal ['SEIREIHET REGHES on vector and left notion vector. The
aforesai d disparity and notion vectors are connected by the foll ow ng
rel ati on: _ [err](t) + [erriB(t) = Jerr](t -1) + [err]r(t) (2)
bn practice, ethemhenBaraln Predi piramial fdecsisnpatéy wector fhaetioh) at a
current poi nt 2 o el |SPSpAIRE LE(EL Feedldd Hida CanpLeL,Xa! e
be P ’ p r

the calculation being undertaken separately for the

horizontal disparity and the vertical disparity of the

5 image.

6. Process according to Claim 5, characterized in

that a simple horizontal search is conducted for as

long as the vertical amplitude of the disparity has not

attained the maximum disparity fixed a priori.

10 7. Process according to any one of the preceding -
claims, characterized in that a cost function (F) is
used to choose between the estimated disparity vectors,
the cost function beiﬁg the sum of the squares of the
differences in luminance over the points of a window

15 centred at the point of calculation of the dispé.rity
vectors.

8. Process according to any one of the preceding
claims, characterized in that a confidence function,
calculated for each component of the estimated

20 disparity vectors, is used to choose between the

latter.

9. Process according to any one of the preceding
claims, characterized in that at each 1level of
resolution, after the estimation and before the

25 prediction of each disparity vector, the latter is
filtered by a confidence function.
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obt ai ned as follows: the corresponding point Zrp in the right inmage Ir(t-1)
at the preceding instant t-1 is known through the right notion vector
[err]r(t) at the instant t, hence these twoigdints Zrc, Zrp are connected
by the follow ng relation: : Zrp=Zrc-Vr(t) (3) - The
point. Zl p of the left image Il (t-1) at the preceding instant t-1 N
corresponding to the point Zrp of the right inmage gxg@Zﬂ) captured af the
sanme instant t-1 which corresponds to the current pqunt érc of the right
image Ir(t) captured at the instant t is known thr the disparity vector
D(t-1) of the preceding instant t-1 in accordan the foll ow ng

rel ation: Zlp = Zrp- [err -1) (4 The point
Zl ¢ corresponding to this point Zlp in th eft image II1\{) at the instant
t can be obtained with the aid of the t notion vector

(XeYr)

FIG.1

1(1(’” [r(t)

Z1

> .
21=2:-01Zx) DIZr)
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VI (t-1), ~captured at the preceding instant i n accordance with the
follow ng rel ation: . Zc = )3 +ferr]l(t -1)) [sic] (5)

‘A t enpor al prediction of the disparity vect /& D(t) at the current point
Zrc of the right image Ir(t) at the instant t is given by the vector
formed fromthe pair of points (Zlc, Zrc) where Zlc, corresponding to the
current point Zrc of the right image Ir(t) in the left image II(t) at the
sanme instant t is calculated wth the aid of the last three relations (3),
(4), (5) established earlier. In this |last case, an estimate of notion

and of disparity is tﬁqs p#oposed, in which the disparity is predicted Ir
tenporally by itself, ' | | ddi ction hy any possihble \
notion of the objects ,gge a

np St ol oo ()l (- [¢
1

FIG.3
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7 ~ Ajoint estimate of disparity and of notion can be produced, the
notion is estimated for exanpl e i ndependently over each of the two right Ir
and left Il imge sequences. In this case, B#/& notion vector cal cul ated
over one sequence, right or left, is predicted tenporally.qQnly by the.

noti on vectors calculated previously over the saneSBse%REnce. The
notion estimation techni que can be that descriggg by Frencd Pat ent No.
2,663,178. The disparity is, f®f its part, pre{ycted_LéanE[jlhysby t he
di sparity cal cul ated )

y) UIA

1/2.
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at the preceding instants, conpensated by the notions cal cul at ed,

i ndependently, over the right Ir and left Il inmages. Relations (3), (4),
(5) show that the prediction vector [err](t) at,an instant-t requires a
know edge of the prediction vector [err] {Ll) at the preceding .
instant as well as of the right notion vector Vr(t) at the instant t and of
the left notion vector VI(t-1) at the instant t-1. Figures 5 fo 7
acconpany the description of inprovenents to the estimation process
described in French Patent No. 2,663,178, which are applicable to the
notion estimation or disparity estimation of the present invention. The
description of the aforesaid inprovenents is illustrated by its application
to disparity estination. As illustrated in Figure 5 the source

i mges 51, 52, 53, 54 of |um nances are deconposed into a

l
F\r
7
high confidence
low confidence
712
Pxc-1 Pxc Pxc e+l pr
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.mul tiresolution pyramd. The source image, possessing a nunbgr L of |ines
and a nunber C of colums, is by definition the i mage 51 of evgk,pEng?y
resolution 1/2[err] = 1/1 in such a pyranid. In this pyranijd {an i mage o

|l evel i, with resolution 1/2[err], is made up of L/2[err] I} nes—and _
C/2[err] colums. It is obtained through i How pass filtgrings and i
successive || PROCESS PR ESTIMATING DISPARITY BETWEEN?! MONOSCOPIC

| ow f requency i nmage pyramd A Hﬁ@y m r onposi tion
i nto sub-bands such as d@@d%egﬁg g%r% %‘6%&@;%@% :
Inage anal ysis takes pl ace hlerarchlcally over

