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RESUME :

Ce rapport traite du suivi d’un objet tout au long d’une séquence. Les techniques de tracking s’appuient en général soit sur
des modéles déformables, tels que les modeles de contours actifs ou de maillage, soit sur des modéles caractérisant les régions.
Nous proposons un nouveau critére de tracking reposant sur un a priori géométrique, et sa version améliorée prenant en compte,
de plus, les caractéristiques des régions de I’image. Notre algorithme de tracking se situe dans un cadre théorique d’optimisation
par contours actifs. L’a priori géométrique consiste a minimiser la distance pondérée entre le contour actif et un contour de
référence. Cet a priori prend la forme d’une fonctionnelle dépendante du contour actif. Afin d’exploiter les informations propres
a chaque région, telles que leur homogeénéité, le critére de tracking est enrichi de termes statistiques les caractérisant. L utilisation
conjointe d’un a priori géométrique et des caractéristiques des régions permet d’améliorer I’algorithme. Dans un premier temps,
chaque terme du critere est dérivé séparement afin d’en déduire I’équation d’évolution du contour actif. Ensuite I’algorithme
ne comprenant que le terme géométrique est utilisé pour faire évoluer une courbe d’un visage a un autre. Enfin les descripteurs
géomeétriques et statistiques sont couplés pour améliorer le suivi d’un visage dans une séquence.

MOTS CLES :
Segmentation d’image, suivi d’objet video, A priori geometrique, Descripteur statistique, Méthode des ensembles de niveaux

ABSTRACT:
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Image Segmentation, Video object tracking, Geometric prior, Statistical descriptor, Levet Set
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Abstract. This paper deals with objects tracking over time in video
sequences. Tracking techniques are usually based on deformable tem-
plates, such as active contour models, or active meshes, or are region-
based models, using object features. We propose a new tracking criterion
based on geometric priors and its improvment using additional region-
based features. Our tracking algorithms are embedded on optimization
theory framework using active contours. The geometric prior consists in
minimizing the weighted distance between the evolving contour and a
reference one. We formulate this prior as a functional depending on the
evolving active contour. We add to the tracking criterion some statisti-
cal region-based terms to exploit information intrinsic to the object and
background regions, for instance homogeneity. Thus we improve the algo-
rithm efficiency using jointly geometric prior and region-based features.
First we provide the differentiation of each criterion and then we de-
duce the related evolution equation driving the active contour. Finally
we apply the geometric tracking to make a curve evolve from one face
towards another one, and merge geometric and statistical descriptors for
imroving face tracking.

Introduction

Video segmentation consists in extracting arbitrarily shaped image regions cor-
responding to specific semantic objects. Tracking processes analyze the shape
deformations of objects as they evolve over time in a video sequence. Although
the tasks of segmentation and tracking can be viewed as a two-stage analysis
paradigm they are often processed as an integrated task in a one-stage analysis
paradigm [20].

Active contours are powerful tools for image segmentation. They can be em-
bedded in a minimization framework including region and boundary functionals.



Boundary functionals were first proposed by Kass et al. [15] and geodesic active
contours by Caselles et al. [4,5] for active contour segmentation. Region based
active contours were first introduced by Ronfard and al. [22] and Cohen et al.
[9]. Then Zhu and al. [27], Chan et al. [7], Leventon and al. [16], Paragios et
al. [19] introduced statistical descriptors. Finally, Jehan et al. [12-14] addressed
the active contour segmentation problem where region features are embedded in
region functionals.

Tracking techniques are usually based on deformable templates, such as ac-
tive contour models [17] or active meshes [25], or are region-based, using object
features [20, 3, 23].

In this paper, we present new tracking algorithms in the framework of opti-
mization theory using active contours. The first contribution of the paper is to
define a general criterion for tracking video objects through several frames. The
first criterion is based on geometric prior and minimizes the weighted distance
between the evolving contour and a reference one. Then, the algorithm efficiency
is improved by combining region-based features to geometric descriptor.