The present invention relates to a process for

estimating disparity between the monoscopic images
making up a stereoscopic image. It applies in
particular to the processing of moving stereoscopic
images digitized in sequences, this processing making
it possible to obtain a description of the relief
through measurements of the distances from the movie .
cameras. It applies for example to the processing of
the signal from stereoscopic televisions or to the
special effects prbcessing of a stereoscopic image.

Stereoscopic image processing, for example
making an object stand out from any type of background,
other than blue ones in particular, requires a
knowledge of the relief of this object.

A stereoscopic image results from the combining
of two monoscopic views gaptﬁred by two cameras placed
at different spots, the distance between the cameras -
being for example equal to the distance between two
eyes and their direction simulating the human gaze for
example. Each stereoscopic image therefore consists of
a pair of monoscopic images. It is known that a
knowledge of the,point-tb-pbint disparity between the
images of one and the same pair makes it possible to
deduce the distance of the filmed objects from the
cameras and thus to deduce therefrom a relief datum for
thes? objects.

A physical description of the differences
between the two images of a stereoscopic pair is
obtained ‘through point-to-point matching providing
vector data. The disparity field consists of these
-vectof data which are in fact related to the change of
perspective between the two images and to the distance
from the cameras to the objects of the -scene to be
filmed. _

' A method of point-to-point matching of two
images, a left ‘image and a right image, making up a
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egtrmate at a
coarse | evel of resolution of the inmage, and in then refinijnd t?'sF L#q?t
as the resolution of the processed i nages increases. At eaghll e gﬂ gg
resolution 1/2[err] in the pyramd, the disparity vectors '
i medi ately coarser |evel of resolution 1/2i +| have their
by two in OrderStteG‘etO@Kﬁ@PIlmo twagent ishe descsihpli ngitac

for predictionpphg 1?&;%\9%?' BRiEe NEONPBRENGES dN)V\ctheTERedmmmn ARD be
our

the pyramid. It then consists in firtly making a gl obal

nultiplied

i nproved by proposin predictions, rather t
arising from afAT RECPGHLIION  ngMigats ePeRE el 5# >6th 6?§?ron of.
a disparity Ve%b@é§ﬂ21§E226 IEEE, Silver Spring, US; L.R. WILLIAMS

et al.: "A coarse-to-fine control strategy for stereo

and motion on a mesh-connected commutexr”.
A hierarchical decomposition of the images is
 carried out there by levels of resolution, and then an
estimate of the disparities between these images is
made, starting from the coarsest level of resolution '
and going towards finer and finer resolutions. This
method, using a single pyramid of images of increasing
resolutions, doeé not’ ‘always afford a sufficiently
accurate éstimate,_ especially for slender objects or
for outlines, or again when the regions of disparities
are substantially uniform.
The point-to-point disparities'between the two
_images of one and the same pair can be described by
vectors, called disparity vectors, the purpose of the
invention is to. obtain a sequence of fields of
~disparity vectors corresponding to a sequence of
stereoscopic images satisfactorily estimating the
differences between the two views of a stereoscopic
image, especially with a high accuracy. _

. To this end, the subject of the invention is a
process for estimating disparity between the monoscopic
images making up a stereoscopic image, characterized in
that it consists:

- in'a first step, in carrying 6ut one and the same
hierarchical decomposition of each monoscopic image, by
levels of resolution, thereby building at least three
pyramids of images of increasing resolutions, one low-
frequehcy image pyramid and two high-frequency image
pyramids in the horizontal and vertical directions of
the images; '
- in a second step, in estimating a disparity at the
coarsest level of resolution and in refining the
estimate in each level as the resolution increases, the
disparity being represented at each point of the image
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current level. This anmount s to including the contyi py+er—+ora—-
vector of the coarse level for the prediction of four to s|x}een |.nt s _of
the following finer level. However, it is possible for exapp eeétQ%%&ﬂﬂ?g

t he nunber of predictions arising fromthe,coarse |level tofjthree for the
.cal cul ation of .a vector of the fine |evel., This amunts_tqjinc |.ng the
contribution fM¥m3 YEEESF IASfe oHILR F‘@veﬁl%%ﬁ@i‘ﬂeabrg:g—ew 4ihe o
poi nts only of dree bfneHevmbnescbpgur eintades uandates. the thip fatgukbe a
prediction is-il] lrursetsrp%%?ﬂ.é@/g?ﬁn ”o%""t@%eréb SC b Shndgvel 62 to a

finer Ievel 63.°° oresard I'ctions 61" can ¢€ach be

i nproved by a further tHeponainprdvaothges Pfusthe &n%&ﬁqqqﬂv%ﬁ?that

nd et 1 (1 | e e S reaau oy Top oy oD
Yegards outlines or slender objects, that it can be
used for numerous applications in stereoscopic image
processing, and that it makes it possible to associate
‘estimation of motions of 6bjects of a stereoscopic
image with the estimation of disparity and that it is
.simple to implement.

Other characteristics and advantages of the
invention will emerge with the aid of the description
which follows, given in connection with the appended
drawings which represent: '

- Figure 1, a pair of images constituting a
stereoscopic image, which are obtained with two cameras
filming the same scene at two different angles;

- Figure 2, the preceding images placed side by side;

- Figure 3, a sequence of stereoscopic images;

- Figure 4, two series of successive left and right
images of a sequence of change of a stereoscopic image;
- Figure 5, a pyramidal hierarchical image
decomposition;

- Figure 6, illustrations of possible predictions;

- Figure 7, illustrations of possible cost functions.

A stereoscopic pair of images can be modelled
by two perspective projections in different image
planés of the same three-dimensional scene. Figure 1
depicts a pair of mnatural, monoscopic images Il (t),
Ir(t), a left image Il(t) and a right image Ir(t)
captured at an instant t, ahd obtained for éxample with
the aid of two cameras filming the same scene from two
different angles.

The problem of estimating disparity consists in
the point-to-point matching of the two images or views,
right and left. If a point P in space, with spatial
coordinates (X, Y, 2) is projected respectively onto
the left image Il(t) and onto the right image Ir(t) at
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exanple projected tenporally in the direction of the -notiof o

associated wth the given point towards the inmages Ir(t), Rl {t) ; r a
the instant t. A nethod of tenporal prediction which can be p&bgé#ﬁ%
described in French Patent No. 2,675,6002: jProc[err]dferr] |dq o
classification des pixe d,une i maqge _appartenant_ . [.err],ung’ sl errlguence :
d' i mages amlﬂeﬁr??i?%tégrgﬁfgrFfﬁraﬁpfggsiH rp%i HQ#Pt%ﬁmﬁLgﬂﬁbgdggmmyﬁ%~
utilisant | aditwith assidrdixates’ [(Rroce¥s)forthée dispssrityatventad the

pi xel s of an '

assigned to the point Zr of the right image has
components (Xr-Xl, Yr-Yl). It 1is known that the
disparity datum makes it possible to calculate the -
distance from the points of the filmed scene to the
camera, once the optical and geometrical parameters of

the acquiring of the images are known. These parameters

are, in particular, the focal 1lengths, the optical
centres and the distance between the two cameras.

Figure 2 depicts, side by side, the two
monoscopic images I1(t), Ir(t) of the preceding figure.
A disparity vector_at-an instant t, is defined at each
point 2r of the right image Ir(t), the point Zr being
labelled by a pair of coordinates (x, y) in this image
Ir(t). The disparity vector at this point Zr is for
example denoted D (Zr). The point of the left image
Il(t) corresponding to the point Zr of the right image -
Ir(t) being denoted Z1l, it is connected with the first
~point Zr through the following relatidn:

| Zl=Zr-D@Zr) ()

A point Z'l of the right image Ir(t) represents
the point Z1 of the left image Il(t) in the latter. It
is also connected with the point Zr of the right image
Ir(t) through relation (1). '

According to the invention, the process for
estimating stereoscopic. disparity between the left
image:Il(t) and the right image Ir(t) uses a technique
for estimating motion between two consecutive images of
a ménoscopic sequence described in French Patent
No. 2,663,178: "Procédé d'estimation hiéarchique du
mouvement dans une séquence d'images", [Process of
hierarchical estimation of motion in an image
sequence], the right image Ir(t) being akin to an image
consecutive to the left image Il(t) and ‘the disparity
vector D being akin to the motion vector. Thus, in a
first step, one and the same hierarchical decomposition
of each monoscopic image Ir(t), Il(t) is carried out by
levels of resolution. To do this, at least three
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9 image belonging to a sequence of noving imges and prO(eds for the
tenmporal interpolation of images using the said classificgatfi @é¢.FEB 1997
Thus, the calculation of the disparity vector is performpdjat every poin
of the image, level after level in the multiresolution pyramd, fromth
coarsest to the finest constituted by tEe original, i mgelyhich.is not
sub- sanpl ed. FRYTHRERF ct PEn VRIS cQh bet whe ti Ng.each
dth parit ydvect OFonSNELFEEd O on®r | SowgErégaencyheimamet pyragaldc uknd edwaat
the preceding instan rojected in t L .ecti o t4 Qn. hr.