The second contribution is to differentiate each component of the criterion in
order to compute the velocity F, which makes the contour I}, of the n** frame
of the video track the object boundaries. The evolution equation is written as:

1) — FN

where I7, ¢ is any initial curve and N the unit normal of I75,.

In section 1, we present the tracking algorithm in a general framework and the
differentiation of each component of the criterion. Sections 2 and 3 are focusing
on the applications of the criterions. In section 2, we apply this algorithm using
only the geometric descriptor to make a curve evolve from one face towards
another one. In section 3, we add statistical region-based descriptors to the
criterion for face tracking purpose on a real sequence, and finally we conclude.

1 Setting a general tracking framework

Our new tracking algorithm is based on the active contour method. The active
contour is driven towards the boundary of the object, following an evolution
equation defined by the minimization of an energy criterion. The current frame
I, is divided into two regions: 29 the background and (2" the object. The
common boundary of 2" and 2% is denoted I',. The energy criterion is defined
from features characterizing regions and contours. Let us denote the criterion by
Jn(0228, 0 T,).

We search for the partition (224t 2i" TI7,) which minimizes the criterion.
Thus, we introduce a dynamical auxiliary variable in the criterion by making
the regions continuously dependent on an evolution parameter 7.

Then the evolution equation is deduced from the differentiation of the criterion
Tn(0250(7), 22 (7), Lo (7))-



First we state assumptions required in a tracking framework. Then we present
the criterion and the evolution equation derived from the criterion.

1.1 Assumptions

In order to set a general framework for tracking video object through several
frames, we will assume:

— The invariance of the motion compensated shape i.e. we can predict the cur-
rent frame shape from the previous one by estimating object global motion.
[24].

— The invariance of the object content based: statistical features such as mean
or variance, or object histograms are constant through video frames.

1.2 General tracking criterion

Let I,_1 be the boundary of the object region 2i" ; of the frame I,,_;. Let us
define I'"f as a reference contour for the frame I,,. I'*¢ is predicted from I}, ;
by estimating the global motion of I, _; between I,,_; and I,,. Let us denote by
I, the contour encompassing 2:".

Let us define the tracking criterion by:

Ja (0208 Qim0 = / o(d(Tn, %)) ds
Iy,

+A O (Kyep, K (623)) dady
Qin

e[ e K (23)) dady
+e | ds (1)

where:

— d(T,, Ir¢?) is the geometric distance between the contours I, and I7¢7 i.e.
for each z € I, d(z, I7¢F) = min, cpres (|2 = yreg]) = |z — y(z)| (see fig.
1). This distance is weighted by a differentiable function ¢.

— I,y is a reference frame, generally the first frame of the video sequence,
Kf;’;f and Kﬁg} are respectively the region and background descriptors of
the reference frame I,.;, Ki"(£2i") is the descriptor of the current frame
I, for pixels belonging to the object, K2%¢(£29%) is the descriptor of the
current frame I,, for pixels belonging to the background, and " and °%
differentiable functions [6].



Fig. 1. Distance definition

The first term of the criterion (1) is a geometric one, minimizing the weighted
distance between the contour and the estimated reference contour.

The second and third terms of the criterion (1) minimize the difference be-
tween features of the reference domains and the evolving domains. The features
could be statistical descriptors such as mean, variance, determinant of covariance
matrix or region histogram.

The last term is a regularization one, minimizing the length of the contour.

Now we introduce a dynamical auxiliary variable directly in the criterion
such as in [14]. Each region becomes dependent on an evolution parameter 7.
I,(7) is an active contour evolving towards the object boundary.

Let us denote J,, (224 (1), 2i(1), [n(7)) as:

Tn(r) = / o(d(Ta(r), T2 ))ds
Iy (1)

+ A o )W"( e, KM (7)) dardy

+2 Yo, Ko (03 (7)) dady
23+(7)

+ e/ ds (2)
Ia(7)

n

The contour evolution equation is obtained by differentiating the criterion
in an Eulerian framework. The second and third terms of the criterion (2) are
differentiated in details in [14] and [1]. The differentiation of the regularization
term is achieved in [2].