cal cul ated at tHES% n#e%‘g‘é? ?X/ o) a.%er %@g\%ﬁﬁ%l tgaol %g\lso lltlcalg%z on yia agfr%rial I
correction is meeesieal dicectionsh of pkbei cimages nIsiger tl Obtai At e
correct disparify yegtQtep, a dispafiSpaibll%statited Caberns! idBuaskder ]

is the sum

level of resolution, then this estimate is refined in
each level of resolution as the resolution increases.

The disparity is analysed with the aid of a
hierarchical decomposition of the monoscopic images
analysed Ir(t), Il(t) into sub-bands, while preserving
at each level of resolution of the decomposition the
low-frequency band and the high-frequency Dbands
respectively representing the vertical and horizontal
outlines of the image. '

Figure 3 depicts a sequence of stereoscopic
images which is made of left monoscopic images Il and
right monoscopic images Ir changing as a function of
time t..

With the stereoscopic image changing over time,
as Figure 3 illustrates, it may be necessary to make
temporal predictions of the disparities between the
left images Il and right images Ir of the stereoscopic
image.

Figure 4 depicts two series of successive left
and right images of a sequence of charge of a
stereoscopic image. The left monoséopic image Il (t)
captured at an instant ¢t is preceded by a left
monoscopic image Il(t-1) captured at an instant t-1.
Simiiarly, the right monoscopic image Ir(t) captured at
an instant t is preceded by a right monoscopic image
Ir(t-1) captured at an instant t-1.

The temporal prediction of the disparity vector
D) at a point of the right image Ir(t) is calculated
from the disparity vector D(t-1) corresponding to this
point in the preceding right image Ir(t-1), with the
aid of the motion vectors calculated between the
instant t and the preceding instant t-1 on the right
Ir(t-1), Ir(t) and left Il(t-1), Il(t) images. These
vectors are denoted Vr(t] and V1(t) respectively,
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of a prediction vector [err] and a correction [err], i.e.: ' :
[err]= [err]+[err] (6) Dependi ng on[ ]the mj%'6 FEB 1997
anplitude, horizontally and vertically, of the disparity vectnr.to be
estimated, the search around the predication [sic] of the ljtter,
represented by a vector, can for exanple 6% perfornmed sol el : ' '
or in both direedileds theorigbht BPLARA yertPEapndr g%&hmﬁ £8R VRS2 '663, 178
?g:glrh Piegn gf [S,ear]ch1 irhe Q&t&l ! e_sf(ﬂ:irci‘i_cdi rity Sifil matdonr edtmrofare

err pi xel , ini i zed to.,0.at._a level N-1 of the ram
for exanple, |&gnseckes FﬂkFPEmfPéﬁ&glgﬁgﬁﬁlfg}fn’ p{e??}q
Thus, the number of |evels Nrexd(®)+EHi= & +Hde(OndBe a disparity with

maxi mum anpl i tude equahﬂ§opractice, the temporal prediction of the

'disparity vector D(f) at a current point Zrc of the
right image Ir(t) at an instant t can for example be
‘obtained as follows: the corresponding point 2Zrp in the
right image Ir(t-1) at the preceding instant t-1 is
known through the right motion wvector Vr(t) at the .
instant t, hence these two points 2rc, Zrp are
connected by the following relation: -
| Zrp=Zrc-Vr(t) ()
The point 2Zlp of the left image Il(t-1) at the
. preceding instant t-1 corresponding to the point Zrp of
the right image Ir(t-1) captured at the same instant
t-1 which correéponds to the current point Zrc of the
right image Ir(t) captured at the instant t is known
through the disparity vector D(t-1) of the preceding
instant t-1 in accordance with the following relation:
Zlp=Zrp-D@t-1) (4)

The point Zlc corresponding to this point Zlp
in the left image Il(t) at the instant t can be
obtained with the aid of the left motion vector
vl(t-1), captured at the preceding instant in
accordance with the following relation:

Zlc = ZIp+VI(t - 1)) [sic] (5)

_ A temporal prediction of the disparity vector
ﬁﬁ)fat the current point 2rc of the right image Ir(t)
at the instant t is given by the vector formed from the
pair of points (Zlc, Zrc) where Zlc, corresponding to
the current point Zrc of the right image If(t) in the
left image Il(t) at the same instant t is calculated
with the aid of the last three relations (3), (4), (5)
established earlier. In this last case, an estimate of
motion and of disparity is thus proposed, in which the
disparity is predicted temporally 'by itself, while
correcting this prediction by any possible motion of
the objects in the stereoscopic scene.
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the aforesaid maxi num value [err]Dmax[err] is given by th

the logarithmto the base 2 of this maxi numvalue [err]

Nmax = integer part of log2 ([err]Dmax[err]) (8)

particular, to econonm ze on the nunber of, levels of r

possi ble to separate the, cal cul atjon of(ﬁé}g, di spari tz e

10 horizontal Iy and vertilafy e§™3E5% Prax l%ﬂ?}gl'fby ﬁéx
S

be produced, the motion i estimated for example

independently over each of the two right Ir and left Il
image sequences. In this case, the motion vector
calculated over one sequence, right or left, is
predicted temporally only by the motion vectors
calculated previously over the same sequence.. The
motion estimation technique can be that described by
French Patent No. 2,663,178. The disparity is, for .its
part, predicted temporally by the disparity calculated
at the preceding instants, compensated by the motions
calculated, independently, over the right Ir and left
"Il images. Relations (3), (4), (5) show that the
prediction vector D(f) at an instant t requires a
knowledge of the prediction vector "D(t-1) at the
preceding instant as well as of the right motion vector
Vr(t) at the instant t and of tﬁe left motion vector
V1l(t-1) at the instant t-1. _

Figures 5 to 7 accompany the description of
improvements to the estimation process described in
French Patent No. 2,663,178, which are applicable to
the motion estimation or disparity estimation of the
 present invention. The description of the aforesaid
improvements 1is illustrated by its application to
disparity estimation.

As illustrated in Figure 5, the source images
51, 52, 53, 54 of luminances are decomposed into a
multiresolution pyramid. The source image, possessing a
number L of lines and a number C of columns, is by
definition the image 51 of level 0, with resolution
1/2° = 1/1 in such a pyramid. In this pyramid an image
of level i, with resolution 1/2i, is made up of L/2i
~lines and c/21 columns. It is obtained through i low-
pass filterings and i successive linewise and
columnwise sub-samplings by 2. This low-frequency image
pyramid is deduced from a hierarchical decomposition
into sub-bands such as described by French Patent No.
2,663,178. '

Image analysis takes place hierarchically over
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' vectors estimated at the immediately coarser "level of
.resolution 1/2i+l have their moduli multiplied by two
in order to take into account the sub-sampling factor
and are used for prediction. The aforesaid patent
describes how this prediction can be improved by .
proposing four predictions, rather than just a single
one arising from an immediately preceding coarser
level, for the calculation of a disparity vector at the
current level. This amounts to* including the
contribution from a vector of the coarse level for the
prediction of four to sixteen points of the following
finer level. However, it  is possible for example to
reduce the number of predictions arising from the
coarse level to three for the calculation of a vector
of the fine level. This amounts to including the
contribution from a vector of the coarse level for the
prediction of twelve points only of the fine level as
Figure 6 illustrates. Iﬁ this figure, a prediction is
illustrated by an arrow 61 connecting a coarse level 62
to a finer level 63. |

The aforesaid pfedictions 61 can each be
improved by a further temporal prediction. Thus, a
disparity vector estimated at a given point at a
preceaing instant t-1 between right Ir(t-1) and left
I1(t-1) images at the same level of resolution is for
example projected temporally in the direction of the
motion vector associated with the given point towards
the iﬁages Ir(t), Il(t) captured at the instant t. A
method of temporal prediction which can be applied is
described in French Patent No. 2,675,002: "Procédé de
classification des pixels d'une image appartenant 3 une
séquence d'images animées et procédé d'interpolation
temporelle d'images utilisant 1ladite classification”
[Process for the classification of the pixels of an
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chosen will be ] ow the other hand, ipn a zone of the
ievel QJ.1n the muftiresolut:r.lon pyramgd, ?rom the coarsest

to the finest constituted by the original image which
'is not sub-sampled. Four prediction vectors can be
proposed when calculating each disparity vector: one
vector arising from the vector calculated at the -
preceding instant, ~projected in the direction of
motion, and three calculated at the immediately coarser
level. It follows that only a small correction is
necessary around such a prediction in order to obtain
the correct disparity wvector.