1.3 Differentiation of the geometric term

In this paper, we focus on the geometric term differentiation. From now on, we
denote J!(7) the first term of the criterion (2):

Ji(r) = / D d(T(r), T ))ds 3)
In(7)

If we suppose that I,(7) is parametrized by p € [0,1], the criterion J}(7) can
be expressed in terms of z(p, 7) and y(p, 7):

ox

7o) = [ ellato, )~ .7 ‘8—[,@, )| dp @)

By differentiating (4) with respect to 7, we obtain:

0= (5-8) 5 vlglo- [ead (5

Let N and T be the outward normal and tangent of I, (7). After integration by
part of the second term of (5), JI'(7) is of the form:

1 9y
1 _ T —y / _ K 9 T—Y ! a_w
nm=-[ <(rizt)ar w(d)N+( ) @r, % >

‘a_w |z -yl

9p
Lr/ox m—y) (6y m—y)) p

[ (Grrmn) - Glamn))#

where k is the mean curvature of I7,(7).

or
Op

) ap (5)

Or

Op

dp

(6)

Let us denote by N,y = Vd = ‘m—z—‘ and Ty.s the outward normal and tangent
of I'ref.
As y(p,7) € I'"*f, we deduce that:

d(y(p,7),I17) =0

By differentiating this expression with respect to 7 and to p, we get:

W o Oy o, _
5, Vd=0 and 8p.w =0 (7

ie. 2 and 8” are collinear with Thy.
or op

Therefore, we conclude that:

(B 220 ) =oma (SL221) <o ®)

p’ |z —y T |z —y



Thus it follows:

V' oz z—y T—y ox
11 _ oL / _ ! _ or
= [ <Gt @- (T I ) Y- @ > (Ea o

Then, writing I;_:yll as a combination of N and T, J!'(7) is given by:

ox

ap dp (10)

B0 = [ < GE(Noer NI (@) = ()N >

The derivative of J}(7) could also be achieved using the general derivation the-
orem of [11].

According to the Cauchy-Schwarz inequality, we deduce the PDE making the
contour evolve:

oI, (T)
or

= [(Nyey, N)¢'(d) + ¢(d) &)]N (11)

Remark 1: This equation is formalized as a combination of two terms: an
hyperbolic term (N7, N)¢'(d)N, and a parabolic one ¢(d) k N. To ensure the
stability of the numerical scheme discretizing the hyperbolic term, the Courant-
Friedrich-Lewy (CFL) condition has to be satisfied ([10]) i.e.:

At
N N)' (d)N|=— < 1
|( ref )90 (d) |A£L' >

A sufficient condition for stability is to choose ¢ such as its derivative is bounded.

1.4 Differentiation of the region based terms

We differentiate the object region-based term of the criterion following the
method detailed in [14]:

Jin(r) = /Q o VS K@ 1)y

Let us denote by 4" () the function ¢ (K2, Ki*(£2;"(7))). The descriptor
Kim(0ir(r)) is modeled as a combination of m™ features Gi"(7) attached to
the evolving object:

K (2(r) = g™ (GT(7), .., Gifin (7)) (12)

min

where Gi"(1) can be expressed as:

G;"(T) = / f;"(x,y,T)dxdy for j=1,...,m" (13)
Qir(7)



The derivative of Ji" with respect to 7 is given by:
n g

Ji (1) =/ Yz )d dy / Y™ (1)(v.N)ds (14)
2irm 07 r(7)
The partial derivative of 1) (7) with respect to 7 is computed as:
1/1’" 2 apin(r) dgin(r) 9GY (1) (15)
6K’" (r BG;-"(T) or
where
0GY (1) af"(r) ;
J = dzdy — / o .N)d 1
= T e o
and v is the velocity vector of the active contour.
Thus we deduce from (15) and (16):
o) R ofi"(r)
———dzdy = A(T) / J dzdy
/o:;" m o7 ]Zl T Japey 07
~Y A [ prmeNds (a7)
j=1 Iy (1)

where

. ov™(r) 89" (1)
AT = / . ~ dxd
P = o 0K () 0GT (1)

Using (14) and (17) the derivative of Ji"(7) according to T can be written as:

min

Jin' (1) = —gpin N)ds — Y " 4in in N)d
i (7) /m i (r) (v N)ds g ]m/wf, (r)(v.N)ds
S o1"(7)
+;Aj (1) /Q iy 07 dzdy (18)

We will only consider descriptors, such as mean or variance, for which the last
integral is null.
The evolution equation is then given by:

orin(r )
or

zpm + Z Am (19)

The contribution of the background region-based term is computed using the
same approach.