"A disparity vector to be estimated Dis the sum
of a prediction vector P and a correction S, i.e.:

_ D=P+5 (6) |

Depending on the maximum amplitude,
horizontally and vertically, of the disparity vector to
be estimated, the search around the predication [sic]
of the latter, represented by a vector, can for example
be performed solely horizontally or in both directions,
horizontal and vertical. French Patent No.. 2,663,178
describes a search in both  directions. Such a
correction of resolution of + 1 pixel, initialized to 0
at a level N-1 of the pyramid for example, leads to a
maximum value equal to:

|Dmaxi=3'2* (7
k=0
Thus, the number of levels Nmax+l required to

estimate a disparity with maximum amplitude equal to
the aforesaid maximum value |Dmax| is given by the
integer part .of the logarithm to the base 2 of this
maximum value |Dmax|, i.e.: '

Nmax = integer part of log2 (|Dmax|) (8)

In order, in particular, to economize on the
‘number of levels of resolution, it is possible’ to
separate the calculation of the disparity vector
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~mnimumin the cost functlon and is therefore very reljal Th,
confidence is for exanple calculated ’Ll fgg@g%
t hrough t he hori zontal conponent and vertical conponent™ of e vecyot.

| Px is the horizontal component of th redi ctipn ve t K V°!“““'
hor:.zontall}rfrp and vertic e11}:1)1 Let |[Dx mdx| and |Dy max

be the maximum values of the disparity, Horizontally
and vertically respectively. A + 1 ©pixel search
initialized at 0 is necessary only starting from the
level of order Nx max horizontally and of order Ny max -

vertically, these levels Nx max, Ny max being
calculated from the two preceding relations (7) and
(8). |Dx max| being for example assumed to .be greater
than |Dy max|, a solely horizontal search is conducted
in the pyramid between the 1levels Nx max and
Ny max + 1, followed by a two-dimensional search,
horizontally and vertlcally, between the level Ny max
and 0. _ _

Thus, the starting level for the estimation of
disparity in the pyramid is calculated as a function of
the maximum disparity to be attained, fixed a priori.
This calculation is for example carried out separately
for the horizontal disparity and vertical disparity, a
simple horizontal search being conducted for as long as
the maximum amplitude, vertically, does not justify a
two-dimensional search.

The disparity vector chosen is the one which
minimizes a certain cost function such as described for
example in French Patent No. 2,663,178. A cost function
can for example be the sum of the squares of the
differences in luminance between the right and left
images, the sum being taken for example over a window
of 3x3 pixels, centred at the point of calculation- of
the dlsparlty vectors.

It is possible to deduce a measure of
confidence for the chosen disparity wvector. 1In a
homogeneous region of the image in particular, the
values of the cost function being substantially equal
whatever vector is tested, the confidence in the vector

- chosen will be low. On the other hand, in a zone of the
image with a steep gradient, the correct vector
corresponds to a very sharp minimum in the cost
function and is therefore very reliable. '

The confidence is for example calculated
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equal for example to 2 if the search is one-dimensional

or to 1 if the search is two-dimensional, four vectors
then being proposed. The vector which minimizes the
cost function having been chosen, it has horizontal
component Pxc where Pxc belongs to the interval [Px-n,
Px+n]. In order to bracket the minimum value of the -
cost function, the confidence is calculated over the
interval [Px-n-1, Px+n+l], even if the choice of
minimum is made in the interval [Px-n, Px+n].

With F representing the cost' function, three
values of this function are available F(Pxc), F(xc-1)
and F(Pxc+l). The confidence conf (Pxc) in the
horizontal component Pxc of the chosen vector is given
for example by the following two relations:

F(ch— 1)+ F(Pxc+1)-2F(Pxc) ©)

Curv(Pxc) = >
Conf ( Pxc) = SrVFxe) (10),

K+F(Pxc)

K being a positive constant.

A confidence thus defined varies from 0 to + «
and 1t can be advantageous to restrict its entire
variations to the interval [0, 1]. To do this, it is
possible to define a normalized confidence cf (Pxc) for
the horizontal component Pxc of the prediction vector,
this normalized confidence being defined by the
following relation: '

conf (Pxc)

o (Pre)= 1+ conf ( Pxc)

(11

by combining relations (10) and (11), it follows that:
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defined varies fromO to + [err] and it can be advantageou
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define a nornalized confidence cf (Pxc) fX% the horizontal |c mponent__Pxc
the prediction vector, this normalized confidence being defined by the
followi ng relation:

Conf (Pxc)

o restrict
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vl

curv( Pxc)

of (Pxc) = K+ curv(Pxc) +F(Pxc)

(12)

The normalized confidence thus defined tends
asymptotically to 1 as the curvature of the curve of
the cost function F increases. The constant K makes it
possible to ‘control the variation in confidence.

Figure 7 depicts by way of example two curves
of possible cost function F. The abscissa axis
represents the values of the horizontal component Px of
the prediction vector and the ordinate axis represents
the cost function F. "One curve 71 posses'ses a high
radius of curvature for the component Pxc signifying
that the chosen prediction vector possesses high-
confidence. One curve 72 possesses a low radius of
curvature for this component, signifying that the
chosen vector possesses low confidence.

Relations analogous to the preceding relations
(9), (10), (11), (12) c'an be obtained for the vertical
component Py of the chosen pfediction vector, its
processing being identical.

A confidence measure, lying between 0 and 1, is
therefore associated with the horizontal component and
with the vertical component of each estimated disparity
vector. A corrected vector is associated with each of
the proposed vectors, four in number for example, and a
confidence and a cost value are associated with each
corrg"cted vector. The corrected vector chosen is for
example the one which minimizes the cost function,
which therefore has the minimum cost value.

If this minimum is not sufficiently marked, the
choice is for example guided by the confidence.

An oriented smoothing, or filtering, of the
disparity vectors is for example carried out in the
multiresolution pyramid, at all levels 6f resolution,
between the estimation and prediction of the finer
level. This smoothing makes it possible in particular
to propagate the values with high confidence towards
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13 .
the zones of the image with low confidence.|A smoothing

technique is described in particular in the article by
P. Anandan: "A computational framework and an algorithm
for the measurement of visual motion", International
Journal of Computer Vision, 2, 283-310, 1989.

The smoothing is for example conducted
independently on the horizontal component and vertical
component of a disparity vector.
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image, characterized in that it consists:

- in a first step, in carrying out one and the same
hierarchical decomposition of each monoscopic image -
(Ir, Il), by levels of resolution, thereby building at
least three pyramids of images of increasing
resolutions, one low-frequency image pyramid and two _
high-frequency image pyramids in the horizontal and
vertical directions of the images;

- in a second'step, in estimating a disparity at the
coarsest level of resolution and in refining the
estimate in each level as the resolution increases, the
disparity being represented at each point of the image
by a vector D whose origin is situated at the point
(Z1) of one of the monoscopic images and on the tip at
the corresponding point (2r) of the other monoscopic
image. '

2. Process according to Claim 1, characterized in
that it consists in analysing -the disparity with the
aid of a hierarchical decomposition of the monoscopic
images into sub-bands while preserving at each level of
‘the deqompositioh the low-frequency band and the high-
freqﬁency bands respectively representing the vertical
and horizontal outlines of the images.

3. Process according to any one of the preceding
claims, characterized in that three prediction vectors
(61) ; arising from the dlsparlty vector calculated at
the coarsest 1level are proposed as initialization of
the disparity vector at the next level.

4. '~ Process according to Claim 3, characterized in
that at every level of resolution, the disparity wvector
(D) estimated at a preceding instant (t-1) is projected
temporally in the direction of the motion so as to
provide a fourth prediction vector for calculation of
the disparity vector.

5. Process according to any one of the preceding
claims, characterized in that the starting level for

THIS SHEET HAS BEEN
REPLACED
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6. Process according to Claim 5, characterized in
that a simple horizontal search is conducted for as
long as the vertical amplitude of the disparity has not
attained the maximum disparity fixed a priori.

7. Process 'according to any one of the preceding .
claims, characterized in that a cost function (F) is
used to choose between the estimated disparity vectors,
the cost function being the sum of the squares of the
differences in luminance over the points of a window
centred at the point of calculation of the disparity
‘vectors. '

8. Process according to any one of the preceding
claims, characterized in that a confidence function,
calculated for each component of the estimated
disparity vectors, is used to choose between the

latter.
9. Process according to any one of the preceding
claims, characterized in that at each level of

resolution, after the estimation and before the
prediction of each disparity wvector, the latter is
filtered by a confidence function.
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PROCESS FOR ESTIMATING DISPARITIES BETWEEN J(GHGBEGHC
IMAGES FORMING A STEREOSCOPIC IMAGE

ABSTRACT

The invention relates to a process for estimating
disparities between images forming a stereoscopic
image. The process comprises, in a first step,
establishing the same hierarchical decomposition of
each monoscopic image (Id(t), Ig(t)), for each
resolution level by forming at least three pyramids of
images having increasing resolutions, oné pyramid of
low frequency images and two pyramids of high
frequency images accprding to horizontal and vertical’
directions of the images; in a second step, estimating
a disparity (D) at the coarser resolution level and
perfecting the estimation in each level progressively
as the resolution increases. Application in

processing special effects in stereoscopic images.