1.5 General evolution equation

The general evolution equation is deduced by taking into account terms coming
from the differentiation of the regularization, the geometric and the region-based
terms of the criterion. To ensure the fastness decrease of the general criterion,
according to the Cauchy-Schwarz inequality, the general evolution equation is
written as:

D) — [(Nve, N)P () + () + )
) ) + AT — 3 AT (20)

The evolution equation can be implemented using level-set method ([18]) or
parametric tools such as B-Splines ([21]).

1.6 Algorithm

The first reference contour I}.; is obtained using a segmentation algorithm.
Then, for each frame we process:

— Estimation of the reference contour:

The reference contour I77¢/ of the current frame I,, is deduced from the fi-
nal contour I',_; of the previous frame I,,_;. For each pixel of the previous
final contour I',_1, we compute the matching pixel in the current frame. We
robustly estimate the affine parametric model best representing the dom-
inant motion of the contour between the previous and the current frame.
The reference contour Ffff is initialized as the previous final contour I, 4
compensated in motion, following the global motion model.

— A distance map:
A distance map from the reference contour I7¢/ is evaluated. The distance
map is positive for pixels belonging to the object and negative for pixels in
the background.

— Initialization and propagation of the active contour:

The active contour I, is initialized from the reference contour I7¢ and
propagated following the evolution equation (20) using level-set method.

2 Application using geometric descriptor

First we outline the contribution of the geometric term by making the contour
evolve using only the geometric component of the criterion.



2.1 From the criterion to the evolution equation

Using only the geometric descriptor, the general criterion is defined by:
B0 = [ e, I s
Iy ()

The associated evolution equation is:

OLa) _ (Npes. N} + 0 N (21)

Remark 2: The weighting function ¢(d) has to be differentiable, even, and
increasing on ®*. Moreover, the velocity vector of the active contour should be
zero when d = 0. Thus ¢ has to satisfy ¢(0) = 0 and ¢'(0) = 0.

We choose p(d) = vV1+d? —1 ([8]).

The criterion becomes:

Ji(r) = / i+ @@, ) -1 ds (22)
In(7)
We deduce the evolution equation:

ng) = [(Nref;N)ﬁ +(V1+d-1) kN (23)

As ¢'(d) = ﬁ, the contour expands or shrinks whether the contour is in the

object (d < 0) or outside the object (d > 0).

A distance function as descriptor has already been used by Zhao et al. ([26])
for shape reconstruction from unorganized data. They include in their crite-
rion a functional expressing the LP norm of the distance to the data set. Our
approach differs from theirs by choosing ¢’ bounded by 1, thus we ensure a
sufficient condition for stability of the numerical scheme.

2.2 Experimental results

A first application to this general framework consists in making a curve evolve
from one shape towards another one.

First we initialize the evolving contour to make it encompass the face of “Fore-
man” (see figure 2.a). Then we define the reference contour as the curve which
encompasses “Erik’s” face (see figure 2.f). The active contour evolves from the
initial contour towards the reference contour driven by the force related to the
geometric component of the criterion (see figure 2.b-e).

The results confirm the efficiency of the geometric descriptor and that the func-
tion choice is relevant.



(a) Initialisation on (b) 1st iteration (c) Iteration 1000
Foreman’s face

(d) Iteration 2000 (e) Iteration 3000 (f) Final contour

Fig. 2. From one face (Foreman) to another (Erik)

3 Application using geometric and statistical descriptors

Now we apply the general criterion using geometric and statistical region-based
descriptors for tracking purpose.