FIGURE 1 '
- This Sheet Has Been Replaced
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given point, .at -an instant t-1 between the right
and I opic images (Ir, 11) existing at this instant at the
sane ‘l ﬂmml“emmm the said projection being - perforned in the -
di rect+Orc oft tMe Vector def| ni ng the - nmotion between the instants t-1 .
and t. 4 Process according to any gne ‘of the preceding cl ai s,
characterized in that the cal cul ati orJf of the - disparlty vector is
per f or ned separatelrghf'm‘the hor - i zontal disparity and the vertical
di sparity of the i age, the maxi numval ues of the horizontal and

ver - tical dispar

ities being fixed a priori. 5. Process according to
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and left monoscepic images (it. Il) making up a star-
808COpIC image, characlsrizad In that it consists:

- inafirst step, in.carrying out one and the same
hierarchical decomnposition of each monoscop-
ic image (Ir, 1), by leveis of regolution, thereby
bullding at Isas! three pyramids of images of in-
cregsing resolutions, one low-fraquency image
pyramid and two high-frequency image pyra-
mids in the horizontal and vertical directions of

~ the images;

- in&asecond step. in estimating a disparity in the

point-to-point matching of the two right and left

images at the coarsest levs! of resolution and
in refining the estimate in sach level as the res-
olution increases, the disparity being repre-
génted al sach paint of the image by a disparity
vector (3) whaose origin is siluated at the point

(ZI) of one of the monoscopic images and on

the tip al the corresponding point (Zr) of the oth-
er monoscopic imaga.

L - the disparity being analysad with the aid of a

hierarchical decomposition of the monoscopic
images into sub-bands while preserving at
each level of the decomposition the low-fre-
qQuency band and the high-frequency bands re-
spectively representing the vertical and hori-
zontal outlines of the images.

Process according to Claim 1. characterized in that
it uses, for each estimation and at a given leve| of
resociution, three pradiction vec!ors (61), these vee-
tors being obtained by allocating each estimation
vector of a point of the lowsr Jevel of resaiution to
the 12 paints surrounding this point at the levsl of
rasolution ¢onsidered.



as long as the vertical anplitude of the di sparity, has %&WMW&?HEH
-t he maxi mumvatue fixed 'ﬁ:l on.: 6. Process according to any one of the

Enggﬁl ngs““luuﬂllﬂ“lﬁllll n acterl zed In that the disparity vector is-

zes a cost. function = - equal to the sum of
t he squares” of® t He differences © ~ in |uninance over: the points of -a
w ndow centred at the point of calculation of the disparity vectors.
7. Process according to Caim6, characterbzed in that it conprises a
step of cal cul ating canfidence func- maki n possi ble to
nmeasure the degree £ Br“@%?FHﬁFﬁ!@QdP ngo%@ gﬁéﬂjt’@ R}@ctor the .
de- gree of confi dencadditionahsemgporal pradictiondisimade Gy vature

of the cost function 'ne&:%g%%a%%%%snmate%é*bwawawﬁ the said
at an instant {-1, betwesn the right and left monc-
scopic imagas (I, 1l) existing at this instant at the
same levsl of reaolutien, he said projection being
performed in the direction of the vector defining the
motion between the instants t-1 and 1.

4. Process according fo any ons ol the preceding
claims, charactarized in that the calculation ¢f the
\/ - - digparlly veclor is parformed separstaly for the hor-
izontal disparity and the vertical disparity of the im-
age, the maximum values of the horizontal and ver-
tical disparities being fixed a priori.

8. Process according to Claim 4, charactsrized in that
only 2 horizontal disparity search is carried out for
as long as the vertical ampliitude of the digparity, has
not attsined the maximum vslue fixed & priori.

8. Process according to any one of the preceding
claime, charactarized In that the disparity vector is
: chosen, as that which minimizes a cost funclion
W - equal to the sum, of the squaras of the diffarences
' in lJuminancs over the poinis of a window centred at

the point of calculation of the disparily veclors.

7. Process according to Claim &, characterized in that -
it comprises a slep of calculating a confidence func-
tion making it possible to measurs the degrae ol
confidence of the chosen disparity vector, the de-
gree of confidencs increasing with the radius of cur-
vature of the cost function in the neighbourhood of
the minimum of the said cost function.
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fllterlng of the disparity vectors by the confidence  function is:
d out,at_each . resol ution. ~after the estimation and
e TR o= o s vecco!
AT

8. Process sccordingto Claim 7, characterized in that
a filtering of the disparity vectors by the confidence
function is carried out, at sach leve| of resolution.
after the eslimation and betare the predlcﬂon of
sach disparity vector.
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"PROCESS FOR ESTIMATING _DISPARITIES BETWEEN MONOSCOPIC-
IMAGES FORMING A STEREOSCOPIC IMAGE

ABSTRACT

The invention relates to a process for estimating
disparities bétween images forming a stereoscopic
image. The process comprises, in a first step,
establishing the same hierarchical decomposition of
each monoscopic image (Id(t),. Ig(t)), for each
resoi'u%ion level by forming at least three pyramids of
images having increa;sing resolutions, one pyramid of
low £frequency images and two pyramids of high
frequency images according to horizontal and vertical’
directions of the imé.ges; in a second step, estimating
a disparity (D) at the coarser resolution level and
perfecting the estimation in each level progressively

as the resolution increases. Application in

processing special effects in stereoscopic images.

FIGURE 1
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