3.1 From the criterion to the evolution equation
Let us remind the general criterion:
I = [ T, T s
I,(r)

Al ( )W"( v Ko (62, (7)) dardy

FA[ R, K (05 () dady
2gu(r)

+e€ / ds (24)
I,(7)

where the weighting parameters A\ and e balance the influence of each term
according to the others.



Let us remind the statistical region-based term:

T = [ e Ko e) dedy

+ / PO (K8, Kowh (05 (r))  daedy (25)
25+ (1)

We assign to K7; the variance of the reference object o?(2;%;), to K¢t the
variance of the reference background o*(£22%), to K**(£2;*(7)) the variance of
the evolving object 02 (§2¢"), and to K°% (224! (7)) the variance of the evolving
background o?(£20ut).

The variance is a descriptor used for homogeneous region tracking. Let us
define ¢ and ¥°% such as 9(r) = " (r) = ¢¥°%(r) = log(1 + r?):

in _ 0.2 in o\ _ 0_2 in T 2 -
Trwy= [ W) od ) ey

i=1

3
! /fzz“t(r) Y(Q_ (0 (222f) = o (277(7))))dwdy

i=1

where i denotes the color space (1=Y, 2=U, 3=V), ¢?(2) the variance of the
domain {2 in the it* color space.

Let us denote by S7,, the value o7 (£2),) — 07 (£27,;) for i = 1,2,3 and e = in
or out. ry, denotes E?:l(Si',n)2 where e = in or out.

As the object descriptor is region-dependent, we obtain the following equa-
tion:

3

Jin' — 9 (" S:rz Ii,n _ in 2 0.22 n;n .
n /FH(T)[ Y(ry )i=21( m(( ") (12:2(7))))
3
— 20! (rp"") Z(Siﬁt((fz', — pgt)? = o (274())))
+ () = ()] (v.N)ds (26)

where I; ,, represents i" color space of the current frame, and u$ the mean of
{27 on this color space, where e = in or out.

Finally, the global evolution equation is:



BIZ;T(T) = [(NTef,N)m +(V1+d2-1+4¢€) &
3
+ A2¢' (r]) Z(SZ»',’;((Ii,n - ui")? — o} (2574(7))))
3
— 2/ (r3") Z(Si",ﬁt((h,n — ") — o7 (025(7))))
+P(rit) — Y(rp))IN (27)

The evolution equation is implemented using the level set method ([18]).

3.2 Experimental results

In this section, we present experimental results obtained by tracking a face
through 50 frames of a sequence called Erik. We show results coming from our
tracking algorithm using only the geometric term, and our tracking algorithm
using in addition the regularization and the statistical region-based terms.

First, the process has been tested using only the geometric descriptor. The
tracking algorithm is initialized from the reference contour, which is computed
by estimating the global motion of the final previous contour. Thus, a lack of
accuracy occurred in a frame is propagated through following frames, and af-
ter a few frames the active contour drifts from its right position. Moreover, the
contour is irregular. Thus we add region-based and regularization terms to the
criterion. We process the algorithm with both geometric, region-based and reg-
ularization terms. As expected, the region-based terms balance the influence of
the other terms in case of discrepancy and the regularization term smoothes the
active contour as well as it shortens the contour. The results are therefore more
accurate, as presented in the right images of fig(3).

Conclusion

In this paper we propose a new tracking algorithm based on the active contour
theory framework. On one hand, tracking based on motion estimation suffers
from drifting. On the other hand, region-based segmentation suffers from non
temporal coherency. Therefore we define a criterion combining geometric refer-
ence, obtained from the previous frame segmentation and motion estimation,
and region-based segmentation. Then we perform the differentiation of this cri-
terion to find out the evolution equation of the active contour. Finally we apply
this general framework to statistical region-based and geometric descriptors. Ex-
perimental results show the efficiency of the algorithm for face tracking through
several frames.

Applications of this approach to image and vision problems such as registra-
tion and reconstruction are straightforward. Registration of multi-modal images



or 3D reconstruction should be highly improved by combining geometric a priori
information of the shape and statistical measures features obtained from the
data.
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Fig. 3. On the left: tracking using geometrical term; on the right: tracking using in
addition statistical region-based and regularization term.





